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Behavioral Responses of Bats to Operating Wind Turbines
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ABSTRACT Wwind power is one of the fastest growing sectors of the energy industry. Recent studies have reported large numbers of
migratory tree-roosting bats being killed at utility-scale wind power facilities, especially in the eastern United States. We used thermal infrared
(TIR) cameras to assess the flight behavior of bats at wind turbines because this technology makes it possible to observe the nocturnal behavior
of bats and birds independently of supplemental light sources. We conducted this study at the Mountaineer Wind Energy Center in Tucker
County, West Virginia, USA, where hundreds of migratory tree bats have been found injured or dead beneath wind turbines. We recorded
nightly 9-hour sessions of TIR video of operating turbines from which we assessed altitude, direction, and types of flight maneuvers of bats,
birds, and insects. We observed bats actively foraging near operating turbines, rather than simply passing through turbine sites. Our results
indicate that bats 1) approached both rotating and nonrotating blades, 2) followed or were trapped in blade-tip vortices, 3) investigated the
various parts of the turbine with repeated fly-bys, and 4) were struck directly by rotating blades. Blade rotational speed was a significant negative
predictor of collisions with turbine blades, suggesting that bats may be at higher risk of fatality on nights with low wind speeds. (JOURNAL
OF WILDLIFE MANAGEMENT 72(1):123-132; 2008)
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Recent studies indicate that migratory tree-roosting bats ar¢hey do not directly address causal factors, integrate the
being killed in unprecedented numbers at wind powerbehavior and ecology of the species affected, or experimen-
facilities in forested regions of eastern North Americatally test hypotheses that might explain the observed
(Fielder 2004, Kerns and Kerlinger 2004, Arnett et al. 2005,fatalities. Prior to this study, there had been no direct
Johnson 2005). Current understanding of how and why bat®bservations of bats being struck by moving turbine blades.
come into contact with turbines is lacking because of oufThis underscores a conspicuous gap in our understanding of
limited ability to observe how they behave at night aroundhow and why bats are killed at wind energy facilities, the
these structures as they pass through on migratory ights ocircumstances that might predict fatal interactions, and what
forage for insects. Answering basic questions about wherapproaches might be used to reduce fatalities.

when, how, and why wind turbines kill bats requires careful We suggest there are 3 hypotheses that may account for
observations of the timing and types of ight maneuversthe discovery of injured, dead, or moribund bats on the
near both operating and nonoperating wind turbines (Kunzground beneath and near turbines. First, ying bats may
et al. 2001). Bats may be killed directly by moving blades orrandomly come into contact with rotating blades. Bats at
by simply colliding with stationary turbine structures such agisk of being killed by wind turbines represent a mix of local
the monopole (the structure on which the turbine generatorforest-dwelling species and migrants traveling through the
and blades are mounted). It seems unlikely that aerialarea. All of the small insectivorous species discovered dead
feeding insectivorous bats, which are capable of makingeneath turbines in a companion study (Kerns et al. 2005)
remarkable aerobatic maneuvers to capture small insectsse frequency modulated (FM) echolocation calls. Because
should be so frequently killed by moving turbines bladesthese high frequencies attenuate quickly in air (Grifn
One possible explanation is that bats increase their risk 0f971), bats may not have time to move out of the path of a
fatality by approaching and investigating operating turbinesfast-approaching blade by the time they are able to detect its
To study this problem, it is important to observe and presence. Secondly, bats may be attracted to wind turbine
identify bats that y near wind turbines under a variety of structures, leading to an increased potential for contact.
weather conditions. Audible sound and ultrasound produced by rotating blades,

To date, only a handful of studies have attempted togenerator operation, or other moving components of
evaluate the impact of wind turbines on resident andturbines may elicit interest, or otherwise alter the behavior
migrating bats (Kerns and Kerlinger 2004, Brinkmann et al.of ying bats, although there is yet no support for this
2006, Arnett et al. 2007). These studies have focused oRypothesis (J. Szewczak, Humboldt State University,
quantifying the impact of wind turbines on bats by unpublished data). Similarly, bats may view turbine
enumerating injured and dead animals beneath and adjaceftonopoles (the structure on which the turbine generator
to operating turbines. Although these studies have estaband blades are mounted) standing in open space as roost

lished that bat fatalities do indeed occur at these facilitiest'ees, and investigate them for potential roosting spaces.
Thirdly, several factors may be causing an increased density

