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Abstract

Hundreds of thousands of bats are killed annually by colliding with wind turbines in the U.S., yet 

little is known about factors causing variation in mortality across wind energy facilities. We 

conducted a quantitative synthesis of bat collision mortality with wind turbines by reviewing 218 

North American studies representing 100 wind energy facilities. This data set, the largest compiled 

for bats to date, provides further support that collision mortality is greatest for migratory tree-

roosting species (Hoary Bat [Lasiurus cinereus], Eastern Red Bat [Lasiurus borealis], Silver-haired 

Bat [Lasionycteris noctivagans]) and from July to October. Based on 40 U.S. studies meeting 

inclusion criteria and analyzed under a common statistical framework to account for 

methodological variation, we found support for an inverse relationship between bat mortality and 

percent grassland cover surrounding wind energy facilities. At a national scale, grassland cover 

may best reflect openness of the landscape, a factor generally associated with reduced bat activity 

and abundance that may also reduce turbine collisions. Further representative sampling of wind 

energy facilities is required to validate this broad pattern. Ecologically informed decisions 

regarding placement of wind energy facilities involves multiple considerations, including not only 

factors associated with bat mortality, but also factors associated with bird collision mortality, 

indirect habitat-related impacts to all species, and overall ecosystem impacts.
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405-744-4607. 
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1. Introduction

A global increase in renewable energy generation has helped offset some of the 

environmental impacts of fossil fuels. In 2017, the 84 gigawatts of U.S. installed wind 

energy capacity represented 8% of the nation’s total electricity generating capacity (EIA 

2017), and wind energy has increased in generation capacity more than any other U.S. 

energy source in recent years (EIA 2016). Although wind energy is renewable, wind energy 

facilities can adversely affect wildlife, both indirectly due to habitat loss, disturbance and 

displacement, and creation of movement barriers (Kunz et al. 2007b; Arnett et al. 2008), and 

directly due to collisions of wildlife with wind turbines, a phenomenon recorded worldwide 

(Arnett et al. 2016).

Wind turbine collisions annually kill hundreds of thousands of bats in the U.S. (Arnett & 

Baerwald 2013; Smallwood 2013). These fatalities have sparked conservation concern 

because bats have low reproductive rates and require high adult survivorship to avoid 

population decline (Barclay & Harder 2003). Additionally, bats face an increasing variety of 

anthropogenic threats, including habitat loss and white-nose syndrome. As a result, 

populations of many species are in decline (e.g., Eastern red bat [Lasiurus borealis], 

Northern long-eared bat [Myotis septentrionalis], and Little brown bat [Myotis lucifugus]) 

(Winhold et al. 2008; Jones et al. 2009; Frick et al. 2010). Determining cumulative effects of 

wind energy facilities on bats is difficult because there is limited information about bat 

population abundance and trends (Cryan 2011). However, wind turbine collisions may 

threaten population viability for some frequently killed species, such as the Hoary Bat 

(Lasiurus cinereus) (Frick et al. 2017).

National-scale information about drivers of bat-turbine collision mortality is required to 

inform bat conservation and wind facility siting. Although research has assessed factors 

influencing bird-turbine collision mortality at a national scale (Barclay et al. 2007; Loss et 

al. 2013), drivers of bat collision rates remain unclear even though more bats than birds 

appear to be killed (Smallwood 2013). In the U.S., most bat fatalities appear to occur 

between late-July and mid-September and to affect migratory tree-roosting species (e.g., 

Hoary bat, Eastern red bat, and Silver-haired bat [Lasionycteris noctivagans]) (Johnson 

2005; Kunz 2007a; Arnett & Baerwald 2013). Studies at individual wind energy facilities 

suggest that proximity to hibernacula, ravines, and wetlands influences mortality 

(Piorkowski & O’Connell 2010; Ferreira et al. 2015). Comparisons of bat mortality among 

North American wind energy facilities illustrate a positive relationship between bat mortality 

and turbine height (Barclay et al. 2007) and mortality variation among different regions and 

vegetation cover types (Arnett et al. 2008; Arnett & Baerwald 2013).

Although this research has increased understanding of bat-turbine collisions, studies 

comparing bat mortality among wind energy facilities are limited due to their largely 

qualitative approach and unaddressed methodological variation that limits cross-facility 
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comparisons (Huso et al. 2016). We conducted a quantitative synthesis of bat collision 

mortality with wind turbines by reviewing 218 North American studies representing 100 

wind energy facilities. Using a subset of 40 U.S. studies meeting rigorous inclusion criteria

—and implementing a common statistical framework to account for methodological 

variation—we assessed factors associated with variation in bat collision mortality across 

U.S. wind energy facilities.

