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1. Please state your name. 1 

Caleb E. Gordon. 2 

 3 

2. Please state your business address. 4 

1105 Marconi St., Unit A, Houston, Texas 77019. 5 

 6 

3. Please summarize your educational background and professional experience. 7 

 I graduated from Williams College with a Bachelor’s Degree in biology in 1991, and 8 

received my doctorate from the University of Arizona, Department of Ecology and 9 

Evolutionary Biology in 1999.  Subsequently, I held academic research and teaching 10 

positions in the area of migratory bird biology, ecology, and conservation biology for 11 

seven years before taking my first position as a scientific consultant with Pandion 12 

Systems in 2008.  I then worked for Normandeau Associates when it acquired Pandion 13 

Systems before joining Western EcoSystems Technology, Inc (WEST) n 2013.  Most 14 

recently, I left WEST, Inc. to start my own consultancy, Xenops Environmental, LLC in 15 

early 2018.  For the past 10 years as a scientific consultant, my work has been focused 16 

almost exclusively on performing scientific studies for government agencies, developers, 17 

and finance institutions regarding the interactions between birds and bats and wind 18 

energy infrastructure. Over the course of my career, I have either designed and 19 

conducted, or evaluated wildlife risk and impact studies for over 100 wind energy 20 

projects across the United States and internationally.  In the realm of offshore wind, I 21 

managed three multi-year research projects for the United States (“U.S.”) Bureau of 22 

Ocean Energy Management (“BOEM”), U.S. Department of the Interior (“USDOI”), all 23 

related to advancing knowledge frontiers and developing new tools for addressing 24 

wildlife issues for U.S. offshore wind energy projects.  These research projects resulted in 25 

a number of government technical reports, peer-reviewed scientific publications, and 26 

professional presentations, listed on my Curriculum Vitae, which is included as 27 

Attachment CEG-1 to my testimony. 28 

 29 

 30 

 31 
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4. By whom are you employed? 1 

Since early 2018, I have been the sole proprietor of Xenops Environmental, LLC 2 

(“Xenops”), an independent consultancy, specializing on interactions of flying wildlife 3 

with wind energy and powerlines.  I have also been employed since early 2018 on a part-4 

time basis as a “Short Term Consultant” specializing in wind-wildlife interactions by the 5 

International Finance Corporation (“IFC”). 6 

 7 

5. Prior to Xenops by whom were you employed and what was your role? 8 

From 2013 to 2018, I was employed by Western EcoSystems Technology, Inc. 9 

(“WEST”) as a consulting ecologist as the Texas-Oklahoma branch manager, 10 

international group leader, and offshore wind group leader. 11 

 12 

6. What is your role in this Application before the Ohio Power Siting Board? 13 

 I have been involved in the Icebreaker Windpower, LLC (“Icebreaker” or “Applicant”) 14 

project since August 2016 when WEST initiated its work on the project, at which time I 15 

took the role of Project Manager on behalf of WEST.  Since my transition to Xenops in 16 

January 2018, I have continued to support the project as a technical expert subcontracted 17 

to WEST. 18 

 19 

7. Please state the purpose of your testimony. 20 

 The purpose of my testimony is to address the nature of the probable ecological impact to 21 

birds and bats, and the Assessment of Nocturnal Bird Migration Activity from Weather 22 

Radar dated January 23, 2017 (“2017 NEXRAD Analysis”) and the Risks to Birds and 23 

Bats dated November 29, 2016 (“2016 Risk Assessment”) that are attached to 24 

Icebreaker’s February 1, 2017 application (“Application”) in this case as Exhibit J.  My 25 

testimony, together with the other Icebreaker witnesses testifying in this case, will 26 

confirm that the joint stipulation and recommendation (“Stipulation”), which was filed in 27 

the docket on September 4, 2018, and is being offered in this proceeding as Joint Exhibit 28 

1, supports a finding by the Ohio Power Siting Board (“Board”) that the Stipulation 29 

represents the minimum adverse environmental impact, considering the state of available 30 

technology, and is in the public interest.   31 
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8. How many risk assessments have you performed for wind projects?   1 

At least 100.  It is not possible for me to reconstruct the precise number.  Producing and 2 

reviewing bird/bat risk assessments for wind energy projects has been the predominant 3 

activity of my professional career for the past 10 years. 4 

 5 

9. Was the 2016 Risk Assessment based on the same or a similar amount of scientific 6 

data as other risk assessments you have performed? 7 

Yes.  Furthermore, the amount of information that served as a basis for the 2016 Risk 8 

Assessment of the Icebreaker project was considerably above average, relative to other 9 

wind farm risk assessments I have performed. 10 

 11 

10. What degree of confidence do you have in the 2016 Risk Assessment? 12 

Very high.  The conclusions are made to a high degree of scientific certainty. 13 

 14 

11. Please provide a summary of the 2016 Risk Assessment. 15 

The 2016 Risk Assessment concluded that the project is low risk to birds and bats with a 16 

high degree of certainty.  The most likely scenario is that the project will result in total 17 

fatality rates of 21-42 birds and 21-83 bats per year, and will not adversely affect any 18 

species protected by the United States (“U.S.”) Endangered Species Act (“ESA”).  By 19 

way of comparison, according to the latest peer-reviewed and published research, the 20 

average outdoor cat in the U.S. kills approximately 21-54 birds per year.1  See 21 

Attachment CEG-2.  Furthermore, we estimated that the “worst case” scenario, under a 22 

very broad and conservative set of assumptions, would be that total bird and bat fatality 23 

rates from the project could range as high as 140 bird fatalities per year and 600 bat 24 

fatalities per year.  Even under these very conservative assumptions, the bird and bat 25 

fatality levels that the project could generate would not be likely to generate population-26 

level impacts on any species.  The overall conclusion of low risk to birds and bats can be  27 

                                            
1  Loss, S. R., T. Will, and P. P. Marra, 2013.  The impact of free-ranging domestic cats on wildlife of the U.S.  

Nature Communications 4:1396, DOI: 10.1038/ncomms2380 
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asserted with a high degree of scientific certainty, and has been accepted and 1 

acknowledged by the U.S. Fish and Wildlife Service (“USFWS”).  See Attachment CEG-2 

3.   3 

 4 

The basic evidence on which this conclusion rests is described in the 2016 Risk 5 

Assessment and also summarized within the Summary of November 2016 Avian and Bat 6 

Risk Assessment (“2018 Risk Assessment Summary”), which was filed by Icebreaker on 7 

March 22, 2018, as Attachment 2 to the Fourth Supplement to the Application.  The 8 

evidence varies for different types of birds and bats, but for all taxa, the predicted impacts 9 

are low.  One of the overarching reasons for this is that the proposed project is a small 10 

demonstration project, consisting of only six turbines.  In 10 years of designing, 11 

performing, and evaluating wildlife risk and impact studies for wind energy facilities on 12 

behalf of developers, lenders, and government agencies, the projects I have worked on 13 

have ranged from approximately 20 to over 200 turbines.  The Icebreaker project is, by 14 

far, the smallest project I have ever worked on, and this is one of the primary reasons 15 

why it has the lowest predicted impacts on birds and bats of any project I have ever 16 

worked on in my career. 17 

 18 

12. In addition to the small size of the project, are there other reasons that support the 19 

2016 Risk Assessment’s conclusion of low risk to birds and bats? 20 

Yes.  One of the other sources of evidence that supports a low risk conclusion with high 21 

confidence and low uncertainty is the low abundance and diversity of birds and bats that 22 

occur within the project area.  Low abundance and diversity of birds and bats at the 23 

project site has been rigorously demonstrated in the Application for all of the bird and bat 24 

taxonomic/functional groups that could potentially occur at the site, subdivided and 25 

analyzed in the 2016 Risk Assessment as follows: eagles and other raptors, waterfowl and 26 

other water birds, nocturnally migrating songbirds and similar birds (a category that 27 

includes the vast majority of bird species that occur within the region; hereafter referred 28 

to as “nocturnal migrants”), and bats. 29 

   30 

 31 
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13. How is the low abundance and diversity of birds evidenced with regard to eagles 1 

and other raptors? 2 

With regard to eagles and other raptors, there are no species that regularly utilize 3 

environments 8-10 miles from shore as habitat, i.e., for anything other than migratory 4 

transit.  This naturally limits their exposure to and, therefore, risk of experiencing adverse 5 

impacts from the Icebreaker project.  The extent of this exposure is further limited by the 6 

well-known fact that migrating raptors tend to concentrate along shorelines and on certain 7 

peninsulas while migrating through the Great Lakes Region, minimizing their over-water 8 

crossing distances.  The Icebreaker project is located in the widest portion of the central 9 

Basin of Lake Erie, making it one of the least likely places for migrating raptors to pass 10 

through during migration.  In my professional career evaluating bird risk at wind farms, I 11 

have never worked on a project where no species of raptors were expected to regularly 12 

occur at the project site. 13 

 14 

14. How is the low abundance and diversity of birds evidenced with regard to waterfowl 15 

and other water birds? 16 

With respect to waterfowl and other water birds, a category within which it is reasonable 17 

to hypothesize that a higher degree of exposure could be possible due to the project’s 18 

location in an aquatic environment, low exposure and, therefore, low risk has also been 19 

convincingly demonstrated with robust, and site-specific data.  For the 2016 Risk 20 

Assessment, the most important source of data on this group of birds was a two-year 21 

aerial survey study conducted by the Ohio Department of Natural Resources (“ODNR”).2 22 

See Attachment CEG-4.  According to the authors of this study, its primary purpose was 23 

“to provide baseline data on the distribution of pelagic birds in Ohio’s boundaries of Lake 24 

Erie” and to “identify areas of greatest concentration (thus risk from wind turbine 25 

placement) of pelagic birds.”  This study covered the entirety of Ohio’s 312-mile 26 

shoreline of Lake Erie, from the shoreline out to the international boundary.  Of the aerial 27 

transect, 664 miles were flown a total of 42 times over a two-year period, resulting in 28 

                                            
2  Norris, J. and K. Lott. 2011. Investigating Annual Variability in Pelagic Bird Distributions and Abundance in 

Ohio’s Boundaries of Lake Erie. Final report for funding award #NA10NOS4190182 from the National Oceanic 
and Atmospheric Administration, U.S. Department of Commerce, through the Ohio Coastal Management 
Program, ODNR, Office of Coastal Management. 
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nearly three quarters of a million bird observations.  One of the transects went through 1 

the proposed Icebreaker study site, hence this study was invaluable for the Icebreaker 2 

2016 Risk Assessment because it not only provided site-specific data, but also enabled 3 

direct comparison of bird abundance and diversity between the project site and other 4 

portions of Lake Erie.  This study showed a very strong pattern of concentration of bird 5 

abundance and diversity within the first 3-7 miles from shore, as shown in Attachment 6 

CEG-5.  The zone in which the project is located, 8-10 miles from shore, contains 7 

drastically lower bird abundance than does the near-shore zone, as seen in Attachment 8 

CEG-5.  Furthermore, the ODNR study showed that there are only six species of birds, all 9 

water bird species, that utilize the general vicinity of the project on a regular basis, all at 10 

low abundance.  In my professional career, the number of bird species that regularly 11 

occur within a wind project site is typically an order of magnitude higher.  I have never 12 

worked on a project with as few as six bird species that utilize the area regularly. 13 

 14 

15. How is the low abundance and diversity of birds evidenced with regard to 15 

nocturnally migrating songbirds and similar birds, and for bats? 16 

With regard to nocturnal migrants and also with regard to bats, the project site offers no 17 

habitat and, therefore, most bird and bat species of the Midwestern U.S. are expected to 18 

rarely or never occur at the project site.  This is because most birds and all bats are 19 

fundamentally terrestrial animals.  Although nocturnal migrants and migratory bats are 20 

expected to occur at the project site, this occurrence is limited to migratory transits.  21 

Although this is a basic, simple, and uncontroversial fact, it must not be overlooked or 22 

undervalued as a source of evidence suggestive of low predicted impacts, as it effectively 23 

eliminates the potential for the vast majority of bird and bat species of the Midwestern 24 

U.S. to be exposed to the project during the vast majority of their life cycle. 25 

 26 

16. In your opinion, can NEXRAD radar studies be used to inform risk to nocturnal 27 

migrants at proposed wind farms?  Why or why not?   28 

Yes.  Analysis of NEXRAD (WSR-88D) weather radar data is widely used in 29 

professional ornithology, where analytical techniques have evolved over five decades of 30 

research, including over 100 peer-reviewed publications, leading to many new insights 31 
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into bird biology.  The area of ornithology where analysis of NEXRAD data has most 1 

commonly been applied, and where it has contributed most to the advancement of 2 

knowledge frontiers in bird science, is in the area of nocturnal bird migration.  3 

Specifically, the very large spatial and temporal extent of NEXRAD data render it an 4 

ideal tool for elucidating large-scale patterns of nocturnal migration activity in time and 5 

space.  NEXRAD studies have shed light on where and when nocturnal bird migration 6 

activity is concentrated.  For example, it is largely through NEXRAD studies that we 7 

have come to understand the overall pattern of nocturnal bird migration as a “broad front” 8 

pattern, with nocturnal migrants covering large landscapes, including the Great Lakes 9 

Region, like a broad, uniform blanket during peak migratory periods.  NEXRAD studies 10 

have also illuminated where and when nocturnal migration activity may be relatively 11 

concentrated, or conversely, where migration activity is relatively thin, thereby indicating 12 

the presence of migratory cold spots and hot spots at the landscape level.  For this reason, 13 

analysis of NEXRAD data is a useful tool for evaluating the level of nocturnal migration 14 

activity at a potential wind farm location. 15 

 16 

In order for NEXRAD to be a useful tool for addressing nocturnal migrant risk at a given 17 

proposed wind farm site, that site must be located within an appropriate distance of the 18 

nearest NEXRAD station, such that the NEXRAD radar beam from that station detects 19 

data from within the elevational band in which most nocturnal migrants fly, and the radar 20 

beam’s view of this space must be unobstructed by intervening ridges or other physical 21 

barriers.  The elevational band within which most nocturnally migrating birds fly under 22 

most conditions has been well-characterized by a variety of studies using both NEXRAD 23 

and other radars, and extends from approximately 200 meters to over 1000 meters above 24 

ground level.  In order to effectively detect birds migrating within this band, because of 25 

the angles and other properties of the NEXRAD radar beams, the site must be located 26 

within 37.5 kilometers of the nearest NEXRAD station3 (Attachment CEG-6), though 27 

some ornithologists have used NEXRAD data to analyze nocturnal bird migration in 28 

                                            
3  Farnsworth, A., B. M. Van Doren, W. M. Hochachka, D. Sheldon, K. Winner, J. Irvine, J. Geevarghese, and S. 

Kelling, 2015.  A characterization of autumn nocturnal migration detected by weather surveillance radars in the 
northeastern U.S.  Ecological Applications 26:752-770. 
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areas even further from NEXRAD stations.  The Icebreaker project falls squarely within 1 

the optimal range of the KCLE NEXRAD weather station in Cleveland, lying 2 

approximately between 21 and 24.5 kilometers from the station.  For the purpose of 3 

WEST’s 2017 NEXRAD Analysis, the Icebreaker project site was further buffered by 3.2 4 

kilometers, resulting in an area of analysis that lay from 18 to 27.75 kilometers from the 5 

KCLE NEXRAD weather station.  At this distance, the KCLE radar beam was capable of 6 

detecting nocturnal migrants flying over the Icebreaker project site at altitudes ranging 7 

from 114 to 963 meters above ground level, making it ideal for detecting nocturnal bird 8 

migration over the project site and comparison areas, as this includes the range of 9 

altitudes at which most nocturnal migrants are known to fly. 10 

 11 

It should be noted here that NEXRAD data, as with any source of data that indicates the 12 

“exposure,” or the mere presence of birds or bats within a wind farm area, must be 13 

interpreted with caution when performing a wind-wildlife risk assessment, as flying 14 

animals’ abundance, or presence in a wind farm area prior to construction does not equate 15 

to risk..  Exposure is a necessary, though insufficient, condition for there to be risk.  In 16 

other words, an animal must be present within an area in order for it to be at risk, but just 17 

because it is present within the area does not automatically mean that it is at risk.  In 18 

order to interpret NEXRAD, or any exposure data, in order to make inferences regarding 19 

risk, information with exposure must be combined with information on susceptibility.  20 

