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Abstract  Wind energy continues to be one of the fastest growing renewable 
energy sources under development, and while representing a clean energy source, 
it is not environmentally neutral. Large numbers of bats are being killed at utility-
scale wind energy facilities worldwide, raising concern about cumulative impacts 
of wind energy development on bat populations. We discuss our current state of 
knowledge on patterns of bat fatalities at wind facilities, estimates of fatalities, 
mitigation efforts, and policy and conservation implications. Given the magnitude 
and extent of fatalities of bats worldwide, the conservation implications of under-
standing and mitigating bat fatalities at wind energy facilities are critically impor-
tant and should be proactive and based on science rather than being reactive and 
arbitrary.
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11.1 � Introduction

Developing renewable energy alternatives has become a global priority, owing 
to long-term environmental impacts from the use of fossil fuels, coupled with a 
changing climate (Schlesinger and Mitchell 1987; McLeish 2002; Inkley et  al. 
2004) and because of growing concerns about negative effects from the use 
of nuclear power (Voigt et  al. 2015a). Wind power is one of the fastest grow-
ing renewable energy sources worldwide (Fig.  11.1), in part due to recent cost-
competitiveness with conventional energy sources, technological advances, and 
tax incentives (Bernstein et  al. 2006). Although presently wind power contrib-
utes only about 4  % of the global electricity demand, some countries provide 
greater than 20 % of their demand from wind (e.g., Denmark [34 %] and Spain 
and Portugal [21  %]; World Wind Energy Association, www.wwindea.org). By 
the end of 2013, the Global Wind Energy Council reported that 318,105 MW of 
wind power capacity was installed worldwide (http://www.gwec.net/wp-con-
tent/uploads/2014/04/5_17-1_global-installed-wind-power-capacity_regional-
distribution.jpg). The World Wind Energy Association (http://www.wwindea.org) 
projects that by 2020, more than 700,000 MW could be installed globally.

Wind energy development is not environmentally neutral, and impacts to 
wildlife and their habitats have been documented and are of increasing concern. 
Wind energy development affects wildlife through direct mortality and indirectly 
through impacts on habitat structure and function (Arnett et al. 2007; Arnett 2012; 
NRC 2007; Strickland et al. 2011). Bats are killed by blunt force trauma or baro-
trauma and may also suffer from inner ear damage and other injuries not read-
ily noticed by examining carcasses in the field (Baerwald et  al. 2008; Grodsky 
et  al. 2011; Rollins et  al. 2012; Fig.  11.2). Kunz et  al (2007a) proposed several 
hypotheses that may explain why bats are killed and some of these ideas have sub-
sequently been discussed by others (e.g., Cryan and Barclay 2009; Rydell et  al 
2010a). Collisions at turbines do not appear to be chance events, and bats probably 
are attracted to turbines either directly, as turbines may resemble roosts (Cryan 
2008), or indirectly, because turbines attract insects on which the bats feed (Rydell 
et al. 2010b). Horn et al. (2008) and Cryan et al. (2014) provide video evidence of 
possible attraction of bats to wind turbines.

Regardless of causal mechanisms, bat fatalities raise serious concerns about 
population-level impacts because bats are long-lived and have exceptionally 
low reproductive rates, and their population growth is relatively slow, which 
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limits their ability to recover from declines and maintain sustainable populations 
(Barclay and Harder 2003). Additionally, other sources of mortality cumulatively 
threaten many populations. For example, white-nosed syndrome causes devastat-
ing declines in bat populations in the USA and Canada (e.g., Frick et  al. 2010), 
and national programs for improving insulation of buildings, particularly in 
Northern Europe, cause losses of roosting opportunities for bats such as the com-
mon pipistrelle (Pipistrellus pipistrellus; Voigt et al. 2016). Thus, high wind tur-
bine mortality poses a serious threat to bats unless solutions are developed and 

Fig. 11.1   Annual installed global wind energy capacity (MW) from 1996–2013 (modified from 
the Global Wind Energy Council, http://www.gwec.net/global-figures/graphs/)

Fig. 11.2   Blunt force trauma (a) and barotrauma (b, c) in three noctule bats (Nyctalus noctula) 
killed at wind turbine in Germany. a Ventral view of an open fracture of the left humerus at the 
height of the elbow joint. b Ventral view of the opened abdominal cavity with blood effusion in 
the thoracic cavity visible behind the diaphragm (hemothorax). c Ventral view of opened car-
cass without bone fractures, but severe bleeding in the abdominal cavity (hemoabdomen) (picture 
courtesy: Gudrun Wibbelt, IZW)

http://www.gwec.net/global-figures/graphs/
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implemented (Arnett and Baerwald 2013). In this chapter, we build on previous 
reviews of existing information (e.g., Arnett et al. 2008; Rydell et al. 2010a; Arnett 
and Baerwald 2013; EUROBATS 2014), synthesize information on bat fatalities at 
wind energy facilities worldwide, discuss unifying themes and policy and conser-
vation implications, and offer insights for future directions of research and mitiga-
tion of bat fatalities at wind facilities.

11.2 � Composition and Estimates of Bat Fatalities

We present information on estimates of bat fatalities as reported in published lit-
erature or publically available reports, but caution that studies had varying lev-
els of effort, used different estimators (e.g., Huso 2011; Korner-Nievergelt et  al. 
2013) and different methods to quantify bias (Arnett et al. 2008; Strickland et al. 
2011), thus biasing estimates. Also, most estimators fail to adequately account 
for unsearched area near turbines (Huso and Dalthorp 2013), which further 
biases estimates. Some studies report fatalities/turbine and others fatalities/MW 
of installed capacity. As such, data presented here offer a general and relative 
sense of fatalities within and among continents and do not represent quantitative 
comparisons.

11.2.1 � North America

From 2000 to 2011 in the USA and Canada, annual bat fatality rates were high-
est at facilities located in the Northeastern Deciduous Forest (6.1–10.5 bats/MW; 
Fig.  11.3) and Midwestern Deciduous Forest-Agricultural (4.9–11.0  bats/MW) 
regions defined by Arnett and Baerwald (2013: 438). Average fatality rate in the 

Fig. 11.3   Wind energy 
facilities on forested ridges 
in the eastern USA have 
consistently documented 
high fatality rates of bats 
(photograph by E.B. Arnett)
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Great Plains region was moderately high (6 bats/MW, 95 % CI: 4.0–8.1 bats/MW),  
while the Great Basin/Southwest Desert region (1.0–1.8  bats/MW) consistently 
reports the least variable and lowest fatality rates for bats (Arnett et  al. 2008; 
Arnett and Baerwald 2013; Johnson 2005). Wind energy facilities in this region 
occur in habitats generally offering few roosting resources, possibly (but untested) 
poor foraging opportunities, and may not be in migratory pathways, thus render-
ing these sites less risky to bats (Arnett and Baerwald 2013). However, facilities 
in other regions report high fatality rates of bats where there are large expanses of 
prairie and agricultural lands with few roosting resources, foraging opportunities,  
and likely migratory routes (e.g., Summer view Alberta, Canada, 8–14.6 bats/MW;  
Baerwald et  al. 2008). Thus, current patterns in the Great Basin/Southwest 
region reported by Arnett and Baerwald (2013) may simply reflect biased report-
ing and an absence of evidence as opposed to evidence of absence (Huso and  
Dalthorp 2013).