L E-mail: jhorn@bu.edu of bats in the general area of wind energy facilities.
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Although the relative abundances of the bat species observédoreover, because infrared light is less scattered than visual
in the study area are unknown, the species are probably lessvelengths by water vapor and ne patrticles in air, it is
abundant than the numbers of observed fatalities wouldssometimes possible to see through fog, a common
suggest (Arnett et al. 2007). Forest edges created by theccurrence in some montane regions such as our study site.
construction of access roads may create favorable foragin@@ecause there was no evidence from the literature that bats
grounds where bats can more easily capture aerial inseat ight were being struck by rotating turbine blades, our
prey, creating hotspots of bat activity (Barclay 1985, Kunz eprimary objective was to document how bats behaved while
al. 200D). Use of these habitats is likely driven by prey ying within the rotor-swept zone where there was potential
density and availability. Thus, bat activity, and the like- for direct contact. We conducted multiple full-night (dusk
lihood of bats being struck by rotating turbine blades, mayto dawn) observations from which we enumerated and
be predicted by seasonal weather patterns and the temporahssi ed bats, birds, and insects aloft, scored behavior types,
phenology of insects. Migratory behavior of bats may alsand collected environmental variables that could be
explain increases in bat fatalities at certain times of yeapredictors of collisions. A secondary objective was to
Migratory ights of some species may be punctuated withexamine temporal patterns of activity and to determine if
short stopovers when individuals or groups pause to fee@dnvironmental variables such as wind speed and temperature
drink, and roost in trees (Grif n 1970, Fleming and Eby are associated with variation in activity levels. We originally
2003, Cryan and Diehl 2008). As with local populations, designed the study to test the effect of slowing or stopping
migrant bats making stopovers may be similarly attracted tblade rotation on bat behavior around turbines and on the
areas with high insect populations. It is important to note number of fatalities. Unfortunately, we were unable to
that these hypotheses are not mutually exclusive andxecute this experiment because the operators of the facility
supporting or validating each of them requires unambiguousvould not permit us to experimentally stop rotation by
observations and quanti cation of foraging and ight feathering the blades at predetermined times. Finally, we
behavior near turbines. compared activity levels between lighted and unlighted

There are several established methods for monitoringurbines at the facility to test if aviation obstruction lighting
ight activity of bats during dark hours, including mist- mounted on turbines attracts bats (either directly, or
netting, night-vision observations (Boogher and Slusherindirectly through increased insect abundance).
1978; Kunz et al. 199 b), videography, visual chemilu-
minescent tracking, radiotelemetry, and re ective infraredSTUDY AREA
imaging (Kunz 2004, Kunz et al. 2087/National Research We conducted the study from 2 August to 27 August 2004
Council 2007, Kunz and Parsons 2008). Each of theseat the Mountaineer Wind Energy Center, located in the
techniques, although effective for certain applications, haMid-Atlantic Highlands near Thomas, West Virginia,
limitations for monitoring nocturnal activity of bats, USA. The facility was located on a mountain ridge in
especially near large utility-scale wind turbines. ImagingAppalachian mixed mesophytic forest and consisted of 42
techniques that require illumination sources such as nightNEG-Micon 72c (now Vestas, Randers, Denmark) wind
vision, ceilometry, and re ective infrared cameras are largelyurbines arranged along the ridge on a cleared access road.
inadequate because it is dif cult, if not impossible, to evenlyEach turbine was 106 m tall and had a 72-m-diameter,
illuminate the entire turbine tower and blade-swept area4,071-nf area that was swept by the rotating turbine blades.
Moreover, the ability to detect bats with these methodsTurbines operated in the range of wind speeds from 3 m per
decreases markedly with distance. In addition, images froreecond to 18 m per second, and the rotor blades spun at up
photo-multiplier (night-vision) devices contain inherent to 17 revolutions per minute (RPM). Twelve of the 42
noise, making discrimination of small objects at a distancéurbines were lit with both steady and strobing aviation
dif cult. obstruction lights.

