
INTRODUCTION

Wind energy has been the fastest-growing re-

newable energy source for electricity in the world

(Peste et al., 2015). Energy production via wind has

increased on a global scale nearly 40 times over a 15

year period (Parsons and Battley, 2013). Continued

growth in wind energy is expected in North Amer -

ica, Europe, China, and India, as well as in emerging

markets in areas like Latin and South America, New

Zealand, and parts of Africa (Parsons and Battley,

2013; Bernard et al., 2014; Peste et al., 2015).

While wind energy is generally viewed as envi-

ronmentally friendly, concerns have been raised

about impacts to flying wildlife. Bats are affected by

wind energy more than any other group of vertebrate

wildlife (Voigt et al., 2015). It is understood that

bats die from either barotrauma or blunt force

trauma when wind facilities are operational (Grod -

sky et al., 2011). Bat fatality rates, however, show

great variability across years, sites, and species.

Many studies have estimated bat fatalities at wind

facilities (Kunz et al., 2007; Arnett et al., 2008).

Direct comparisons of the results of these studies,

however, are difficult to make and can be mislead-

ing due to numerous differences in the study proto-

cols and methods used to develop final fatality esti-

mates, often leading to widely disparate bat fatality

estimates (Piorkowski et al., 2012; Hayes, 2013;

Small wood, 2013; Huso and Dalthorp, 2014).

Confounding factors that make direct comparisons

difficult include the number, model, and size of

wind turbines, vegetative cover of the study area,

variation in the overall size, and composition of the
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search plot (Grodsky, 2010), interval between mor-

tality searches (Smallwood, 2007), methodologies

for conducting searcher efficiency trials and scav-

enger carcass removal trials, and inconsistent calcu-

lations to estimate overall mortality (Huso, 2010). 

Researchers have emphasized the importance of

regional studies involving wind facilities with

shared commonalities in order to improve compari-

son of results across different sites and assist regula-

tory agencies with decision-making (Kunz et al.,
2007; Kuvlesky et al., 2007; Arnett et al., 2008;

Piorkowski et al., 2012). We had an opportunity to

compare fatality estimates from three wind facilities

in southeastern Wisconsin (WI). These three wind

facilities were located within two neighboring coun-

ties (Dodge and Fond du Lac Counties), used simi-

lar post-construction study methodologies, and had

turbine models that were either identical or close in

size and nameplate capacity (Table 1). Two of the

three sites began operation in May 2008, with the

third starting operation in December 2008, and the

study dates overlapped in time (Table 1). Analysis of

these wind facilities as a group enables stronger in-

ferences to be made at the regional scale. Therefore,

our objectives were to analyze bat mortality data

across all three wind facilities to: 1) examine bat

species composition relative to mortality; 2) investi-

gate whether select structural, habitat, and landscape

features influence bat mortality. 

We hypothesized that bat species composition

relative to mortality would be similar given the close

proximity of the three wind facilities. We also hy-

pothesized that habitat features would provide the

best explanation for bat mortality.

MATERIALS AND METHODS

Study Area

Land use in the area of each wind facility primarily is agri-

cultural, consisting of corn, soybean, small grain and alfalfa

fields, and dairy farms. The landscape is a patchwork of crop

fields, pasturage, and rural homes. Woodlots, wetlands, and wa-

terways are scattered throughout the area (Fig. 1). In addition to

the three wind facilities (Blue Sky Green Field — BSGF),

Cedar Ridge (CR), and Forward Energy (FE)) in our study, there

are significant habitat features in the region (Fig. 1). The

Horicon Marsh National Wildlife Refuge (Refuge) located in

Dodge County is listed as a Wetland of International Import -

ance. It is approximately 13,355 ha and one of the largest fresh-

water marshes in the US. BSGF is 34 km northeast, CR is 26 km

northeast, and FE is approximately 7 km east of the Refuge. The

southern portion of Lake Winnebago (55,728 surface ha) is lo-

cated in north central Fond du Lac County. BSGF is approxi-

mately 7 km east, CR is 12 km south, and FE is 21 km south of

Lake Winnebago. Lake Michigan is east of the three sites, with

BSGF, CR, and FE located 43, 48, and 63 km west, respectively.

