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Thousands of industrial-scale wind turbines are being built across the world each year to meet the growing
demand for sustainable energy. Bats ol certain species are dying at wind turbines in unprecedented numbers.
Species of bats consislently affected by mrbines tend (0 be those that rely on trees as roosts and most rigrate
long distances, Although considerable progress has been made in recent yeuars towurd better underslanding the
probiem, the causes of bat fatalities at turbines remain unclear, In this synthesis. we review hypolhesized causes
of bat (alalines at wrbines. Hypulheses of cause [all mto 2 general categories—proximate and ulimalte.
Proximare canses explain the direct mcans by which bats dic at turbines and include coiiision with towers and
rolating blades, and barotrauma. Ultimale causes explain why bals come close o turbines and include 3 general
types: random collisions. coincidental collisions. and collisions that resuli from attraction ol bats to turbines.
The random collision hypothesis posits that interactions hetween bats and turbines are randoin events and that
fulalities are representative of the bats present at a site. Coincidenlal hypotheses posit that certain aspects ol bat
distribution or behavior put them ar risk of collision and include aggregation during migration and scasonal
increases in [light activity associated with feeding or mating. A surprising number ol attraction hypotheses
suggest that bats might be attracted to turbines out of curiosity, misperception, or as potential feeding, roosting,
flocking. and maling opportnnities. Tdentilying, prioritizing, and testing hypothesized causes of bat collisions

with wind turbines are vilal steps toward developing practical solutions to the problem.

Key words.

attcaction, bats, causes, collision. migration. mitigation. mortality, wind energy

Industrial wind energy production is increasing throughout
the world to meet growing demand for clectricily generated
without carbon emission (United States Energy Information
Administration. www.cia.doe.gov, accessed 15 May 2009).
Advances in wind wrbine technology and the cost effective-
ness of wind energy have led to a tremendous increase in the
number ol wind (urbines deployed throughout the world
during the past decade. As of May 2009, global indusirial-
scale development has resulled tn a tolal inwtalled energy
capacity ol about 121,000 megawatts (MW—World Wind
Energy Association, www.wwindea.org, accessed 15 May
2009). with the average turbine now contributing between 1.5
and 2.5 MW. Typical wind lurbines currently have lower
heights of 60-100 mi. blade lengths ol 30-50 m, and
maximum hlade lp speeds ol about 240-300 kmvh. Tn the
corning decades, the demand for electrical energy is expecied
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to mcrease dratnatically, and turbines will continue (o be built
in large numbers In windy arcas around the world.

Bat fatalitics at wind turbines were an unanticipated and
unprecedented  phepomenon, Beginning in the Jate 1990s,
biologists began finding bat carcasses beneath Lurbines while
studying bird mortality al wind energy sites (Johnson <t al.
2003}, This wend continued, and during 2003 high-profife
evenrs involving bats and wind rturbines in the Appalachian
Mountains of North America led io growing concern over the
preblem (Kunz et al. 2007h). Since then, multiple studies have
consistently found hat fatalities at wind cnergy siles in North
Amcrica, and unprecedented fatalily rates of certain species at
some facilities (Amett er al. 2008: Johnson 2005). The
cumulative nmpacts of such mortality on affected species of
bats could have long-tersn population effects (Kunz <t al.
2007b). Before this recent problem of hat [alalities at wind
turbines, collision fatalities of bats at other tall anthropogenic
structlures were rarely reported, and the number of carcasscs
recovered aller fatality events was consistently low (Anouy-
mous 1961; Avery and Clement 1972; Crawlord and Baker
1981: Elder and Hansen 1967; Gamer 1962: Overing 1936;
Saunders 1930; Terres 1956; Titnm [989; Van Gelder 1956;
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Zinn and Baker 1979). Unlike the situation with birds and their
collisions with tall structures (Avery el al. 1980; Kuvlesky el
al. 2007), there is no evidence ol human-induced mortality to
any of the affected bat species that is of siimilar magnitude to
mortality at wind turbines. Mortality of buls al wind turbines
thus warrants additional study and cxplanation in an effort to
deternune the bivlogical consequences and develop mitigation
NICASUICS.

Several consistent patterns have emerged rom the fatality
data on bats at wind turbines. The species consistently
alfecied, in terms of both overall numbers and geographic
distribution, are those thal rely hcavily on trees as natural
roosts throughout the year-—tree bats (Griffin 1970). In North
America, these species include hoary bats (Lasiurus cinereus),
castern red bats (L. horealis). and silver-haired bats (Lasio-
nycteris nocnvagans). A 4th North American species, the
tricatored bal (Perimyolis subflavus), also might he charactler-
ized as a tree bat (Findley 1954; Veilleux et al. 2004). but it
seasonal whereabouts during much of the year remain obscure
(Barbour and Davis 1969; Fujita and Kunz [984). In North
America, tree bats comprise about 75% of docunicnted
fatalities o date, and hoary bats make up about hall of all
fatalities (Arnett et al. 2008). European species ol bats most
affected by wind Lurbines include the noctule bat (Nycialus
noctula), Leisler’s bal (N, leisleri), Nathusius’s pipisteelle
(Puynstrellus nathusil), cominon pipistrelle (P, pipistrellus).
soprano  pipisuelle (P. pygmacus), and particolored bat
(Vespertilio murinus), all of which rely on (recs as roosts,
but also sometimes use human-made structures (Bach and
Rakme) 2004; Dirr and Bach 2004 Rodrigues et al. 2008).