 21 

In summary, NEXRAD data can provide a useful source of exposure data to inform 22 

wind-wildlife risk assessments, particularly for nocturnal migrant birds, as long as it is 23 

within a suitable distance of a NEXRAD weather radar station with an unobstructed radar 24 

viewshed, as is the case for the Icebreaker project in relation to the KCLE NEXRAD 25 

station.  In order for that information to be used to produce scientifically valid 26 

conclusions or predictions regarding wind turbine collision risk, it must be interpreted in 27 

light of taxon-specific susceptibility data. 28 

 29 

 30 
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17. Is there other evidence that supports the primary conclusion of the 2016 Risk 1 

Assessment? 2 

Yes.  Another category of evidence supporting a low risk conclusion with high 3 

confidence for the Icebreaker project pertains to taxon-specific susceptibility.  Exposure 4 

to a stressor, by itself, does not automatically indicate high risk.  In order for there to be 5 

high risk, there must not only be exposure, but also susceptibility.  To illustrate this with 6 

a very simple example, no one would assert that thousands of fish are likely to be killed 7 

by colliding with the below-water portions of Icebreaker’s turbines, just because 8 

thousands of fish are present in the waters.  That is because fish are not expected to be 9 

susceptible to collision risk as they swim past the turbines.  The element of susceptibility 10 

is most important to consider with respect to nocturnal migrant birds, as defined above.  11 

Greater than 100 species of birds in this category migrate semi-annually through the 12 

Great Lakes region.  As the 2016 Risk Assessment acknowledges, many of these birds fly 13 

directly across Lake Erie and, hence, they may be exposed to collision risk as they cross 14 

through the project area during their migratory flights.  It is widely acknowledged that 15 

nocturnal migrants exhibit low susceptibility to wind turbine collisions, on the order of 2-16 

4 collisions per megawatt (“MW”) per year for all species (>100) combined.  This pattern 17 

has been well-documented for the entire U.S., and specifically within the Great Lakes 18 

Region based on the results of scores of bias-corrected post-construction bird and bat 19 

fatality studies at wind farms, and has been published in peer-reviewed technical 20 

literature.4  See Attachment CEG-2.  The low susceptibility of most birds to collisions 21 

with wind turbines is one of the most likely reasons why wind turbines cause orders of 22 

magnitude fewer bird fatalities than do the leading sources of human-caused bird fatality 23 

in the U.S., such as cats, motor vehicles, buildings/windows and others, as shown in 24 

Attachment CEG-2.   25 

 26 

The most likely reasons for this low susceptibility include that most nocturnal migrants 27 

fly above rotor swept altitudes under most circumstances, the fact that wind turbine 28 

rotors, though their images may loom large in our mind’s eye and imagination, occupy a 29 

                                            
4  Loss, S. R., T. Will, and P. P. Marra, 2013.  Estimates of bird collision mortality at wind facilities in the contiguous 

U.S.  Biological Conservation 168:201-209. 
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very small aerial “footprint” relative to that utilized by nocturnal migrants, and also the 1 

fact that even birds that fly through the area swept by a wind turbine rotor may not be 2 

struck by a blade.  Some degree of behavioral avoidance of wind turbines by nocturnal 3 

migrants is also a possibility.  Regardless of the mechanistic basis, the pattern of 4 

consistently low wind turbine collision susceptibility for nocturnal migrants is clear, and 5 

uncontroversial.  It is also important to note that this pattern does not depend on, or 6 

require any data or assumptions regarding passage rates or altitudes of nocturnal migrants 7 

passing through/over the sites where the fatalities were studied, as it is based purely on 8 

results of the fatality studies, including 42 conducted in the Great Lakes Region cited 9 

within the 2016 Risk Assessment  It is also important to note that nocturnal migrants are 10 

known to migrate through the Great Lakes Region in a relatively uniform spatial pattern, 11 

termed “broad front migration” by ornithologists, and that the observed fatality rates of 12 

nocturnal migrants exhibited very little variation among the 42 studies from wind energy 13 

facilities in the Great Lakes Region reviewed by WEST in the 2016 Risk Assessment, 14 

with total bird fatality rates ranging from less than 1 to 7 birds/year in those studies.  15 

Based on these facts, it is reasonable to conclude that the nocturnal migrant fatality rates 16 

likely to result from the Icebreaker project will fall within the range of what has been 17 

documented extensively elsewhere in the Great Lakes Region, between one and seven 18 

fatalities per MW per year, with a very high degree of confidence.  This brackets the 19 

range of reasonably likely total bird fatality rates from the Icebreaker project at a very 20 

low level, from 20-140 birds/year. 21 

 22 

18. What if exposure of nocturnal migrants is unusually high at the Icebreaker site?   23 

The low risk conclusion for nocturnal migrants at the project is supported by the evidence 24 

suggesting that nocturnal migrant passage rates at the project site are likely to be roughly 25 

the same as, or less than, they are anywhere else within the Great Lakes Region.  This is a 26 

very conservative conclusion, supported both by the NEXRAD analysis of Diehl et al. 27 

(2003),5 (See Attachment CEG-7) and by the site-specific 2017 NEXRAD Analysis 28 

conducted by WEST for the Icebreaker project.  The results of both of these studies 29 

                                            
5  Diehl, R. H., R. P. Larkin, and J. E. Black. 2003. Radar Observations of Bird Migration Over the Great Lakes. 

Auk 120: 278-290 
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indicate that the exposure of nocturnal migrants at the Icebreaker site is likely to be lower 1 

than it is elsewhere within the Great Lakes Region.  In addition, the conclusion that 2 

nocturnal migrant passage rates over the Icebreaker project site are likely to be similar to 3 

passage rates elsewhere within the Great Lakes Region is supported by the well-known 4 

pattern of “broad-front” migration in nocturnal migrants.  A broad front migration pattern 5 

means that nocturnal migrants pass through the region not in concentrated lines, but in 6 

waves or clouds that are broadly diffuse and relatively uniform across the landscape.  Our 7 

understanding of this pattern comes especially from decades of NEXRAD analysis. 8 

 9 

19. How would you summarize your conclusions? 10 

The Icebreaker project will result in minimal adverse impact to birds and bats.  This 11 

conclusion is well-supported by existing scientific evidence, and has been derived with a 12 

high degree of scientific certainty.  Not only is Icebreaker a very small project, but even 13 

for its size, it has a low level of bird and bat exposure.  Furthermore, the few groups of 14 

birds that will have a non-trivial level of exposure, such as six species of water birds and 15 

a wide variety of nocturnal migrants, have low susceptibility, and hence low risk of 16 

experiencing adverse impacts from wind turbine collisions from the project. 17 

 18 

20. Please explain how the Stipulation supports a finding that the project, as supported 19 

by the 2016 Risk Assessment, represents the minimum adverse environmental 20 

impact.   21 

The Stipulation supports a finding of minimum adverse environmental impact because it 22 

includes a number of Applicant committed measures to further reduce the already-low 23 

level of risk to birds and bats from the project.  These measures are described in detail 24 

among the 35 recommended conditions in the Stipulation, and are further described in the 25 

project’s Bird and Bat Conservation Strategy (BBCS), which is included in Mr. Good’s 26 

testimony as Attachment REG-2, and include extensive impact monitoring commitments, 27 

certain operational curtailment contingencies, and flexibility to respond with additional 28 

mitigative actions under the auspice of the project’s adaptive management plan. 29 

 30 
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21. The 2016 Risk Assessment assumes that collision data from onshore wind is 1 

applicable in the offshore environment.  How can you justify this assumption? 2 

Regarding this point, the 2016 Risk Assessment only assumes that the per-MW bird and 3 

bat fatality rates produced by the Icebreaker project are likely to fall within the range of 4 

the fatality rates that have been documented extensively at land-based wind energy 5 

facilities in the Great Lakes Region.  One reason why this assumption is reasonable is 6 

because it is so conservative.  The 2016 Risk Assessment does not assume a certain 7 

fatality rate, or a narrow range of observed rates from among the regional studies 8 

reviewed, but only assumes that the rates at the Icebreaker project may fall anywhere 9 

within the range of rates documented elsewhere in the region.   10 

 11 

The second reason why this assumption is reasonable is that the pattern is very well-12 

documented, deriving from 42 distinct studies in the case of bird fatality rates, and 55 13 

such studies in the case of bat fatality rates, as referenced in the 2016 Risk Assessment.  14 

These studies indicate a pattern of bird and bat fatality rates that is broadly consistent 15 

across years and sites within the Great Lakes Region, as shown in Attachment CEG-8, 16 

excerpted from the 2016 Risk Assessment.  Such an extensive sample of studies is not 17 

likely to be subject to random variation, and encompasses a very broad spectrum of 18 

temporal and spatial variation within the region, including interannual variation.  The 19 

studies reviewed by WEST for these comparisons included only studies that applied 20 

rigorous and scientifically valid field and analytical methodologies, and included all such 21 

studies that were publicly available at the time of the 2016 Risk Assessment.   22 

 23 

Finally, the third key reason why this assumption is reasonable is that birds and bats are 24 

aerial creatures, and the phenomenon of interest, animals colliding with wind turbines, 25 

takes place in the sky.  The atmosphere of the sky is the same regardless of the substrate 26 

in which the turbine bases are mounted.  Other than potential differences in exposure 27 

based on different abundances of animals over water versus over land, there is no reason 28 

to assume that the phenomenon of animals colliding with wind turbine rotors functions 29 

any differently over water than over land.  With regard to potential differences in 30 

exposure due to different abundances of animals flying over land versus over water, it is 31 
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important to note that the fatality rate predictions of the 2016 Risk Assessment do not rest 1 

on assumptions, but rather on empirical evidence from baseline studies indicating that 2 

bird and bat abundance is likely to be lower at the Icebreaker project than it is at typical 3 

land-based wind energy facility in the region.   This evidence is discussed elsewhere in 4 

my testimony for each of the pertinent taxonomic/functional groups of birds and bats that 5 

could potentially occur at the Icebreaker project site. 6 

 7 

22. Is it necessary to know the density of nocturnal migrants passing through the 8 

project site at elevations ranging from 20 to 114 meters above ground level (“agl”) 9 

in order to evaluate risk to nocturnal migrants from the project? 10 

 11 

It is not necessary to know the specific density of nocturnal bird migration at 20-114 12 

meters elevations through the project site to conclude that collision risk to nocturnal 13 

migrants from the Icebreaker project is low.  To answer this question, I will first point out 14 

that, during my 10 years of working as a wind-wildlife biologist, a time in which I 15 

addressed risk to nocturnal migrants at over 100 different wind energy projects, including 16 

some located in areas such as the Gulf Coast of Texas, and the Isthmus of Tehuantepec in 17 

Oaxaca, Mexico, where nocturnal migrant bird passage is expected to be more 18 

concentrated than it is in the Great Lakes Region, I have never collected or analyzed data 19 

on the density of nocturnal migrants passing through the rotor swept zone of the project 20 

site in question, nor has it ever been suggested to me that I do so, or should have done so.  21 

Gathering/analyzing such data is not, in fact, common scientific or industry practice in 22 

performing bird/bat risk assessments for wind farms in the U.S. or elsewhere.  Instead, 23 

the standard practice is to base fatality rate predictions for nocturnal migrants on 24 

consideration of the project’s location in the landscape with respect to migratory 25 

corridors, the distribution of habitats at the site, and the overall level of collision 26 

susceptibility in this group of birds, which is well-documented and surprisingly consistent 27 

across the continental U.S., in the vicinity of 2-4 songbirds/MW/year.  To gather specific 28 

data on the passage rates or density of nocturnal migrants flying at rotor swept altitudes 29 

through the project site would be a highly unusual activity for a risk assessment for any 30 
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wind farm, and is not necessary to address risk to nocturnal migrants at the Icebreaker 1 

project, or in general at wind farms.   2 

 3 

Secondly, I will point out that for the 2016 Risk Assessment, as well as the 2017 4 

NEXRAD Analysis, we reviewed site-specific data on the level of nocturnal migrant 5 

passage rate, and hence exposure, for the Icebreaker project.  Specifically, we analyzed 6 

three fall migration seasons and three spring migration seasons’ worth of NEXRAD 7 

weather radar data for an area encompassing the project footprint plus a 3.2 kilometer 8 

buffer.  For this analysis, we compared the project area to six comparison areas 9 

representing shoreline, over land, and offshore environments in the Central and Eastern 10 

Lake Erie basins, using well-established and industry standard analytical tools, honed 11 

over 5 decades of published, peer-reviewed radar ornithology, to extract information on 12 

nocturnal bird migration activity from the radar data.  Both our methodology and our 13 

inferences conformed to well-established standard practice.  Our six comparison areas 14 

were specifically selected to be identical in size, shape, and distance to the sensor as the 15 

study site covering the project, and we analyzed data from the same nights and same time 16 

periods for all of the sites.  What we found was that the project area contained the lowest 17 

“reflectivity,” indicative of nocturnal migrant passage density, of any of the seven sites.  18 

This pattern was true in both spring and fall, and for all three years of data analyzed. 19 

 20 

Thirdly, it is important to note that, although WEST’s 2017 NEXRAD Analysis was 21 

limited to an altitudinal range from 114.4 to 964.4 meters’ elevation, this range includes 22 

the range at which most nocturnal migrant bird activity is known to typically occur 23 

(roughly 300-1000 meters), hence the analysis, as performed, presents a highly 24 

informative summary of pertinent exposure data for nocturnal migrants, and the absence 25 

of data from below 114.4 meters does not represent a significant gap in the analysis.  It is 26 

well-known that nocturnal migrants typically fly at altitudes well above the rotor swept 27 

zone of wind turbines, including the 146 meter-tall turbines of the Icebreaker project, 28 

under most circumstances (See Attachment CEG-9).6  This pattern was demonstrated 29 

                                            
6  National Academy of Science (“NAS”). 2007. Environmental Impacts of Wind-Energy Projects. National 

Academies Press. Washington, D.C. 
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specifically for the central Lake Erie basin in a recent peer-reviewed study published in 1 

2017 in the leading ornithological journal, the Auk, by a team of leading radar 2 

ornithologists (See Attachment CEG-10).7  They showed that, for the Great Lakes in 3 

general, and the central Lake Erie basin, specifically, the mean migratory flight altitudes 4 

of nocturnal migrants within 3 kilometers of shore ranged between 450 and 1000 meter 5 

elevation.8  Furthermore, they showed that the elevational distribution of nocturnally 6 

migrating birds tapers to minimal or negligible levels below 200 meters.9 7 

 8 

One exception to the prevailing high-altitude tendency of nocturnal migrants is when 9 

these birds are engaged in final descent from, or initial ascent to, the migratory “cruising” 10 

altitudes, as these portions of their flights necessarily bring them down to or from ground 11 

level.  However, that is not relevant in the case of the Icebreaker project, as the project is 12 

located 8-10 miles from the Lake Erie shoreline, which would be the nearest 13 

stopping/resting place for nocturnal migrants.     14 

 15 

23. The 2017 NEXRAD Analysis uses the KCLE and KBUF weather radar stations.  Do 16 

ridges obscure the view from these radar stations? 17 

No.  The nature and quality of the reflectivity data analyzed for all seven of the sites 18 

included within the 2017 NEXRAD Analysis contained no indication of obstruction by 19 

ridges.  It should be noted that nocturnal migrant bird activity in the offshore 20 

environment of the central Lake Erie basin, including precisely the orientational range 21 

from KCLE containing the Icebreaker project site, has also been studied using NEXRAD 22 

data from the KCLE station by Diehl et al. (2003) (See Attachment CEG-7)10 and 23 

Archibald et al. (2017) (See Attachment CEG-10), who would not have used NEXRAD 24 

data to examine this area if the data were not viable for doing so.11 25 

 26 

                                            
7  Archibald, K. M., J. J. Buler, J. A. Smolinsky, and R. J. Smith, 2017.  Migrating birds reorient toward land at 

dawn over the Great Lakes, U.S.  The Auk 134:193-201. 
8  Ibid. 
9  Ibid. 
10  Diehl, R. H., R. P. Larkin, and J. E. Black. 2003. Radar Observations of Bird Migration Over the Great Lakes. 