We employed thermal infrared (TIR) cameras for
monitoring the activity of bats (Sabol and Hudson 1995, METHODS
Frank et al. 2003, Simmons 2005, Betke et al. 2008).To observe interactions of bats with wind turbines, and to
Thermal infrared cameras detect heat emitted from anddocument nightly ight activity of bats near operating wind
re ected off of objects in the eld of view. No illumination turbines, we employed 3 FLIR Systems &6(Billerica,
is required and, thus, images can be captured in completédA) uncooled microbolometer TIR cameras. Each camera
darkness. The distance at which objects can be imaged s a 3203 240-pixel sensor that measures infrared
limited only by the optics chosen and the size of the imagingvavelengths in the range of 7.5-1&. We matched each
sensor, signi cantly extending the range at which one carcamera with a 28 eld-of-view lens that we calibrated to
observe wildlife (Hill and Clayton 1985). Wherever there is the camera sensor array. We mounted all 3 cameras on
suf cient contrast in temperatures, objects such as birdgfipods and we placed them 0.5 m apart to form a single
bats, and insects can be resolved against a cooler sky (Fortihservation point (Fig. 1). We used FLIR ThermaCAM
et al. 1999, Ahlen 2003, Desholm 2003, Desholm et al.Researchér (Billerica, MA) software on laptop computers
2004, Gauthreaux and Livingston 2006). Temperatureto capture real-time streams of radiometric data from each
differences can also be detected at relatively long distanced.the 3 cameras directly to external 250-GB hard drives.
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inertia. and velocity, evaluation of ight maneuvers and
behaviors, wing-beat frequency, and interaction with the
rotating turbine blades. In an effort to reduce false positives
and observer biases, we were highly conservative when
classifying objects, categorizing many as unknown. We
made every effort to make accurate identi cations, and to
reduce false positives, including counting multiple passes
that belonged to a single individual as a single appearance.
We also assigned a behavior type to each object observation.
Objects ying through the eld of view without incident we
labeled as y. Those making sharp or sudden course
corrections synchronous with a nearby moving turbine blade
we labeled avoid. To distinguish these behaviors from
normal foraging and pursuit maneuvers, we were careful to
label behaviors as avoid only when they occurred at the same
Figure 1. Field configuration for conducting nightly observations of birds, time that a turbine blade was moving through nearby
bats and insects with thermal infrared cameras at the Mountaineer Windairspace. Any obvious collisions or contact with any part of
22 nbines that are positoned alony a cleared acoess road on a foresti LUrPine structure we labeled contact, Each observation
4moulilrtain ridge. Camgras were positi%ned together 30 m from the turbinerecord also included an estimation of 'th elevation, based
base and pointed directly upwind and perpendicular to the plane of blad®n the rotor-swept zone of the turbine structure. We
rotation. Observed bats, birds and insects were classified into high, low, andlassi ed elevation as low, medium, or high. Low corre-
me_dium height categories correspor]ding to flight elevation relative to thesponded to ying objects below the rotor-swept zone,
height of the area swept by the turbine blades. . . .

medium to those in the range of heights of the swept zone,

and high to those above the swept zone. We also noted the
Our system captured data at a rate of 30 frames per secomghtry and exit points from the eld of view as an estimate of
and stamped each frame of data with the time accurate tdght heading of an object.

0.001 seconds. We compiled observation records into a database along
To facilitate observations of nightly ight behavior of bats, with 10-minute observations of wind speed, wind heading,
we placed the observation station near the base of wintemperature, and blade rotation speed that were generated

turbines at dusk. Terrain permitting, we positioned them asfrom the instrumentation on each turbine nacelle (the
close to 30 m as possible from the base of each turbine towstructure at the top of the monopole to which the rotor hub
(Fig. 1). In general, we positioned camera stations directland blades are attached that contains the electrical
upwind and perpendicular to the plane of rotation, based orgenerator, gearbox, and electronic controls). We also
typical turbine orientation. In most cases, the station was atompiled data on wind speed, wind heading, and barometric
an equal elevation as the base of the tower, so that thpressure from 2 installed meteorological towers (met towers)
straight-line distance from the camera to the hub was 76 mthat were located at 2 midpoints along the string of turbines.
We positioned and focused each camera on a different paie analyzed and processed data from this database, and we
of the rotor-swept area: camera A on the left, upswingperformed all statistical tests using the statistical software R
portion of the rotor-swept area, camera B on the right, (The R Foundation for Statistical Computing, http://www.
downswing side, and camera C on the lower portion of ther-project.org/). The Boston University Animal Care and
rotor-swept area. Use Committee approved protocols used in this study.

We recorded 3 9-hour video sequences (one for each
camera angle) nightly for 10 nights. We recorded imageBESULTS
continuously beginning at 2030 hours and continuing until We recorded 30 continuous nightly video sequences, of
0530 hours the following morning. We started the 3 which we analyzed 19, representing 171 hours of video and
cameras simultaneouslyl second from each other and, observation time. We divided the observations into 2
thus, synchronized our recordings. To test the potential ofcategories: a subset of nights for which we analyzed data
aviation lighting on the turbines to attract bats, we placedfrom all 3 cameras (A, B and @;¥44), and nights for which
the cameras alternatively at randomly selected lighted andle analyzed data from camera A onhy#410; left upswing
unlighted turbines for 5 nights each. portion of the rotor-sweep area; Fig. 1). For all cameras