Another consistent characteristie of species of bas most
affected by turbines is their propensily for long-distance,
latitudinal migration (Ciyan 2003: Hutterer et al. 2005;
Stelfens ¢l al. 2007). However. | North Amcrican species
alfected by turbines currently is not considered a migrant (P.
subflavus-—Fujita and Kunz 1934, bul see Jones and Pagels
1968: LaVal and LaVal 1988. Reynolds 2006), and cerlain
consistently affected European specics are not thought to
migrale extensively in areas where they are often found
beneath wrbines (e.g. P. pipistrellus in Germany—Diirr and
Bach 2004; Hutterer ¢t al. 2005; Stelfens et al. 2007). Another
consistent pattern at wind turbines in both North America and
Europe is that most faralities occur during latc sumnmer
hrough auwemi cack year. and tend o peak during the period
that coincides with autuinn migration (Arnett et al, 2008; Bach
and Rahmel 2004; Cryan and Brown 2007; Dun and Bach
2004: Johnson 2003). The jatter trend has led many
researchers to believe that migration plays a key role in the
particular susceptihility of bats to wind turbines.

Considerable progress has been made during recent years in
summarizany  patterns of bat latalities at wind (urbines,
esumaling latality rates, studying behavior of bats around
turhines, describing physical condition of fatalities. and
discussing (he potential itmpacts of (urbines on  aflccted
populations of bats. However, there have besn lewer efforts
to unambiguously cstablish the underlying causes of bat
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fatalilies at wind turbines, aithough numerous hypotheses have
been advanced (e.g., Arnctt et al. 2008; Johnson 2005; Kuny et
al. 2007b). In this synthesis, we review hypothesized causes of
bat fatalities atr wind turbines. make predictions regarding the
cvidenee necessary to support the various hypotheses, and
summarize existing mformation relevant o cach predicuon,
We see the arliculation, organization. and prioritization of
such hypotheses and predictions us a necessary sep in
determining the underlying causes ol bal mortality at wind
turbines, and in stimulating appropriate research, including
both obscrvational and experimental studies.

We basc our review on hypotheses of cause published in
peer-revicwed scientilic literature, but also include informa-
tion from select unpublished sources. We consolidate and
rename hypotheses to better characlerize themes, as well as to
highlight trends and major differences among explanations.
We divide causal explanations [or morlality inlo 2 broad
calegories—proximate and ultimale causes. Hypotheses of
proximale cause are those that address the factors directly
responsible for the deaths of individual bats. For example. the
proximale cause of the bat’s death al the wind (urbine nay be
that its skuil was crushed when it was hit by a moving blade.
Hypotheses ol ultimate cause are those that address why bats
are in the vicinity of turbines in the Ist place. For examplc. the
ultimate cause of the bat’s deuth may be that it perceived the
turbine as @ potential place Lo roost. For most hypolheses, we
propose | or more predictions inlended (o serve as examples
of he type of supporling evidence needed. We assess the
status of cach prediction and provide relevant cilation, again
based on our review of published and unpublished papers.
Status ol predictions is based on the limited availeble
infonnation and our assessments  should be  considered
preliminary in alinost every case, Evidence perunert to most
predictions 18 weak, at best, and additional study is needed.
We also believe that. at least for the present, hypotheses and
predictions should be applied at the species level and that i1 is
likely that causal explanations will vary among species. For
example, the susceptibiiity of little hrowin bats (Myotis
lucifugns) and hoary bats to wind turbines may be very
different and driven by completely different causes, as may
differences among tree bats. We encourage readers (o take
these hypotheses and predictions as starting points  [or
consideration rather than a comprehensive list of possibilities.

HYPOTHESES, PREDICTIONS, AND DATA

Proximate casses of bar pawaliies —We identified 3
hypotheses for explaining proximate causes of bat faralities
al wind turbines (Table 1). These invalve bats colliding with
turbine {owers, colliding with moving blades, or suffering
internal injuries (barotrauma) afler being exposed o rapid
pressure changes near the trailing edges and tips of moving
blades (Bacrwald ct al. 2008). While flying at night. hirds
occasionally collide with all structures such as buildings and
communication towers (Avery et al. 1980; Gehring et al.
2009}, and the samc may be tue for the towers ol wind




Tante 1~-Proposed hypotheses for explaining the proximate and ultimate causes of bal fataliues at wind wrbines. Here we define proximaie
sauses as those that address the mechanistic factors directly responsshle for the deaths of individual bals. Ultimate causes are those that wddress
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why bats are in the vicinity of rarbines before death. Hypotheses are not mutually exclusive and are intended to be applied at the species level.
ltalicized hyvpotheses ol ultimate cause are those we consider {st degree (Fig. 1), the disproval of which would eliminate associated 2nd-degree

hypotheses (ce., those not italicized: Fig. 1).

Hypotheses

Predictions

Proainiate causes Collision with turbine 1owers

Collision with moving blaces

Barotrauma {decompression) near noving blades
Ulimate canses
Randorn Fatalitres proportional to bats présent

Coincidenial Susceptible while rmgraning

Migrants clump in ume and spac

Migrating bars {1y higher than nonmigrants

Muigrating bats less likely to echolocate

Susceptible when nor nugraiing
Grealer feeding activity resulls i greater morntality
Gregler matng activity results in greater moeriabity

Lack of fiight expenence yesults in greater mortalicy
Prey distrbtion myluences fatalty
General artracnon o yurhines

Atracied 1w lights

Antracied w sound ol moving blades o1 generator

Attracoon

Altracted 1o blade moticn

Attracted to msect aggregalions

Attracted to modified landscape {eatures
Autracted 0 urbines as roests

Attracted to wrbiues ay maling or gathering sites

Numeroos {ataliies st nonmoving turbines
Numerous (atalites at other tall structures
Trawnatic exiernal injurtes