Neda Mine State Natural Area (Neda Mine) is an abandoned

iron mine and currently home to the largest known bat hibernac-

ulum in the midwestern US. Neda Mine annually hosts an

estimated 150,000−200,000 bats, the majority of which are lit-

tle brown bats (Myotis lucifugus), although northern long-eared

(Myotis septentrionalis), eastern pipistrelle (Perimyotis sub-
flavus), and big brown bats (Eptesicus fuscus) also are found

there. BSGF is 56 km northeast, CR is 38 km north, and FE 

is 22 km north of Neda Mine. Kettle Moraine State Forest is 

a 21,044 ha area containing glacial hills, kettles, lakes, prairie,

and mixed pine and hardwood forests. BSGF is 17 km west, CR

is 13 km west, and FE is 22 km west of Kettle Moraine State

Forest. The Niagara Escarpment is the face of a 1,046-km-long,

sickle-shaped bedrock ridge that runs from the northeastern US,

across portions of southeastern Canada, and then southward to

the north and west of Lake Michigan and into southeastern

Wisconsin. In Wisconsin, the Niagara Escarpment extends for 

a distance of approximately 370 km and may provide landmarks

for migrating wildlife as well as funneling migrants along par-

ticular routes. The Niagara Escarpment is 38 km northwest of

BSGF, 56 km north-northwest of CR, and 68 km north of FE. 

Search Area

Regardless of wind facility, the primary search area of each

searched turbine was defined by a square with sides 160 m long

(2.56 ha) centered on the turbine. At all searched turbines, we

established a total of six search transects (referred to as search

plots), with each search transect measuring 160 m long and 5 m

wide (0.49 ha). Five transects were parallel to each other at

varying distances from the turbine and were perpendicular to

the sixth transect, which consisted of the turbine access road

plus an extension and the graveled area surrounding the turbine. 

In addition to search plots, we searched the entire 160 m by

160 m search plot at three, two, and three randomly selected tur-

bines (referred to as census plots) at BSGF, CR, and FE, respec-

tively. A hired crew regularly mowed vegetation in all transects

and census plots. Bat carcasses recovered in census plots at each
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TABLE 1. Characteristics of three wind energy facilities in southeastern Wisconsin, USA, 2008–2009

Parameter Blue Sky Green Field Cedar Ridge Forward Energy

Number of turbines 88 41 86

MW per turbine 1.65 1.65 1.5

Max. height of a turbine (m) 121 121 121

Size of wind farm (ha) 4,289 3,156 13,111

Primary land use Agriculture Agriculture Agriculture

Operational start date May, 2008 December, 2008 May, 2008



wind facility were included when we calculated a corrected

mortality estimate for each wind facility. However, for ease of

comparison due to differences in size of search area, we did not

include data from census plots when reporting number and type

of bat mortalities. We also did not include data from census

plots in our landscape analysis.

Dates and Number of Turbines Searched

We randomly selected and searched 27 of the 88 turbines at

BSGF. We searched seven of the 27 turbines daily and 20 tur-

bines (five per day) on a four to six day interval (Table 2). The

additional three census plots were searched daily. Searches were

randomized and typically began at sunrise and continued until

all 15 turbines had been searched that day. We conducted

searches between July 15–October 15, 2008 and April 15–May

31, 2009 (Table 2).

We randomly selected and searched 18 of the 41 turbines at

CR. We searched three of the 18 turbines daily and 15 turbines

every four days (Table 2). The additional two census plots were

searched daily. Search order varied at the discretion of the

searchers, but all searches began at sunrise and continu-

ously progressed until completed by mid- to late afternoon. We 

conducted searches between April 15–May 31, 2009 and July

15–October 15, 2009 (Table 2).

We searched 26 of the 86 turbines at FE. We randomly se-

lected turbines to be searched every 1, 3, and 5 days (Table 2).

We searched nine turbines daily, nine turbines every three days,

and eight turbines every five days. One additional census plot

was searched daily, every three days, and every five days.

Searches typically began 30 minutes prior to sunrise and con-

cluded by 1200 hrs. We conducted searches from July 15–Octo -

ber 15, 2008 and 2009 and April 15–May 31, 2009 (Table 2).

Fatality searches were conducted at all three wind facilities out-

side of the date range used in this analysis, but we selected the

current set of dates so comparisons could be made between all

wind facilities.