We analyzed our data by manually observing playback afombined, we observed 4,568 moving objects: 1,810 bats
all video sequences in real time @& Beal time, recording (39%), 872 insects (1%), 46 birds (1.86), 5 aircraft
the appearance and timing of ying objects. We recorded(0.1%), and 1,835 unknown (4%). For the A-camera
each object observed with a time stamp and categorized dtataset, we recorded a total of 2,404 observations: 998 bats
according to a set of qualitative criteria as a bat, insect, bird41%), 503 insects (&), 39 birds (20), 2 aircraft (0.%b6),
aircraft, or unknown (unidenti able) object. Criteria and 862 unknown (3%; Table 1). We observed bats at a
included object size, object morphology, estimations ofnean rate of 99 per turbine per night, and 11 per turbine per
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Table 1. Observations from camera A (left half of the rotor-swept area) that were recorded at the Mountaineer Wind Energy Center in West Virginia, USA,
in 2004.«Avoides indicates cases when a bat either changed flight path to avoid colliding with a moving bladepatatte indicates a blade striking a bat.

Observations of bats, birds, and insects at wind turbines

Date Turbine no. Total Bats Birds Insects Unknown Bat avoid Bat contact

8 Aug 18 72 17 2 37 16 2 0
10 Aug 27 27 9 0 12 6 0 0
11 Aug 25 251 124 5 a7 75 6 0
13 Aug 26 52 42 0 5 5 5 0
14 Aug 37 362 129 2 63 168 3 0
16 Aug 41 788 292 1 133 362 13 1
17 Aug 31 236 74 1 117 42 0 0
21 Aug 10 82 51 11 7 13 0 0
22 Aug 20 355 221 17 60 57 12 2
24 Aug 16 179 39 0 22 118 0 2
Total 2404 998 39 503 862 41 5

Total/turbine/night 240.4 99.8 3.9 50.3 86.2 4.1 0.5

Total/turbine/hr 26.7 11.1 0.4 5.6 9.6 0.5 0.1

Extrapolated total/facility/night 10,097 4,192 164 2,113 3,620 172 21

hour. We compared the number of bats observed with eaclif culty of discriminating bats from birds and insects in
of the cameras, left (A), right (B), and lower (C), during 3 foggy or cloudy conditions.

nights of observations (Table 2). In general, we observed Among ying bats, altitude above ground level (AGL) was
more bats from camera Q¢ 545) than from A or B %  highly variable, with some individuals ying within 10 m
389, n ¥4 244 respectively). This may be due to the slightlyAGL, and others forging at or above the height of the
lower elevation angle of camera C, allowing it to capturefurbine nacelle (70 m AGL). We observed few birds, mostly
objects that were closer to the lens and, therefore, morindividuals, but allso. occasional pck formations. Insects
easily identi ed as bats. However, total numbers of batdVeré abundant within the low-altitude band (below the

observed were variable from camera A to camera B and Wgt°-SWept zone), and they often appeared as cooler and
found no signi cant difference between mean numbers Oi]ess well-de ned ohjects because they were outside of the

bats observed from any single cameTa(3; A vs. B,t ¥ camera’s depth of eld (Fig. 2). Insects were not generally
086 PY%046 Avs. Ct% 061 PY0 57’_ B vs. C,t1/4 visible in the medium to high elevation ranges owing to

. their small size and lower body temperature. The vast
1
1.46,P % 0.26). We, therefore, treated observations frommajority of bats we observed were ying at the medium-

camera A a_s proportio_nately rgpresentativg of bat aCti\’it)éﬂtitude band (within the rotor-swept zone; 65.9 bats/
during any given recording session, and decided to focus tr}(ﬁght)_. 3 times the number observed ying at low or high

analysis on a single camera and a larger sampling of nighLgitydes (22.7 and 11.2 bats/night, respectively). Although
and turbine locations. camera resolution and cloud cover may bias our estimates of
Bats were usually distinguishable from other near- eld h|gh_ y|ng bats downward, the number of medium- ymg
objects (birds and insects) based on the orientation of th@ats still greatly outnumbered low- ying bats by a factor of
body and wings, which aided in their identi cation. We 6:1. Bats appeared to spend much of their time foraging and
observed pursuit and terminal-phase capture maneuverging at the range of altitudes at which the turbine blades
(Grif n 1960), with individuals turning and persisting in were operating (29-111 m AGL).
the eld of view for durations of 5-120 seconds. We To determine if objects identi ed as bats were within the
classi ed 406 of all observations as unknown, re ecting altitude range of the rotor-swept zone, we analyzed 5 single
both our effort to avoid inaccurate identi cations, and the instances of avoidance behavior, wherein bats appeared to be
buffeted by passing blades, or changed course abruptly to
Table 2. Obi ) dwith each of 3 th infrared red avoid contact with blades. Given the eld of view of the lens
aple 2. jECtSO served with each o thermal infrared cameras aime H H
different parts of a wind turbine rotor-swept zone at the Mountaineer Wind 66248’ the detector array size (321) 240 Plxels)’ and_the
Energy Center in West Virginia, USA, in 2004. average length (11 cm) of the species found in the
companion study (Kerns et al. 2005), we calculated that a
single illuminated pixel in the video image corresponds to a