2. Materials and Methods

Detailed methods are in Appendix A. We conducted a literature search resulting in 

compilation of 218 published and unpublished studies from the U.S. and Canada (Fig. 1). To 

minimize bias, we applied several inclusion criteria, such as only including studies of 

monopole turbines and those accounting for surveyor detection and scavenger removal of 

carcasses. This resulted in acceptance of 40 studies/wind facilities from which we extracted 

mortality data and values of potential facility-scale predictor variables. Although we 

reviewed and screened studies from Canada and included these in summaries of bat 

mortality by species and month, only U.S. studies met inclusion criteria for the analysis of 

mortality correlates. We therefore limit the scope of our conclusions about factors associated 

with bat mortality to the U.S.

Predictor variables included factors documented or hypothesized to cause variation in bat 

mortality within or among facilities: turbine hub height, number of turbines in the facility, 

topography (represented by mean elevation and elevation range), and the proportion of 

different land cover types surrounding facilities (Barclay et al. 2007; Kunz et al. 2007b; 

Arnett et al. 2008; Baerwald & Barclay 2009; Arnett & Baerwald 2013). We also assessed 

the effect of geographic region using categories in Arnett & Baerwald (2013) representing 

broad habitat characterizations (e.g., Northeastern Deciduous Forest, Great Plains). For land 

cover variables, we used ArcGIS 10.3 (ESRI 2014) and the National Land Cover Database 

(Homer et al. 2015) to calculate percent cover of four reclassified cover types (forest, 

shrubland, grassland, agriculture) in 500 m and 1 km buffers around facilities. These buffers 

correspond to scales beyond the search radius of bat mortality surveys but within distances 

we hypothesized land cover would most influence bat activity and mortality. We were unable 

to consider other variables (e.g., weather, turbine lighting system) due to limited resolution 

of mortality data and/or inconsistent reporting in original studies.

For facilities sampled less than a calendar year, we estimated annual mortality using 

monthly mortality proportions calculated from year-round studies (Appendix B). We ran all 

mortality data through a statistical estimator (Etterson 2013) that incorporates information 

about mortality surveys and searcher detection and scavenger removal trials to estimate the 

proportion of bat carcasses found at each facility (Appendices C and D). These proportions 

were combined with annual carcass counts and numbers of turbines and megawatts (MW) of 

installed generating capacity to estimate per turbine and per MW annual mortality rates at 

each facility. For both estimated mortality rates, we ran a null model and single-variable 

linear regression for each predictor variable (using ln+1-transformed mortality). Model 

support was determined using Akaike’s Information Criterion, corrected for small sample 

sizes (Burnham & Anderson 2002). We did not assess multiple-variable models due to the 
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limited sample size of included studies and because we found clear support for the top 

models in each analysis.

3. Results

The reviewed data spanned 39 years (1976 to 2014), 26 U.S. states, and 2 Canadian 

provinces, representing the largest bat mortality database compiled to date (12,532 total 

fatalities). Within this data set, 82% of mortality occurred from late summer to early fall 

(July-October) (Appendix E), and 19 species were reported, with 3 composing the majority 

of mortality: Hoary Bat (35%), Eastern Red Bat (27%), and Silver-haired Bat (17%) 

(Appendix F).

Based on the 40 U.S. studies meeting inclusion criteria, percent grassland within 500 m of 

wind facilities was overwhelmingly the most strongly supported factor for explaining per 

MW mortality (ΔAICc >11 above next best model; ωi=0.99; Table 1). Across observed 

grassland cover values (0.0–98.6%), mortality decreased by 7.8% (coefficient±95% CI = 

−1.76±1.12; R2=0.21; Fig. 2). For mortality per turbine, two models received strong support, 

those containing grassland cover within 1 km (ωi=0.49) and 500 m (ωi=0.36; Table 1). 

Across observed cover values at the 1 km scale, mortality per turbine decreased by 7.64% 

(coefficient±95% CI = −1.33±0.97; R2=0.20; Fig. 3a); at the 500-m scale, mortality 

decreased by 6.23% across cover values (coefficient±95% CI = −1.39±0.97; R2=0.18; Fig. 

3b).