Searcher Efficiency Trials

At all three wind facilities we conducted searcher efficiency

trials throughout the research period. At BSGF we randomly

placed 31 bat carcasses within the search areas at the 27 turbines

(plus the three census plots). We placed ≤ 10 carcasses in search

plots at a randomly selected turbine on any single day prior 

to the start of a search. At CR we randomly placed 121 bat 
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FIG. 1. Locations of Blue Sky Green Field (BSGF), Cedar Ridge (CR), and Forward Energy (FE) wind facilities plus select landscape 

features in southeastern Wisconsin, USA, 2008–2009



carcasses within the search areas at the 18 turbines (plus the two

census plots). We placed ≤ 3 carcasses in a search plot at a ran-

domly selected turbine on any single day prior to the start of 

a search. At FE we randomly placed 100 bat carcasses within

the search areas at the 26 turbines (plus the three census plots).

We placed roughly one bat carcass at a randomly selected tur-

bine each search day. At all three wind facilities, searchers were

unaware of the placement of carcasses and timing of the trials.

Following each day’s carcass searches, we retrieved trial car-

casses and documented the number and location of found trial

carcasses. We calculated searcher efficiency as a percentage of

total trial carcasses placed within the search plots relative to

total number recovered by searchers.

Carcass Removal Trials

We simultaneously conducted carcass removal trials with

searcher efficiency trials at each of the three wind facilities. At

BSGF we randomly placed an average of 20 bat carcasses in

search plots at the 27 turbines (plus the three census plots). We

marked carcasses used for removal trials with a small piece of

colored tape on the leg to avoid confusing a trial bat with an ac-

tual mortality. We surveyed the carcasses over a period of 30

days. We checked carcasses every day for the first four days,

and then on days 7, 10, 14, 20, and 30. We removed carcasses

from the field that remained at the end of the 30-day trial. 

At CR we randomly placed 116 bat carcasses for scavenger

removal trials at the 18 search plots (plus the two census plots)

and marked them with an inconspicuous plastic plant stake. We

placed no more than two carcasses in a single search plot dur-

ing a survey period. We surveyed the carcasses over a period of

30 days. We checked carcasses daily for the first five days,

every three days between days 6 and 20, and on day 30. We re-

moved remaining trial carcasses at the end of 30 days. 

In 2008 at FE, we randomly placed 100 bat carcasses at the

same rate as for searcher efficiency trials among the 26 turbines

(plus the three census plots). In 2009, we used lab mice (Mus
spp.; Rodentpro®.com) carcasses as surrogates for bat carcasses

in scavenger removal trials because a sufficient number of bat

carcasses were not available. Approximately half of the 100

weanling (20−25 days old) mice were grey in color and half

were black in color to simulate the pelage of commonly killed

bat species. The use of surrogate mice enabled all bat carcasses

found in 2009 to be necropsied, which allowed for better spe -

cies and sex identification as well as verification of the causes

of death (Grodsky et al., 2011). No difference in removal rate

between bats and mice was detected (Grodsky et al., 2012). We

checked carcasses once every 24-hour period to note presence/

absence in order to identify how long after placement until 

a scavenger found it. We recorded all placed carcasses by loca-

tion and removed them at the end of the search interval for that

specific turbine (i.e. at the end of 1, 3, or 5 days).

Corrected Mortality Estimate

The number of bat carcasses found during scheduled

searches, searcher efficiency, and scavenger removal rates were

used to determine a corrected mortality estimate. Each wind 

facility contracted a different group to conduct post-construc-

tion mortality studies, and each group used a different method

to estimate fatality rates based on the estimator they were most

comfortable using. Although different estimators were used to

calculate a corrected mortality estimate for each wind facility,
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we used non-corrected mortality data for a majority of the

analyses presented in this paper. Thus, our analysis should not

be affected by the use of different estimators.

A corrected mortality estimate was calculated for BSGF

using equations reported in Erickson et al. (2005) and P. Shoen -

feld (in litt.). For specific details regarding searcher efficiency

and scavenger removal data and the estimator used, please refer

to BSGF final report “Post-Construction Bat and Bird Fatality

Study at the Blue Sky Green Field Wind Energy Center, Fond

du Lac County, Wisconsin” (Gruver et al., 2009) on file with the

Public Service Commission of Wisconsin (PSCW). A corrected

mortality estimate was calculated for CR using equations re-

ported in Smallwood (2007) and M. Huso (in litt.). For specific

details regarding searcher efficiency and scavenger removal

data and the estimator used, please refer to CR final report

“Post-Construction Bird and Bat Mortality Study, Cedar Ridge

Wind Farm, Fond du Lac County, Wisconsin” (BHE Environ -

mental, 2011) on file with the PSCW. A corrected mortality es-

timate for FE was calculated using a modified version of the

equation reported in Huso (2010). We modified Huso’s (2010)