No fatahies at nonmoving lurbines
[nicrnal injuries

Fatalives reflect indices of aclivity or abundance
Demographics ol fatalitics reflecnve of the popniaion present
Most faialities involve migrams rather thun residenis
Nonmygratory spectes or popnlations feast atlecied
Fatairues peak dunng mmgrahion periods

Tataiwies peak earher at highes lattudes

Distribution of bats more cluniped durg nugrauen

More misgrating bals ocewn in windy areas

More (atalities with passage of stormy fronts

Most fatal:ties dunng migration periods

More migranis at bigher altitudes

More latalizes at aller wrbines

No echolocation detected at nacelle height

More bais present than echolocation passes detected
Atypieal echolocaton cails (e.g.. startle)

Moxgl fatalities involve residents rather than migrants
Comerdental seasonal ncrcases 1n feeding buzzes ol affected bats
Comerdental seasonal increases 1n captures of maling bats
Adult lnas to fatalities

More young. inexpenenced bals among fatahines

Fatality rate correlated with regionzl or aluitudinal prey abusdance
Bats maore likely 1o fty toward than past wrbmes

More [atabues ar trbmes with 2aviation hghts

More aclivity at moving than al nonmoving blades
Playback ¢J sound atracts bals

Bats respond more 1o sound vn low-wind nights

Turbinces emilting particular noises kill wiore bats

More activity at moving than at nonmoving blades

Devices sunnlaing biade movemeni will attract bats
Feeding huzzes more common around turbines

Insect abundance grealer around turhines

Coagzstent pauerns of msect activily around lurbrites

Dead bats have full stomachs

Consistent prey 1n bal stemachs

Dead bats have insects in mouth

More [ataliies near newly created edge habulats, couds, or wattands
Highiy visible wrbines kill more bats

More Fatalities on moonht uighis

More activity at alleat, treehike structuies

Low actisnity of species that du not reost 1 trees

Most faralities ocour as nightly activity ends

Equal actuvity at moving and nommoving turbines

Most activity at taliest frees or treelike siructures in fandseape
Matig activity at moving and nonmoving turbmes

Male terutorial behavior at moving and nonmovang wrbines
Group fermation at noving and nonmoving wrbues

Spermy in males and lemales

Male bias to Tatahties that disappears over tume

Social catls derected al aacclle height

More social interaciion al lurbines in low winds

Faual acuvity al moving and nonmoving furbines
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rbines (Kuvlesky et al. 2007). If bats also collide with
luibine towers, this could esplain at least some fatalities al
wind turbines, Il this were the case, then bat latalitics should
occur when turbines are nonoperational, and at other tall
structures such as the ineteorological towers often associated
with wind Lurbings, As noted above, bar Tatalitics arc rare at
stalionury struciures, and al wind energy lacilities bat faialites
have not been reporied al nonoperational  turbines or
meteorological owers (Arnett et al. 2008). o addition,
reduction in Lurbine operation is associaled with a reduction
in bat fatalitics (Baerwald et al. 2009; E. B. Armeclt, Bat
Conservation Inlematonal, pers. comm.). There is hule
evidence that bats consistently collide with nonmoving turbine
biades or towers.

[f bal latalities occur duc to strikes from moving turbine
blades. then carcasses should show traumatic injurics. Indeed,
many carcasses have such injures, including broken or
amputaied wings, crushed skulls. broken verlebral columns,
andd severe lacerations (e.g., Baerwald et al. 2008: Johnson et al.
20037, In addition, thermal imaging devices have been used 0
docament bats being struck by moving turbine blades (Hom et
al. 2008). Despite clear evidence that some bats are bhit by
moving hlades, other bats found dead at wind turbines have no
external injurics (Baerwald et al. 2008). These carcasscs, as well
as many of those with external rraurna, have internal injuries to
the thoracic and abdominal cavities that are consistent with rapid
decompression, or harotrauma (Baerwald et al. 2008; Diirr and
Bach 2004: von Hensen 2004). Like other airfoils, moving wind
turbine blades have areas of high and low pressure around them.
In partcular, a relaiively small vortex at the 4p of cach blade
involves a drop in atmospheric pressure sulficient to cause
internal injuries when the air in the Juogs of bats flying through
the vortex expands rapidly. Small blood vessels in the hungs are
dainaged causing bleeding inlo the thoracic cavity (Baerwald
et al. 2008). This suggests that even if bals can avoid direct
contact with moving turbine btades, they may suffer sulficient
noncontact injurics Lo eause dearth.

Ulromate causes of bar fatalities —Hypolheses of ulumate
cause are numerous bul tend to fall into 3 general categorics
{Table [: see also Horn et al, 2008; Kunz cr al. 2007b). These
categorics e random collistons, coincidenial collisions. and
collisions resulting [rom auraction of bats o iurbines. We
define random cotlisions as thosc that occur due to chance
alone. This hvpothesis involves no assumplions of circumn-
stance or aftraction. Under the randosn collision hypothesis. all
individuals ol a particuiar species are equally vulnerable when
occurring near turbines, regardless of sex, age, reproductive
condilion, o1 ume of year: turbines randomly sample bats
tiving in the airspace around thern. Hypotheses of coincidental
collision involve bats being victims of unfortunate behavioral
circugstances—-certain aspects ol their behavior put thern al
ercaler risk of colliding with turbines. Hypotheses of attraction
are Just that: soime attractor or combination of attactors draws
bats to wind turbines. Although a few ol the coincicental
hypotheses involve a regional spatial scale (e.g.. regional
dillerences m distribution of migrants or prey). all others are
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intended to be applied at the scale of individual turbincs.
These various hypotheses need not be mutually exclusive. For
example, specilic behaviors may increase the chances of baty
being near turbine facilities during particular times of year
(coincidental), but then attractors could draw certamn individ-
vals closcr or, allernatively. bats present could randomiy
collide with turbine bludes.