Twenty-one of the 47 species of bats known to occur in the USA and Canada 
have been reported killed at wind energy facilities, and fatalities are skewed 
toward migratory species often referred to as “tree bats” that include hoary bats 
(Lasiurus cinereus; 38 %), eastern red bats (Lasiurus borealis; 22 %), and silver-
haired bats (Lasionycteris noctivagans; 18.4 %) that comprise a total of 78.4 % of 
the recovered bat turbine fatalities in the USA and Canada (Arnett and Baerwald 
2013). However, other species also are affected, sometimes seriously. Fatalities 
of the cave-living Brazilian free-tailed bats (Tadarida brasiliensis) are quite fre-
quent in the southern USA during the maternity period in summer (Miller 2008; 
Piorkowski and O’Connell 2010). In the USA, two species listed as threatened or 
endangered under the Endangered Species Act also have been killed by turbines, 
the Indiana bat (Myotis sodalis) and Hawaiian hoary bat (Lasiurus cinereus semo-
tus; Arnett and Baerwald 2013).

In the Oaxacan Isthmus region of Mexico, 32 of the 42 species of bats known 
to occupy this region (García-Grajales and Silva 2012; Briones-Salas et al. 2013) 
were found killed (Villegas-Patraca et al. 2012). These bats belonged to five dif-
ferent families (Mormoopidae, Molossidae, Vespertilionidae, Phyllostomidae, 
and Emballonuridae), although 52  % of the fatalities belonged to just two spe-
cies, Davy’s naked-backed bat (Pteronotus davyi; 40.2  %) and the ghost-faced 
bat (Mormoops megalophylla; 11.9 %), both of the family Mormoopidae. These 
two species are particularly abundant in the area studied and form colonies with 
thousands of individuals in caves (García-Grajales and Silva 2012). Both are aer-
ial-hawking and relatively fast-flying bats (Bateman and Vaughan 1974; Adams 
1989). Also, unlike those species killed most frequently in Holarctic regions of 
North America, these species do not tend to roost in trees. Ninety-seven percent 
of bat fatalities found at wind turbines are resident species. This differs consider-
ably from the USA, Canada, and parts of northern Europe, suggesting that wind  
turbines are equally dangerous to resident cave bats assumed to be non-migratory 
as to migratory tree-roosting species. The common theme is rather that the most 
frequently killed species are adapted to flight and echolocation in the open air 
(e.g., bats that have a relatively high wing loading).
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11.2.2 � Europe

Rydell et al. (2010a) synthesized data from 41 sites in 5 countries in northwestern 
Europe and found that the Black Forest region in Germany (n = 10) had the high-
est annual fatality rates, averaging 10.5 bats killed/MW. Some regions in Germany 
had relatively low estimated annual fatality rates, averaging around 1.1–1.2 bats/
MW (Rydell et  al. 2010a), yet some of these studies did not control for carcass 
removal and searcher efficiency. The single comprehensive study that covered 
most parts of Germany did take the aforementioned field biases into account 
when estimating annual fatality rates of 10–12  bats per wind turbines, translat-
ing to 6–8 bats per MW produced (Korner-Nievergelt et  al. 2013). Studies from 
mostly agricultural areas of Austria (n =  3), Switzerland (n =  3), and England 
(n = 1) yielded mean annual fatalities rates of 2.5, 5.3, and 0.6 bats killed/MW, 
respectively (Rydell et al. 2010a). In France, some particularly dangerous sites are 
located near water along the river Rhone in the east (Dubourg-Savage et al. 2011) 
and on the Atlantic coast in the west (Rydell et  al. 2010a). In Spain, bat fatali-
ties from 56 wind facilities ranged from 0.00 to 0.80 bats/MW per year (Camina 
2012), but most studies did not correct for scavenger removal and searcher biases 
and therefore underestimate fatalities. In Portugal, annual fatality rates at 28 
facilities ranged from 0.07 to 11.0/MW (L. Rodrigues, Instituto da Conservação 
da Natureza e das Florestas, unpublished data). Generally, data from Europe are 
inconsistently collected, rendering comparisons and generalizations across coun-
tries difficult. Nevertheless, it is clear that bats are frequently killed at wind tur-
bines throughout the continent, with some facilities experiencing considerably 
higher fatality rates relative to others.

Members of EUROBATS recently synthesized data from several countries 
and reported 6429 documented bat kills of 27 species collected at wind facili-
ties in Europe from 2003 to 2014 (EUROBATS 2014), but some studies used 
to derive estimates of fatality rates did not incorporate field bias or area correc-
tions. The species of bats found most frequently at wind facilities across north-
ern Europe were the common pipistrelle, common noctule (Nyctalus noctula), 
Nathusius’ pipistrelle (Pipistrellus nathusii), and Leisler’s bat (Nyctalus leisleri). 
In Germany, nearly 70 % of recorded deaths represent the latter three species and 
the particolored bat (Vespertilio murinus), all of which are long-distance migrants 
(Hutterer et al. 2005). Owing to its central geographical location on the European 
continent, Germany appears to provide ecological stepping stones for many long-
distance bat migrants from northeastern populations (Steffens et  al. 2004; Voigt 
et al. 2012). However, resident species or short-distance migrants, including com-
mon pipistrelle and northern bats (Eptesicus nilssonii), also are frequently killed 
in northern Europe (Rydell et al. 2010a). The majority (>90 %) of bats killed at 
wind turbines in southern Europe belong to the various pipistrelle and noctule spe-
cies: common pipistrelle, Nathusius’ pipistrelle, soprano pipistrelle (Pipistrellus 
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pygmaeus), Kuhl’s pipistrelle (Pipistrellus kuhlii), and Savi’s pipistrelles (Hypsugo 
savii) and the common noctule, giant noctule (Nyctalus lasiopterus) and Leisler’s 
bat (Nyctalus leisleri). Some of these are long-distance migrants (e.g., Nathusius’ 
pipistrelle and common noctule) that often roost in tree holes, while others 
are resident and usually house-living species that do not migrate long distances 
(e.g., Kuhl’s pipistrelle and Savi’s pipistrelle). Rare species, such as the barbas-
telle (Barbastella barbastellus) and the Myotis and Plecotus spp., also are killed 
occasionally, but in smaller numbers. Thus, bats killed at wind turbines in south-
ern Europe generally belong to the same genera as those in northern Europe 
(Pipistrellus and Nyctalus spp.), but include several non-migratory species such as 
Kuhl’s and Savi’s pipistrelles.

11.2.3 � Africa

Little work has been done on wind energy facilities in Africa, and prior to 2012, 
no studies had been published from the continent. During a pilot study at a single 
turbine located in the Eastern Cape of South Africa, Doty and Martin (2012) found 
18 carcasses of 2 species of bats—the Cape serotine (Neoromicia capensis) and 
Egyptian free-tailed bat (Tadarida aegyptiaca). No estimates of fatality rates were 
provided, likely because of small sample size of recovered carcasses and no bat 
carcasses were used during field bias trials. In the Western Cape of South Africa, 
Aronson et al. (2013) reported only one carcass of a Cape serotine. These studies 
confirm at least some species of bats are vulnerable to wind turbine mortality in 
South Africa, which could have implications for ecosystem function and conserva-
tion of bats in this region.