estimator by not using the exponential component in the equa-

tion. Instead of the exponential component, we substituted the

2-year average for the 1-, 3-, and 5-day scavenger removal rates

for bats/surrogate mice (1-day = 0.18, 3-day = 0.5, and 5-day =

0.65). For specific details regarding searcher efficiency and

scavenger removal data and the estimator used, please refer to

FE final report “Assessing Bird and Bat Mortality at the

Forward Energy Center” (Grodsky and Drake, 2011) on file

with the PSCW. We were exempt from the University of Wis -

consin’s Animal Care and Use protocols because we were col-

lecting carcasses only.

Landscape Features Relative to Bat Mortality

We examined bat mortality relative to select structural, habi-

tat, and landscape features at both a fine and broad spatial scale.

At both scales, we examined bat mortality relative to select fea-

tures at each individual turbine where mortality searches oc-

curred. Because the spring and fall search periods were of vary-

ing length, and each wind facility used different search intervals

(i.e., 1, 3, and 5 days), we standardized bat mortality by number

of days searched. We used observed (i.e., non-corrected) mortal-

ity data because numbers of carcasses set out at individual tur-

bines to monitor searcher efficiency and scavenger removal

were too few to calculate a robust corrected mortality estimate.

We located turbines using aerial photographs in Google

Earth and used the distance tool to measure nearest distance to

select features. Dates of the aerial photographs used were 2008

for BSGF and CR and 2011 for FE. Individual turbines were

clearly visible for the BSGF and FE sites, but only the turbine

pad and access roads were visible for CR because the turbines

had not yet been constructed. We used the latitude and longitude

coordinates for each turbine to verify turbine locations at CR. 

At a fine scale, we measured distance (in m) from the base

of each searched turbine to nearest edge of building, adjacent

turbine base, wooded habitat, wetland area, and paved road.

Examples of buildings included houses, barns, or other out

buildings. If more than one wooded or wetland habitat was in

close proximity to a turbine, we chose the largest wooded or

wetland habitat. We defined wetland areas as those with stand-

ing water that could be seen from aerial photography at the 

time the photographs were taken. At a broad scale, we measured

distance (in km) from the base of each searched turbine to the

nearest boundary of Lakes Winnebago and Michigan, the Re -

fuge, Neda Mine, Kettle Moraine State Forest, and the Niagara

Escarpment. 

All statistics for the spatial scale-specific analysis were con-

ducted using R software (version 2.11.1 — R Foundation for

Statistical Computing, Vienna, Austria). We evaluated 61 addi-

tive models at the fine scale and 31 additive models at the broad

scale. We used additive models so each variable received equal

representation among each model set. The response variable for

each model was total bat mortality per searched turbine per

number of days searched. We evaluated predictor variables for

co-linearity using Pearson’s correlation matrix. When we en-

countered correlated variables, we randomly excluded one from

further consideration in our models. The predictor variables for

the fine-scale models were wind facility (BSGF, CR, or FE), bat

group (resident vs. migratory bats), season (fall, spring), and

distance to nearest road (nearroad), and nearest wetland (near-

wet), and average distance to the nearest building and woodland

(nearbldgwood). To reduce the number of predictor variables

and because buildings and woodlands both provide shelter, we

combined these variables and took the average distance from

each searched turbine to the nearest building and woodland. The

predictor variables for the broad scale models were wind facil-

ity (BSGF, CR, or FE), bat group (resident vs. migratory bats),

season (fall, spring), distance to Kettle Moraine State Forest

(kmsf) and average distance to Lake Michigan and Winnebago

(lmichwinn). To reduce the number of predictor variables and

because Lakes Michigan and Winnebago provide similar bene-

fits to bats (i.e, water and visual cue for migration), we com-

bined these variables and took the average distance from each

searched turbine to the nearest edge of the two lakes. At the fine

and broad scales, we treated observed bat mortalities as a nega-

tive binomial distributed response variable and determined the

best fitting regression model according to AICc and ΔAICc. We

designated individual predictor variables in the best fitting

model as significant if P < 0.05.