Auk 120: 278-290. 
11  Archibald, K. M., J. J. Buler, J. A. Smolinsky, and R. J. Smith, 2017.  Migrating birds reorient toward land at 

dawn over the Great Lakes, U.S.  The Auk 134:193-201. 
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24. The USFWS 2012 and 2016 radar studies of migration along the shore claim to 1 

show higher numbers of birds in the rotor swept zone (“RSZ”) than previously 2 

assumed.  Did you factor these studies into 2016 Risk Assessment? 3 

 4 

Yes.  Two of the technical studies containing analysis of Merlin radar data for Great 5 

Lakes shorelines environments published by the USFWS Region 3 radar ornithology 6 

group were cited within the 2016 Risk Assessment, and additional, similar studies 7 

produced by this group were also reviewed during the preparation of the 2016 Risk 8 

Assessment.  As cited in the 2016 Risk Assessment, the information produced in these 9 

studies supports the conclusion that shoreline environments of the Great Lakes receive 10 

substantial nocturnal migration activity.  It is important to note that, because of the 11 

technical limitations of the radar equipment used by this group, their data is indicative 12 

only of shoreline and near shore environments, as the sensors of the Merlin radar system 13 

they used cannot reliably detect small birds beyond a distance of 2-3 miles.  Therefore, 14 

this information is not directly indicative of nocturnal migration activity at the Icebreaker 15 

project site, specifically, or in portions of the Great Lakes located further from the 16 

shorelines, in general.   17 

 18 

With regard to the numbers of birds “shown” to migrate within the RSZ, it is important to 19 

note that these studies applied a volume correction to their raw data, which artificially 20 

inflated the densities of birds at lower elevations sampled by the radar beams, including 21 

the RSZ.  Other expert witnesses testifying in this case have more expertise on all of the 22 

technical specifics of the radar data and analysis thereof than do I, but what I know and 23 

can attest is that by applying this volume correction, they have artificially inflated the 24 

numbers of birds present within the RSZ in their datasets, and have rendered their results 25 

non-comparable to previous radar-based studies of the elevational distributions of 26 

nocturnally migrating birds, because no peer-reviewed, published studies, or any other 27 

studies by anyone other than the USFWS Region 3 radar ornithology group of which I 28 

am aware, have applied this “correction” to their data.  For this reason, their data is not 29 

comparable to the data from other studies, hence it cannot be said that their studies “show 30 

higher numbers of birds in the rotor swept zone RSZ than previously assumed.” 31 
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25.  Would additional pre-construction radar data change the conclusion of low risk 1 

that was determined in the 2016 Risk Assessment? 2 

No.  This conclusion has already been justified based on best available science with a 3 

high degree of certainty.  While more data always adds more value in scientific analyses, 4 

in this case, the marginal value of additional exposure data that could be provided by 5 

radar data would be so low that it could not conceivably alter the overall conclusion of 6 

the 2016 Risk Assessment. 7 

 8 

26. Are your opinions and conclusions in your testimony made with a reasonable degree 9 

of scientific certainty? 10 

Yes. 11 

 12 

27. Does this conclude your testimony? 13 

Yes. 14 

 15 
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Caleb E. Gordon, Ph. D 
Ornithologist, Consultant 

Xenops Environmental, LLC 

1105 Marconi St. Unit A, Houston, TX, USA, 77019 

caleb@xenops-env.com, 713-670-6007 

Curriculum Vitae 
Summary 

Caleb Gordon is broadly trained in bird biology with a specialization in migratory bird ecology and tropical ecology.  

In eight years of post-graduate academic work, Dr. Gordon focused on research and teaching, producing a variety 

of peer-reviewed technical publications on research projects related to grassland bird ecology, agroecology and 

conservation biology of coffee agroecosystems, and migratory bird stopover ecology.  Since entering the consulting 

field in 2008, Dr. Gordon has focused primarily on wildlife studies for applications in the energy sector, specializing 

on interactions between flying wildlife (primarily birds and bats) with wind energy and power line infrastructure, 

working for a wide variety of clients in the private sector, government, and finance.  Dr. Gordon is an 

internationally recognized leader in the field of wind-wildlife interaction biology.  He has worked on over 150 wind 

energy projects spanning 20 countries, and has given numerous presentations at scientific and industry 

conferences on various wind-wildlife research topics in North America, Europe, and Latin America.  In the 

multilateral lending institution community, Dr. Gordon is one of the primary biodiversity experts helping shape 

policy and practice, as well as providing project-specific advice and supervision for wind energy and power line 

projects.  Dr. Gordon is fluent in Spanish, and the focus of his international work has been in Latin America, where 

he has provided assistance in 13 different countries on over 35 wind energy projects, many of which were the first, 

or among the first wind energy projects within the country.  Dr. Gordon has extensive experience in field 

identification of birds, bird survey techniques, statistical data analysis, and modeling tools for collecting, analyzing, 

and interpreting ecological data on birds.   

Education 

Ph. D., University of Arizona, Department of Ecology and Evolutionary Biology, 1999. 

B. A., Williams College, Williamstown, Massachusetts, Biology, 1991.

Professional Experience 

Xenops Environmental, LLC,   Houston, Texas, 2018-present.  Sole proprietor of independent consultancy, 

specializing on interactions of flying wildlife with wind energy and powerlines. 

International Finance Corporation (IFC, World Bank Group), 2016-present.  Short-term consultant (STC), 

specializing on wind-wildlife interactions in the Latin America/Caribbean region.   

Western EcoSystems Technology, Inc. (WEST), Houston, Texas, 2013-2018.  Consulting ecologist, Texas-Oklahoma 

branch manager (supervised 7 staff members), international group leader, offshore group leader. 

Pandion/Normandeau Associates, Gainesville, Florida, 2008-2013.  Consulting ecologist, international group leader, 

offshore group leader. 

Lake Forest College, Lake Forest, Illinois, 2001-2008.  Assistant professor of Biology/Environmental Studies. 

Instituto de Ecología, A. C. (INECOL), Xalapa, Veracruz, Mexico, 2000-2001.  US National Science Foundation 

International Postdoctoral Fellow.  Research on tropical forest bird and beetle biodiversity persistence within 

coffee agroecosystems. 
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Representative Project Experience 

Inter-American Investment Corporation (IIC) and International Finance Corporation (IFC, World Bank Group).  

(March 2018-present).  Short-term consultant.  Technical lead on biodiversity issues for appraisal and supervision 

of three wind energy projects in Argentina (El Corti and La Castellana in Buenos Aires Province, Achiras in Córdoba 

Province). 

International Finance Corporation (IFC, World Bank Group) (January 2018-present).  Short-term consultant.  

Conducted portfolio-level review of wildlife issues at wind energy projects in 2016 with the objective of developing 

consistent standards and best practice recommendations to ensure compliance with IFC Performance Standard 6 

and the IFC’s 2015 Environmental, Health, and Safety (EHS) guidance document for wind energy projects 

worldwide.  Ongoing assistance with appraisals and supervision for multiple projects throughout the Latin America 

and Caribbean (LAC) region. 

Icebreaker Windpower, Inc. (August 2016-present).  Project manager and lead scientist (with WEST Inc, Aug 2016-

January 2018), technical specialist (subcontracted to WEST Inc January 2018-present).  Conducted risk assessment, 

and providing ongoing assistance with field studies, agency negotiations, and project permitting on matters related 

to birds and bats for the Icebreaker Wind Project, a 6-turbine, 20.7 MW wind project proposed for 8-10 miles 

offshore of Cleveland, Ohio, slated to become the first freshwater offshore wind project in the US.  

Eólica de Coahuila, S. A. (A subsidiary of EDPR North America).  March 2017-January 2018).  Project manager and 

lead scientist.  Designed and managing one-year post-construction monitoring study of bird, bat, and monarch 

butterfly fatalities at the Eólica de Coahuila Wind Energy Facility in Coahuila, Mexico.  Project includes extensive 

training element to build capacity in a local university research team (Universidad Autónoma de Nuevo Leon) to 

perform state of the art, bias-corrected post-construction monitoring field studies and statistical analysis. 

Desarrollos Vientos Alisios, S. A. (A subsidiary of CMI Energía).  (August 2017-2018).  Project manager and lead 

scientist.  Designed wildlife baseline studies for the proposed Las Sierras Wind Energy Facility in Managua, 

Nicaragua. 

CMI Energía.  (March 2017-2018).  Project manager and lead scientist.  Design and conduct post-construction bird 

and bat fatality monitoring studies at four, 20-MW wind energy projects in Guanacaste, Costa Rica (the “Alisios” 

projects). 

Inter-American Investment Corporation (IIC).  (January-August 2017).  Project manager and lead scientist.  Technical lead on 

international wind-wildlife scientific best practices for a strategic initiative intended to provide new insights, guidance, and 

tools for enhancing the environmental and social sustainability of the rapid growth in Argentina’s renewable energy sector, 

spurred by the World Bank supported “RenovAr” program, and done in collaboration with Argentinian ornithologist, Pablo 

Petracci.  Co-organizer and presenter at workshop in Buenos Aires, Argentina in March, 2017, and co-author of issues paper 

synthesizing current knowledge and gaps regarding wind-wildlife issues in Argentina.   

NextEra Energy Resources (NEER).  (March 2017-2018).  Project manager and lead scientist.  Designed and conducted 

wildlife baseline studies and agency consultation for the Willow Creek Wind Energy Facility in Noble and Pawnee counties, 

Oklahoma. 

NextEra Energy Resources (NEER).  (September 2017-2018).  Project manager and lead scientist.  Designed and conducted 

wildlife baseline studies for the Silver Maple Wind Energy Facility in Caddo County, Oklahoma. 

Invenergy, LLC. (December 2016-2017).  Project manager and lead scientist.  Designed and conducted wildlife baseline 

surveys and other studies for the proposed Sagamore Wind Energy Project in Roosevelt County, New Mexico. 

Infinity Wind Power Development, LLC (September 2016-2017).  Project manager and lead scientist.  Designed and 

conducted a one-year pre-construction set of wildlife baseline studies including various site-specific fieldwork components, 

in support of the proposed Mesquite Hills Wind Energy Project, in Baylor County, Texas. 
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Avangrid Renewables.  (July 2016-2017).  Project manager and lead scientist.  Designed and conducted a one-year pre-

construction avian/eagle survey effort in support of the development of the Karankawa Wind Energy Project, located in San 

Patricio and Bee counties in south-central Texas. 

Wind Works Power Corp. (June 2016-2018).  Project manager and lead scientist.  Designed and conducted a site 

characterization study (USFWS WEG Tier 2), and a suite of wildlife baseline studies (USFWS WEG Tier 3) for the proposed 

Grand Vent Wind Project, located in Jefferson Davis Parish, Louisiana. 

E. on, SE.  (March 2016-2018).  Project manager and lead scientist.  Designed and conducted pre-construction ecological 

studies (tier 3) for the proposed WIT Ranch Wind Energy Facility in Hardeman County, Texas.  Conducted one year of 

bird/bat risk characterization field studies, including specialized risk analyses for endangered Black-capped Vireos. 

Fluvanna Wind Energy 2, LLC (a subsidiary of Terna Energy). (November 2016-2018).  Project manager and lead scientist.  

Designed and conducted preconstruction wildlife baseline studies, prepared a Bird and Bat Conservation Strategy, and 

facilitated agency consultation for the Gopher Creek Wind Energy Facility in Borden and Scurry counties, Texas. 

Calpine Corporation. (April 2016-2018).  Project manager and lead scientist.  Designed and conducted pre-construction 

ecological studies for the proposed Happy Hereford Wind Energy Facility in Deaf Smith, Randall, and Castro counties, TX, 

including specialized risk analyses for Bald and Golden Eagles in conformance with USFWS Eagle Conservation Plan 

Guidance. 

Calpine Corporation (April 2016-2018).  Project manager and lead scientist.  Designed and conducted pre-construction 

Black-capped Vireo habitat survey and additional pre-construction baseline environmental studies for the proposed Kaiser 

Creek Wind Energy Facility in Callahan County, TX.  

Calpine Corporation (January 2016-2018).  Project manager and lead scientist.  Designed and conducted pre-construction 

ecological studies (tier 3) for the proposed Whiterock Wind Energy Facility in Caddo County, OK. Conducted a site 

characterization study in winter 2015-2016 with one year of bird/bat risk characterization field studies initiated in Q1 2016, 

including specialized risk analyses for federally endangered Black-capped Vireos and Whooping Cranes. 

Energía Eólica de Honduras, S. A. (EEHSA, A subsidiary of Globeleq Mesoamerica Energy, now CMI Energía) (November 

2015-2017).  Project manager and lead scientist.  Performed expert review, recommendations, and consultation regarding 

two years of annual post-construction bird/bat fatality monitoring study performed by a third party at the 126 mW Cerro de 

Hula wind energy facility in Francisco Morazán, Honduras. 

ERM Group, Inc. (December 2015-2016).  Project manager and lead scientist.  Prepared general terms of reference for 

wind-wildlife baseline study scopes of work for the International Finance Corporation’s (IFC, World Bank Group) Infra-

ventures program, as a subcontractor to ERM.  Terms of reference were intended to be used by IFC for future wind energy 

projects financed by IFC worldwide. 

Infinity Wind Power Development, LLC (November 2015-2017).  Project manager and lead scientist.  Designed and 

conducted a one-year pre-construction set of tier 3 field studies including various site-specific fieldwork components, in 

support of the proposed Willow Creek Wind Energy Project, in Noble and Pawnee Counties, Oklahoma. 

NextEra Energy Resources (July 2015-June 2016).  Project manager and lead scientist.  Performed specialized risk analysis 

and biomonitoring for potential impacts to federally threatened Wood Storks for the White Oak Solar Energy Facility in 

Burke County, Georgia.  Consultation included developing a conservation and management practices strategy and 

document, as well as performing biomonitoring to avoid potential impacts to Wood Storks during project construction.  

EDP Renewables, North America (September 2015-2018).  Project manager and lead scientist.  Designed and conducted a 

one-year pre-construction set of tier 3 field studies including various site-specific fieldwork components, in support of the 

proposed Reloj del Sol Wind Energy Project, Zapata County, Texas. 
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Fluvanna Wind Project, LLC (A subsidiary of Terna Energy US Holding Corporation).  (September 2015-June 2016).  Project 

manager and lead scientist.  Reviewed previously conducted wildlife studies, designed and conducted additional 

avian/eagle field studies, facilitate a meeting with the US Fish and Wildlife Service, and develop a Bird and Bat Conservation 

Strategy (BBCS) for the Fluvanna Wind Project, located in Borden and Scurry counties, Texas. 

Avangrid Renewables.  (July 2015-2017).  Project manager and lead scientist.  Designed and conducted intensive, one-year, 

post-construction bird/bat fatality monitoring study at the Baffin Wind Energy Project, located in Kenedy County in south-

coastal Texas. 

Fiber Winds Wind Project, LLC (A subsidiary of Terna Energy US Holding Corporation).  (December 2015).  Reviewed 

previously conducted wildlife studies, and developed recommendations for additional studies to supplement existing pre-

construction study portfolio. 

Vientos de Coahuila S. A. de P. V. (A subsidiary of EDP Renewables, North America). (December 2015-2017).  Project 

manager and lead scientist.  Provided consulting assistance with developing scopes of work for pre-construction bird and 

bat baseline field studies as well as guidance of in-country consultants performing baseline studies. 

Inter-American Development Bank.  (July-November 2015).  Project manager and lead scientist.  Provided expert 3rd party 

review and consultation, including site visit, regarding potential for wildlife impacts from phase 1 of the Energía de Sierra 

Juarez Wind Energy Project, located in Baja California, Mexico.  Technical issues included bird-powerline 

collision/electrocution issues as well as conventional wind turbine collision issues. 

Inter-American Development Bank.  (September-December 2015).  Project manager and lead scientist.  Provided expert 3rd 

party review and consultation, including site visit, regarding instituting scientifically robust post-construction field 

monitoring of bird/bat fatalities at the Stipa Nayaá Wind Energy Project, located in the Isthmus of Tehuantepec region of 

Oaxaca, Mexico.  Work entailed extensive capacity building in Spanish language to empower local consultants with no 

previous experience with field or analytical protocols. 

EDP Renewables, North America.  (November 2015-2018).  Project manager and lead scientist.  Designed and conducted a 

one-year pre-construction set of tier 3 field studies including various site-specific fieldwork components in support of the 

proposed Silver Canyon Wind Energy Project in Briscoe and Swisher Counties, Texas. 