No. of observations from each camera

Object Camera A Camera B Camera C Total single bat at 82.5 m from the camera. Therefore, given the
Bats 389 a4 545 1178 mean number of pixels per bat in theseT images, the_ mean
Insects 145 112 251 508  distance of the bats from the camera in th.e 5 .av0|dance
Birds 19 1 6 26 sequences was 29.9% 7.56 m (SD). This distance
Cirﬁfaﬂ 34% 355 638 12356 corresponds to the distance to the boundary of the low-

nknown f . .

Total 896 704 1411 3011 and medium-altitude bands. Although this measure adds

condence to the identication of bats in the video
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Figure 2. Single frames of thermal infrared camera images illustrate common observations at the Mountaineer Wind Energy Center in West Virginia, US/
in August 2004. (a) The moments immediately before and after contact with a turbine blade; (b) 3 low—medium flying bats at one time in the camera field
view; (c) a typical high bat flying above the height of the turbine blades; and (d) a typical low-flying insect, characterized by the low contrast (cool) blu
streak, an artifact caused by the camera’s integration time, indicating fast motion close to the camera. Thermal infrared video segments of this and othe
flight behaviors near turbines recorded during this study can be viewed at http://www.bu.edu/cecb/wind/video.

sequences, it should be noted that many factors canumbers of bat passes after the midnight lull in some

in uence the number of pixels representing a bat in andatasets, but the overall trend can be characterized by a

image, including fog, camera focus, the integration time ofgradual decrease throughout the night. Flying insects

the sensor array (image blurring), and the orientation ofappeared to be most active in the hours immediately after

wings to the camera lens. sunset, with their numbers declining steadily throughout the
The number of bats we observed on a nightly basis wasight (Fig. 5).

highly variable, with as few as 9 per night, and as many asAviation lighting did not appear to affect the incidence of

292 6 92 (SD; Fig. 3). In fact, there was a signi cant foraging bats around turbines. Although we observed more

difference in the mean number of bat passes observed onnightly bat passes at lighted turbines% 562,x %2112, 6

nightly basisit%410,t%3.37,P%0.008). Insect activity also SD¥%108) than at unlightedr{%435,x%876 SD%486.2),

was highly variable, but proportional to bat activig®(¥s  there was no difference between these grotps0(42,P ¥4

0.51,P%0.02). There was a signi cant correlation between0.68). Interestingly, the mean number of insect passes was

insect passes and bat passes observed across all nights §lightly higher at lighted turbines than at unlighted turbines,

0.71,F ¥ 4.03,P % 0.039). A regression analysis indicatesbut the difference was not signi cant at the 0.05 levieV{

that insect activity was a signi cant positive predictor of bat1.62, P ¥ 0.14). This suggests that aviation lights may

passesR? ¥, 0.51, F ¥48.14,P ¥4 0.02; Fig. 4). attract insects, but that the increased insect abundance may
Analysis of temporal distribution of bat activity through- not result in increased bat activity. However, this test has

out the night revealed that activity was conspicuously highelow statistical power because of the small sample riZzé (

in the rst 2 hours after sunset, and then tapered off with a 10, powef/20.53).

lull in activity near midnight (Fig. 5). We observed higher We evaluated the effects of nightly wind speed at the
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Figure 5. The mean number of bats, birds, insects, and un-categorized
objects observed with thermal infrared cameras over time during dark hours
in August 2004 at the Mountaineer Wind Energy Center in West Virginia,

Figure 3. Total number of bat, bird, and insect passes per night for 10 nightsUSA. Bat activity peaks during the first 3 hours after sunset.

between 8 August and 24 August 2004 based on thermal infrared images

recorded at the Mountaineer Wind Energy Center, West Virginia, USA.