11.2.4 � New Zealand and Australia

In Australia, Hall and Richards (1972) were the first to report bat fatalities at a 
wind facility in the world, and 22 white-striped free-tailed bats (Tadarida austra-
lis) were found over a 4-year period. Little work had been done in the region since 
this pioneering discovery, until Hull and Cawthen (2012) surveyed two wind facil-
ities in Tasmania, where they recorded 54 bat fatalities from two species, Gould’s 
wattled bats (Chalinolobus gouldii) and an unknown Vespadelus sp. More recently, 
Bennett (2012) found white-striped free-tailed bats at two turbines located in 
Victoria. While no estimates of fatality rates were provided for these studies, they 
indicate that some species of bats are at risk of wind turbine mortality in this part 
of the world.
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11.2.5 � South America, Central America, and the Caribbean

Few studies have been done in Latin American regions on bat fatalities caused 
by wind turbines. Puerto Rico hosts 13 species of bats of five families. Five of 
these 13 species belong to the family Phyllostomidae, which feed on fruits and 
nectar and forage in the understory and canopy (Gannon et al. 2005). It was origi-
nally speculated that these species would be at low risk for mortality caused by 
wind turbines based on their life histories and foraging patterns. Species in the 
family Molossidae also occur in Puerto Rico, and conversely, these species have 
been considered to be at higher risk to turbine collisions because they fly high in 
open spaces. Species from both families of bats have been detected during pre-
construction surveys in areas where wind facilities were proposed. Twenty months 
of ongoing post-construction surveys in Puerto Rico revealed 30 carcasses from 
11 of the 13 species, for a corrected mortality rate of about 10 bats/turbine /year 
(Rodríguez-Durán, Universidad Interamericana, unpublished data). Aside from the 
expected mortality of species in the family Molossidae, it was surprising that fruit 
and nectar feeding species of phyllostomids were followed in number of fatali-
ties given their flight and foraging patterns. One important hazard for bats in this 
region relates to their use of hot caves as roosts (Rodríguez-Durán 2009; Ladle 
et al. 2012). Although little studied, these systems may be ubiquitous throughout 
parts of México, Panamá, Colombia, Venezuela, Brazil, and the Greater Antilles. 
Phyllostomids and mormoopids (family Mormoopidae) form large aggregations in 
hot caves and commute to foraging areas flying long distances at high altitude. 
This reliance on hot caves may place them at risk from wind facilities located near 
their feeding sites or along their commuting routes.

11.2.6 � Asia

On the island of Taiwan off the Chinese mainland, wind facilities have been estab-
lished along the western coastline, predominantly in former mangrove wetlands. 
Bat fatalities have been recorded at three of these facilities (C.H. Chou, Endemic 
Species Research Institute, unpublished data). Carcass searches and acoustic mon-
itoring indicated regular feeding activity of bats near turbines in summer, and 51 
dead bats were found. However, the study is ongoing and no field bias correction 
experiments have been conducted yet, so corrected fatality estimates are not avail-
able. The Japanese pipistrelle (Pipistrellus abramus), which is a non-migratory 
open-air foraging bat, was killed most frequently (n = 39). Six other species have 
also been found killed, although in smaller numbers (1–4 individuals for each 
species), namely Horikawa’s brown bat (Eptesicus serotinus horikawai), com-
mon house bat (Scotophilus kuhlii), Chinese noctule (Nyctalus plancyi velutinus), 
Taiwanese golden bat (Myotis formosus flavus), a recently described mouse-eared 
bat (Myotis secundus), and Japanese long-fingered bat (Miniopterus fuliginosus). 
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Three other species have been observed foraging around the turbines, but have 
not yet been found during carcass searches. These species are the yellow-necked 
sprite (Arielulus torquatus), Taiwanese tube-nosed bat (Murina puta), and East 
Asian free-tailed bat (Tadarida insignis). Several of these species (e.g., yellow-
necked sprite, Taiwanese golden bat, Taiwanese tube-nosed bat, Chinese noctule, 
Horikawa’s brown bat, and M. secundus) are all island endemics, some of which 
occur in sparse and probably small and vulnerable populations. Nevertheless, the 
pattern conforms to that of most regions around the world, since the mortality 
predominantly (but not exclusively) affects species that feed in the open air (C.H. 
Chou, Endemic Species Research Institute unpublished data).

11.2.7 � Conclusions

Bats are killed at wind turbines worldwide, and those fatalities are not restricted 
to migratory species at high latitudes, as previously suggested (e.g., Kunz et  al. 
2007a; Arnett et al. 2008). Hence, the bias toward tree-roosting migrants observed 
in North America and to some extent also in northern Europe is not consistent 
elsewhere. An emerging hypothesis is that bats that regularly move and feed in 
less cluttered and more open air-space are most vulnerable to collisions with wind 
turbines, regardless of continent, habitat, migratory patterns, and roost prefer-
ences. The species most often killed at wind turbines throughout Europe belong 
to aerial-hawking and relatively fast-flying, open-air species, and this is consist-
ent with the pattern found in North America and Mexico. However, other species, 
including gleaning insectivores and even fruit feeders, also are killed occasion-
ally. The vulnerability of tropical bat faunas is a potentially serious problem that 
must be addressed immediately and preferably before extensive wind facilities are 
planned and constructed.

While fatalities of endangered species like the Indiana bat are important from a 
legal perspective, they currently appear to be biologically irrelevant in comparison 
with those for hoary and eastern red bats, for example. However, fatalities of listed 
species worldwide may become increasingly important as wind energy develop-
ment expands.

The paucity of studies in most regions of the world is alarming, particularly 
in Mexico, Central and South America, the Caribbean, Africa, New Zealand, and 
Australia. Notably, we could not find information on bat fatalities at wind facilities  
from mainland Asia, but the data from Taiwan indicate that the bat fauna of eastern 
Asia may be highly vulnerable at wind turbines. Turbine fatalities may be a serious 
threat to bats in, for example, China where wind energy development is substantial 
(Global Wind Energy Council, http://www.gwec.net/global-figures/graphs/#). This 
situation is further complicated by the fact that in most countries information gath-
ered is sequestered either by wind energy companies or government agencies and 
not made readily available. The importance of having access to this information 
cannot be overstated for all regions of the world.

http://www.gwec.net/global-figures/graphs/%23
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11.3 � Patterns of Bat Fatality

11.3.1 � Temporal Patterns

In the temperate Northern Hemisphere, most bat fatalities occur during late 
summer and early autumn. In the USA, fatalities peak in mid-July through 
early September in most parts of the country (Johnson 2005; Arnett et  al. 2008; 
Baerwald and Barclay 2011; Arnett and Baerwald 2013). Studies from Europe 
demonstrate a similar pattern (e.g., in Germany, where most (about 90  %) bat 
fatalities at wind turbines occur between mid-July and the end of September; 
Brinkmann et al. 2011; Lehnert et al. 2014). Some studies from northern Europe 
and North America demonstrate smaller peaks of fatalities during spring (Arnett 
et al. 2008; Rydell et al. 2010a). In Greece and on the Iberian Peninsula of Spain 
and Portugal, the pattern is similar, with most (>90  %) fatalities in late sum-
mer (Georgiakakis et  al. 2012; Camina 2012; Amorim et  al. 2012), but in some 
places, particularly at high elevation sites, fatalities occur from May to October 
and without any obvious concentration in the late summer period (Dubourg-
Savage et  al. 2011; Camina 2012). Such consistent temporal patterns of fatality 
are helpful when predicting high-risk periods and applying some mitigation meas-
ures such as raising turbine cut-in speed (Arnett et al. 2011, Baerwald et al. 2009). 
Hull and Cawthen (2012) noted that fatalities predominantly occurred in autumn 
in Tasmania, where the climate is temperate. However, in the tropical Isthmus of 
Tehuantepec in Mexico, while 46  % of bat fatalities were found in the summer 
rainy season, no clear pattern in bat deaths associated with any season emerged.