EDF Energy (November 2014-2018).  Project manager and lead scientist.  Performed independent, third-party expert review 

on behalf of a consortium of lenders, including the Interamerican Development Bank (IDB), the International Finance 

Corporation (IFC), the US Export-Import Bank (Ex-Im Bank), and the Clean Technology Fund (CTF) for the La Mata-La 

Ventosa Wind Energy Facility in Oaxaca, Mexico.  Review work consisted of evaluation of compliance with IFC Performance 

Standard 6, and specifically a “Corrective Action Plan” (CAP) agreed to between the lenders and the project developer that 

stipulated certain post-construction bird and bat fatality monitoring efforts and impact mitigation measures. 

EOLO de Nicaragua (A subsidiary of Globeleq Mesoamerica Energy)(August 2014-2017).  Project manager and lead scientist.  

Conducted a two-year post-construction bird/bat fatality monitoring study at the EOLO wind energy facility in Rivas, 

Nicaragua.  Study entailed road-and-pad-only carcass searching as well as the development and application of a novel, 

anisotropic density function to model highly directional bird and bat carcass fall patterns.   

Inversiones Eólicas de Orosí (A subsidiary of Globeleq Mesoamerica Energy)(February 2015-2018).  Project manager and 

lead scientist.  Conducted a two-year post-construction bird/bat fatality monitoring study at the Orosí wind energy facility 

in Guanacaste, Costa Rica.  Study entailed road-and-pad-only carcass searching as well as the development and application 

of a novel, anisotropic density function to model highly directional bird and bat carcass fall patterns.   

Iberdrola Renewables (December 2015-October 2015).  Project manager and lead scientist.  Designed and conducted pre-

construction ecological studies for the proposed Pontotoc Wind Energy Facility in Pontotoc County, OK. Conduct a site 

characterization study in winter 2014-2015, as well as several supplemental tier 3 studies. 
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Calpine Corporation (November 2015-2017).  Project manager and lead scientist.  Designed and conducted pre-construction 

ecological studies for the proposed Horizon Hill Wind Energy Facility in Kingfisher and Logan counties, OK. Conducted a site 

characterization study, including specialized risk analysis for federally endangered Whooping Cranes. 

Enbridge. (November 2015-August 2016).  Project manager and lead scientist.  Designed and conducted one year post-

construction bird/bat fatality monitoring study at the Keechi Wind Power Project, Jack County, Texas. 

EDF Energy. (November 2015-June 2016).  Project manager and lead scientist.  Designed and conducted one year post-

construction bird/bat fatality monitoring study at the Windthorst II Wind Power Project, Archer County, Texas. 

Iberdrola Renewables (December 2014-2015).  Project manager and lead scientist.  Conducted a site characterization study 

for the proposed South Ridge Wind Energy Facility in Ness and Rush counties, KS.  

Apex Wind Energy (October 2014-2015).  Technical lead.  Prepared pre-construction Bald and Golden Eagle risk analysis 

reports for proposed Wind Energy Facility in Ochiltree County, Texas (Texas panhandle), developed by Apex wind energy.  

Report integrated information from various publicly available databases including eBird, Christmas Bird Counts, and US 

Breeding Bird Surveys, as well as technical literature on eagle risk at wind energy facilities and direct habitat observations 

gathered during a site visit. 

NextEra Energy Resources (October 2014-February 2015).  Project manager and lead scientist.  Prepared a Bird and Bat 

Conservation Strategy (BBCS) for the Mammoth Plains Wind Energy Facility in west-central Oklahoma, integrating all 

wildlife-related pre-construction study reports, impact minimization, avoidance, and mitigation measures, and agency 

correspondence to document compliance with the USFWS’ Land-based Wind Energy Guidelines (WEG). 

RES Americas, Inc (October 2014-December 2014).  Project manager and lead scientist.  Conducted habitat mapping for the 

federally endangered Black-capped Vireo (Vireo atricapilla), as well as eagle surveys and other pre-construction ecological 

studies at the proposed Rattlesnake Wind Energy Facility in McCullough County, Texas. 

Acciona (November 2014-2017).  Project manager and lead scientist.  Performed independent, third-party expert review on 

behalf of a consortium of lenders, including the Interamerican Development Bank (IDB), the International Finance 

Corporation (IFC), the US Export-Import Bank (Ex-Im Bank), and the Clean Technology Fund (CTF) for the Eurus Wind Energy 

Facility in Oaxaca, Mexico.  Review work consisted of evaluation of compliance with IFC Performance Standard 6, and 

specifically a “Corrective Action Plan” (CAP) agreed to between the lenders and the project developer that stipulated 

certain post-construction bird and bat fatality monitoring efforts and impact mitigation measures. 

Bureau of Ocean Energy Management (BOEM) / Bureau of Safety and Environmental Enforcement (BSEE) (September 2014-

June 2016).  Project manager and lead scientist.  Coordinated a team of scientists to develop a project-specific collision 

model application and generate a fatality rate prediction for federally threatened Red Knots (Calidris canutus rufa) at the 

proposed Cape Wind offshore wind energy facility in Nantucket Sound, Massachusetts.  Work entailed coordinating internal 

staff plus five subcontracted entities, including field-leading experts from the Netherlands, Denmark, and the US, and from 

academia, eNGOs, and environmental consultants.  This work was contracted as order M14PD00050 under GSA contract 

GS-10F-072BA. 

Globeleq Mesoamerica Energy (August 2014-2015).  Project manager and lead scientist.  Conducted a Critical Habitat 

Assessment (CHA) for four proposed wind energy facilities in Guanacaste, Costa Rica, in conformance with the International 

Finance Corporation’s (IFC) guidance for CHAs per IFC’s recently updated Performance Standard 6 (PS6).  Work entailed 

comprehensive synthesis of risk-related biological information for 576 species of bird and 91 species of bat that occur 

within the region of interest, as well as report revision with feedback from banks’ 3rd party consultant. 

APEX Wind Energy (July-August, 2014).  Technical lead.  Prepared a pre-construction nocturnal migrant bird risk evaluation 

report for the proposed Timbermill Wind Energy Facility in North Carolina.  Report integrated regional NEXRAD data 

analysis of nocturnal bird migration activity with publicly available information from various databases including eBird, as 

well as technical literature on collision risks of nocturnally migrating birds at wind energy facilities.  
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Iberdrola Renewables (March 2014-2015).  Project manager and lead scientist.  Designed and conducted pre-construction 

ecological studies for the proposed Comanche Run Wind Energy Facility in Swisher County, TX. Conducted spring season 

Lesser Prairie Chicken lek surveys and raptor nest surveys in Spring, 2014, playa lakes assessment in fall, 2014, and 

eagle/avian use surveys in fall, 2014 through summer, 2015. 

EDP Renewables (September 2014-present).  Project manager and lead scientist.  Design and conduct pre-construction 

habitat assessment surveys, consultation, and construction-phase carrion clearing fieldwork regarding federally endangered 

American Burying Beetle impacts for the proposed Arbuckle wind energy facility in Murray and Carter counties, OK.   

Eólica de Coahuila, S. A. (EDC, a subsidiary of EDPR) (June 2014-2016).  Project manager and lead scientist.  Prepared pre-

construction bird and bat risk analysis report based on extensive field data gathering effort by local university researchers 

for the Eólica de Coahuila Wind Energy Facility in the state of Coahuila, Mexico.  Risk evaluation report produced in both 

English and Spanish languages and included within EDC’s submission to the Mexican Federal Government (SEMARNAT) of a 

Manifestación de Impacto Ambiental (MIA, environmental impact statement).  Participated in agency, stakeholder, and 

project meetings in English and Spanish languages, both via teleconference and in-person, in-country.   

NextEra Energy Resources (June-July 2014).  Project manager and lead scientist.  Prepared a recommendation report for 

avian impact reduction/avoidance measures to be implemented on the power transmission interconnection line for the 

planned Mammoth Plains Wind Energy Facility in west-central Oklahoma, integrating project-specific information on bird-

powerline risk factors with technical literature and current guidance of the Avian Power Line Interaction Committee (APLIC). 

BP Renewables (March-July 2014).  Project manager and lead scientist.  Conducted spring habitat surveys and 

biomonitoring for Black-capped Vireos at the Silver Star Wind Energy Facility in Eastland and Erath Counties, TX. 

K. L. Gates, LLC (April-September, 2014).  Technical lead.  Prepared pre-construction Bald Eagle risk analysis reports for 

proposed Wind Energy Facilities in Kay, and Grant Counties, Oklahoma, developed by Apex wind energy.  Reports 

integrated information from various publicly available databases including eBird, Christmas Bird Counts, and US Breeding 

Bird Surveys, as well as technical literature on eagle risk at wind energy facilities and direct habitat observations gathered 

during site visits. 

Duke Energy Renewables (February 2014-2015).  Technical lead.  Designed and conducted surveys for federally endangered 

Northern Aplomado Falcons in conjunction with other post-construction bird and bat monitoring efforts at the Los Vientos 

Wind Energy Facility in Cameron and Willacy counties, TX 

Hess Corporation (April-June 2014).  Technical lead.  Conducted Lesser Prairie Chicken habitat assessment and risk analysis 

for Seminole oil field, Gaines County, TX. 

EDP Renewables (February 2014-present).  Project manager and lead scientist.  Designed and conducted various ecological 

studies for proposed Los Mirasoles Wind Energy Facility in Hidalgo and Starr counties, TX.  Studies included pre-

construction bird and bat surveys, construction phase reptile biomonitoring, post-construction vegetation risk assessment, 

and Bird and Bat Conservation Strategy (BBCS).  Facilitated meeting with state and federal wildlife regulatory agency 

personnel.   

Gestamp Renewables (January 2014-2015).  Project manager and lead scientist.  Designed and conducted one-year pre-

construction evaluation bird and bat studies for the proposed Persimmon Creek Wind Energy Facility in western Oklahoma.  

Prepared a Bird and Bat Conservation Strategy for the Project, and facilitated agency coordination efforts. 

Plantas Eólicas Sociedad de Responsabilidad Limitada (A subsidiary of Globeleq Mesoamerica Energy) (August 2013-March 

2014).  Project manager and lead scientist.  Designed and conducted one-year, bird and bat site characterization study and 

risk analysis for the repowering of the Plantas Eólicas Sociedad de Responsabilidad Limitada Wind Project, a 20 MW 

commercial wind energy facility being repowered in Guanacaste, Costa Rica. 
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Costa Rica Energy Holding, S. A. (A subsidiary of Globeleq Mesoamerica Energy) (August 2013-March 2014).  Project 

manager and lead scientist.  Designed and conducted one-year, pre-construction bird and bat site characterization study 

and risk analysis for the Miramar Wind Project, a 20 MW commercial wind energy facility in Guanacaste, Costa Rica. 

Vientos del Volcán, S. A. (A subsidiary of Globeleq Mesoamerica Energy) (August 2013-March 2014).  Project manager and 

lead scientist.  Designed and conducted one-year, pre-construction bird and bat site characterization study and risk analysis 

for the La Perla Wind Project, a 20 MW commercial wind energy facility in Guanacaste, Costa Rica. 

Inversiones Eólicas Campos Azules, S. A. (A subsidiary of Globeleq Mesoamerica Energy) (August 2013-March 2014).  Project 

manager and lead scientist.  Designed and conducted one-year, pre-construction bird and bat site characterization study 

and risk analysis for the Campos Azules Wind Project, a 20 MW commercial wind energy facility in Guanacaste, Costa Rica. 

Inversiones Eólicas Guancacaste, S. A. (A subsidiary of Globeleq Mesoamerica Energy) (August 2013-March 2014).  Project 

manager and lead scientist.  Designed and conducted one-year, pre-construction bird and bat site characterization study 

and risk analysis for the Altamira Wind Project, a 20 MW commercial wind energy facility in Guanacaste, Costa Rica. 

Mexico Power Group (July 2013-2015).  Project manager and lead scientist. Designed and conducted a one-year, pre-

construction bird and bat site characterization study and risk analysis for a 23-turbine commercial wind energy facility 

proposed for Isla Cozumel, Quintana Roo, Mexico. 

EOLO de Nicaragua, S. A. (A subsidiary of Globeleq Mesoamerica Energy) (July 2013-June 2014).  Project manager and lead 

scientist.  Provided pre-implementation expert review, recommendations, and consultation regarding the post-construction 

bird and bat fatality monitoring study protocols and monitoring efforts conducted by a third party for the 44 mW EOLO 

wind energy facility in Rivas, Nicaragua. 

Energía Eólica de Honduras, S. A. (A subsidiary of Globeleq Mesoamerica Energy) (May-June, 2013).  Project manager and 

lead scientist.  Provided expert review, recommendations, and consultation regarding the post-construction bird/bat 

fatality monitoring study performed by a third party at the 102 mW Cerro de Hula wind energy facility in Francisco 

Morazán, Honduras.   

Wind Capital Group, (2011-2013).  Lead ornithologist.  Developed, managed, and wrote avian risk assessment as part of a 

USACE permit for the proposed 124 MW Sugarland wind energy facility in Palm Beach County, FL.  Two-year pre-

construction study entailed avian point counts, nocturnal bird counts, specialized surveys for potentially affected T&E 

species (Everglades Snail Kite, Audubon’s Crested Caracara, Wood Stork), incorporation of satellite telemetry data and 

survey data from previous research conducted by several researchers at regional universities and ENGOs, and various 

meetings with regulatory agencies. 

Hopping, Green, and Sams (Aug 2012-May 2014).  Provided avian expert witness testimony for the proposed expansion of 

Florida Power and Light’s Turkey Point generation facility in Miami-Dade, County, Florida.  Work entailed presentation of 

expert testimony in official State court hearings regarding all avian issues that arose associated with the proposed facility 

expansion, as well as preparation of an affidavit containing comments on a draft EIS for a proposed land swap between the 

US National Park Service and Florida Power and Light associated with transmission lines for the project.  Preparation of 

testimony entailed original biological research as well as synthesis of biological, legal, and regulatory documents associated 

with the proposed facility expansion. 

Bureau of Ocean Energy Management (BOEM, US DOI) (Sept 2010-March 2013).  Pilot Study of Aerial High-definition 

Surveys for Seabirds, Marine Mammals, and Sea Turtles on the Atlantic OCS, USA. Contract M10PC00099.  Project manager 

and lead scientist.  Responsible for supervising and coordinating a large, international, multi-institutional team of 

researchers and staff to conduct this two-year research contract.  The team conducted experiments to optimize high-

definition aerial image gathering for offshore wildlife surveys to support government regulation of commercial offshore 

wind leasing program. The project included information gathering and synthesis, field experimentation and survey protocol 

development, data analysis and interpretation, and publication and presentation of results. 
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Bureau of Ocean Energy Management (BOEM, US DOI) (Sept 2010-March 2013).  Acoustic Monitoring of Temporal and 

Spatial Abundance of Birds Near OCS Structures, USA.  Contract M10PC00101.  Project manager and lead scientist.  

Responsible for supervising and coordinating a large, multi-institutional team of researchers and staff to conduct this four-

year research contract. The team designed, developed, and deployed a new acoustic/thermographic wildlife monitoring 

technology intended for gathering species-specific occurrence information on birds and bats in the offshore environment. 

The project included information gathering and synthesis; technology development, testing, and deployment; in situ data 

gathering for the purpose of offshore wind wildlife risk characterization; data analysis and interpretation; and publication 

and presentation of results.  

URS –Bureau of Ocean Energy Management (BOEM US DOI) (April 2012-March 2013).  Environmental Assessment (EA) for 

the Massachusetts offshore Wind Energy Area (WEA).  Technical contributor.  Normandeau was subcontractor to URS in 

this effort to prepare the EA for the site assessment phase of this offshore WEA.  Reviewed and synthesized previous NEPA 

documents, offshore lease documents, and other technical materials regarding potential bird impacts from project, and 

also defined the nature and extent bird studies to be conducted during site assessment phase of the lease.  Focus on ESA 

listed or candidate species (Roseate Tern, Piping Plover, Red Knot) but scope encompassed all birds.   

The World Bank Group, Multilateral Investment Guarantee Agency (MIGA) (2011- 2013).  Review and biological assistance 

with the development of a Biodiversity Action Plan (BAP) for the proposed Khauzak-Shadi natural gas development near 

Lake Dengizkul, Uzbekistan.  Lead Ornithologist.  Review draft BAP documents and provided comments, develop guidance 

for improving BAP and for developing enhanced and interim biological monitoring plans.  Conduct in-country site visit to 

conduct field reconnaissance on project impacts, and to meet with international project team to reach consensus on 

ongoing monitoring and research efforts. 