Turbine RPM (t¥46.44,P%,0.02) and insect abundandé/4

7.21,P¥.0.001) were both positive predictors of bat passes.
turbine, mean wind speed for all turbines, mean wind speed Although most bats were observed foraging or ying
at the meteorological towers, temperature at the turbineground turbines, we also recorded clear instances of
mean temperature for all turbines, turbine rotation speedavoidance of blades and bats being struck by turbine blades.
(measured in RPM), mean turbine RPM, turbine heading, From 998 total bat observations, we observed avoidance
mean turbine heading, and insect abundance on bat activityehavior 41 times (4%, 4.1 instances of avoidance/
in separate regression analyses. Of these variables, we fountbine/night). In this analysis, we excluded, to the extent
that mean turbine RPM and insect abundance were thepossible, observations involving multiple appearances of the
most signi cant predictors of number of bat passes observesame bat. Avoidance involved sharp, evasive ight maneu-
(Fig. 4). Ambient temperature and pressure did notVvers that were coincident with a moving blade. Notably,
signi cantly predict bat passes. A multivariate regressiorinany of the instances of avoidance behavior involved
analysis of wind speed, temperature, and turbine RPMMUltiple passes. Bats often appeared to investigate the

shows that together these variables predict the number d/rbine blades after a near miss, rather than y off quickly.
bat passed observeﬂlz(% 0.95, F ¥4 14.4, P ¥: 0.012). This often resulted in several additional near misses in a

row, with the bat appearing to be repeatedly buffeted by
turbulence close to the blade surface. We estimate that such
interactions occurred within 5 m of the blade surface.
Thermal infrared video segments of this and other bat ight
behaviors near turbines recorded during this study can be
viewed at http://www.bu.edu/cecb/wind/video.

We observed direct contact with moving blades 5 times
out of a total 998 passes (8% 0.5 instances of contact/
turbine/night). Extrapolating to the size of the entire facility
(42 turbines), bats may be struck at a rate of 21 bats per
night at the Mountaineer Facility. Contact was only
observed with moving blades. In no cases did we observe a
bat striking the turbine monopole, nacelle, or stationary
blades. Collisions were marked by an abrupt, angular change
in heading and velocity (Fig. 6) and were generally of 2
types: glancing blows and direct hits. One collision was a
glancing blow and the bat experienced a sudden deceleration
and change of heading but appeared to recover and continue
normal ight. We also witnessed 4 direct hits in which bats
appeared to be struck closer to the centerline of a moving

Figure 4. Relationship between number of bat passes observed nightly gjlade, and were greatly accelerated. We were unable to
wind tL_erines at the Mountaineer Win_d Energy _Center_in West Virginia, con rm that bats struck by the blades landed beneath the
USA, in August 2004 and several nightly variables including (a) mean . . . .
turbine rotational speed (rotations/min [RPM]), (b) mean temperature, (c) turbine, as the eld of view of the cameras did not include
mean wind speed, and (d) number of insect passes observed. the ground. The 4 collisions we observed occurred when the
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466 dead bats in 42 days (11.1 bats/night or 0.26 bats/
turbine/night). Given that searcher ef ciency during the
study was measured at%5 the actual rate of mortality at
the facility is likely much higher. Although the density of
bats in the region around the facility is not known, this rate
of mortality seems to suggest that bats are more abundant
near turbines. The present study generally supports this
hypothesis by providing some of the rst evidence that
collisions may be nonrandom interactions between bats and
moving turbine blades.

The large variation in numbers of both bats and insects
that we observed on a nightly basis and the signi cant
correlation between insect and bat activity suggest that bats
may be attracted to patches of insects, although weather
patterns may amplify this relationship. Modi cations to the
forested landscape that results from construction of wind
energy facilities, including the creation of open space in

Figure 6. A time-lapse series thermal infrared images taken of a bat beingvhich turbines are installed and the linear landscape along
struck by a blade of a wind turbine at the Mountaineer Wind Energy access roads, may create favorable foraging grounds for

Center in West Virginia, USA, in August 2004. Twenty-one sequential ; ;
frames of video are shown of the bat just before and after collision with Insectivorous bats (Kunz etal. ZWYForeSt edges may be

rotating blade. The bat approaches the area swept by the turbine blades orafﬁvorable to ir‘se.Ct aCtiYity and _tO the ability of bats to
curving trajectory before contact, but its heading and speed are rapidigapture them in ight. Migratory ights also may account

changed.as the pat i; acce_lerated toward the ground. For clarity, thg pos'iti%r increased bat density around wind farms as individuals or
\?thzﬁ (‘:’ggfa;”:égﬁrf:;'f Is shown only for the single frame of video in groups of some species make stopovers to feed, drink, and
roost in trees (Fleming and Eby 2003, Cryan and Brown
2007). As with resident populations, migrants or groups of
turbine blades were rotating at or near peak angular velocityats making stopovers may be similarly attracted to these
(17 m/sec; Table 3). areas to feed.