RESULTS

We examined bat mortality data collected at

BSGF and FE from July 15–October 31, 2008, at

BSGF, CR, and FE April 15–May 31, 2009, and at

CR and FE July 15–October 15, 2009. CR did not

conduct fatality searches July 15–October 31, 2008,

and BSGF did not conduct fatality searches July 15–

October 15, 2009.

A total of 176, 60, and 96 bats were found at

BSGF, CR, and FE, respectively (Table 3). At BSGF,

we recovered 1.13 bat carcasses for every day

searched (n = 156), 0.43 bats/search day (n = 140) at

CR, and 0.39 bats/search day (n = 249) at FE. Based

on the standardized bat mortality, more than twice as

many bats were recovered at BSGF as at CR or FE.

The non-corrected carcass totals reported above do

not account for searcher efficiency and scavenger

removal rates, nor do they include mortality as a re-

sult of ‘incidental finds’. Incidental finds are carcas -

ses found at non-searched turbines, or at searched

turbines but outside of defined search periods.

Wind turbine-caused bat mortality 183



* — Wisconsin state threatened species; ** — Wisconsin species of conservation need

TABLE 3. Bat mortality at three Wind Energy Facilities (Blue Sky Green Field, Cedar Ridge, and Forward Energy) in southeastern

Wisconsin, USA, 2008–2009 by species composition and season (Fall/Spring). The Fall total for Forward Energy composed of 2008

and 2009 mortality

Blue Sky Green Field Cedar Ridge Forward Energy
Parameter

n % n % n %

Species composition

Big brown bat (Eptesicus fuscus)* 33 17 15 18 11 9

Eastern pipistrelle (Pipistrellus subflavus)* 0 0 0

Little brown bat (Myotis lucifugus)* 60 31 12 14 12 10

Northern long-eared bat (Myotis septentrionalis)* 0 0 0

Hoary bat (Lasiurus cinereus)** 29 15 29 35 34 28

Eastern red bat (Lasiurus borealis)** 11 6 12 14 14 12

Silver-haired bat (Lasionycteris noctivagans)** 51 26 16 19 35 29

Unidentified species 10 5 0 14 12

Season

Number of individuals 190/4 77/7 118/2

Of the seven bat species known to inhabit the

area where the three wind facilities are located, car-

casses of five bat species were positively identified

and recorded at all three wind facilities. Carcasses 

of unidentified bats and unidentified Myotis spe-

cies were recovered at BSGF and FE. Silver-haired

(L. noctivagans, n = 84), hoary (L. cinereus, n = 73),

and little brown (n = 71) bats were the most fre-

quently represented bat species found when examin-

ing combined fatality at all three wind facilities, 

followed by big brown (n = 50) and eastern red 

(L. borealis, n = 32) bats. No eastern pipistrelle or

northern long-eared bats were found as fatalities at

any of the wind facilities included in this study

(Table 3). We did not find, nor did we expect to find,

any resident or vagrant, federally endangered In -

diana bats (Myotis sodalis) because they have not

been encountered in Wisconsin for decades.

Species differences existed across the individual

wind facilities. Of the 176 bat carcasses recovered at

BSGF, little brown (n = 52, 30%) and silver-haired

(n = 43, 24%) bats accounted for more than half of

those found. Of the 60 bat carcasses found at CR,

hoary (n = 20, 33%) and silver-haired (n = 14, 23%)

bats comprised more than half the total number of

bats found. At FE, silver-haired (n = 27, 28%) and

hoary (n = 24, 25%) bats accounted for more than

half of all bat carcasses found, and those two species

were found at least twice as often as other bat spe -

cies (Table 3). Examining mortality in terms of mi-

gratory relative to resident bats, 51%, 32%, and 22%

of total mortality at BSGF, CR, and FE, respectively,

consisted of migratory bats. Regardless of wind fa-

cility and species, between 90% and 98% of all bat

mortality occurred during the Fall (Table 3). Within
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Wisconsin, big brown, little brown, northern long-

eared, and eastern pipistrelle bats are state threat-

ened species, and hoary, eastern red, and silver-

haired bats are listed as species of conservation

need. 

Corrected Mortality Estimates

We estimated mean (± SE) mortality for BSGF 

as 0.35 ± 0.05 bats/turbine/day for Fall 2008 

and 0.02 ± 0.01 bats/turbine/day for Spring 2009

(Table 4). We estimated total mortality at all 88 tur-

bines as 3,453 bats for Fall 2008 and 83 bats for

Spring 2009.