The Inter-American Development Bank (IDB) (April 2012- Dec 2012).  Wind-wildlife technical research synthesis and 

summary report.  Project manager and lead scientist.  Performed comprehensive review of technical literature and expert 

opinion on the effectiveness of bird-bat impact mitigation measures, the effectiveness of collision risk modeling.  Prepared 

the IDB’s first protocol/guidance for conducting post-construction monitoring of bird-bat fatalities at wind energy facilities 

in Latin America.   

Inversiones Eòlicas de Orosì Dos. S. A. (A subsidiary of Globeleq Mesoamerica Energy) (August 2012-March 2013).  Project 

manager and lead scientist.  Designed and conducted bird and bat preconstruction risk studies, plus integration with 

Spanish language reports and other documents describing additional preconstruction bird-bat risk field study conducted by 

a local (Costa Rican) consultant for proposed commercial wind energy development in Guanacaste, Costa Rica. 

Bureau of Ocean Energy Management (BOEM, US DOI) (2008-2011).  Potential Impacts on Endangered and Candidate Birds 

from Offshore Wind Development on the Atlantic Outer Continental Shelf, USA.  Contract M08PC20060.  Project manager 

and lead scientist.  Supervised and directed a large, international, multi-institutional team of researchers and staff to 

conduct a 3-year risk assessment regarding the potential for interaction between endangered and candidate bird species 

(Piping Plover, Roseate Tern, Red Knot) with offshore wind facilities. Included information gathering and synthesis, field and 

modeling studies, data analysis and interpretation, publication, and presentation of results.  

United States Fish and Wildlife Service (USFWS) – Ecostat, Inc. (2011).  Subcontracted to Ecostat Inc. to perform expert peer 

review for USFWS of the Marbled Murrelet Wind Turbine Collision Model for the Radar Ridge Wind Resource Area, dated 

16 March 2010 (collision risk model), developed by WEST Inc..     

Energìa Eòlica de Honduras, S. A. (A subsidiary of Globeleq Mesoamerica Energy) (2009-2010). Preconstruction Ecological 

Risk Characterization of the Cerro de Hula Wind Energy Facility, Francisco Morazàn, Honduras.  Project manager and lead 

scientist.  Designed and conducted bird and bat field study, as well as scientific literature review and synthesis, data 

analysis, interpretation, and report preparation for the first commercial wind energy facility in Honduras.  Project partly 

funded by U.S. Export-Import Bank, entailing compliance with IFC guidelines for ecological impacts associated with wind 

power development projects.  
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Avian Power Line Interaction Committee (APLIC) (2010-2012).  Technical contributor to revision of the collisions manual, 

released December, 2012, entitled, “Reducing Avian Collisions With Power Lines: the State of the Art in 2012.”  Researched, 

synthesized and wrote original content for report sections on collision susceptibility in birds and the effectiveness of various 

flight diverter devices.  

The World Bank Group, Multilateral Investment Guarantee Agency (MIGA) (2010-2011).  Avian Risk Assessment: Potential 

for Collisions and Electrocutions Associated with the Proposed Talimarjan Transmission Line Project, Uzbekistan.  Technical 

contributor.  Researched avian biology, conservation, and collision risk issues for avian risk assessment for a proposed 214 

km 500kV transmission line and the potential risks to migrating storks, cranes and raptors.  

Shrub-nesting Passerine Collaborative (2008-2011).  Project manager and lead scientist.  Responsible for fund-raising, study 

design, coordination, and execution of a multicollaborator, multiyear research project to study the impacts of commercial 

wind turbines on breeding birds in shrubland habitats of the southern Great Plains region, including Federally endangered 

Black-capped Vireo. Directed a team of coauthors at outside institutions and staff to interpret, analyze, and present results 

in technical, scientific publications and conferences.  

US Army Corps of Engineers, Walla Walla district, (2011-2013).  Lead avian ecologist.   Developed an Inland Avian Predation 

Management Plan (IAPMP) entailing research on the control of avian predation on outmigrating salmonid smolts in the 

Federal Columbia River Power System.  Synthesized over a decade of technical research and bird management data, work 

with a variety of federal and state agencies, as well as researchers, subcontractors, and other constituencies to prepare a 

management plan that accompanies a NEPA review, intended to serve as a guidance document for implementing part of 

the mandate to restore federally listed populations of steelhead trout and other salmonids as dictated by a Biological 

Opinion issued by NOAA-NMFS.  

US National Science Foundation (2001).  Postdoctoral Research Fellow, International Program.  Designed and conducted 

research on the persistence of tropical cloud forest bird and beetle diversity under various coffee cultivation regimes in 

Veracruz and Chiapas, Mexico.  Based in the laboratory of Dr. J. Francisco Ornelas at the Instituto de Ecologìa, A. C. (INECOL) 

in Xalapa, Veracruz, MX.  Research entailed extensive collaboration with Mexican and other US researchers, including 

initiation of “BIOCAFE,” a long term research program based at INECOL dedicated to advancing knowledge frontiers on the 

ecological and sociological dynamics of coffee cultivation systems in Mexico.  Research resulted in several peer-reviewed 

technical publications and presentations. 

Shaw Woods Avian Monitoring Program (SWAMP) (2002-2008).  Designed and directed biological research 

program on stopover ecology of migrant songbirds while an assistant professor of biology at Lake Forest College, 

Lake Forest, IL.  Research centered on intensive annual bird mist-netting and banding fieldwork.  Entailed extensive 

public outreach and educational components, and resulted in numerous peer-reviewed technical publications and 

presentations, as well as senior honors thesis projects by Lake Forest College students. 

 

Representative Publications 

Palmer, R., C. Gordon, and P. Petracci, 2017.  Interacciones entre la fauna silvestre y la energía eólica en Argentina:  

conocimiento científico y prioridades para el futuro.  Estudio estratégico patrocinado por la Corporación Interamericana de 

Inversiones.  Corporación Interamericana de Inversiones, Washington, DC, USA.  55 pp + frontmatter and appendices. 

 

Gordon, C. E. and C. Nations, 2016. Collision risk model for “rufa” Red Knots (Calidris canutus rufa) interacting with a 

proposed offshore wind energy facility in Nantucket Sound, Massachusetts.  US Department of the Interior, Bureau of 

Ocean Energy Management, Sterling, Virginia.  OCS Study BOEM 2016-045.  90 pp. + frontmatter and appendix. 

 

Ruth, J. M., T. R. Stanley, C. Gordon, (2014). Associations of wintering birds with habitat in semidesert and plains grasslands 

in Arizona.  Southwestern Naturalist 59: 199-211. 
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Bennet, V., K. Karsten, A. Hale, C. Gordon, B. Suson, 2014. Effect of wind turbine proximity on nesting success in shrub-

nesting birds.  American Midland Naturalist 172:317-328. 

 

Normandeau Associates, Inc. (C. Gordon, principal author), 2012. High-resolution aerial imaging surveys of marine birds, 

mammals, and turtles on the US Atlantic Outer Continental Shelf – Utility assessment, methodology recommendations, and 

implementation tools for the U.S. Dept. of the Interior, Bureau of Ocean Energy Management.  Contract # M10PC00099.  

378pp. 

 

Burger, J., L. J. Niles, R. R. Porter, A. D. Dey, S. Koch, C. Gordon, 2012. Migration and over-wintering of Red Knots (Calidris 

canutus rufa) along the Atlantic Coast of the United States.  The Condor 114:1-12. 

 

Burger, J., L. J. Niles, R. R. Porter, A. D. Dey, S. Koch, C. Gordon, 2012. Using a shore bird (red knot) fitted with geolocators to 

evaluate a conceptual risk model focusing on offshore wind. Renewable Energy 43:370-377. 

 

Normandeau Associates, Inc. (C. Gordon, principal author), 2011. New insights and new tools regarding risk to roseate 

terns, piping plovers, and red knots from wind facility operations on the Atlantic Outer Continental Shelf. A Final Report for 

the U.S. Department of the Interior, Bureau of Ocean Energy Management, Regulation and Enforcement, Report No. 

BOEMRE 048-2011. Contract No. M08PC20060. 287 pp 

 

Burger, J., C. Gordon, L. Niles, J. Newman, G. Forcey, L. Vlietstra, 2011. Risk evaluation for federally listed (Roseate Tern, 

Piping Plover) or candidate (Red Knot) bird species in offshore waters: A first step for managing the potential impacts of 

wind facility development on the Atlantic Outer Continental Shelf.  Renewable Energy 36:338-351. 

 

Greeney, H. F., M. Jipa, W. S. Gibson, P. A. Gordon, B. Suson, E. T. Miller, C. E. Gordon, R. A. Gelis, (2011). The nest and eggs 

of Black-capped Hemispingus (Hemispingus atropileus) in eastern Ecuador.  Kempffiana 7:33-37. 

 

Niles, L. J., J. Burger, R. Porter, A.  D. Dey,  H. Sitters, J. Fox, and C. Gordon 2010. Preliminary data on migratory, breeding, 

and wintering movement patterns of Red Knot Calidris canutus rufa indicate unexpected variability.  Wader Society Group 

Bulletin 117:123-130 

 

Bueter, C., J. Weckstein, K.P. Johnson, J.M. Bates, and C.E. Gordon. 2009. Comparative phylogenetic histories of two louse 

genera found on Catharus thrushes and other birds. J. Parasitol. 95(2):295-307. 

 

Gordon, C., B. McGill, G. Ibarra-Núñez, R. Greenberg, and I. Perfecto, 2009. Simplification of a coffee foliage-dwelling beetle 

community under low-shade management. Basic and Applied Ecology 10:246-254. 

 

Philpott, S.M., W.J. Arendt, I. Armbrecht, P. Bichier, T.V. Dietsch, C. Gordon, R. Greenberg,  I. Perfecto, R. Reynoso-Santos, L. 

Soto-Pinto, C. Tejeda-Cruz, G. Williams-Linera, J. Valenzuela, and J.M. Zolotoff, 2008. Biodiversity loss in Latin American 

coffee landscapes: reviewing evidence on ants, birds, and trees. Conservation Biology 22:1093-1105. 

 

Tejeda-Cruz, C., and C. Gordon, 2008. Diversidad y abundancia de aves en un gradiente cafetalero del centro de Veracruz. 

In: R. Manson, K. Mehltreter, A. Contreras, S. Gallina, and V. Hernández , editors. Conservación de biodiversidad en 

agroecosistemas cafetaleros. Veracruz, Mexico: INE, SEMARNAT, Instituto de Ecología, A.C. p 149-160. 

 

Schramm, M., J. Fiala, T. Noe, P. Sweet, A. Prince, and C. Gordon, 2007. Calls, captures, and collisions: triangulating three 

census methods to better understand nightly passage of songbird migrants through the Chicago region during May. The 

Meadowlark 16(4):122-129. 
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Gordon, C. 2007. Grassland birds. In: J. Bezy, C.F. Hutchinson, and C.J. Bahre, editors. Buenos Aires National Wildlife Refuge 

anthology. Desert Plants 23(2); p 24-25. 

 

Gordon, C.E., R. Manson, J. Sundberg, and A. Cruz-Angón, 2007. Biodiversity, profitability, and vegetation structure in a 

Mexican coffee agroecosystem. Agric., Ecosystems, and Environ. 118:256-266. 

 

Bueter, C., B. Larsen, K. Lawser, K. Nikogosian, and C. Gordon, 2006. Arrival dates and recapture patterns of spring migrant 

songbirds in northeastern Illinois. The Meadowlark 15(1):2-9. 

 

Gordon, C.E., B. Skinner, and R. Gratis, 2002. Chicagoland’s first spring migration bird banding station: first year of results 

and comparison with other North American data sets. The Meadowlark 11(3):122-129. 

 

Gordon, C.E., and J.F. Ornelas, 2000. Comparing endemism and habitat restriction in the Mesoamerican tropical deciduous 

forest avifauna: implications for biodiversity conservation planning. Bird Conservation Int. 10:289-303.  

 

Gordon, C.E., 2000. Fire and cattle grazing on wintering sparrows in Arizona grasslands. J. Range Management 53:384-389.  

 

Gordon, C.E., 2000. Movement patterns of wintering grassland sparrows in Arizona. The Auk 117:748-759. 

 

Gordon, C.E., 2000. The coexistence of species. Revista Chilena de Historia Natural 73:175-198. 

 

Gordon, C.E., and W. Leitner, 1996. Breeding bird census: semidesert mesquite savannah #1. J. Field Ornith. 67:84-85. 

 

Gordon, C.E., and W. Leitner, 1996. Breeding bird census: semidesert mesquite savannah #2. J. Field Ornith. 67:85. 

 

Laurance, W.F., C.E. Gordon, and E. Perry, 1996. Structure of breeding bird communities in rainforest and regrowth forest in 

tropical Queensland. Sunbird 26:1-15. 

 

King, A.A., W.M. Schaffer, C. Gordon, and J. Treat, 1996. Weakly dissipative predator-prey systems. Bull. Math. 

Biology 58:835-859. 

 

Professional Presentations 

Cowan, B., and C. Gordon, “integrating biological and legal strategies to facilitate permitting and reduce financing 

risk for offshore wind projects.”  Invited panel presentation at the AWEA Offshore Windpower conference, 

October 24-25, 2017, New York, NY. 

 

Gordon, C.  “Buenas prácticas internacionales:  guías de medio ambiente, salud, y seguridad para proyectos 

eólicos.”  Workshop co-leader and oral presenter at the Taller de Buenas Prácticas Ambientales y Sociales para el 

Sector Eólico.  28-29 March, 2017.  Buenos Aires, Argentina. 

 

Gordon, C.  Wind-wildlife issues in Latin America:  Biological Perspectives.  Invited panel presentation at Workshop 

presented by the International Association of Impact Assessment, entitled “Challenges and Solutions of Addressing 

Environmental and Social Issues in the Wind Power Sector – Updates, Experience, and Revised EHS Guidelines.”  January 13, 

2016, World Bank Headquarters, Washington, DC, USA. 

Gordon, C.  Wind-wildlife issues in Latin America.  Invited symposium presentation.  The Wildlife Society, 22nd annual 

meeting, October 17-21, 2015, Winnipeg, Manitoba, Canada. 
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Gordon, C. Challenges and opportunities for addressing avian impacts from offshore wind energy development.  Invited 

symposium presentation.  The Wildlife Society,  20th annual meeting, October 6-10, 2013.  Milwaukee, WI. 

Gordon, C. High-resolution digital aerial imaging surveys: a magical panacea.  Invited panel presentation at Offshore Wind 

Site Characterization and Assessment Workshop, convened by the Bureau of Ocean Energy Management (BOEM, USDOI), 

February 26-28, 2013, Herndon, VA.  

Gordon, C. Utility of high resolution imaging surveys for offshore wind bird risk/impact studies: A view from U.S. 

Government baseline research studies.  Invited symposium presentation at North American Ornithological Congress V, 

August 14-19, 2012, Vancouver, BC, Canada. 

Gordon, C. Toward wildlife-friendly climate resilient development:  A commercial science perspective on wind-wildlife 

issues for the Climate Investment Funds.  Invited oral presentation at Climate Investment Funds –Birdlife International 

Workshop on wind-wildlife issues, May 4, 2012.  International Finance Corporation (IFC) headquarters, Washington, DC. 

Gordon, C. Environmental challenges and solutions for offshore wind permitting: a scientific perspective on offshore wind 

planning in New England.  Invited panel presentation at the Environmental Business Council of New England Wind Energy 

Program:  Status of Offshore Wind Planning in New England. 10 Feb, 2012, Waltham, MA. 

Gordon, C. Emerging technologies for offshore wind wildlife studies:  What’s in the hopper and why?  Panel presentation at 

AWEA Offshore Windpower Conference and Exposition, October 10-13, 2011, Baltimore, MD. 

Gordon, C., K. Karsten, A. Hale, G. Forcey, S. Turner, J. Grzybowski, B. Suson, J. Kuba, H. Greeney.  Reproductive Success of 

Black-capped Vireos and other shrub-nesting passerines in relation to distance from wind turbines.  Contributed oral 

presentation at the 129th stated meeting of the American Ornithologists’ Union, July 24-29, 2011, Jacksonville, FL.  