We also observed a variety of what we judged to be |n addition to attraction to wind power facilities, it is
exploratory behaviors by bats. Bats often make several chegéssible that locally foraging bats also are attracted to some
passes before alighting on and entering roost structures suelftribute of the turbines themselves. Ultrasound emissions
as trees and buildings. We frequently observed bats makingiay attract the curiosity of bats (Kunz et al. 20§)7
check passes or making repeated ight loops near movingithough recent investigations suggest that sounds produced
blades. On 4 separate occasions, we also observed bgysat least some wind turbines likely do not attract bats
executing check passes and briey alighting on theJ. Szewczak, unpublished data). Although the results show
monopole itself. This usually occurred at approximatelythat there is no signi cant difference between the levels of
one-half to two-thirds of the height of the hub. This bat activity at lighted versus nonlighted turbines at the
behavior was particularly well-illustrated in one instanceMountaineer Wind Energy Facility, light sources may
when an individual bat, while investigating the length of a attract insects to some wind turbine sites.
motionless turbine blade, made several check passes befoRerhaps the most important observations of this study
brie y alighting on the blade surface, approximately two- were those of bats actively investigating both moving and
thirds down the length of the blade toward its distal end. motionless turbine blades. That bats alighted upon and
We also observed 3 instances of bats either chasing the tipsvestigated turbine blades and monopoles suggests that
of slow-moving blades, or perhaps being drawn into a bladethey may indeed be attracted to wind turbines themselves.
tip vortex during low wind conditions when turbine blades One possible hypothesis to explain this behavior is that bats
were moving slowly. view these tall structures, standing in open space, as roost

trees (Kunz et al. 20®J. Forest bats often seek out large
DISCUSSION trees and snags as desirable roosting habitat (Kunz 1982,
Several hypotheses have been advanced about how and Wynhof and Barclay 1996, Kunz and Lumsden 2003). The
bats are killed at wind energy facilities (Kunz et al. 2007 openings and forest edges that wind sites provide may
Many of these hypotheses focus on the idea that bats are irepresent favorable conditions for roosting and foraging,
some way attracted to wind turbine areas or to turbineeven for migrating tree bats during stopovers. Migratory
structures, and the result is a greater than normal probabilitpats also may investigate wind turbine structures in an
of being struck by a moving blade. Indeed, in a companiorattempt to evaluate their potential as mating sites (P. Cryan,
study conducted at the Mountaineer facility at the sameUnited States Geological Survey, personal communication).
time as the current study (Kerns et al. 2005), searcherk is unknown why bats might choose to investigate or
walking daily transects beneath every other turbine foungursue moving blades, but once they engage in such
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Table 3. Wind speed at times when bats made contact with turbine bladesfytyre research. We originally designed the study to test the
Mountaineer Wind Energy Center, West Virginia, USA, August 2004. - ote ot of slowing or stopping blade rotation on bat behavior
RPM indicates revolutions per minute. . "

around turbines and on the number of fatalities. However,

Wind and turhine speed at times of contact with bats we were unable to execute this experiment because the
Time Turbine  Turbine speed Wind speed operators of the facility reversed their decision to allow us to

Date  (hr:min:sec) no. (RPM) (m/sec) experimentally stop rotation by feathering the blades at
24Aug 21111112 16 171 8.4 predetermmed times. Future stu@es §hould. include elxper—
24 Aug 3:20:20 16 17.1 8.6 imental control of blade rotation (including stopping
22 Aug 1:15:56 20 17.1 7.1 rotation) to separate the effect of rotation from the effect
22 Aug  3:03:29 20 171 7.3 of the existence of the tall turbine structures themselves.
16 Aug  21:46:17 41 31 0.0

This should be done with the time budget of nightly bat
foraging in mind, as bat abundance may decrease after an
_ ) ) initial bout of foraging (Kunz 1982, 2004; Kunz and
behavior, they may be caught by vortices that form in the msden 2003) and then later increase with foraging
wake of the blades (Kunz et al. 20)National Research periods in the early moming (Kunz 1973, Eckert 1982).
Council 2007). This curious and exploratory behaviorgre studies should also compare levels of bat activity
increases the probability of a collision with a moving blade,orveen turbine areas, deforested areas at wind energy
over random encounters. ) ) ) facilities without turbines, and adjacent forested areas. This
VZe_ obhserved bats primarily ffe;:-dmg be_md foraging Trozn omparison is necessary to separate the effects of landscape
and in the rotor-swept zone of the t.ur ine. Our resu ts 9 modi cation created during turbine facility construction
not show that pats are struck b_y tu_rblne l_JIade_s Wh_”e PaSSING,m the effects of the turbines themselves on bat activity.
through the wind energy facility in stralght-l!ne |ght €N Future research must also gather observations for the full
route to other destinations. To understand this relatlonshlpIength of the season (early spring through late autumn) in
more fully, .future investigations will need to monltpr which bats are active in order to address the effects of
uctuations in bat abundance aloft throughout the entire . lati d miarati I h
season (Apr—Oct in temperate regions) transient populations and migration, as well as the presence
. . o . . of resident bats. Finally, to better understand factors that
That bat activity was so highly variable on a nightly baSISmay contribute to fatalities, it will be important to
suggests that stochastic variables such as weather Conditio(%stermine what actually happ’ens 10 a bat in the moments
may affect their abundance. Because insect abundance/ i . : .
ephemeral and dependent on weather patterns, bat activi ggo?roe |tC|)s struck I?y g;qta?ngﬂt}uibl.ne blade (Kunz eL atl.
and the likelihood of being struck by rotating turbine blades cce)s.sfullljr ;\e/zlijd Smlgvilnca furbiﬁe Ikr)lla:jnéasnyHcc:)e\:\?;/Ser ir?e
could be predicted by a combination of insect seasonality anﬁﬁ‘rared img es that we co?lected were Iimitéd in resolljtion
local weather patterns. The lack of statistically signi cant 9