4. Discussion

We found that bat mortality was inversely related to grassland cover surrounding wind 

facilities, and we provide additional evidence that most U.S. bat fatalities occur between 

July and October with migratory tree-roosting species most affected. There are several 

potential explanations for the relationship between mortality and grassland cover. First, tree-

roosting bat species are generally less abundant and/or concentrated in grasslands and other 

open areas, especially during migration (Johnson et al. 2004; Baerwald and Barclay 2009), 

and this may result in less collision mortality. However, exceptions to this pattern exist (Jain 

2005; Arnett and Baerwald 2013), and as described below, a lack of data may limit the 

generality of this finding to all regions. Second, the relationship could indirectly reflect a 

positive relationship between forest cover and bat mortality. Qualitative studies have 

suggested such an association (Johnson 2005; Arnett et al. 2008); however, our quantitative 

analysis indicated no support for the forest cover model, and recent research documenting 

significant bat mortality at some wind facilities in non-forested areas of the Great Plains and 

Midwest suggests a more complex relationship between bat mortality and land cover (Arnett 

& Baerwald 2013). Third, the relationship could have an underlying geographic explanation 

with facilities in extensive grasslands tending to occur in regions characterized by other 

factors influencing mortality. Although we found no support for a region model based on 

broad vegetation characterizations, other regional factors that potentially co-vary with 

grassland cover (e.g., seasonal bat abundance, migratory patterns, food abundance, and both 

local airflow and large-scale weather patterns; Arnett & Baerwald 2013; Cryan et al. 2014) 

may partly explain this relationship and should be explored with further research. Fourth, at 
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a national scale, grassland cover may better reflect openness of the landscape surrounding 

wind facilities (a factor associated with bat activity/abundance, as discussed above) than 

other factors that reflect openness in certain regions (e.g., agricultural cover in the Midwest, 

a region with relatively little remaining grassland cover). Regardless of the explanation, 

additional a priori research across a large number of representative wind facilities would 

further clarify predictors of bat mortality (Huso et al. 2016).

Percent grassland cover was the most strongly supported variable for both per turbine and 

per MW mortality, supporting the robustness of this relationship. However, cumulative bat 

mortality may actually be higher in some regions with substantial grassland cover, such as 

the Great Plains, due to the large amount of installed wind generating capacity (NREL 

2016). Furthermore, the data meeting inclusion criteria underrepresented top wind energy 

producing regions that are experiencing rapid energy growth and have substantial grassland 

(e.g., Texas, Oklahoma, and Iowa). Additional research in under-studied regions is required 

to validate the pattern documented here. Even if the relationship between mortality and 

grassland cover applies broadly, placing turbines in intact grasslands may not be advisable 

due to adverse impacts to biodiversity. Siting wind energy facilities involves multiple 

considerations, including not only factors associated with bat mortality, but also factors 

associated with bird collision mortality, indirect habitat-related impacts to all species, and 

overall ecosystem impacts. Notably, achievement of national renewable energy development 

goals appears possible by avoiding grasslands and instead placing turbines in disturbed 

agricultural areas (Kiesecker et al. 2011).

Other wind facility characteristics have been suggested to influence bat mortality. For 

example, Barclay et al. (2007) found that taller turbines killed more bats, a pattern also 

shown for birds (Loss et al. 2013). Although tall turbines reach into airspace used by large 

numbers of migrating bats (Mabee & Cooper 2004; Plissner et al. 2006), we found no 

evidence that turbine height influences bat mortality. The earlier study included data from 

shorter lattice turbines that we excluded, and this may partially explain these contradictory 

findings (see also Loss et al. 2013). We recommend further research into the relationship 

between turbine height and bat mortality because turbines are expected to eventually reach 

140 m in height (Zayas et al. 2015).

Our results are limited by availability and quality of bat mortality data, and the issues of data 

standardization and transparency have been repeatedly discussed in the context of wind 

energy impacts on wildlife (Huso et al. 2016). We applied inclusion criteria that excluded 

studies lacking clear methods or experimental trials accounting for major survey-related 

biases, and we also accounted for substantial methodological variation by analyzing all 

mortality data with a common statistical estimator. The large number of excluded studies 

(178 of 218 studies reviewed) indicates substantial effort is required to improve rigor and 

standardization in data collection, as well as clarity and transparency of data reporting.

Wind energy avoids many environmental impacts of nonrenewable energy sources; however, 

adverse impacts of wind energy on wildlife, including bat collisions with wind turbines, 

remain a significant conservation issue. Populations of many bat species are experiencing 

long-term declines due to numerous anthropogenic impacts, and bat mortality at turbines 
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raises additional concerns due to the rapid expansion of wind energy in North America. 