Gordon, C.  New technologies for offshore wind wildlife studies.  Oral presentation at the Conference on Wind Energy and 

Wildlife Impacts, May 2-6, 2011, Trondheim, Norway.   

Gordon, C. Offshore wind wildlife studies: current challenges and emerging solutions.  Invited panel presentation at North 

Carolina Sustainable Energy Conference, April 26-27, 2011, Raleigh, NC. 

Gordon, C., K. Karsten, A. Hale, G. Forcey, S. Turner, J. Grzybowski, B. Suson, J. Kuba, H. Greeney.  Reproductive Success of 

Black-capped Vireos and other shrub-nesting passerines in relation to distance from wind turbines.  National Wind 

Coordinating Collaborative Wind Wildlife Research Meeting VIII, October 19-21, 2010, Lakewood, Colorado, USA. 

Forcey, G., C. Gordon, J. Burger, and L. Niles. Evaluating piping plover and red knot use of the AOCS during migration using 

the Avian Knowledge Network. AWEA North American Offshore Wind Conference and Exhibition. October 5-7, 2010. 

Atlantic City, New Jersey, USA. 

Forcey, G., C. Gordon, J. Burger, and L. Niles. Evaluating piping plover and red knot use of the AOCS during migration using 

the Avian Knowledge Network. National Wind Coordinating Collaborative Wind Wildlife Research Meeting VIII, October 19-

21, 2010, Lakewood, Colorado, USA. 

Gordon, C., Oral presentation on panel, “Mother Nature: Assessing the Environmental Impact of Offshore Wind 

Development in the Great Lakes.”  Freshwater Wind 2010 conference.  July 19-21, 2010, Cleveland, OH. 

Karsten, K. B., A. M. Hale, C. E. Gordon, and B. J. Suson. Relative influence of ecological and anthropogenic effects on 

passerine nesting success at a wind energy facility in north-central Texas. 2010 Annual Meeting of the Association of 

American Geographers, Washington, D. C. April 14-18, 2010. 

Gordon, C. Impacts of wind power development on birds.  Annual meeting of Partners In Flight, Southeastern Region 

(SEPIF), Gainesville, FL, March 11, 2010. 



Caleb Gordon Curriculum Vitae 

13 
 

Karsten, K. B., A. M. Hale, C. E. Gordon, and B. J. Suson. Effects of wind turbine proximity and other variables on the 

reproductive success of shrub-nesting passerines.  Joint Meeting of the Cooper Ornithological Society, American 

Ornithologists Union, and Society of Canadian Ornithologists, Feb 08, 2010, San Diego, CA. 

Gordon, C. Integrating wildlife risk considerations into offshore wind permitting processes: challenges and opportunities 

[invited panel presentation]. AWEA Offshore Wind Project Workshop; 2009 Dec 2-3; Boston, MA. 

Gordon, C.  Impactos de generación eléctrica sobre la vida silvestre en Latinoamerica: una comparación entre energia eólica 

y otras formas de generación [oral presentation].  Wind Expo, Panamà, Latin American Wind Energy Association (LAWEA) 

Annual Conference; 2009 Sep 2-4; Panama City, Panamà.   

Gordon, C., C. Ribe, L. Niles, J. Burger, C. Newman, J. Newman, G. Forcey, L. Vlietstra, S. Kelling, W. Warren-Hicks, E. Zillioux, 

M. Desholm, A. Farnsworth, and C. Denny. Evaluating risk to federally listed birds from offshore wind facilities in the 

Atlantic Outer Continental Shelf [poster]. AWEA Windpower Conference;  2009 May 5; Chicago, IL. 

Sosa, V., S. Gallina, R. Manson, A. González, C. Tejeda, and C. Gordon. Cambios en los vertebrados a lo largo del gradiente 

de intensificación del café en el centro del estado de Veracruz [oral presentation]. Symposium “Hacia la sustentabilidad en 

agroecosistemas cafetaleros en el centro de Veracruz;” 2007 June 25-26; Xalapa, Veracruz, Mexico. Instituto de Ecología, 

A.C. 

Tejeda-Cruz, C., and C. Gordon. Aves y sensibilidad a la perturbación en un gradiente de manejo cafetalero an Veracruz, 

México [poster]. Symposium “Hacia la sustentabilidad en agroecosistemas cafetaleros en el centro de Veracruz;” 2007 June 

25-26; Xalapa, Veracruz, Mexico. Instituto de Ecología, A.C. 

Larsen, B., and C. Gordon. Mass change in passerines during spring migratory stopover [poster]. North American 

Ornithological Congress IV; 2006 Oct 3-7; Veracruz, Mexico.  

Gordon, C. How to integrate educational outreach in your research studies [oral presentation]. Ecological Society of 

America, 91st Annual Meeting; 2006 Aug 6-11; Memphis, TN. 

Manson, R.H., C. Gordon, A. Contreras, F. López-Barrera, C. Tejeda-Cruz, and G. Hernández Martínez. Biocafé: un estudio 

interdisciplinario sobre la conservación de la biodiversidad y los servicios ambientales del bosquemesófilo de montaña en 
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The impact of free-ranging domestic cats
on wildlife of the United States
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Anthropogenic threats, such as collisions with man-made structures, vehicles, poisoning and

predation by domestic pets, combine to kill billions of wildlife annually. Free-ranging domestic

cats have been introduced globally and have contributed to multiple wildlife extinctions on

islands. The magnitude of mortality they cause in mainland areas remains speculative, with

large-scale estimates based on non-systematic analyses and little consideration of scientific

data. Here we conduct a systematic review and quantitatively estimate mortality caused by

cats in the United States. We estimate that free-ranging domestic cats kill 1.4–3.7 billion birds

and 6.9–20.7 billion mammals annually. Un-owned cats, as opposed to owned pets, cause the

majority of this mortality. Our findings suggest that free-ranging cats cause substantially

greater wildlife mortality than previously thought and are likely the single greatest source of

anthropogenic mortality for US birds and mammals. Scientifically sound conservation and

policy intervention is needed to reduce this impact.
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D
omestic cats (Felis catus) are predators that humans have
introduced globally1,2 and that have been listed among
the 100 worst non-native invasive species in the world3.

Free-ranging cats on islands have caused or contributed to 33
(14%) of the modern bird, mammal and reptile extinctions
recorded by the International Union for Conservation of Nature
(IUCN) Red List4. Mounting evidence from three continents
indicates that cats can also locally reduce mainland bird and
mammal populations5–7 and cause a substantial proportion
of total wildlife mortality8–10. Despite these harmful effects,
policies for management of free-ranging cat populations and
regulation of pet ownership behaviours are dictated by animal
welfare issues rather than ecological impacts11. Projects to
manage free-ranging cats, such as Trap-Neuter-Return (TNR)
colonies, are potentially harmful to wildlife populations, but
are implemented across the United States without widespread
public knowledge, consideration of scientific evidence or the
environmental review processes typically required for actions
with harmful environmental consequences11,12.

A major reason for the current non-scientific approach to
management of free-ranging cats is that total mortality from cat
predation is often argued to be negligible compared with other
anthropogenic threats, such as collisions with man-made
structures and habitat destruction. However, assessing the
conservation importance of a mortality source requires identifica-
tion of which species are being killed (for example, native versus
non-native invasive species and rare versus common species) in
addition to estimation of total numbers of fatalities. Estimates of
annual US bird mortality from predation by all cats, including
both owned and un-owned cats, are in the hundreds of
millions13,14 (we define un-owned cats to include farm/barn
cats, strays that are fed by humans but not granted access to
habitations, cats in subsidized colonies and cats that are
completely feral). This magnitude would place cats among the
top sources of anthropogenic bird mortality; however, window
and building collisions have been suggested to cause even greater
mortality15–17. Existing estimates of mortality from cat predation
are speculative and not based on scientific data13–16 or, at best,
are based on extrapolation of results from a single study18. In
addition, no large-scale mortality estimates exist for mammals,
which form a substantial component of cat diets.

We conducted a data-driven systematic review of studies that
estimate predation rates of owned and un-owned cats, and
estimated the magnitude of bird and mammal mortality caused
by all cats across the contiguous United States (all states excluding
Alaska and Hawaii). We estimate that free-ranging domestic cats
kill 1.4–3.7 billion birds and 6.9–20.7 billion mammals annually,
and that un-owned cats cause the majority of this mortality. This
magnitude of mortality is far greater than previous estimates of
cat predation on wildlife and may exceed all other sources of
anthropogenic mortality of US birds and mammals.

Results
The magnitude of bird mortality caused by cat predation. After
excluding studies that did not meet a priori inclusion criteria
designed to increase the accuracy of our analysis, we developed
probability distributions of predation rates on birds and mam-
mals. We combined predation rate distributions with literature-
derived probability distributions for US cat population sizes, and
we also accounted for the proportion of owned cats allowed
outdoors, the proportion of owned and un-owned cats that hunt,
and imperfect detection of owned cats’ prey items.

We generated an estimated range of bird and mammal mor-
tality caused by cat predation by incorporating the above
distributions—including separate predation rate distributions for

owned and un-owned cats—and running 10,000 calculation
iterations. We augmented US predation data by incorporating
predation rate estimates from other temperate regions
(Supplementary Table S1). For birds, we generated three US
mortality estimates based on predation data from studies in:
(1) the United States, (2) the United States and Europe and
(3) the United States, Europe, and other temperate regions (pri-
marily Australia and New Zealand). Owing to a lack of US studies
of un-owned cat predation on mammals, we estimated mammal
mortality using data groupings 2 and 3. We based all other
probability distributions on US studies (distribution details in
Table 1; data in Supplementary Table S2).

The three estimates of bird mortality varied moderately, with a
19% difference among median estimates (Table 2). We focus
interpretation on the estimate generated using US and European
predation data because it is the lowest value. Furthermore, this
estimate is more likely to be representative of the US than the
estimate based on incorporation of data from Australia and New
Zealand, where the wildlife fauna and climate are less similar to
the United States. We estimate that cats in the contiguous United
States annually kill between 1.4 and 3.7 billion birds
(median¼ 2.4 billion) (Fig. 1a), with B69% of this mortality
caused by un-owned cats. The predation estimate for un-owned
cats was higher primarily due to predation rates by this group
averaging three times greater than rates for owned cats.

The magnitude of mammal mortality caused by cat predation.
Our estimate of mammal mortality was robust to the choice of
predation data as evidenced by a 1.6% difference between the two
median estimates (Table 2). We focus interpretation on the lower
estimate, which was based on United States and European pre-
dation data and US values of other parameters. We estimate
annual mammal mortality in the contiguous United States at
between 6.9 and 20.7 billion (median¼ 12.3 billion) (Fig. 1b) with
89% of this mortality caused by un-owned cats. The estimate that
incorporated European data (but not data from Australia and
New Zealand) may be slightly lower because wildlife across much
of Europe were historically exposed to predation by a similarly-
sized wild cat (Felis sylvestris) and, therefore, may be less naive to
predation by domestic cats. However, it is unlikely that European
wildlife have fully adapted to the unusually high densities of
domestic cats in much of this continent9.

Factors explaining estimate uncertainty. For both birds and
mammals, sensitivity analyses indicated that un-owned cat
parameters explained the greatest variation in total mortality
estimates (Fig. 2). Un-owned cat population size explained the
greatest variation in mortality estimates (42% for birds and 51%
for mammals), and the un-owned cat predation rate explained the
second greatest variation (24% for birds and 40% for mammals).
The only other parameters that explained 45% of variation in
mortality estimates were the owned cat predation rate on birds
(16%) and the correction factor for imperfect detection of owned
cats’ prey items (8%).

Discussion
Our estimate of bird mortality far exceeds any previously
estimated US figure for cats13,14,16, as well as estimates for any
other direct source of anthropogenic mortality, including
collisions with windows, buildings, communication towers,
vehicles and pesticide poisoning13,15–21. Systematic reviews like
ours, which includes protocol formulation, a data search strategy,
data inclusion criteria, data extraction and formal quantitative
analyses22, are scarce for other anthropogenic mortality sources.21

Increased rigour of mortality estimates should be a high priority
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Table 2 | Median estimates of annual wildlife mortality caused by cat predation in the contiguous United States.

Predation data used Mortality estimate in millions

Owned cats Un-owned cats Total

Bird US 1,053 (155–2,674)* 1,792 (952–3,065) 2,967 (1,558–4,872)
US and Europe 684 (258–1,531)w 1,652 (890–2,775) 2,407 (1,440–3,704)
All temperate 508 (202–1,103) 1,876 (1,061–2,943) 2,437 (1,493–3,599)

Mammal US and Europe 1,249 (571–2,515) 10,903 (5,616–19,254) 12,269 (6,902–20,712)
All temperate 958 (446–1,888) 11,426 (6,415–18,309) 12,473 (7,379–19,419)

Both Taxa 1,933 (829–4,046) 12,555 (6,506–22,029) 14,676 (8,342–24,416)

*Values in parentheses indicate central 95% of estimates.
wBold face indicates estimates from which inference is drawn in the text.

Table 1 | Probability distributions used for parameters in cat predation model.

Parameter Number of studies used* Distribution type Distribution parameters

Owned cats
Number of owned cats in contiguous United States 2 Normal Mean¼ 84 M, s.d.¼ 2.5 M
Proportion of owned cats with outdoor access 8 Uniform Min¼0.4, max¼0.7
Proportion of outdoor owned cats that hunt 3 Uniform Min¼0.5, max¼0.8
Correction for owned cats not returning prey 3 Uniform Min¼ 1.2, max¼ 3.3

BIRD return rate per cat per year
US studies 4 Uniform Min¼ 1.0, max¼ 34.1
US and Europe studies 11 Uniform Min¼4.2, max¼ 18.3
All temperate studies 17 Uniform Min¼ 3.4, max¼ 13.2

MAMMAL return rate per cat per year
US studies 1 NAw NA
US and Europe studies 7 Uniform Min¼ 11.1, max¼ 29.5
All temperate studies 13 Uniform Min¼8.7, max¼ 21.8

REPTILE return rate per cat per year
US studies 0 NA NA
US and Europe studies 1 NA NA
All temperate studies 8 Uniform Min¼0.4, max¼ 2.21

AMPHIBIAN return rate per cat per year
US studies 0 NA NA
US and Europe studies 1 NA NA
All temperate studies 5 Uniform Min¼0.05, max¼0.5

Un-owned cats
Number of un-owned cats in contiguous United States 5 Uniform Min¼ 30 M, max¼80 M
Proportion of un-owned cats that hunt 2 Uniform Min¼0.8, max¼ 1.0

BIRD predation rate per cat per year
US studies 8 Uniform Min¼ 24.4, max¼ 51.4
US and Europe studies 11 Uniform Min¼ 23.2, max¼46.2
All temperate studies 19 Uniform Min¼ 30.0, max¼47.6

MAMMAL predation rate per cat per year
US studies 6 Uniform Min¼ 162.3, max¼ 354.9
US and Europe studies 7 Uniform Min¼ 139.4, max¼ 328.6
All temperate studies 13 Uniform Min¼ 177.3, max¼ 299.5

REPTILE predation rate per cat per year
US studies 1 NA NA
US and Europe studies 2 NA NA
All temperate studies 10 Uniform Min¼4.2, max¼ 12.4

AMPHIBIAN predation rate per cat per year
US studies 0 NA NA
US and Europe studies 0 NA NA
All temperate studies 3 Uniform Min¼ 1.9, max¼4.7

*Number of studies found that include an estimate of the model parameter.
wNo calculation was conducted for this data grouping because of limited data.
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and will allow increased comparability of mortality sources23.
Nonetheless, no estimates of any other anthropogenic mortality
source approach the value we calculated for cat predation, and
our estimate is the first for cats to be based on rigorous data-
driven methods. Notably, we excluded high local predation rates
and used assumptions that led to minimum predation rate
estimates for un-owned cats; therefore, actual numbers of birds
killed may be even greater than our estimates.

Free-roaming cats in the United States may also have a
substantial impact on reptiles and amphibians. However, US
studies of cat predation on these taxa are scarce. To generate a
first approximation of US predation rates on reptiles and
amphibians, we used the same model of cat predation along
with estimates of cat predation rates on these taxa from studies in
Europe, Australia and New Zealand. We estimate that between

258 and 822 million reptiles (median¼ 478 million) and between
95 and 299 million amphibians (median¼ 173 million) could be
killed by cats in the contiguous United States each year. Reptile
and amphibian populations, and, therefore, cat predation rates,
may differ between the regions where we gathered predation data
for these taxa and the United States. Furthermore, reptiles and
amphibians are unavailable as prey during winter across much of
the United States. Additional research is needed to clarify impacts
of cats on US herpetofauna, especially given numerous anthro-
pogenic stressors that threaten their populations (for example,
climate change, habitat loss and infectious diseases) and
documented extinctions of reptiles and amphibians due to cat
predation in other regions4,24.