Bat latalities at wind turbines may be the result of random
collisions. Tu is possible ithal the spatial, (emporal. and
demographic variation observed in fatality rales of bats at
different wind cnergy sites (Arnett el al. 2008; Baerwald and
Barclay 2009) merely reflects the relative abundance of bats in
the vicinity of wind tuybines. 1 this is true. then the composilion
of flatalities in terms of lming. sex, age. and reproductive
condition should match the composition of bats in the area
(Table 1). Such mcasures are difficull to obtain for bals
(O’Shea and Bogan 2003), but a distinct lack of correspondence
belween regional species composiuon and lafalities has becn
observed al several sites; resident species tend o be killed at
wind wurbines less frequently than migratory specics, cven in
areas where the resident specics are common throughout the
summer (Arnelt ¢t al. 2008: Johnson ¢t al. 2003; Kunz el al.
2007b). Mosl fatalities usually occur during the late summer
and autump, aithough activity Jevels of species not regularly
killed by turbines can be high throughout the summer (Arnett ct
al. 2008; Johnson et al. 2003). Examination of somc fatality
data also suggests bilases between sexey, with adult males
dominating samples for several affected species in North
America (Arnett et al. 2008). Such trends suggest nonrandom
interactions belween bals and wind Lurbines.

Several hypotheses of ullimale cause involve collisions
occurring under coincidental  curcumstances. Bt
observed al wind wurbines thus far kave involved many species
that migrate long distances (=250 km), and because osl
fatalities occur during a period that coincides with their autumn
movements, migration has been invoked as a pnmary
cxplanation for the parlicular susceptibility of bals o wind
turbines. Hypotheses that involve the coincidental susceptibility
of migrating bats seem well justified; however, we caution that
even the most basic among them. such as that most fatatities
involve individuals thal are migrating rather than those that are
resident in the area of the wrbines. need o be tested and not
taken for grancted. Stable isotope analysis and other icchaigues
for assessing the geographical origins of bats killed at wind
turbines may prove usclul in testing (he migrant hypothesis
{Hobson and Wassenaar 2008). Sludying the phenology of
latalities al continental scales aiso may help us betrer undersland
the role of migration (Cryan and Diehl 2009). As detailed below
and 1n Table 1, there are several possible behaviors associated
with migration that could result in fatalities, but that do not
necessarily require the act of migration. Certain risky behaviors
might have evolved with a migratory lifestyle. yel not be
dependent on migration. Is it that migrating bats are particularly
susceptible. or simply that other aspects of these species
behavior change fu auturnn (e.g.. mating or feedng) and make
them susceptible. whether they are migrating or not?

fatalines




1334 JOURNAL OF MAMMALOGY

Some of the coineidental migration bypotheses pertain to a
regional spatial scale and involve migrants being clustered near
lurbines in time and space. Foremosl among predictions here is
that bats concentrate in certain regions during mrgration, sucls as
in “corridurs™ or al “stopover” habitals, or in arcas where
iwpography or prevailing winds. or both, lorce them into close
proximity as they travel. Such landscape fealures might include
windy places such as mountain ridges. passes, coastal areas, and
river valleys (Cryan and Dichl 2009; Funnankiewicz and
Kucharska 2009). Little is known about (ke temporal and spatial
distribution or densily ol bals during migration, particularly the
species most affected by wind turbines. Tn Alberta, Canada.
autumm activicy and fatality of migrating species is concentrated
near the foothills of the Rocky Mountains, suggesung that
migrating bats (ollow particular routes on their way south
(Bacrwald and Barclay 2009).

Certain weather conditions may further influence migrants
o cluster in time. Falality rates of bats at turbines often
increase with the passage of storm fronts (Arnert et al. 2008).
These observations. combined with the fact that most latalitics
occur during a lew weeks in Jate sumimer and autumn. suggest
that igrating bats exploit cerwain weather conditions during
iare summer and autumn that put them at risk. Very litrle is
known about the effects ol wcather on the behavior of
migrating bats (Cryan and Brown 2007) and this secms like a
rich arca (or cooperalion belween biolegists and atmospheric
wienusts interested in [orming  collaborations within  the
emelging field of acroccology (Kunz et at. 2008).

Other coincidental explanations for the role of migration in
fatalities apply at the spatial scale of individual turbines and
postulate that migrating bats bekave in distinclive ways rhat
put thom at wreater risk. These hypotheses include migrants
fiying higher zbove the ground than other bats and bigh-tying
migrants heing less likely to echolocale and derect spinning
iurbive hlades (Table 1, Kunz et al. 2007h). Predictions
assoctaled with these explanations include nore fatalities at
taller turbines, detection of more migrants high above the
wround, and ne echolocation detecled around the blades of
turbincs. Fatality rales of bats are greater at taller trbines in
North America (Barclay et al. 2007). and studics have
revealed greater ceholocation activity ol migratory specics
higher above the ground compaced with other species
(Baerwald and Barclay 2009; E. B. Armett, in litt.). Such
activity may be indicative of high-fiving migrants. bul also
could rellect species differences in flight and (oraging style
{e.g.. Norberg 1994), Certain atmospheric conditions, such as
temperature Inversions or overcast skics, also may cause high-
Mying migrants wo drop o lower altitudes where they are more
likely w encounter wrbines 1Kanz et al. 2007b). If flight
alinude alone is a primary cause of bat [alalitics, defection of
species Kitled by turbines should be greater at the height of
wrbine bhlades during the late summer and autumn, but not
during other scasons when fatalities arc less frequent. Fow
data exist lor assessing whether migrating bals are less likely
1o echolocule, but it may be possible Lo test this hypothesis by
comparing the mumber of bats detected with thermal imaging
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devices 1o the number of ccholocation passes picked up by
cchiolocation detectors (Florn et al. 2008; Hristov et al. 2008).
It is ¢lear thal at least some high-flying migrants echolocale,
because they are regularly detected well above the ground
{e.g.. Buerwald and Barclay 2009). Howcever, some recordings
involve abrupt sequences of calls suggestive of nonecholocat-
ing individuals being started by the presence of turbine blades
and echolocating in response (J. Reimer, University of
Calgary, pers. comm.).