Additionally, turbines are becoming larger to allow for more efficient wind energy 

generation in previously undeveloped regions (e.g., the southeastern U.S.) and at lower wind 

speeds (Zayas et al. 2015). Continued research will be needed to document correlates of bat 

mortality and impacts to bat populations as the wind energy industry evolves.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank K. McBee, M. Papes, and K. Miniter for insight and comments that improved the manuscript and J. 
Szymanski, B. Geary, and A. Jain for facilitating data access. This work was supported by the U.S. Geological 
Survey as part of the Wind Energy Impact Assessment Methodology (WEIAM) project. Any use of trade, firm, or 
product names is for descriptive purposes only and does not imply endorsement by the U.S. Government.

Role of the funding source: This project was funded by the U.S. Geological Survey. The funding source did not 
prescribe study design; nor was the funding source involved (1) in the way collection, analysis, and interpretation of 
data were done; (2) in the writing of the report; and (3) in the decision to submit the paper for publication.

Literature Cited

Arnett EB, Brown WK, Erickson WP, Fiedler JK, Hamilton BL, Henry TH, Jain A, Johnson GD, 
Kerns J, Koford RR, Nicholson CP, O’Connell TJ, Piorkowski MD, Tankersley RD Jr.. 2008 
Patterns of bat fatalities at wind energy facilities in North America. Journal of Wildlife Management 
72:61–78.

Arnett EB, Baerwald EF. 2013 Impacts of wind energy development on bats: implications for 
conservation Pages 435–456 in Adams RA, Scott SC, editors. Bat Evolution, Ecology, and 
Conservation. Springer, New York.

Arnett EB, Baerwald EF, Mathews F, Rodrigues L, Rodriguez-Duran A, Rydell J, Villegas-Patraca R, 
Voight CC. 2016 Impacts of wind energy development on bats: a global perspective Pages 295–323 
in Voight C, Kingston K, editors. Bats in the Anthropocene: Conservation of Bats in a Changing 
World. Springer, New York.

Baerwald EF, Barclay RM. 2009 Geographic variation in activity and fatality of migratory bats at wind 
energy facilities. Journal of Mammalogy 90:1341–1349.

Barclay RM, Baerwald EF, Gruver JC. 2007 Variation in bat and bird fatalities at wind energy 
facilities: assessing the effects of rotor size and tower height. Canadian Journal of Zoology 85:381–
387.

Barclay RM, Harder LD. 2003 Life histories of bats: life in the slow lane Pages 209–253 in Kunz TH, 
Fenton MB, editors. Bat Ecology. University of Chicago Press, Chicago.

Burnham KP, Anderson DR. 2002 Model Selection and Multimodel Inference: A practical 
Information-Theoretic Approach (2nd ed.), Springer, New York.

Cryan PM. 2011 Wind turbines as landscape impediments to the migratory connectivity of bats. 
Environmental Law 41:355–370.

Cryan PM, Gorreson PM, Hein C, Schirmacher MR, Diehl RH, Huso MM, Hayman DTS, Fricker PD, 
Bonaccorso FJ, Johnson DH, Heist K, Dalton DC. 2014 Behavior of bats at wind turbines. 
Proceedings of the National Academy of Sciences 111:15126–15131.

Diffendorfer JE, Compton R, Kramer L, Ancona Z, Norton D. 2014 Onshore industrial wind turbine 
locations for the United States through July 2013 (ver.1.1, May 2015): U.S. Geological Survey 
Data Series 817. 10.3133/ds817 (accessed 8-10-17).

EIA (Energy Information Administration). 2016 Solar, natural gas, wind make up most 2016 
generation additions. https://www.eia.gov/todayinenergy/detail.php?id=25172 (accessed 8-10-17).

Thompson et al. Page 6

Biol Conserv. Author manuscript; available in PMC 2019 April 30.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://www.eia.gov/todayinenergy/detail.php?id=25172


EIA (Energy Information Administration). 2017 Wind turbines provide 8% of U.S. generating 
capacity, more than any other renewable source. https://www.eia.gov/todayinenergy/detail.php?
id=31032 (accessed 8-10-17).

ESRI (Environmental Systems Research Institute). 2014 ArcGIS 10.3. Redlands, California.

Etterson MA. 2013 Hidden Markov models for estimating animal mortality from anthropogenic 
hazards. Ecological Applications 23:1915–25. [PubMed: 24555317] 

Ferreira D, Freixo C, Cabral JA, Santos R, Santos M. 2015 Do habitat characteristics determine 
mortality risk for bats at wind farms? Modelling susceptible species activity patterns and 
anticipating possible mortality events. Ecological Informatics 28:7–18.