The exceptionally high estimate of mammal mortality from cat
predation is supported by individual US studies that illustrate
high annual predation rates by individual un-owned cats in excess
of 200 mammals per year6,25–28 and the consistent finding that
cats preferentially depredate mammals over other taxa
(Supplementary Table S1). Even with a lower yearly predation
rate of 100 mammals per cat, annual mortality would range from
3–8 billion mammals just for un-owned cats, based on a
population estimate of between 30 and 80 million un-owned
cats. This estimated level of mortality could exceed any other
direct source of anthropogenic mortality for small mammals;
however, we are unaware of studies that have systematically
quantified direct anthropogenic mortality of small terrestrial
mammals across large scales.

Native species make up the majority of the birds preyed upon
by cats. On average, only 33% of bird prey items identified to
species were non-native species in 10 studies with 438 specimens
of 58 species (Supplementary Table S3). For mammals, patterns
of predation on native and non-native species are less clear and
appear to vary by landscape type. In densely populated urban
areas where native small mammals are less common, non-native
species of rats and mice can make up a substantial component of
mammalian prey29. However, studies of mammals in suburban
and rural areas found that 75–100% of mammalian prey were
native mice, shrews, voles, squirrels and rabbits26,30,31. Further
research of mammals is needed to clarify patterns of predation by
both owned and un-owned cats on native and non-native
mammals, and across different landscape types.

Sensitivity analyses indicate that additional research of
un-owned cats will continue to improve precision of mortality
estimates. Our finding that un-owned cat population size and

Median=2.4 billion
600

a

b

500

400

300

E
st

im
at

e 
fr

eq
ue

nc
y

200

100

0

600

500

400

300

E
st

im
at

e 
fr

eq
ue

nc
y

200

100

0

0 1,000 2,000 3,000 4,000 5,000

0 5,000 10,000 15,000
Mortality (millions)

20,000 25,000

Median=12.3 billion

Figure 1 | Estimates of cat predation on US birds and mammals.

(a) Probability distribution of estimated bird mortality caused by all free-

ranging cats in mainland areas of the contiguous United States.

(b) Probability distribution of estimated mammal mortality caused by all

free-ranging cats in mainland areas of the contiguous United States.
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Figure 2 | Factors explaining uncertainty in estimates of wildlife mortality from cat predation. Amount of variation in estimates of wildlife mortality in

the contiguous United States contributed by each parameter in the cat predation model (percentages represent adjusted R2 values from multiple regression

models).
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predation rate explained the greatest variation in mortality
estimates reflects the current lack of knowledge about un-owned
cats. No precise estimate of the un-owned cat population exists
for the United States because obtaining such an estimate is cost
prohibitive, and feral un-owned cats are wary of humans and tend
to be solitary outside of urban areas. In addition, human
subsidized colonies of un-owned cats are maintained without
widespread public knowledge. For example, in Washington DC
alone there are 4300 managed colonies of un-owned cats and an
unknown number of unmanaged colonies. Population size
estimates can be improved by incorporating observations of
free-ranging cats into a wildlife mortality reporting database23.

Context for the population impact of a mortality source depends
on comparing mortality estimates to estimates of population
abundance of individual species. However, continental-scale
estimates of wildlife population abundance are uncertain due to
spatio-temporal variation in numbers. For mammals, clarification
of the population impacts of cat predation is hindered by the
absence of nationwide population estimates. For all North
American land birds, the group of species most susceptible to
mainland cat predation (Supplementary Table S3), existing
estimates range from 10–20 billion individuals in North
America32. A lack of detail about relative proportions of
different bird species killed by cats and spatio-temporal variation
of these proportions makes it difficult to identify the species and
populations that are most vulnerable. The magnitude of our
mortality estimates suggest that cats are likely causing population
declines for some species and in some regions. Threatened and
endangered wildlife species on islands are most susceptible to the
effects of cat predation, and this may also be true for vulnerable
species in localized mainland areas5 because small numbers of
fatalities could cause significant population declines. Threatened
species in close proximity to cat colonies—including managed
TNR colonies11,12—face an especially high level of risk; therefore,
cat colonies in such locations comprise a wildlife management
priority. Claims that TNR colonies are effective in reducing cat
populations, and, therefore, wildlife mortality, are not supported
by peer-reviewed scientific studies11.

Our estimates should alert policy makers and the general
public about the large magnitude of wildlife mortality caused by
free-ranging cats. Structured decisions about actions to reduce
wildlife mortality require a quantitative evidence base. We
provide evidence of large-scale cat predation impacts based on
systematic analysis of multiple data sources. Future specific
management decisions, both in the United States and globally,
must be further informed by fine scale research that allows
analysis of population responses to cats and assessment of the
success of particular management actions. We are not suggesting
that other anthropogenic threats that kill fewer individuals are
biologically unimportant. Virtually nothing is known about the
cumulative population impacts of multiple mortality sources.
Furthermore, comparison of total mortality numbers has limited
use for prioritization of risks and development of conservation
objectives. Combining per species estimates of mortality with
population size estimates will provide the greatest information
about the risk of population-level impacts of cat predation.
Although our results suggest that owned cats have relatively less
impact than un-owned cats, owned cats still cause substantial
wildlife mortality (Table 2); simple solutions to reduce mortality
caused by pets, such as limiting or preventing outdoor access,
should be pursued. Efforts to better quantify and minimize
mortality from all anthropogenic threats are needed to increase
sustainability of wildlife populations.

The magnitude of wildlife mortality caused by cats that we
report here far exceeds all prior estimates. Available evidence
suggests that mortality from cat predation is likely to be

substantial in all parts of the world where free-ranging cats
occur. This mortality is of particular concern within the context
of steadily increasing populations of owned cats, the potential for
increasing populations of un-owned cats12, and an increasing
abundance of direct and indirect mortality sources that threaten
wildlife in the United States and globally.

Methods
Literature search. We searched JSTOR, Google Scholar, and the Web of Science
database (formerly ISI Web of Science) within the Web of Knowledge search
engine published by Thomson Reuters to identify studies that document cat pre-
dation on birds and mammals. We initially focused this search on US studies, but
due to a limited sample of these studies, we expanded the search to include pre-
dation research from other temperate regions. We also searched for studies pro-
viding estimates of cat population sizes at the scale of the contiguous United States
and for US studies that estimate the proportion of owned cats with outdoor access
and the proportion of cats that hunt wildlife. The search terms we used included:
‘domestic cat’ in combination with ‘predation,’ ‘prey,’ ‘diet,’ ‘food item’ and
‘mortality’; all previous terms with ‘domestic cat’ replaced by ‘Felis catus,’ ‘feral,’
‘stray,’ ‘farm,’ ‘free-ranging,’ and ‘pet’; ‘trap-neuter-return colony’; ‘TNR colony’;
and ‘cat predation’ in combination with ‘wildlife,’ ‘bird,’ ‘mammal,’ and ‘rodent’.
We checked reference lists of articles to identify additional relevant studies. Lead
authors of three studies were also contacted to enquire whether they knew of
ongoing or completed unpublished studies of cat predation in the United States.

Classification of cat ranging behaviour. We grouped studies based on the ran-
ging behaviour of cats investigated. We defined owned cats to include owned cats in
both rural and urban areas that spend at least some time indoors and are also
granted outdoor access. We defined un-owned cats to include all un-owned cats
that spend all of their time outdoors. The un-owned cat group includes semi-feral
cats that are sometimes considered pets (for example, farm/barn cats and strays
that are fed by humans but not granted access to habitations), cats in subsidized
(including TNR) colonies, and cats that are completely feral (that is, completely
independent and rarely interacting with humans). We did not classify cats by
landscape type or whether they receive food from humans because the amount of
time cats spend outdoors is a major determinant of predation rates33,34 and
because predation is independent of whether cats are fed by humans6,34,35.

Study inclusion criteria. Studies were only included if: (1) they clearly reported cat
ranging behaviour (that is, a description of whether cats were owned or un-owned
and whether they were outdoor cats or indoor-outdoor cats), and (2) the group of
cats investigated fit exclusively into one of the two groups we defined above (that is,
we excluded studies that lumped owned and un-owned cats in a single predation
rate estimate). For some studies, we extracted a portion of data that met these
criteria but excluded other data from cats with unknown ranging behaviour. We
only included mainland and large island (New Zealand and United Kingdom)
predation studies, because cat predation on small islands is often exceptionally
high36,37 and focused on colony nesting seabirds38. We excluded studies from
outside temperate regions and those with predation rate estimates based on fewer
than 10 cats, o1 month of sampling, or on cats that were experimentally
manipulated (for example, by fitting them with bells or behaviour altering bibs).
We included studies that used cat owners’ records of prey returns, but we excluded
those that asked owners to estimate past prey returns because such questionnaires
may lead to bias in estimation of predation rates39. (For a list of all included and
excluded studies, see Supplementary Table S1).

Data extraction and standardization of predation rates. Most studies report an
estimate of cat predation rate (that is, daily, monthly or annual prey killed per cat)
or present data that allowed us to calculate this rate. When studies only reported
predation rate estimates for all wildlife combined, we calculated separate predation
rates by extracting taxa-specific prey counts from tables or figures and multiplying
the total predation rate by the proportion of prey items in each taxon. If taxa-
specific counts were not provided, we directly contacted authors to obtain this
information. For studies that presented low, medium and high estimates or low and
high estimates, we used the medium and average values, respectively. For studies
that presented more than one predation estimate for cats with similar ranging
behaviour (for example, owned cats in rural and urban areas), we calculated the
average predation rate.

Nearly all studies of un-owned cats report numbers or frequencies of occurrence
of different taxa in stomachs and/or scats. For studies reporting numbers of prey
items, we estimated annual predation rates by assuming one stomach or scat
sample represented a cat’s average daily prey intake (for example, an average of one
prey item per stomach or scat¼ 365 prey per cat per year). This assumption likely
resulted in conservative estimates because cats generally digest prey within 12 h
(ref. 28) and can produce two or more scats each day29. For studies reporting
occurrence frequencies of prey items, we assumed this proportion represented a
cat’s average daily prey intake (for example, a 10% bird occurrence rate¼ 0.1 bird
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per stomach or scat¼ 36.5 birds per cat per year). This assumption results in coarse
predation rate estimates, but estimates from this approach are even more
conservative than those from the first assumption because many stomachs and
scats undoubtedly included more than one bird or mammal.

Predation rate estimates from many studies were based on continuous year-
round sampling or multiple sampling occasions covering all seasons. However,
seasonal coverage of some studies was incomplete. To generate full-year predation
rate estimates in these cases, we adjusted partial-year predation estimates according
to the average proportion of prey taken in each month as determined from year-
round studies reporting monthly data (birds and mammals8,33, birds only7,40). For
partial-year estimates from the northern hemisphere, we offset monthly estimates
from southern hemisphere studies by 6 months. The final annual predation rate
estimates for all studies are presented in Supplementary Table S1. The year-round
studies we used represent different geographical regions (for birds—England,
Kansas (US), Australia and New Zealand; for mammals—England and Australia)
with varying climates and slightly varying seasonal patterns of predation. For both
birds and mammals, averaging across full-year studies resulted in higher
proportions of predation in the spring and summer compared with fall and winter,
an expected pattern for much of the United States. The reference studies we used,
therefore, provide a reasonable baseline for correcting to full-year mortality
estimates. This approach greatly improves upon the assumption that mortality is
negligible during the period of the year not covered by sampling.

Quantification of annual mortality from cat predation. We estimated wildlife
mortality in the contiguous United States by multiplying data-derived probability
distributions of predation rates by distributions of estimated cat abundance,
following41. Quantification was conducted separately for owned and un-owned cats
and for birds and mammals. As there was a relatively small sample of US studies
that estimated predation rates (n¼ 14 and 10 for birds and mammals, respectively),
we repeated calculations using predation rate distributions that were augmented
with predation rates from Europe and all temperate zones. However, we only used
studies from the contiguous United States to construct all other probability
distributions (listed below).

We estimated mortality using the following model of cat predation:

Annual mortality from owned cats mpð Þ¼ npc�pod�pph�ppr�cor ð1Þ

Annual mortality from unowned cats mfð Þ¼ nfc�pfh�fpr ð2Þ

Total annual mortality from all cats¼mpþmf ð3Þ

where npc is the number of owned cats in the contiguous United States, pod is the
proportion of owned cats granted outdoor access, pph is the proportion of outdoor
owned cats that hunt wildlife, ppr is the annual predation rate by owned cats, cor is
a correction factor to account for owned cats not returning all prey to owners, nfc
is the number of un-owned cats in the contiguous United States, pfh is the
proportion of un-owned cats that hunt wildlife, and fpr is the annual predation
rate by un-owned cats. From the probability distribution of each parameter
(see Table 1 and Supplementary Methods for details about the specific probability
distributions used), we randomly drew one value and used the above formulas to
calculate mortality. Random draws were made using distribution functions in
Programme R (rnorm and runif commands for normal and uniform distributions,
respectively). We conducted 10,000 random draws to estimate a potential
range of annual predation on each wildlife taxa. For all analyses, we report median
mortality estimates and lower and upper estimates bracketing the central 95% of
values.

Sensitivity analyses. We used multiple linear regression analysis to assess how
much variance in mortality estimates was explained by the probability distribution
for each parameter. We treated total mortality estimates as the dependent variable
(n¼ 10,000) and we defined a predictor variable for each parameter that consisted
of the 10,000 randomly drawn values. We used adjusted R2 values to interpret the
percentage of variance explained by each parameter.
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INTRODUCTION 

Currently no freshwater offshore wind facilities occur within the United States.   Europe leads 

the world in the development and construction of offshore wind facilities. Unfortunately, very 

few post-construction mortality studies evaluating the potential impact on wildlife exist for 

offshore wind facilities.  In part this is due to the difficulty conducting such surveys in an aquatic 

environment and the lack of baseline data on pelagic wildlife.  Of the few studies conducted at 

offshore wind facilities, some have been inconclusive and others have suggested that these 

facilities may have both direct (mortalities from collisions) and indirect (avoidance and habitat 

loss) on pelagic and migratory birds (Bevanger et al. 2010). Mortality searches at onshore wind 

facilities in the Midwest have recorded that passerines comprise greater than 90% of the birds 

struck and only about 5% of the species struck are waterfowl (Erickson et al. 2008).  However, 

with the lack of information from offshore wind facilities in freshwater environments, it is 

unclear what impacts wind facilities in the Great Lakes may pose to the pelagic wildlife. 

In much of the Great Lakes region, offshore wind has been suggested or proposed.  Not 

surprisingly the greatest wind energy potential in Ohio is over the waters of Lake Erie (NREL 

Ohio Offshore Wind Map 2010). Despite other Great Lakes having greater wind energy potential 

than Lake Erie, its shallow waters and proximity to electricity-load centers (e.g., Toledo, 

Cleveland, Detroit, and Buffalo) make it economically more feasible for wind energy facilities 

than some of the deeper lakes. 

Lake Erie, the smallest of the Great Lakes in cubic volume, is constantly exposed to 

environmental and industrial fluxes, and thus is a dynamic ecosystem.  The unique bathymetry of 
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the lake greatly influences the characteristics of water movement and upwellings, which often 

bring nutrient-rich water to the surface in specific areas of the lake. These nutrients can result in 

greater production of phyto- and zooplankton, which attract fishes and offshore birds.  The 

abundance of fish also increases the concentrations of commercial fishing vessels, which in turn 

attracts pelagic birds attracted by the fish discarded by these vessels.  Although we have limited 

data on quantity and species diversity, Lake Erie has been suggested to be a major stop-over and 

migratory route for pelagic birds.  Furthermore, it has been suggested that a significant portion of 

North America’s red-breasted merganser (Mergus merganser) population is on Lake Erie.  

Peterjohn (2001) recorded flocks of 210,000 individual mergansers on a single day near 

Sandusky, Ohio. Additionally, the Ohio Department of Natural Resources, Division of Wildlife 

(ODNR- DOW) conducts a bi-weekly aerial waterfowl survey within the nearshore boundaries 

of Lake Erie.  Scaup (Aythya sp.) have been recorded exceeding 25,000 birds on lake during any 

one survey (Figure 1).  