In summary, while there are clear temporal patterns and a distinct late summer 
fatality peak in high-latitude temperate regions (north Europe and North America), 
the pattern becomes less obvious in warmer climates at lower temperate latitudes 
(south Europe) and temporal patterns may dissipate entirely in tropical regions 
(e.g., southern Mexico).

11.3.2 � Spatial Patterns

Arnett and Baerwald (2013) noted that the spatial context of bat kills, both among 
turbines within a facility and among different facilities, could be useful for devel-
oping mitigation strategies. They hypothesized that if, for example, kills were con-
centrated at specific turbines, then curtailment, removal, or relocating that turbine 
may reduce bat deaths. However, if fatalities are broadly distributed, then facility-
wide mitigation strategies would be necessary (Arnett et al. 2008). Thus far, stud-
ies worldwide have failed to detect specific turbines responsible for most fatalities 
at any given facility.

Other patterns at scales beyond individual turbines have been reported that may 
assist with assessing risk. Baerwald and Barclay (2011) found no differences in 
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fatalities on the east vs. west side of a facility in southern Alberta, but the fatal-
ity rate was higher at the north end. Baerwald and Barclay (2011) hypothesized 
that because fall migrations are from north to south, higher fatality rates could be 
expected at the more northerly turbines first encountered by migrating bats. At a 
landscape scale, Baerwald and Barclay (2009) found both higher activity and 
fatality rates of bats at wind facilities near the foothills of the Rocky Mountains as 
compared to eastward prairie grasslands. They speculated that turbine proximity 
to stopover and roost sites in foothills habitat significantly increased fatality rates 
assuming that geographical landmarks are used for navigating migration routes 
and that bats judge nightly travel distances between suitable diurnal roosting sites.

11.3.3 � Habitat Relationships

Relationships between bat fatalities and habitat or topographic characteristics may 
be useful for developing mitigation strategies (e.g., to avoid placing turbines near 
places where many bats move or forage, such as near open water sources, wet-
lands, or known roosts; Arnett et al. 2008; Arnett and Baerwald 2013; Rydell et al. 
2010a). Johnson et  al. (2004) did not find a significant relationship between the 
number of bat fatalities and any of the 10 cover types within 100 m of turbines at 
facilities in Minnesota or any relationship between fatalities and distance to near-
est wetland or woodlot. In assessing the type of vegetation present in areas where 
the fatalities were found in wind facilities in the Isthmus of Tehuantepec, 79.6 % 
occurred in agricultural areas. In Oklahoma in 2004, Piorkowski and O’Connell 
(2010) found that turbines in eroded ravine topography accounted for higher fatal-
ity rates than those in areas of low topographic relief and reported some evidence 
that turbines in mixed cedar/pasture habitats killed more bats than those in crop-
land and prairie habitats. However, these patterns were not repeated in 2005 or for 
both years of the study when combined, and Piorkowski and O’Connell (2010) 
speculated that bats may have exhibited different habitat use patterns in differ-
ent years or they did not measure factors better explaining annual differences 
they observed. Interestingly, Grodsky (2010) found that bat fatalities were actu-
ally lower near the Horicon Marsh in Wisconsin. Hull and Cawthen (2012) found 
no relationships between bat fatalities and proximity of turbines to the coast or 
vegetation. Hence, correlating high-risk locations with particular habitat types  
or topographic patterns has proven difficult and inconsistent.

Analyses of fatalities reported from Spain and Portugal, where most wind facil-
ities are located on top of hills and mountains, suggest that the most significant 
environmental predictor of fatality rate is proximity to steep slopes with bare rock 
and no vegetation. Bare rock is warmed by the sun and radiates heat during the 
night, which likely facilities insect activity over the rocks (Ancilotto et al. 2014), 
possibly explaining higher fatality at sites near steep, rocky slopes. Alternatively, 
rocks on tops of hills and mountains might provide suitable roosts.
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Piorkowski and O’Connell (2010) documented the first evidence of fatality of 
Mexican free-tailed bats at a North American wind facility that could be attrib-
uted to the site’s proximity (~15 km) to a large maternity colony. In Wisconsin, 
Grodsky (2010) found no relationship between distances of turbines from a large 
hibernaculum (Neda Mine), but in this case, hibernating bats did not belong to 
the species most vulnerable to wind turbine mortality (see above). Georgiakakis 
et  al. (2012) reported that the most frequently killed species at wind facilities 
in Greece exhibited different spatial patterns of fatality, speculating that this 
resulted from some turbines being located closer to roosts and/or commuting cor-
ridors. It may not be enough to consider the proximity of a facility to a maternity 
or hibernation site, but rather where it is located relative to feeding grounds or 
movement corridors (Arnett and Baerwald 2013). We are not aware of other stud-
ies demonstrating similar relationships or patterns with large maternity or winter 
roosts.

11.3.4 � Climate and Weather Variables

Arnett (2005) was first to employ daily carcass searches and relate them to 
weather variables, discovering that most bats were killed on low-wind nights 
when power production appeared insubstantial. Based on this approach, Arnett 
et al. (2008) estimated that 82–85 % of bat fatalities at two facilities in the east-
ern USA occurred on nights with median nightly wind speeds of <6  m/s. Since 
this pivotal discovery, studies worldwide document that most bat fatalities occur 
during low-wind periods. In the USA, for example, Jain et al. (2011) found that 
maximum wind speeds when bat collisions likely occurred ranged from 2.4 to 
5.3  m/s. Korner-Nievergelt et  al. (2013) found that maximum collision rates of 
bats occurred at wind speeds between 3.5 and 5.7 m/s. Several other studies from 
Europe demonstrate a similar pattern (e.g., Amorim et al. 2012). Indeed, this con-
sistency suggesting bat fatality is highest during lower wind speeds greatly assists 
predicting high-risk periods during which to apply operational mitigation.

Fatalities appear to increase as ambient temperature rises, a relationship 
observed in North America (e.g., Grodsky 2010; Young et  al. 2011) and Europe 
(e.g., in Portugal; Amorim et al. 2012). Amorim et al. (2012) also found that bat 
fatalities increased with decreasing relative humidity. The effect of high tem-
perature on fatality rate seems to apply both on the broader regional and climatic 
scales and according to daily changes in the weather (Dubourg-Savage et al. 2011 
and unpublished data). Hence, at least in southern Europe, high fatality rates at 
wind turbines are most likely in warm and dry geographic areas (Mediterranean 
and low elevation) and also in warm weather (most common in late summer). In 
the end, this suggests that fatalities may be correlated with periods of high insect 
activity, which generally is most likely to occur under warm and dry conditions 
(Heinrich 1993).
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Bat fatalities also have been correlated with other climatic factors that could 
assist with predicting high-risk periods. Baerwald and Barclay (2011) reported 
that species–specific fatalities were affected by greater moon illumination. They 
also observed that falling barometric pressure and the number of deaths were cor-
related and that whereas fatalities of silver-haired bats increased with increased 
activity of this species, moon illumination, and south-easterly winds, hoary 
bat mortality increased most significantly with falling barometric pressure. 
Interestingly, neither hoary bat activity nor fatality was influenced by any meas-
ured variables other than falling barometric pressure (Baerwald and Barclay 
2011). Again, this could result from decreasing barometric pressure that triggers 
insect flight activity and therefore may motivate foraging efforts among bats by 
indicating a potential increase in food availability (Wellington 2011).