Establishing migration as a coincidental causal explanation
for bal deaths at turbines will require explaining the apparci
lack of [atalitics associaled with spring migration. or the high
numbers of [atalities of species or sebpopulations that are nol
known lo migrate (Arcett et al. 2008; Dinr and Bach 2004),
Almost nothing is known about the specific behaviors of bats
during migration (Cryan and Dichl 2009). I migration is a
primary driver of [alalitics at turbines, it is possible that
behavinrs of bats during migration differ enough betwecn
spring and autumn to explain the autuinnal bias w fatalities,
but we do nol yct know cnough (0 assess Lthat possibility.
Investigating dilferences in general migration bebavior of bats
between spring and autumn may be a uscful way of narrowing
down the possible causes of bat fatalities at turbincs.

Given that bird migration has been studied for much longer
than bat imigration, we suggest that inuch may be leaned from
data regarding birds (Larkin 2006;. For cxample. many
migratory passerine birds fly at night (Alerstam 1990), vel
they appear less atfecled by wind turbines than bats (Barclay
et al. 2007 and references therein). The timing of bird fatalirics
at turbines also [requently differs {from (hat ol bals. und bird
falalities are not as consistent in terms of their seasonality
(Kuvlesky el al. 2007}, Does this suggest that behaviors, other
than simply migrating, differ betwecen bats and birds and result
in diflerent susceptibility? There is a wealth of informauon in
the scientific literature regarding the migralory hehavior of
birds (e.g.. Alerstam 1990; Berthold et al. 2003) and these
methods need to be incorporated into studies ol bat migration
(McGuire and Gugliclmo 2009),

Bats may be vulnerable to wind turbines for coincidentat
reasons that are not associated with migration. The fact thal
most fatalities involve species that migrate may not be due 1o
migratory behavior, but to some other behavior comimon o
these specics when they are sedentary. Hypotheses in tbis
category include the possibilitics thay seasonal changes m the
behavior ol bats lead 10 coincidental increases i their
susceplibility (o turbines,

Energy requirements of bats change throughout the vear,
and seasonal increases in energy demand associated wirh
producing young, mating, or preparing for hibernation could
lead (o seasonal increases in (oraging ume or [eeding arcas
(Kurta et al. 1989; Lacki et al. 2007, Speakman and Thomas
2003). Late-summer increases in fatalities at turbines mighl be
attributable to an increase in foraging activity Lo allow bats Lo
meet the challenges of overwinlering, migrating, or mating. I[
this was the case, coincidental seasonal increases in echolo-
cation calls associaled with feeding (“‘buzzes’ ~—Gnilin i95K)
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should be detectable around turbines during periods of high
{atahty. Such data lTikely exist but have not been reported in
thrs context. The potential influence of seasonal changes in
foraging dispersal and (iming on susceptibility ol bats to
urbines also could be investigated by radiotracking atfected
SPCCIEs ACIOSS SCUSONE.

Specics of teinperate-zone insectivorous bats usually begin
maling in autumn (Racey and Entwistle 2000). Increased [light
activily associated with finding mates also could lead (o
coincidental increases in the probability of bats coming into
comtact with turbines. Many of the species affected by wind
turbines engage 1y mating activity during the same period when
ther carcasses are found 10 the greatest numbers beneath
wrisines (Cryan 2008). This synchromicity between maling
activity and fatalities could refleer a cause thal is independent of
migration or attraction. Bais in search of mates may simply (ly in
places wheee they do not regularly fly at other Liines of year. A
prediction under this bypothesis would he an increase in caplures
or other observations of reproductively active bats, with a bias
toward adulis. coinciding with fatality peaks al wind turbines,
Exisung dala lor assessing this bypolhesis are [ew and anecdotal
(Cryan 2008). During an 8-year study of hats in the Quachila
Mounzains of Arkansas, R, Perry (Southern Research Station,
United Staws Forest Service, pers. comm.) observed large
inciewses in eaplure raies of male L. borealis cach year in August
and September, and regalarly observed pursuit, aggression, and
copulation behavior ol eastern red bats around nets that
suggested that mating aclivity led to greater susceptibility of
capiure. Although long-term sperm storage in male and lemale
hals makes the precise timing of mating events difficuit to
discern based on anatomy alone. guantifying levels of
circulating hormoucs associated with male libido (c.g., andro-
gens) may be a uselul technique (Gustafson 1979; Martin and
Bernard 20G0). Seasonal changes in nighttime flight activity of
gemiographic groups and species most affected by turbines alse
could be assessed using radiotelemey,

Anotbher coincidental hypothesis s that the fate-summer and
dtgmnn pedk i (wtalilics is atributable o introduction of
inexperienced young into bat populations, and that juveniles
lack the flight skills to avoid Lurbine blades. However, existing
data on the age composirion of fatalitics do not support this
hypathesis (Arncil cc al. 2008; Baerwald 2008).