Frick WF, Baerwald EF, Pollock JF, Barclay RMR, Szymanski JA, Weller TJ, Russell AL, Loeb SC, 
Medellin RA, McGuire LP. 2017 Fatalities at wind turbines may threaten population viability of a 
migratory bat. Biological Conservation 209:172–177.

Frick WF, Pollock JF, Hicks A, Langwig K, Reynolds DS, Turner G, Buthowski C, Kunz TH. 2010 An 
emerging disease causes regional population collapse of a common North American bat species. 
Science 329:679–682. [PubMed: 20689016] 

Homer CG, Dewitz J, Yang L, Jin S, Danielson P, Xian G, Coulston J, Herold N, Wickham J, Megown 
K. 2015 Completion of the 2011 National Land Cover Database for the conterminous United 
States-Representing a decade of land cover change information. Photogrammetric Engineering and 
Remote Sensing 81:345–354.

Huso M, Dalthorp D, Miller TJ, Burns D. 2016 Wind energy development: methods to assess bird and 
bat fatality rates post-construction. Human-Wildlife Interactions 10:62–70.

Jain AA. 2005 Bird and bat behavior and mortality at a northern Iowa windfarm. Dissertation Iowa 
State University.

Johnson GD, Perlik MK, Erickson WP, Strickland MD. 2004 Bat activity, composition and collision 
mortality at a large wind plant in Minnesota. Wildlife Society Bulletin 32:1278–88.

Johnson GD. 2005 A review of bat mortality at wind-energy developments in the United States. Bat 
Research News 46:45–49.

Jones G, Jacobs DS, Kunz TH, Willig MR, Racey PA. 2009 Carpe noctem: the importance of bats as 
bioindicators. Endangered Species Research 8:93–115.

Kiesecker JM, Evans JS, Fargione J, Doherty K, Foresman KR, Kunz TH, Naugle D, Nibbelink NP, 
Niemuth ND. 2011 Win-win for wind and wildlife: A vision to facilitate sustainable development. 
PLoS ONE 6:e17566. [PubMed: 21533285] 

Kunz TH, Arnett EB, Cooper BM, Erickson WP, Larkin RP, Mabee T, Morrison ML, Strickland MD, 
Szewczak JM. 2007a Assessing impacts of wind-energy development on nocturnally active birds 
and bats: a guidance document. Journal of Wildlife Management 71:2449–2486.

Kunz TH, Arnett EB, Erickson WP, Hoar AR, Johnson GD, Larkin RP, Tuttle MD. 2007b Ecological 
impacts of wind energy development on bats: questions, research needs, and hypotheses. Frontiers 
in Ecology and the Environment 5:315–324.

Loss SR, Will T, Marra PP. 2013 Estimates of bird collision mortality at wind farms in the United 
States. Biological Conservation 168:201–209.

Mabee TJ, Cooper BA. 2004 Nocturnal bird migration in northeastern Oregon and southeastern 
Washington. Northwestern Naturalist 85:39–47.

Piorkowski MD, O’Connell TJ. 2010 Spatial pattern of summer bat mortality from collisions with 
wind turbines in mixed-grass prairie. American Midland Naturalist 164:260–269.

Plissner JH, Mabee TJ, Cooper BA. 2006 A radar and visual study of nocturnal bird and bat migration 
at the proposed Highland New wind development project, Virginia, Fall 2005. ABR Inc., Forest 
Grove, Oregon.

Smallwood KS. 2013 Comparing bird and bat fatality‐rate estimates among North American wind‐
energy projects. Wildlife Society Bulletin 37:19–33.

Winhold L, Kurta A, Foster R. 2008 Long-term change in an assemblage of North American bats: are 
eastern red bats declining? Acta Chiropterologica 10:359–366.

Zayas J, Derby M, Gilman P, Ananthan S. 2015 Enabling Wind Power Nationwide (No. DOE/
EE-1218). US Department of Energy, Washington, DC.

Thompson et al. Page 7

Biol Conserv. Author manuscript; available in PMC 2019 April 30.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://www.eia.gov/todayinenergy/detail.php?id=31032
https://www.eia.gov/todayinenergy/detail.php?id=31032


Figure 1. 
Map of all U.S. wind energy facilities as of March 2014 (Diffendorfer et al. 2014), including 

sites meeting inclusion criteria that were used in the current analysis of factors influencing 

bat mortality rates at U.S. wind energy facilities.
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Figure 2. 
Relationship between bat mortality (per megawatt per year) and grassland cover within 500 

m of wind facilities.
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Figure 3. 
Relationship between bat mortality (per turbine per year) and grassland cover within (a) 1 

km, and (b) 500 m of wind facilities.
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