We found mean mortality for CR as 0.44 ± 0.01

bats/turbine/day for Fall 2009 and, 0.18 ± 0.01 bats/

turbine/day for Spring 2009 (Table 4). Total mortal-

ity at all 41 turbines for CR was 1,685 bats for Fall

2009 and 339 bats for Spring 2009.

We estimated mean mortality for FE as 0.27 ±

0.03 bats/turbine/day for Fall 2008, 0.21 ± 0.04

bats/turbine/day for Fall 2009, and 0.02 ± 0.02 bats/

turbine/day for Spring 2009 (Table 4). Total mortal-

ity at all 86 turbines for FE for bats reached 2,540

bats for Fall 2008, 1,672 bats for Fall 2009 and 86

bats for Spring 2009.

Landscape Analysis

The best fitting fine scale models, according to

AICc criteria, were those containing the predictor

variables ‘nearest distance to a building/woodland’,

‘nearest distance to a road’, and ‘nearest distance to

a wetland’, plus ‘bat group’ and ‘season’ (Table 5).

The model containing ‘windfarm’ also received



some support. Of these predictor variables, only bat

group (P = 0.001) and windfarm (P = 0.003) were

sig nificantly associated with bat mortality (Table 5).

The best fitting broad scale models, according to

AICc criteria, were those containing the predictor

variables ‘distance to Lakes Michigan and Win ne -

bago’, ‘distance to Kettle Moraine State Forest’, 

‘bat group’, and ‘season’ (Table 5). The model con-

taining ‘windfarm’ also received some support. Of

these predictor variables, ‘distance to Lakes

Michigan and Winnebago’ (P = 0.001), ‘distance to

Kettle Mo raine State Forest’ (P = 0.02), ‘bat group’

(P = 0.001), and ‘windfarm’ (P = 0.001) were signif-

icantly associated with bat mortality (Table 5). 

DISCUSSION

Kunz et al. (2007) stated the importance of quan-

tifying geographic patterns of bat activity and 

migration relative to topography and land cover

when examining impacts of wind energy on bats. 

A number of other researchers have suggested that

the lack of standardization in search and statistical

methodologies in the literature make it difficult to

make direct comparisons between wind projects
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TABLE 4. Corrected bat mortality estimates for three wind energy facilities in southeastern Wisconsin, USA, 2008–2009

Wind Energy Facility Dates Mean # bat mortalities (turbine/day) SE

Blue Sky Green Field Fall 2008 0.35 0.05

Spring 2009 0.02 0.01

Cedar Ridge Fall 2009 0.44 0.01

Spring 2009 0.18 0.01

Forward Energy Fall 2008 0.27 0.03

Spring 2009 0.02 0.02

Fall 2009 0.21 0.04

TABLE 5. Top performing fine and broad scale models using

Akaike Information Criterion corrected for small sample size

(AICc) for bat mortality relative to select predictor variables in

southeastern Wisconsin, 2008–2009

Model Predictor variables AICc Δ AICc P
Fine scale nearbldgwood 17.06 0 0.250

nearwet 17.08 0.02 0.060

nearroad 17.06 0 0.380

bat group 17.21 0.15 0.001

windfarm 19.26 2.2 0.003

season 17.06 0 0.380

Broad scale lmichwinn 17.26 0.2 0.001

kmsf 17.10 0.04 0.020

bat group 17.21 0.15 0.001

windfarm 19.26 2.2 0.001

season 17.06 0 0.380

across space and time (Grodsky et al., 2012; 

Pior kowski et al., 2012; Smallwood, 2013). Our

study was able to compare bat mortality across three

separate wind facilities that were located in two

neighboring counties in southeastern WI. Each of

the three wind facilities shared many similarities in

terms of turbine characteristics, search methodolo-

gies, topography, land uses and land covers. Addi -

tion ally, all three projects began operation within

seven months of one another.

Our hypothesis that bat species composition rel-

ative to mortality at all three wind facilities would

be similar did not hold true. The migratory, tree

roosting species were represented at all three wind

facilities we examined, and at two of the three wind

facilities (CR and FE) they were the most common

type of bat discovered during mortality searches.

However, at BSGF, the little brown bat was the 

most commonly killed species. At all three wind 

facilities, the big brown bat was strongly repre-

sented as well. The fact that little brown and big

brown bats were frequent mortalities is a finding 

not generally reported in the literature. Furthermore,

the number of little brown bats found at BSGF is 

the largest percentage of total mortality found at 

any wind facility of which we are aware (Arnett et
al., 2008). 