Regardless of whether bats arc imigrating or sedentary,
dilferences in disteibution ol their insect prey also may be a
coincidental cause of (atalites (Kunz et al. 2007b). For example,
if insects upon which bars feed are more likely to occur in
regions, tabitats, or air layers where turbines are built. the bats
thal eaploit them may be aw greater risk. A prediction associated
wiih this hypothesis is that Talality rate would he correlated wath
regronal, habitat-specific, or allitudinal prey abundance—a
possibility that remains untested.

There are a remarkably large number of plausible
hypothescs involving atoaction of bats to wind turbines
{Table 1). These hypotheses gencrally involve bals being
atiracted 1o turbines out of curiosity or mispercepuon, or as
potential feeding, roosting, tlocking. and mating opportuaitics.
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Thus far, ¢he only attraction hypothesis with sufficicnt
cvidence (o reject may be the aitraction of bals Lo aviation
warning lights on top of wrbines. Numerous studies have
found no difference in the number ol fatalities recovered nnder
turbines lit and unlit in this way (Arnett et al. 2008, Baerwald
2008). Although other studies indicate that bats are able o
perceive and respond Lo cues from artificial lights (Childs and
Buchler 1981; Cryan and Brown 2007), we are nol aware of
any evidence to suggest that lights on tall structures increase
the probability of bal collisions, as is known 0 occur with
birds al communicalion lowers and buildings (Avery ct al.
1980; Gebring et al. 2009). However, it is stll plausible that
lsghts illuminating large parts of wrbine towers and blades
may influence fatalitics in other ways. as discussed below

Bals may be attracted to the sights, sounds, or movemenls
of wind turbines. Accounts of bats possibly being aturacted to
the ““swishing sound™ of sticks waved through the air
(Barhour arxl Davis 1969:153), or unknown cues al roosts
previously used hy congeners (Constantine 1958; Downes
1964). as well as thermal images of bats apparently chasing
moving (urbine blades (FHorn et al. 2008), highlight the
plausibility ol such autraction. Predictions associated with
these hypotheses include more activity around roving than
nonmoving blades, variation in fatality rare associated with
variation in emission ol sounds by turbines, and altraction ol
bats 1o playback ol turbine sounds or devices that simulate
blade movement. To our knowledge, these predictivns and
hypotheses remain untested. although they <eem cspecially
well suited to experimental studies.

It is possible (hat hunger hiings wee bats into close
proximity of turbincs because they arc attracled to insects
that gather around (urbines. The tallest structures in a
landscape are used as gathering points during the daytime
by some flying insects { “hillttopping’ behavior reviewed by
Thornhill and Alcock [1983]) and insecls may be atiracted o
aviation lights or the warmtbh or color o turbines. m wm
drawing in hungry bats (Kunz et al. 2007b). Aggregations of
insecls around twrbines could serve as easily fearned and
consistent food sources lfor bats, particularly for hungry
migrants traveling through unfamiliar areas. Migrating bats
were observed feeding on insects around offshore turbines in
Scandinavia (Ablén et al. 2009). Predictions associaled with
the feeding-attraction hypothesis include detection ol more
feeding buzzcs around turbines than elsewhere, consistent
presence and activity of insects around turbines. and consistent
presence  of insects thal occur around lurbines in (he
wastrointestinal racts of bats killed al turbines. In Alberta,
Canada, bats killed ar turbines had full stomachs, indicating
that they had fed the night they were killed, but many of the
inscets deteeted in the stomachs. such as aquatic hemipterans,
were unlikely o have come from arpund wrbines (J Reimer,
pers. commm.}, Tn addition, few feeding buzzes were recorded
at blade height. There s currently no evidence that nocturnal
insects npon which bats feed engage in hilllopping hebavior.
and the benefits Lo the insects o such behavior in the dark are
not obvious. Consjdering the many diffcrent regions and Lypes
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of habitats in which bat falalitics at curbines have been found,
a (ccding explanation would sequire evidence that some type
of prey consistently occurs around Lurbines, that allected bats
reguiarly feed on that type of prey. and that such a relationship
occurs across a wide variety of locations and situations,
cypecially during anturnn.,

Land clearcd during the construction of access roads,
iurbine foundations, and power transmission lines migbt
attract bats by mimichking natural linear fandscape features,
such as patural forest edges. along which foraging and
commuting bats may regularly ravel (Kunz et al. 2007b;
Verboom and Huitema 1997). A prediction associated with the
linear-clement hypothesis is that more latalities should occur
at tubines vearer forest edges, newly created clearings, and
other lincar landscape featares. Howcever. published studics in
Norih America reveal a surprising lack of correlalion between
local landscape feaures and fatalities al wind encrgy sites
gArnen et al. 2008). Also, relatvely high Tatality rates of bats
ar sies in open, treeless. scarcely modified landscapes (e.g,
Alberta, Canada—Bacrwald 2008) suggest that this explana-
ton may be of limited application at best.