effects of temperature, barometric pressure, and wind may d detail. Bats close to rotating blades are bgtween 41 m
due to the small sample size ¥ 10). However, data from @nd 114 m from the camera, and appear as objects of 2-10

carcass searches obtained in a parallel study suggest tRtels in size. To resolve the interaction in ner spatio-

fatalities increased on low wind nights (Kerns et al. 2005)€mporal detail, 2 high-resolution cameras should be used
times when insects generally are most active. tq capt_ure synchronlzed stereo images, from which 3-
There are some important limitations to the interpretation dimensional spatial models can be constructed. Such

of these data. Based on our conservative classicatiofisualization could provide, in each instance, the distance
scheme, we consider our estimates of bat activity to pthat bats are from blades, how bats avoid blades, and what

reliable and the number of false positives to be low/factors contribute to collisions that could suggest important

However, identi cations were a challenge given the varyingMitigation strategies.
yve_a_ther conditions _and the geometric p_roblem of max-\ ANAGEMENT IMPLICATIONS
imizing the eld of view of the cameras without reducing
our ability to resolve ying bats, particularly those at middle These ndings have implications for mitigating bat fatalities
to high elevations. Low fog and cloud cover are common agt wind facilities, and investigations of nightly activity can
the Mountaineer facility, and although infrared light is less help to evaluate the responses of bats to operating wind
scattered by water vapor than visual wavelengths, fog arfdrbines. A primary nding of this research is that the
cloud cover nevertheless reduce visibility and clarity in th@ightly distribution of bats aloft is nonuniform. We found
images. Thus, to a certain extent, the number of object$hat most of the bat activity near wind turbines occurs in the
observed may tend to be auto-correlated with low fog andrst 2 hours after sunset. This observation, combined with
cloud cover. This is partly due to the limitation of the the nding that weather patterns and nightly availability of
camera’s capacity to clearly resolve bat-sized objects iasects may be reliable predictors of bat abundance suggests
distances above the reach of the turbine’s blades. Deployhat collisions of bats with wind turbines could be greatly
ment of TIR cameras with higher resolution sensor arraygeduced by focusing mitigation efforts (such as turbine blade
would greatly reduce this problem in future studies. feathering) on periods of high bat activity. Curtailment of
This study revealed some important considerations fooperations during predictable nights or periods of high bat
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kills could reduce fatalities considerably, with potentially offshore wind turbines. National Environmental Research Institute,

: . : : Roskilde, Denmark., http://www2.dmu.dk/1_viden/2_Publikationer/
modest reduction in power production and associated 3_fagrapporter/rapporter/FR440.pdf Accessed 15 Feb 2007.

economic impact on project operations. Future studieeshoim, M., A. D. Fox, and P. D. Beasley. 2004. Best practjuiance
employing TIR cameras have the potential to answer some for the use of remote techniques for observing bird behaviou

pressing questions about the cause of bat fatalities at Windrelation to offshore wind farms. Report produced for Cobadtive

; : ; : ; _ Offshore Wind Research into the Environment (COWRIE) con-
turbines. Moreover, employing TIR imaging during plan sortium. , http://www.offshorewindfarms.co.uk/Downloads/

ning and development of new wind power facilities has the REMOTETECHNIQUES-FINALREPORT.pdf . . Accessed 15

potential to inform developers and decision makers about Feb 2007.

the abundance, frequency, duration, and types of baickert, H. G. 1982. Ecological aspects of bat activity rhythms. Pages 201

activity. 242in T. H. Kunz, editor. Ecology of bats. Plenum Press, New York,
New York, USA.
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