11.4 � Offshore Wind Facilities

Potential impacts of offshore wind-energy development on bats are poorly under-
stood, although observations in Europe and anecdotal accounts of bats occurring 
offshore suggest that impacts may occur. Bats are known to regularly migrate 
across the Baltic and North Seas and visit offshore facilities (Hutterer et al. 2005; 
Boshamer and Bekker 2008; Ahlén et al. 2009; Poerink et al. 2013; Rydell et al. 
2014). Ahlén et al. (2009) recorded 11 species of bats flying and feeding over the 
sea up to 14  km from the shore. In spring and late summer, migrating bats are 
found along coastlines of the Baltic Sea and southeastern North Sea in northern 
Europe, including all offshore islands where observations have been made (Rydell 
et al. 2014). This suggests bats, including Nathusius’ pipistrelles, soprano pipist-
relles, and common noctules, migrate on a broad front across the Baltic Sea and 
along its coasts, using small islands for stopovers. Researchers in North America 
also have reported activity of bats in both near and offshore habitats, suggesting 
impacts are highly probable at facilities located in such places. Cryan and Brown 
(2007) discovered longitudinal movement by hoary bats from inland summer 
ranges to coastal regions during autumn and winter and suggested that coastal 
regions with non-freezing temperatures may be important wintering areas for 
hoary bats. Off the coast of Maryland, Johnson et al. (2011) recorded five species 
of bats, including eastern red bats, big brown bats (Eptesicus fuscus), hoary bats, 
tri-colored bats (Perimyotis subflavus), and silver-haired bats, on a barrier island 
and concluded these species used this island during migration, which could have 
implications for wind energy development near and offshore.

It seems likely that near and offshore wind facilities also will kill bats, but it 
is difficult or impossible to find bat fatalities at sea and no attempts to assess off-
shore turbine bat fatality have been made to date. Arnett and Baerwald (2013) 
suggested that impacts of the first several offshore wind-energy facilities pro-
posed and built in North America, including those on inland waters such as the 
Great Lakes, be evaluated extensively both for fatalities and displacement effects.  



308 E.B. Arnett et al.

They also suggested that a method for predicting fatalities at existing and planned 
wind facilities offshore will be required to understand impacts and develop mitiga-
tion strategies, because finding and retrieving dead birds and bats from water bod-
ies will be a considerable challenge (Arnett et al. 2007; Arnett 2012).

11.5 � Estimating Risk

Kunz et  al. (2007b) found a positive correlation between post-construction bat 
activity and fatality from carcass searches conducted simultaneously. However, 
Kunz et al. (2007b) warned of several limitations of their analysis and noted that 
it was unclear whether pre-construction call rates could predict risk and level of 
post-construction fatality rates. When comparing 5 sites with fatality and activity 
data, and tall turbines (towers 65 m), Baerwald and Barclay (2009) found a signifi-
cant positive relationship between post-construction activity and fatality at 5 wind 
facilities in Alberta. Amorim et  al. (2012) and Korner-Nievergelt et  al. (2013) 
also found increasing number of bat fatalities with increasing acoustic bat activ-
ity at facilities in Portugal and Germany, respectively. These studies correlating 
post-construction bat activity with fatality suggest that it may be possible to use 
indices of pre-construction bat activity to predict future fatality and, thus, risk and 
need for mitigation. However, while numerous studies have documented pre-con-
struction activity of bats with hopes of inferring risk of collision mortality, these 
studies have yet to link with post-construction fatality data gathered from carcass 
searches. Hein et  al. (2013) were the first to correlate pre-construction acoustic 
activity with post-construction fatalities from 12 paired study sites in the USA 
and found that no statistically significant relationship existed between bat fatali-
ties/MW and bat passes/detector night and only a small portion of the variation in 
fatalities was explained by activity. Thus, Hein et al. (2013) concluded that predic-
tion of risk prior to construction of a wind facility is highly variable and imprecise 
and acoustic data may not necessarily predict bat fatality in any reliable way. One 
explanation as to why correlations between pre-construction measurements of bat 
activity with similar measurements made post-construction or fatality estimates 
are weak could be that bats are attracted to the turbines once they are built and 
sites are used differently by at least some species (open-air bats) afterward (Horn 
et al. 2008; Kunz et al. 2007b; Arnett et al. 2008; Cryan et al. 2014).

Theoretical estimations of exposure risk of bats to collisions with turbines 
based on models may also improve our understanding of factors influencing fatal-
ity and the context of fatalities. Species distribution models developed in Italy sug-
gest that 41 % of the region offers suitable foraging habitat for 2 species of bats 
vulnerable to wind turbines, Leisler’s bat and the common pipistrelle, and these 
same areas encompass over 50  % of existing or planned wind farms (Roscioni 
et al. 2013). The authors believe fatality risk for these species is increased by the 
common proximity to forest edges, but this contradicts other findings from south-
ern Europe, suggesting the opposite relationship (Dubourg-Savage et  al. 2011).  
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Roscioni et  al. (2014) further investigated habitat connectivity as a surrogate 
for assessing risks of wind facilities to bat migration and commuting in Italy. 
Using species distribution models, they found that most corridors used by bats 
were concentrated in an area where existing (54  %) and planned (72  %) wind  
facilities would interfere with important corridors connecting the western and the 
eastern parts of the region. In Portugal, mortality risk models indicated wind farms 
located in humid areas with mild temperatures and within 600 m of steep slopes 
had higher probabilities of mortality (Santos et al. 2013). They also demonstrated 
that high mortality risk areas overlapped greatly with the potential distribution of 
Leisler’s bat in Portugal, suggesting that populations of this species may be at high 
risk to turbine fatalities (Santos et al. 2013). They also found that a large extent of 
the area predicted to be high risk for mortality overlapped with sites highly suit-
able for wind farm construction.

11.6 � Cumulative Impacts

Estimates of fatalities, and thus any estimate of cumulative fatalities, are condi-
tioned by field methodology for each study (e.g., search interval) and how each 
study did or did not account for sources of field sampling bias when calculat-
ing fatality rate estimates. Arnett and Baerwald (2013) synthesized information 
from 122 post-construction fatality studies (2000–2011) from 73 regional facili-
ties in the USA and Canada and developed a regional weighted mean estimate of 
cumulative bat fatalities for the USA and Canada. Assuming fatality rates were 
(1) representative of all regional sites and (2) consistent from year to year with-
out behavioral modification or mitigation, Arnett and Baerwald (2013) estimated 
cumulative bat fatalities in the USA and Canada ranged from 0.8 to 1.7 million 
over a 12-year period from 2000 to 2011. This estimate was projected to increase 
by 0.2–0.4 million bats in 2012 based on the assumptions and installed wind 
power capacity. Smallwood (2013) estimated 888,000 bats killed/year at wind 
facilities in the USA, while Hayes (2013) concluded that over 600,000 bats may 
have been killed by wind turbines in 2012 alone. However, neither of these esti-
mates used all data available at the time they were published, nor did they weight 
their estimates by regionally collected data and installed wind energy capacity as 
Arnett and Baerwald (2013) did; the latter approach likely provides a more con-
servative and accurate estimate based on the studies and installed capacity from 
each region.

When controlling for field biases, an estimated 10–12 bats are killed annually 
at each wind turbine in Germany, if no mitigation measures have been imple-
mented (Brinkmann et  al. 2011). Assuming these numbers are representative 
of all types of wind turbines for all of Germany, it has been suggested that more 
than 200,000 bats were killed at onshore wind turbines in Germany, assuming 
no behavioral modification or mitigation measures were practiced (Voigt et  al. 
2015a). Over the past ten years of wind energy development, it is estimated that 
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more than two million bats may have been killed by wind turbines in Germany, 
based on the reported large-scale development of wind turbines in that country 
(Berkhout et al. 2013; Voigt et al. 2015a).