Studies in North America have found that migra-

tory, tree roosting bats (i.e., eastern red, silver-

haired, and hoary bats) were the most common

species collected during mortality searches at wind

facilities (Kuvlesky et al., 2007; Arnett et al., 2008;

Baerwald and Barclay, 2011). Other species found at

wind facilities but in smaller numbers included big

brown and little brown bats (Kunz et al., 2007). In

Europe, migratory, tree roosting bats (Nyctalus leis-
leri) were found at some wind facilities, but the ma-

jority of bats collected during mortality searches

were bats (Eptesicus, Nyctalus, Pipistrellus, and
Vespertilio) that forage in open habitats (Rydell et
al., 2010a; Amorim et al., 2012; Camina, 2012;

Geor gia kakis et al., 2012). 



We converted our corrected mortality esti-

mates from number of bat mortalities/turbine/day to

number of mortalities/turbine/entire study for each

of our three wind facilities for ease of comparison

with other studies. The corrected bat mortality esti-

mates were 20, 40, and 49 bats/turbine for FE,

BSGF, and CR, respectively. Our corrected esti-

mates are higher than what has been typically re-

ported for wind facilities in the midwestern US and

rival the corrected estimates for wind projects oper-

ating on wooded ridge tops in the eastern US (Arnett

et al., 2008). Estimated mean bat fatality/turbine in

the midwestern US has ranged from 0.1 to 7.8, and

in the eastern US has ranged from 20.8 to 69.6

(Arnett et al., 2008). The number, type, and size of

turbines varied amongst the reported mortality esti-

mates in Arnett et al. (2008), as did the length of

each study, making direct comparisons between our

results and other reported results difficult.

All of the wind facilities reporting mortality es-

timates from the midwestern US were situated in

habitats similar to where our wind facilities 

were constructed. The majority of the wind projects

in the eastern US were constructed on wooded 

ridge tops. The high mortality estimates in two 

very disparate habitat types (i.e., agricultural vs.

forested) suggests that migratory routes, or perhaps

behavior during migration, may be a more signifi-

cant factor in causing mortality than local habitat

types.

Landscape Analysis

We did not examine selected weather variables

while trying to explain bat mortality at any of the

three wind facilities because we collected weather

data for all of them from the same weather station at

the Fond du Lac, WI airport. Furthermore, while

each wind facility collected assorted weather data at

their facility and at each individual turbine, those

data were not made available to us. Because of the

limitation with the weather data, we instead focused

on structural, habitat, and landscape features to try

and understand regional bat mortality. 

Contrary to our hypothesis, we did not find that

habitat features were significant influences on bat

mortality at the fine scale at any of the three wind 

facilities we investigated. Bat group (resident vs.

migratory bats) was a significant variable, as was

wind farm (BSGF, CR, FE), although the model

containing the windfarm variable did not receive as

strong support in terms of AICc as did bat group.

However, at the broad scale select landscape and
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habitat features (distance to Lakes Michigan and

Winnebago and distance to Kettle Moraine State

Forest) were significant and contained the most 

support along with bat group. Windfarm was also

significant although it received less support in terms

of AICc

A pattern emerged when examining migratory

and resident bat mortality relative to wind farm. 

The greatest proportion of migratory bats was found

at BSGF and the lowest proportion found at FE.

Lakes Michigan and Winnebago offer substantial

landmarks that bats may use for navigation and mi-

gration purposes, and it has been suggested that bats

have excellent spatial memory and use landscape

features for orientation and navigation (Baerwald

and Barclay, 2009; Johnson et al., 2011). Of the 

facilities we studied, BSGF in particular is the first

of the three wind facilities bats would encounter

during southward migration in the fall (we found

between 90−98% of all annual mortalities during

our fall searches) if they were funneled by Lakes

Winne bago and Michigan, and bats have been doc-

umented using geographical landmarks like major

water bodies for navigation during migrations

(Baerwald and Barclay, 2009). 