[y potheses involving atraction of bats o turbines as roosts
seem plausible considering that the specics of bats killed most
ofien by wind turbines end 10 rely on wrees as Lheir primary
natural roost structures. Bals visually onicnt across landscapes
(Griflin 1970) and the silhouettes of turbincs might altract
them froin considerable distances (>>1 kin). Il this is the case,
visibility of wrhines 10 bais should influence latality rates.
However, such ditferences likely involve visibility of large
arcas of the turbine structure, rather than small parts of it. such
as aviation lights. Predictions under this hypothesis include
equal aclivity al moving and nonmoving {urbines, more
activity and fatalities at higher-visibility turbmes. higher
fazality rates on moonlit nights. higher fatality rates al
experimentally illuminated  furbines, and activity around
turbines peaking al dawn when bats are likely Lo investigate
potential dayiime roosts. Contrary to the last prediction, bat
activity at turbines in southern Alberta occurred throughout
the night with no peak ncar dawn (Baerwald 2008). However,
Cryan and Browu (2007 presented evidence that responscs of
migrating hoary batx 10 visible landscape cues (a lighthouse)
varned with cloud cover and moonlight. Baerwald (2008)
{ound that moonlighi had an effect on fatality rates of baty at
turbines, with higher falality rates on moonlit nights. These
resuits sugyes a cotneciion between the visibility of wrbine
structures  and  bat fatalities—a  possibility that warrants
additional research.

Many species of bats tavor lalier trees as roosts (Kalcounis-
Riippell et al. 2005) and fatalities at turbines appear to be
corrclated with wrbine height (Barclay et al, 2007). Turbines
lar exceed the height of most trees and are approaching the
heights of the tallest trees on Earth (ahout 112 m). If bats
sitmply investigate the taljest trees they encounter (or possible
roosting opportunides, then such behavior should be obsery-
able at the taliest wrees and other (all landscape struclures (e.g.,
celiular phone towers and water towers). as well as ar
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experimental structures that can be manipulated (o assess
relatiouships between structural height, visibility. and bat
activity (Cryan 2008: Cryan and Brown 2007). To our
knowledge. the tallest-tece hypothesis has not been tested.

Bats also might use the tallest wees in a landscape as
gathering points during the breeding season and visually
mistake turbines for the taliest trees, particularly duning or
before migration (Cryan 2008; Cryan and Brown 2007). If this
hypothesis is correet, group formation and mating activily
shouid be obhservable at nommoving urbines and surrogaie
structures, and evidence of reproductive activity should be
apparent in carcasses. Predictions under this hypothesis
include equal activity at mowving and nonnioving (urbines,
most aclivily occurring at the tallest trees or treelike structures
in the landscape, mating activily (e.g., aerial copulation or
male territorial behavior) or group formation occurring at
nonmoving turbines, more social interaction at turbines 1n low
winds, sperm in the reproductive tracts ol both males and
females or hormone levels indicalive of active maling. sociat
calls detected al the heights ol turbine blades, and adull male
bias to [atalitics (associated with the carly establishment ol
leks and maiing (erritories) thal disappears as  awtamn
progresses, No sludies directly assessing the mating hypoth-
esis have been published, but several of the predictions may be
testable using cxisting carcasscs found at turbings, by
analyzing bat calls recorded around turbines and other tali
landscape stuctures, ot by meta-analysis of demographic and
temporal palterns in exisung (atality data (Table 1). ln @ study
conducted in Canada, no social calls were recorded (rom hoary
or silver-haired bats [lying ac rotor height around wrbines
where [ataditics were subsequently recovered (J. Renner. pers.
comm.). Calls associated with mating have not been
characterized for North American species atfected by wind
turbines, although the prevalence and disunctness of mating
calls among European species with  similar  [ife-history
characleristics (Plalzer and Kusch 2003) lead us 10 believe
that North American species likely produce such calls.
Although evidence suggests that some juvenile males of
genera affected by turbines are reproductively active in their
Ist auwumn (e.g., Lasiurus, Lasionycrerss. and Nyvctalis—--
Druecker 1972 Myers 1977; Racey and Enwwistle 2000).
supporl for the mating hyporhesis also niust include estab-
lishing that juvenile bats killed by turbines are involved in
malng activities.

Prioriizing HypoTHESES FOR FuTUrRE RESEARCH

Identilying, prioritizing, and testing the hypothesized causes
of bat fatalides al wind lurbines are vital steps toward
developing practical solutions to the prohlem. There are major
implications il the ulumawe causes of wrbine collisions are
random. coincidental. or the result of attraction. Foremost. il
there Js an atrractant, it might be possible to cither climinale
the atwaction or cxploit it to draw bats away [rom wind encrgy
facilities. Despite a few years of study into the problem of bat
latalities al wind wwrbines, if is surprising that so few ol the
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altrachion hypotheses have been tesied. Because the conser-
vation implicaticns of bat atiraction o wind turbines are by far
the most serious. we  suggest  that the gencral
hypothesis of atraction be a lop prionity (Fig. 1). Existing
methods for following the flight paths ol individual bats, such
as radar and radiotelemetry (Cryan and Dichl 2009), could be
used to delerming whether bats are more likely to fly toward
rather than past wrbines (Table 1), Evidence ol gencral
attracuon would warant addiuonal testing of secondary
gypotheses addressing specilic cause(s) of awraciion. We also
recomunend priotitizing the general hypathesis thar hais are
nore  suscepuble o trbines  winle migraang  (Fig. 1).
Populations of migratory bals may be particularly vulnerable
lo the detrimental hmpacts ol human activites, because they
rely on widely dispersed babitats and large proportions of their
populauons ciuster into restricled spaces during migration. In
addition, conscrvation siralegies direcled toward migratory
hats mwusr be integrated across huge spatial scales (Fleming
and Ehy 2003), I it is determined (hal bat [atalities at turbines
mostly involve aclive migranis, research could be focused on
understanding how nugration patterns relate o mortality and
avoiding high-use wcas when butlding new turbsnes, or
curtailing operabons ol existing turhines during wigration
cvents (FFig. 1) 1L is currently assuined that ihe endangered

testing

Hawaiian hoary bat (L. cinereis semortus) 1s less valnerable o

turbincs on the Hawaian Isiands because 11 does not migrale
long distances, even though the species (L. cinereus) makes up
aboul one-half ol all (alalitics in continental North America
where it is known to migrate long distances (Amett ct al.
2008; Cryan 2003). Proportionally bigh fatality rales ol
purporiedly sedentary species and populations clsewhere
stress the need Lo test the migration connection.