Importantly, the context of wind turbine fatalities remains poorly understood, 
in part because little population data exist for most species of bats (O’Shea et al. 
2003) and this hinders understanding population-level impacts, as well as effec-
tiveness of mitigation measures. Population estimates for most species of bats 
around the world are lacking, and some bat populations are suspected or known 
to be in decline (e.g., Frick et al. 2010; Hutson et al. 2001; Ingersoll et al. 2013). 
Other populations, such as hibernating species in Europe, appear to be increasing 
(9 of 16 species examined by Van der Meij et al. (2014) increased at their hiberna-
tion sites from 1993 to 2011), but these species are not largely affected by wind 
turbines. In addition to natural and other forms of anthropogenic-induced mortal-
ity, wind turbine mortality further compounds population declines for many spe-
cies of bats and warrants mitigation.

11.7 � Mitigating Bat Mortality

As reported previously, most bat fatalities occur during relatively low-wind condi
tions over a relatively short period of time in late summer (Arnett et al. 2008) and 
operational adjustments under these conditions and during this time could reduce 
impacts on bats (Arnett 2005; Arnett et al. 2008; Kunz et al. 2007a). Behr and von 
Helversen (2006) were the first to examine operational mitigation in Germany, doc-
umenting around 50 % fewer bats killed at turbines having their cut-in speed (wind 
speed at which turbines begin producing electricity into the power grid) raised 
above the set manufacture’s cut-in speed of 4.0 m/s. In the synthesis of operational 
mitigation studies in the USA and Canada, Arnett et al. (2013a) reported that most 
studies documented at least a 50  % reduction in bat fatalities when turbine cut-
in speed was increased by 1.5 m/s above the manufacturer’s cut-in speed, with up 
to a 93  % reduction in bat fatalities in one study (Arnett et  al. 2011). Baerwald 
et al. (2009) demonstrated beneficial reductions (~60 %) with a low-speed idling 
approach. Young et  al. (2011) discovered that feathering turbine blades (pitched 
90° and parallel to the wind) at or below the manufacturer’s cut-in speed resulted in 
up to 72 % fewer bats killed when turbines produced no electricity into the power 
grid. Arnett et al. (2013a) noted that studies failing to demonstrate statistically sig-
nificant effects could be explained by lack of treatments being implemented during 
the study (i.e., winds were either too low or high to enable comparison of treat-
ments). In Portugal, a mitigation study found that estimated mortality at turbine 
with raised cut-in speed was 0.3 bats/turbine compared to 1.6 bats/turbine at tur-
bines operating normally, which resulted in a 78.5  % reduction in bat fatalities 
assuming all turbines at the facilities had raised cut-in speed (LEA 2010).

More recently, situation-dependent operation protocols, so-called algorithms, 
were developed for the operation of wind turbines. These algorithms consider a 
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number of parameters such as ambient temperature, wind speed, season, and time 
of day as well as recorded bat activities for defining a set of operation rules for 
wind turbines (Korner-Nievergelt et  al. 2013). However, these algorithms have 
been formulated for a single type of turbine and for a limited number of sites. 
Thus, the suggested algorithms may be unsuitable for other places with varied 
geographical and topographic characteristics, bat communities, and turbine types 
(Voigt et al. 2015a).

Few studies have disclosed actual power loss and economic costs of operational 
mitigation, but those that have suggest that <1 % of total annual output would be 
lost if operational mitigation was employed during high-risk periods for bat fatali-
ties. While costs of lost power due to mitigation can be factored into the econom-
ics, financing, and power purchase agreements of new projects, altering turbine 
operations even on a limited-term basis potentially poses difficulties on existing 
projects. Although curtailment is relatively straightforward to implement on large 
modern turbines, for older models and for small to medium energy-generating tur-
bines, there often is no way to remotely control or change cut-in speed; some tur-
bines would require a technician to physically change turbine operating systems 
(which is not feasible). However, raising cut-in speed or altering blade angles to 
reduce rotor speed (termed “low-speed idling” by Baerwald et  al. 2009) where 
blades are near motionless in low wind speeds remain the only proven solutions 
to mitigating bat kills at wind facilities. The fact that it may be difficult to apply 
these mitigation techniques to some old turbines should not compromise its use on 
contemporary turbines.

Other approaches to mitigating bat fatalities have been suggested, including 
projecting electromagnetic signals from small, portable radar units (Nicholls and 
Racey 2009) and ultrasonic broadcasts (Arnett et  al. 2013b). However, the for-
mer approach has not been tested at large, utility-scale facilities, and none are yet 
being implemented broadly at wind energy facilities. Future studies of any miti-
gation approach must demonstrate greater or equal effectiveness to operational 
adjustments and also be cost-competitive with different operational strategies for 
mitigation.

11.8 � Conservation Policy

In this section, we discuss a few selected issues regarding policy and regulation 
of wind facilities as they relate to wildlife impacts and successful integration of 
science, policy, and management to improve siting that minimizes risk to wildlife, 
including bats. This discussion is by no means exhaustive or comprehensive, but 
rather offers examples of policy issues from different regions of the world.

In the USA, the federal government’s role in regulating wind power develop-
ment is limited to projects occurring on federal lands, impacting federal trust spe-
cies, or projects that have some form of federal involvement (e.g., interconnect 
with a federal transmission line) or require federal permits. The primary federal 



312 E.B. Arnett et al.

regulatory framework for protecting wildlife from impacts from wind power 
includes three laws—the US Migratory Bird Treaty Act, the Bald and Golden 
Eagle Protection Act, and the Endangered Species Act (ESA; GAO 2005; NRC 
2007). Because wind-energy development has primarily occurred on non-federal 
land, regulating such facilities is largely the responsibility of state and local gov-
ernments (GAO 2005). The primary permitting jurisdiction for wind-energy facili-
ties in many instances is a local planning commission, zoning board, city council, 
or county board of supervisors or commissioners, and typically, these local juris-
dictional entities regulate wind projects under zoning ordinances and building 
codes (GAO 2005), often without the basic knowledge needed to make informed 
decisions. Additionally, each state may enforce its laws regarding wind energy and 
wildlife impacts or establish cooperative efforts to address impacts. The US Fish 
and Wildlife Service has voluntary guidelines designed to help wind energy project 
developers avoid and minimize impacts of land-based wind projects on wildlife 
and their habitats (U.S. Fish and Wildlife Service 2012). In the USA, most species 
of bats, including migratory tree-roosting species killed most frequently by tur-
bines, are not protected under federal, state, or provincial laws (Arnett 2012; Cryan 
2011). Documented presence or fatality of species listed as threatened or endan-
gered under the ESA (e.g., Indiana bat) does not necessarily mandate monitoring 
or mitigation as one might expect; rather, all efforts are voluntary even in cases 
involving a listed species, although threat of prosecution under the ESA increases 
when operators fail to collaborate or develop a conservation and mitigation plan.