We do not fully understand why little and big

brown bats were found at higher numbers than gen-

erally reported in the literature, and especially at

BSGF. It is possible that little and big brown bats are

getting funneled between the two lakes and en-

counter BSGF as do the long distance migrating,

tree-roosting bats. Although little and big brown

bats are known to exhibit short-distance migration

these two bat species are not typically considered

migratory bats, but instead are classified as resident

species (Tekiela, 2005). It has been suggested that

North American migratory, tree-roosting bats are the

most common species to experience mortality at

wind facilities (Kunz et al., 2007; Cryan and Bar -

clay, 2009). Our findings suggest that windfarms sit-

uated along certain landscape configurations may

make resident bat species as susceptible to wind tur-

bine mortality as migratory tree-bat species. A sec-

ond hypothesis is that the three wind facilities are

situated in relatively close proximity to buildings

and residential areas, especially BSGF, and these

two species are associated with urbanized areas

(Tekiela, 2005). In agricultural settings where the

landscape is relatively open and forested roosts are

relatively limited, buildings may serve as suitable

alternative roost areas. However, while distance

from searched turbine to nearest building/woodland

was a predictor variable in our fine scale models, 



it was not significant, suggesting that either pres-

ence of buildings on the landscape does not influ-

ence mortality or our data contained insufficient

variation to detect an effect. A third hypothesis may

be that insects were found in higher densities at

BSGF than the other wind facilities, and similar to

bats being funneled between the two lakes, perhaps

insects are similarly funneled. Georgiakakis et al.
(2012) stated bat species which generally were non-

migratory at wind facilities in Greece and suggested

the fatalities were linked to their foraging activities.

Rydell et al. (2010b) found that non-migratory or

short-distance migratory bat species made up a con-

siderable proportion of the fatalities at European

wind facilities, leading them to suggest that bat mor-

tality at wind facilities may be due to foraging of mi-

grating insects that congregate at wind turbines. It is

possible that bat mortality at the three wind facilities

we studied may be linked to insect migration, but 

we do not have sufficient data to support or refute

this idea.

Kettle Moraine State Forest offers a substantial

landmark that may be used by bats for navigation

and migration purposes, and also provides a large

amount of contiguous, forested habitat. All of the bat

species we found as mortalities are associated to

some degree with forested habitats, and it is possible

that bats are using Kettle Moraine for a roosting

and/or feeding area. Boughey et al. (2011) examined

the relationship between bats in the United Kingdom

and landscapes with fragmented or nominal forest

cover, habitat similar to our study area. They found

a positive association between roost location for all

six bats species they observed and either the extent

or proximity of forested habitat. Fuentes-Monte -

mayor et al. (2013) studied fragmented forestland in

an agricultural landscape in the United Kingdom to

assess the importance of a variety of forest charac-

teristics on temperate bats and their insect prey.

They found that bat activity was higher in the for -

ested areas than the surrounding landscape and sug-

gested that habitat heterogeneity within and between

woodland patches was important to satisfy the for-

aging needs of different bat species. 

There were limitations with our study given that

we had only one spring and one fall season for two

of the three wind facilities. Therefore, it was dif-

ficult to evaluate temporal trends to identify if CR,

for example, consistently experienced greater bat

mortalities than the other two wind facilities in 

our study. We also were not able to examine weath-

er variables relative to bat mortality. Certain 

weather conditions, like low wind speeds, have been 

correlated with high bat mortality at wind facilities

(Arnett et al., 2008). Fine-scale weather conditions

may explain variation in turbine- or facility-specific

bat mortalities and without proper accounting may

have prevented us from detecting associations with

landscape features. 

Management Implications

Our study examined three relatively similar wind

facilities that became operational within seven

months of each other, were constructed in similar

land use and land cover within two counties of each

other, and shared similar methodologies to investi-

gate bat mortality. Despite these similarities, bat

species composition and corrected mortality esti-

mates between the three wind facilities in our study

varied for still unknown reasons. Until results can be

generally inferred with confidence across different

wind facilities built in different land uses and 

covers, we recommend evaluation of wind facility

effects on bats occur by pre- and post-construction

bat monitoring at individual wind facilities. Our 

results suggest that even wind facilities in close ge-

ographic proximity will experience different bat 

mortality rates and variable species compositions.

Our study suggests that select habitat and land-

scape features may be among the important vari-

ables in explaining bat mortality. Siting of wind 

energy facilities away from migration routes, prom -

i nent habitat features, and other areas that may 

concentrate bats have been suggested as a possible

mitigation strategy to reduce or eliminate bat 

mor tal ities. We suggest additional research be con-

ducted to further explore this mitigation avenue

given our results. 
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