[I'itis determined (hat bats are not attracted to turbines. then
we suggest testing the general hypothesis Ihat fatahties are a
random sample of bats preseni arcund wrbines (Fig. 1, I
eollisions are determined (o be the result ol random processes,
then rescarch could focus on moniloring gencral aclivily of bals
as a means of assessing risk, because activity and {atatity should
be correlaled. We are aware of no published studies showing a
correlation between activity of bats at a sitc before turbines are
built and fatalities there after turbines are operational. However,
the increasingly common practice of preconstruction acoustic
monitoring for bats at proposed wind encrgy facilities as a
method of risk assessment scems to rely in large part on an
assumption that collisions of bals with wind trbines are randorn
processes (¢.2., they do not account for differences in sex. uge. o
reproductive status, or attraction). Censidering evidence thal
falalities al urbines are sex-biased, the assumption of random
cotlisions 1~ questionable 1f it is determined that fatalitics are not
the result of attracuon and are not random processes. Lthen
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research could focus on determiining and monitoring specific
bebaviors that increase risk (Fig. 1), such as seasonal changes in
{eding or maling activities.

Determining whether the causes of bat fatalitics are the
resubt of wiraction. coincidence, or random processes may not
infuence the cffectiveness ol current techniques for monitor-
ing existing turbine sites for Tatalities (Kunz et al. 2007a). but
L will certainly have implicatioons for assessment of risk and
population impacts. For example, il mating individuals are
disproportionalely attracted to turbines in places where their
specics passes through geographic bottlenecks during migra-
tion, the chances ol rapid and irreversible population decline
will be greater (han il collisions involve trbines randowmly
kitling bars thar are not migrating, If collisions arc random or
Jinhed 0 coincidental phenomena such as migration or
increased scasonal acuvity, then the prospects lor preconsune-
ton risk assessment and site selection are good, because sueh
evenly are predictabiv af a siic. However. if baty are allracted
to turbines. particularly frony the long distances over which
they are vapable of secing at mght. cxisting preconsiruction
lechnigues of risk assessment may be less uselul. because bats
might oot be active at (he site, and thus detectable. until
turbines thal attract them arc built.

Testing hypotheses of cause will be a treinendous chalienge,
Bau rescaichers are now faced with the difficult situation of
studying nighttime phenomena oceurring as kigh as 40-story
buildings and pelentially across kilometers of airspace. For
example, 11l will be important 0 measure randown  and
coincidental hypotheses at spatial scales beyond the possible
influence of attractors. The difficulty will be in determining
what ihe range of auractton might be. and such distances
likely dilfer for dilferent attractive cues and polentially for
different species and landseapes. Technigues exist Jor
mouitoring the movemenls of bats aeross large arcas of
dirspace. as well as (heir interactions with urbines, bul some
may not he suited for investigating hypotheses of cause, and
additional experimental methods are needed (Kunz el ai.
2007a, 2008). Turbine Tlacilities are well suited for both
observational and manipulative experimental  studies  into
hypotheses of cause, >0 induslry cooperation seems ¢sscnlial.

A particully promising avenue of rescarch into hypotbeses
of cause 3s the asalvsis of carcasses recovered beneath turbines.
There is much w be learned rom analyzing {resh carcasses
reeovered in the vicinity of wind wrbines (e.g.. Baerwald ct al.
20033 bur proporuenally few are collected or saved Jor such
purposcs, Analysis of stomach conwemts. reproductive status,
imuries, and geochemical vignatures ol body lissues are just a
few examples of how analysis of carcasses has and will
continue o reveal important clues abour why bats die at
trbiies, but also about the basic biology of bats. Additional
mxght also may come fram closer study of alfected species
with tife-history characterisucs that differ from wends discussed
above, particufarly trec roosting and long-distance migration.
For example, P subflavas and Pipistrellus pipesn elfus roost 1
trees but are not considered to be migratory in areas where they
collide with turbines. and the eaverniculons species Tadurida
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biasifiensis might account for most fatalitics at some sites in
southern North America (Arneu et al. 2008: Kung el al. 2007b:
Miller 2008). These examples emphasize that the same ulumate
cause or causes of (alality may not apply o all species, or
subspecies in the case of the L. cinereus semaotus, and
rescarchers conducting observational and cxperimental studies
need to keep this in mind.

If the ultimate cause or causes of bat fatalities at wind
turbines are not established. it may never be possibie o
accuralely assess risk (0 bats before turbines are buill, measure
the true impacts ol turbines on affected populations, or come
up with the most elficient ways 1o avoid or minimize Tatalities.
Although mitigation techniques such as operational curtail-
ment are hkely ro be an effective way of minimizing falalities
at existing wrbines (Bacrwald et al. 2009: E. B. Amcl!, pers.
comn), land managers, conservationists, and wind cnergy
developers also want o know in advance, before turbines are
built. how they can avoid bat fawlities. Establishing the
underlying causes ot bat fatalibes at turbines may be the most
likely way ol preventing them, starting at the earliest planning
stages of wind energy devclopment.
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