Until recently, an Environmental Impact Assessment (EIA) in Canada was 
required under the Canadian Environmental Assessment Act (CEAA) when 
a Federal Authority initiated a wind project, granted any form of financial 
assistance or land for the project, and/or performed a regulatory duty in rela-
tion to the project, such as issuing a permit or license. Given that the Canadian 
Federal Government provided financial incentives for wind energy from 2002 to 
2011, EIAs of wind energy projects were generally mandatory. However, wind 
energy projects no longer require federal environmental assessments (Canadian 
Environmental Assessment Act 2012), but projects may still require an environ-
mental assessment if requested by the province or territory. Bats fall under the 
jurisdiction of the individual provinces (ten) and territories (three). As such, there 
are no Canada-wide bat and wind-energy policies or regulations; each province or 
territory sets their own policy and/or regulation regarding bats and wind energy 
projects (e.g., Ontario Ministry of Natural Resources 2011; Government of Alberta 
2013). The Ontario Ministry of Natural Resources set a mortality threshold of 
10 bats/turbine/year, which if exceeded triggers operational mitigation across the 
wind facility from 15 July to 30 September for the duration of the project (Ontario 
Ministry of Natural Resources 2011). This mortality threshold was based on fatal-
ity rates of bats at wind energy projects in Ontario and across North America. 
Ontario’s guidelines do not explicitly consider cumulative effects (i.e., operational 
mitigation is only triggered by project-specific fatality rates). In Alberta, the inte-
gration of data, including acoustic data, collected during both the pre- and post-
construction monitoring, helps guide the mitigation framework (Government of 
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Alberta 2013). For example, if less than five migratory-bat passes/detector night 
are recorded during pre-construction acoustic monitoring, then the project is con-
sidered to be a potentially acceptable risk, but if greater than ten migratory-bat 
passes/detector night were recorded, the project is considered to have a poten-
tially high risk of bat fatalities and will likely require operational mitigation 
(Government of Alberta 2013). Unlike Ontario’s guidelines, Alberta’s mitigation 
framework explicitly considers cumulative effects (i.e., the proximity and risk at 
wind energy projects in the area are considered when determining the need for 
operational mitigation). Given the wide-ranging movement patterns of migratory 
tree bats and the tendency for wind energy projects to be clustered, from a conser-
vation perspective, a policy which considers cumulative effects is superior to one 
that does not (Arnett et al 2013c).

Development of wind facilities in Mexico is regulated by laws and norms 
that have been enacted to achieve sustainable development. The General Law of 
Ecological Balance and Environmental Protection (GLEBEP) and its regulations 
are the main legal instruments the Mexican government has to protect ecosys-
tems (www.semarnat.gob.mx). According to the GLEBEP, for a wind facility to 
be built, it is necessary to develop an EIA to determine the environmental feasi-
bility of the project. The environmental authority has developed methodologi-
cal guidelines for productive sectors to perform studies that meet the minimum 
information necessary for evaluation. In this case, the wind facilities are included 
in the energy sector, which includes, among others, hydroelectric, thermal, com-
bined cycle plants, transmission lines, dams, and electrical substations. The first 
wind facility EIA (2000–2004) was completed with evaluations similar to those 
used for any other infrastructure (e.g., hydroelectric, thermoelectric, etc.) and 
was therefore not focused on impacts associated with wind facilities; collisions 
of birds and bats are not considered in the EIA. Thus, mitigation to reduce these 
impacts was not required by any regulatory authority at the first wind facili-
ties in Mexico. Recently, the Mexican government has begun considering nega-
tive impacts on birds and bats and has incorporated measures including an annual 
monitoring program in these taxa during the entire cycle of wind energy projects. 
While there is no regulatory framework specifically for protection or conservation 
of bats in Mexico, there is an official standard that includes listings of flora and 
fauna found in risk categories similar to the Red List of the International Union for 
Conservation of Nature. The NOM-059-SEMARNAT-2010 (SEMARNAT 2010) 
includes the three categories of risk in order from most to least critical: in danger 
of extinction, threatened, and under special protection. The inclusion of species in 
each of these three categories is in accordance with technical and scientific crite-
ria (SEMARNAT 2010). The NOM-059-SEMARNAT-2010 includes 38 species of 
bats, 19 of which warranted special protection. To date, however, only four species 
included in the NOM-059 have been found killed at wind facilities, and none of 
the species killed most frequently by turbines in Mexico are included in the NOM-
59 given their abundance and wide distribution (Ceballos and Arroyo-Cabrales 
2012; Ceballos et al. 2005). Apart from these legal instruments, there are no other 
legal mechanisms in Mexico to protect Mexican bats per se.

http://www.semarnat.gob.mx
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In the European Union, all species of bats, regardless of numbers, are strictly 
protected by law and it is illegal to deliberately kill or harm bats irrespective of 
any population effects. “Deliberately” means in this case that the actor is aware 
that activity may have an effect but still carries out the activity. The EIA Directive 
85/337/EEC (amended to Council Directive 97/11/EC in 2011) legally requires 
an assessment to be carried out for all wind facilities with 5 or more turbines, or 
which are over 5 MW capacity. In addition, member states must restore or main-
tain their bat populations in favorable conservation status (Council Directive 
92/43/EEC). All members of the EU have translated these directives into their 
domestic legislation which in theory should provide high levels of protection 
and a consistent way of handling the issue, based on the EUROBATS guidelines 
(Rodrigues et  al. 2015). However, while bat issues are taken very seriously in 
some countries, this is not true in others. In the UK and Republic of Ireland, it is 
an offense to deliberately or recklessly kill or injure a bat or to deliberately disturb 
bats in a way that would significantly affect their local distribution or abundance, 
and detailed guidance is in place about the requirements for EIA.

The EUROBATS guidance (Rodrigues et  al. 2015) proposes that turbines 
should not be placed closer than 200 m to woodland, whereas the current recom-
mendations for the UK are that the blade tips should be at least 50 m from wood-
land or hedgerows. It is argued that a smaller buffer size is acceptable because 
the activity of bats found in the UK tends to decline rapidly with increasing dis-
tance from linear landscape features and woodlands (Natural England 2014). It 
is officially acknowledged that risk assessments for bats in the UK and Republic 
of Ireland are hampered by a lack of evidence in crucial areas (Bat Conservation 
Ireland 2012; Natural England 2014). Not only are collision rates unknown, but 
population estimates, and therefore inferences about the impact of turbine colli-
sions on population viability, are uncertain. Standardized post-construction moni-
toring, including acoustic and carcass surveys, is recommended for sites identified 
as “high risk” (Bat Conservation Ireland 2012; Natural England 2014).

In reality, little post-construction monitoring occurs. This is at least partly 
because responsibility for requiring and enforcing survey conditions lies with 
local planning authorities, which are reluctant to impose conditions which may 
be open to legal challenge. A particular difficulty is that while generic guidance 
on survey designs is available, there is no standardized methodology and so it is 
extremely difficult to judge whether a particular level of bat activity would place 
a site as being in a “high risk” category: This point has already been raised at a 
legal review. Further, there has been no assessment of the relationship between 
pre-construction and post-construction acoustic surveys (or collision risk). It 
is therefore unclear how data collected pre-construction can be used to predict 
post-construction risk, particularly given evidence from the USA demonstrating 
a poor relationship between pre-construction activity surveys and bat fatalities 
(Hein et  al. 2013). A final difficulty for Local Authorities is that the legal basis 
of bat protection relates to the conservation status of local populations (except in 
Scotland, where recklessly killing a bat is also an offense). Given that local pop-
ulation sizes are very poorly characterized, it is unclear how mitigation (such as 
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raising turbine cut-in speed) could be enforced on the basis of reduced bat activity 
or bat fatalities.

In Sweden, there were no national guidelines until 2011 (Rydell et  al. 2012), 
and more than ten years after the first turbines were built. Hence, many wind tur-
bines in Sweden were constructed in poor locations with respect to bats, such as 
along the coast, and with operation permitted without any mitigation measures. 
After 2011, however, the Swedish Environmental Protection Agency concentrated 
resources to achieve national acceptance for the guidelines among decision mak-
ers, the industry and NGOs, and to implement them on all new project. In 2014, all 
proposed wind facilities are subject to a pre-construction survey and an evaluation 
regarding the risk to bats. In the Netherlands, all bats are species of annex II and/
or IV of the European Habitats Directive EIA, and risk assessment and evaluation 
under Flora and Fauna law (research on what species are present) and possibly 
Nature Conservation law (when EHD annex II species are present) are obligatory. 
When risk species are present and fatalities cannot be excluded, a permit for con-
struction is needed under FF law and NC law, and information on fatalities needs 
to be established using protocols and a curtailment may be required (Boonman et 
al. 2013; Limpens 2013).

Mitigation studies have shown that bat fatalities can be reduced substantially 
(e.g., Baerwald et al. 2009; Arnett et al. 2011). Although curtailing turbines holds 
great promise, the problem is that developing thresholds—those values that trig-
ger some action—to mitigate bat kills is difficult, especially when supporting data 
are limited or imperfect (Arnett et al. 2013c). In Germany, recent models account-
ing for multiple environmental variables that predict and reduce collision rate and 
further minimize loss of energy production offer promise for mitigating bat fatali-
ties (Korner-Nievergelt et  al. 2013). However, these algorithms and most other 
operation protocols still tolerate an arbitrary number of bat fatalities (currently 
two bat fatalities per wind turbine per year where these algorithms are used in 
Germany) (Voigt et al. 2015a); any such fatality trigger in Europe is seemingly in 
opposition to current law, given that European legislation does not allow deliber-
ate killing of any bat, regardless of population effects. Additionally, with increas-
ing numbers of wind turbines, fixed annual “per capita” (i.e., per wind turbine) 
mortality rates may not be acceptable in light of limited bat population sizes, and 
the acceptance of a reduced fatality rate may not necessarily be consistent with 
national and EU legislation (Voigt et al 2015a). Regulatory authorities in the US 
state of Pennsylvania and the Canadian province of Ontario set thresholds for ini-
tiating curtailment based on the annual mean number of bats killed per turbine (28 
and 10 bat fatalities/turbine, respectively Arnett et al. 2013c). Arnett et al. (2013c) 
argued that this approach sets a dangerous precedent and has several flaws, none 
the least of which is the assumption that bat populations are currently stable and 
remain so. This approach also ignores expanding development of wind turbines 
that will likely yield increasing bat fatalities per population or region. Policy and 
management efforts to mitigate bat fatalities and conserve bat populations affected 
by wind turbines should be proactive and based on science rather than being reac-
tive and arbitrary.
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11.9 � Future Directions

Population data are generally lacking, and this not only impedes our understand-
ing of actual impacts of wind turbines, but also impedes knowing the effectiveness 
of mitigation efforts. For example, we do not know whether raising turbine cut-in 
speed that might result in 50 % fewer bat fatalities will mitigate population-level 
impacts or simply delay inevitable losses (Arnett and Baerwald 2013). The lack of 
population data also makes it difficult to set triggers for mitigation (i.e., number of 
bats killed per turbine or MW that requires mitigation; but see Arnett et al. 2013c). 
However, population data are not likely to be available for most bat species in the 
near future, and thus, wind operators should practice the precautionary principle 
and implement operational mitigation at sites where bat fatalities are high, or are 
predicted to be high, even in the absence of population data.

Several knowledge gaps remain that must be filled in the immediate future. 
Most notably, many regions of the world lack any publicly available monitoring 
information on the impacts of wind energy facilities on bats and other wildlife 
(e.g., China). We strongly encourage wind energy developers and governments to 
end this trend and gather needed data to inform siting and operating wind facili-
ties around the world. In addition to population studies and basic monitoring data 
described above, some key research priorities germane to all regions of the world 
include:

1.	 Evaluating effectiveness of pre-construction bat activity surveys in predicting 
future fatalities at wind facilities.

2.	 Determining whether approaches such as temperature profiles in relation to 
weather types and seasons (and different regions) or habitat suitability mod-
eling for bats can effectively predict high-risk sites and be used by planning 
authorities and industry to help situate wind turbines in areas where the poten-
tial for conflict with bats is minimized.

3.	 Evaluate methods for assessing the risk and minimizing and mitigating impacts 
posed by offshore wind turbines to bats (including approaches such as radar 
and collision sensors).

4.	 Investigate the extent of migratory activity worldwide, particularly offshore, by 
international collaboration using a range of techniques [stable isotopes (Voigt 
et al. 2012; Lehnert et al. 2014; Baerwald et al. 2014), population genetics, poten-
tially GPS tracking, etc.]. Although difficult, it may be possible to gather and pool 
acoustic data of activity patterns established through automated real-time record-
ers in numerous wind energy facilities to evaluate spatial and temporal patterns.

5.	 Future operational mitigation experiments should be designed to determine 
which factors (e.g., habitat, insect occurrence, temperature, wind, humidity, 
moon illumination) or combination of factors (Weller and Baldwin 2012) will 
best improve predictability of bat fatalities, while minimizing economic costs. 
Alternative mitigation approaches to operational adjustments should be proven 
equally or more effective at reducing bat fatalities at operating wind facilities 
before being accepted as viable mitigation approaches.
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6.	 Detailed meta-analyses of existing data on cumulative fatality impacts and fac-
tors influencing fatalities are needed. It should be noted that data disclosure 
from many sites by some companies hinders such analyses.

We strongly encourage developers to follow guidelines (e.g., Kunz et  al. 2007b; 
Rodrigues et al. 2015; Strickland et al. 2011; Bat Conservation Ireland 2012) con-
sistently when implementing pre- and post-construction monitoring. Data should 
be placed into the public domain or preferably published in refereed journals. 
There are a number of policies, regulatory, and communication challenges we 
face in protecting bats while developing wind energy responsibly across the globe 
(Arnett 2012). Unless there is a federal, state, or provincial nexus, most research, 
siting, and mitigation efforts by wind energy developers and operating companies 
will be voluntary, likely without regard for cumulative effects. Sites that do trig-
ger a regulatory nexus will usually be driven by endangered species issues (e.g., 
Indiana bats in the USA). It is apparent most local jurisdictional entities, regard-
less of country, lack experience in wildlife science, and unless they coordinate 
with their wildlife or natural resource agency specialists, concerns about bat 
fatalities may never be addressed in decision making for wind energy develop-
ment. Another key issue is consistent application of regulations. The authors have 
encountered many situations where different individuals had varied interpretations 
of the same law or guidance policy, and this creates untenable situations, consider-
able uncertainty, consternation, and lack of trust among stakeholders that seems 
completely unnecessary and easily remedied (Arnett 2012).

We encourage continuing cooperation among all stakeholders, gathering 
needed information, avoiding construction in high-risk sites, considering cumu-
lative effects, and implementing mitigation where needed even when no regula-
tory process is triggered (Arnett 2012; Arnett and Baerwald 2013). Wind energy 
developers should, however, be treated fairly and consistently to ensure proactive 
measures are implemented. Arnett (2012) noted that when some companies choose 
to cooperate, while others may not, unnecessary angst is generated and deters 
resolving wildlife impacts and other issues. Decision making must be based on the 
best available science. Also, consistent policy, accountability, effective siting and 
mitigation strategies, and a “level-playing field” for the industry (i.e., consistent 
requirements and incentives for all companies) are fundamental if we are to suc-
cessfully develop wind energy that protects bats and other wildlife.
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