 

 

 

 

 

 

 

Figure 1.  Ohio’s Lake Erie wind speed potential with Ohio Department of Natural Resources 
Division of Wildlife waterfowl survey locations indicated with hatch-marks. 
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In 2009, ODNR-DOW and U.S. Fish and Wildlife Service (USFWS) recognized that 

large information gaps existed on pelagic birds within Lake Erie and such information is 

essential in siting any proposed offshore wind facilities.  Therefore, to provide baseline data on 

the distribution of pelagic birds in Ohio’s boundaries of Lake Erie, the ODNR-DOW in 

coordination with USFWS conducted fall and spring pelagic surveys in 2009 and 2010 (Lott et 

al. 2011).  The objectives of this preliminary assessment were to (1) develop survey protocol 

using aerial transects, (2) survey and map the distribution of pelagic birds, and (3) preliminary 

identify areas of greatest concentration (thus risk from wind turbine placement) of pelagic birds.  

The ODNR-DOW received a grant to continue this baseline assessment for a second year (2010-

2011). The purpose of this report is to provide the results of the second year, compare variability 

among years, and provide recommendations for future studies. 

STUDY AREA 

Our study was conducted within Ohio’s boundaries of Lake Erie, including all areas between the 

312-mile shoreline and the international boundary.  Lake Erie is notable for having shallow 

waters, the average depth being only 19 m (62 ft) with depths ranging from 0 to 82 m (269 ft; 

Figure 2). The smallest Great Lake in volume, Lake Erie is approximately 119 cubic miles.  The 

shoreline of the entire lake is 871 miles and the lake’s surface is about 10,000 square miles.   

Sediment within the lake is predominately mud, but also includes bedrock, glacial till, sand, and 

gravel (Figure 3).   
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Figure 2.  Map of Ohio’s portion of Lake Erie and distance from shoreline. 

 

 

 

 

 

 

Figure 3. Map of Ohio’s portion of Lake Erie and sediments. 

METHODS 

Survey methods—To evaluate pelagic bird distribution within Ohio’s boundaries of Lake Erie, 

we flew 29 transects which zigzagged between the shoreline and the international boundary 

(Figure 4).  Each transect varied in length (10 to 32 miles), but were evenly distributed along the 

shoreline and international boundary, and totaled 664 miles. For 2 years (2009-2010 [year 1] and 
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2010-2011 [year 2]), transects were flown once weekly during the fall (mid-October to mid-

December) and spring (mid-March and mid-May), however due to the total length of the survey 

it took 2 days to complete each survey.  Additionally, the 2 transects closest to the Camp Perry 

Training Center firing zone in Ottawa County were shortened within the safety fan when firing 

occurred at the training center.  Because of this variability, the total miles flown were calculated 

for each completed survey. A twin engine Partenavia P68C was used to conduct the flights at an 

altitude of approximately 76.2 m (250 ft) agl, and at a speed of 120 knots (138 mph).  It is 

important to note that the original flight height was 152.4 m (500 ft), however we quickly 

determined that detection and identification of individuals was too difficult and we needed to 

lower our flight height.     

 

 

 

 

 

Figure 4.  Pelagic bird aerial survey transects within Ohio’s boundaries of Lake Erie, 2009-

2011. 
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Observations were recorded on a Dell Axim handheld computer using ArcPad Version 

7.0, which allowed for simultaneous recording of bird detections and spatial coordinates.  

Species detected, number of individuals and position along the transect were recorded. Birds 

were mostly identified to species, but we also consistently grouped some species together (e.g., 

herring and ring-billed gulls), due to difficulty differentiating species apart at our flight height. 

Analyses—To compare variability among years in species abundance we calculated the mean 

number of birds detected per mile flown for each season (fall and spring) and each year (year 1 = 

2009-2010 and year 2 = 2010-2011). We also provided distribution maps for all species in each 

year.   Areas with the greatest densities of birds were identified using inverse distance weighting 

(IDW) for 804 m2 (0.5 mile2) grid cells in ArcGIS Version 9.3 to interpolate the number of birds 

within all Ohio areas of the lake. Using IDW, observations that are closest to a cell have the 

greatest effect on the value for each cell.  We used the 20 closest observations to derive the value 

of each grid cell. To compare between years we conducted both yearly interpolations, as well as 

a comprehensive interpolation that merged the data from both years. We also assessed bird 

distribution relative to distance to shoreline for all species.  

RESULTS 

In year 1, we flew a total of 12,047 miles and recorded 10,644 observations which included 

458,522 individuals consisting of 44 species (Table 1 and Appendix A).  In year 2, we flew a 

total of 12,348 miles and recorded 13,996 observations which included 267,263 individuals 

consisting of 46 species (Table 1 and Appendix B).  Ten species (lesser black-backed gull [Larus 

fuscus], Caspian tern [Hydroprogne capia], snow bunting [Plectrophenax nivalis], bald eagle 

[Haliaeetus leucocephalus], brant [Branta bernicla], American coot [Fulica Americana], rock 
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pigeon [Columba livia], black-crowned night heron [Nycticorax nycticorax], green heron 

[Butorides virescens], and red-winged black bird [Agelaius phoeniceus]) were detected in year 1 

and not in year 2, whereas 7 other species (American wigeon [Anas americana], red-tailed hawk 

[Buteo jamaicensis], hooded merganser [Lophodytes cucullatus], northern pintail [Anas acuta], 

ring-necked duck [Aytha collaris], tree swallow [Tachycineta bicolor], and surf scoter [Melanitta 

perspicillata]) were detected in year 2 but not in year 1.  Although greater and lesser scaup 

(A.marila and A. affinis) were the most abundant species (or groups) observed in both years (year 

1:  = 18.86 birds/mi SE= 6.53, and year 2:   = 9.91 birds/mi SE = 3.80), year 1 was 

statistically greater than year 2 (p < 0.001, α = 0.05).  The second and third most observed 

species (or groups) were also different in each year (year 1: red-breasted merganser [Mergus 

serrator ]   =  5.05 birds/mi SE= 2.20, and ring-billed and herring gulls [Larus delawarensis 

and L. argentatus]  = 4.01 birds/mi, SE= 0.90, and year 2: ring-billed and herring gulls   = 

6.13 birds/mi SE= 0.75 and then red-breasted merganser   = 1.86 birds/mi SE= 0.81).  For 

additional information on where species were located during our surveys Appendix C provides 

species-specific depictions for both years of the survey. 

Not unexpectedly, in addition to yearly differences in overall abundance of birds 

observed, our results also suggest temporal variation among seasons and dates within a season 

(Figure 5 and 6).  Birds observed per mile observed in the spring were less (year 1: = 13.35, SE 

= 4.37, n= 11 and year 2:   = 11.67, SE = 3.10, n = 11) than in the fall (year 1: = 55.75, SE = 

13.45, n= 10 and year 2:   = 33.48, SE = 6.40, n = 10).  For both years the peak date in which 

most birds per mile were observed was 22 November (137.75 birds/mi and 62.76 birds/mi in 

year 1 and year 2, respectively; Figure 6).    
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Table 1.  Species observed during pelagic bird surveys over Ohio’s portion of Lake Erie during 2009-2011.  Mean (  number of 
birds observed per mile flown and standard errors (SE) calculated for years (year 1 = 2009-2010 and year 2 = 2010-2011) and seasons 
(fall = mid-October to mid-December and spring = mid-March and mid-May). 

 Year 1 (2009-2010) Year 2 (2010-2011) 
 Fall (n = 10) Spring (n = 11) Fall (n =10) Spring (n = 11) 
Species  (birds/mi) SE  (birds/mi) SE  (birds/mi) SE  (birds/mi) SE 
Gulls and Terns          
Herring/ring-billed gull 4.4320 1.1189 3.6257 1.4303 6.7586 0.8019 5.5669 1.2570 
Greater black-backed gull 0.0081 0.0025 0.0078 0.0029 0.0083 0.0046 0.0262 0.0093 
Lesser black-backed gull   0.0010 0.0010     
Glaucous gull 0.0006 0.0004 0.0004 0.0002 0.0009 0.0008 0.0003 0.0003 
Bonaparte’s gull 2.7518 0.4414 0.4253 0.1733 2.5195 0.4864 0.2549 0.0784 
Tern sp.   0.0558 0.0386 0.0015 0.0015 0.0055 0.0055 
Caspian tern   0.0015 0.0008     
         
Dabbling Ducks         
American black duck 0.1415 0.0892 0.0004 0.0002 0.1784 0.1227 0.1224 0.1122 
American wigeon     0.0413 0.0413   
Mallard 0.9367 0.7703 0.0129 0.0077 0.4981 0.3869 0.0368 0.0176 
Northern pintail       0.0015 0.0015 
         
Diving Ducks         
Redhead 0.2026 0.2004 0.4107 0.4107 0.0386 0.0386 0.0424 0.0424 
Long-tailed duck 0.0056 0.0054 0.0018 0.0018 0.0009 0.0008   
Goldeneye 0.0629 0.0495 0.0604 0.0312 0.0045 0.0028 0.6099 0.3671 
Bufflehead 0.0983 0.0404 0.0490 0.0055 0.0892 0.0325 0.2247 0.1751 
Ring-necked     0.0038 0.0038   
Ruddy 0.0139 0.0115 0.0241 0.0205 0.0441 0.0294   
Canvasback 0.0811 0.0760 0.1746 0.1710 0.0105 0.0064 0.0744 0.0680 
Black scoter 0.0019 0.0018   0.0002 0.0002   
White-winged scoter 0.0038 0.0035   0.0003 0.0003   
Surf scoter     0.0002 0.0002   
Scaup sp. 32.8707 11.8968 6.1270 3.6169 19.0612 6.8998 1.5916 0.7624 
         
Duck sp. 0.0083 0.0078 0.0219 0.0179 0.0139 0.0079 0.0048 0.0042 
         
Mergansers         
Red-breasted merganser 9.0020 4.3193 1.4501 0.6756 2.3975 1.6599 1.3677 0.4800 



10 
 

Common merganser 0.0062 0.0043 0.0072 0.0057 0.1321 0.1296 0.2676 0.2152 
Hooded merganser       0.0005 0.0005 
         
Loons and Grebes         
Red-necked grebe 0.0002 0.0002   0.0002 0.0002 0.0003 0.0003 
Horned grebe 0.1261 0.0406 0.0369 0.1070 0.1658 0.0591 0.0969 0.0275 
Common loon 0.4971 0.1492 0.2372 0.1153 0.2889 0.1162 0.2409 0.0878 
Red-throated loon 0.0041 0.0021 0.0002 0.0002 0.0008 0.0005 0.0013 0.0005 
         
Geese and Swans         
Canada goose 0.1818 0.0624 0.1527 0.0877 0.1941 0.0474 0.0856 0.0511 
Brant 0.0002 0.0002       
Trumpeter swan 0.0039 0.0027   0.0014 0.0014 0.0002 0.0002 
Tundra swan 0.0079 0.0069 0.0067 0.0064 0.0108 0.0082 0.0015 0.0015 
Mute swan 0.0034 0.0034 0.0004 0.0004   0.0001 0.0001 
         
Colonial Waterbirds         
Double-crested cormorant 4.2478 3.7746 0.4531 0.1203 1.0083 0.4494 0.3349 0.1095 
Great egret   0.0088 0.0039 0.0010 0.0005 0.0072 0.0046 
Great blue heron 0.0004 0.0004 0.0167 0.0049 0.0002 0.0002 0.0113 0.0032 
Snowy egret   0.0001 0.0001   0.0012 0.0007 
Black-crowned night heron   0.0001 0.0001     
Green heron   0.0001 0.0001     
         
Other         
American coot 0.0384 0.0309       
American crow   0.0010 0.0007   0.0001 0.0001 
Bald eagle 0.0003 0.0002 0.0018 0.0007     
Jaeger sp. 0.0003 0.0003   0.0001 0.0001   
Passerine sp.   0.0004 0.0002 0.0022 0.0022   
Red-tailed hawk     0.0002 0.0002   
Red-winged black bird   0.0001 0.0001     
Rock pigeon   0.0001 0.0001     
Sandpiper sp. 0.0002 0.0002     0.0005 0.0004 
Snow bunting 0.0038 0.0038       
Tree swallow 0.0039 0.0027   0.0013 0.0013 0.0002 0.0002 
Turkey vulture   0.0075 0.0075   0.0049 0.0048 
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Figure 5. The temporal distribution of birds observed per mile during spring pelagic flights over 
Lake Erie during year 1 (2009-2010) and year 2 (2010-2011). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The temporal distribution of birds observed per mile during fall pelagic flights over 
Lake Erie during  year 1 (2009-2010) and year 2 (2010-2011). 
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The overall trends for species distribution were similar among years—the further from 

the shoreline the less birds observed. One difference between years in the distribution of birds 

was that in year 2 we recorded >40,000 birds consistently between 0 and 6 miles from the shore, 

whereas in year 1 we did not record >40,000 birds beyond 2 miles of the shoreline (Figure 7 and 

Figure 8).  For additional information on where species were located during our surveys 

Appendix C provides species-specific depictions for both years of the survey. 

In year 1, we determined that the greatest number of birds were found near the islands 

within the western basin, and at the mouths of the Maumee and Cuyahoga rivers (Figure 9), as 

well as a couple of areas along the international boundary.   Both years indicated similar trends, 

except in year 2 we did not observe greater densities further offshore along the international 

boundary and did have greater densities at the mouth of the Sandusky River (Figure 10). Our 

interpolation of both years’ data provides a spatially explicit depiction of the trends we observed 

for pelagic bird distribution within Lake Erie (Figure 11). 
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Figure 7.  Number of birds recorded relative to the distance observed from shoreline in year 2 
(2010-2011). 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Number of birds recorded relative to the distance observed from shoreline in year 1 
(2009-2010). 
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Figure 9. An interpolation of birds recorded during year 1 (2009-2010) pelagic survey in Lake 
Erie, Ohio using inverse distance weighting for 804 m2 grid cells in ArcGIS Version 9.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. An interpolation of birds recorded during year 2 (2010-2011) pelagic survey in Lake 
Erie, Ohio using inverse distance weighting for 804 m2 grid cells in ArcGIS Version 9.3. 
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Figure 11. An interpolation of birds recorded combining data for 2 years of pelagic surveys 
(2009-2011) in Lake Erie, Ohio using inverse distance weighting for 804 m2 grid cells in ArcGIS 
Version 9
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DISCUSSION 

Our study was the first to systematically evaluate pelagic birds in Ohio’s offshore waters of Lake 

Erie.  Results include temporally and spatially distinctive depictions of pelagic bird distribution 

in Ohio’s boundaries of Lake Erie. Although we detected variability between years, our study 

provides some baseline information essential to assessing the potential impact of wind 

development offshore.   

In both years there were no areas completely devoid of birds; however we observed fewer 

birds in the eastern section of our survey (Figure 11).  We suggest that one explanation for the 

distribution we observed is the unique bathymetry and the differences in sediment of the lake 

(Figure 3).  For instance, in the western basin we observed more birds, the bathymetry and 

sediment in this area are diverse and the water depths are considerably shallower than the central 

and eastern basins.  If the bathymetry is variable water movements could also be varied causing 

upwellings, which could result in more nutrients, more phyto- and zooplankton, more fish, and 

thus more pelagic birds.  Additionally, shallower waters provide easier foraging opportunities for 

diving ducks, such as scoters.  Correlated to the bathymetry, the more sediment types the greater 

likelihood to have a diverse community structure within the water, which would provide pelagic 

birds with a larger prey base.  

As suggested by Tasker et al. (1984) there are several factors that introduce bias when 

counting birds offshore to include: size of bird, color of bird and water, behavior of bird, 

meteorological factors (e.g., weather, ice-cover, wave heights), observer ability, and having 

different observers.  The differences we detected in our results from each year could be due to 

these factors suggested by Tasker et al. (1984) or annual variation.  To reduce and/or evaluate 
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these potential biases in future surveys, it is our recommendation that changes to the study 

protocol include consistent double observer methods and recording weather data and presence of 

fishing vessels (which can temporarily increase numbers of birds in an area).  Additionally, 

incorporating distance sampling methods to the survey would provide detection probabilities and 

allow for correction factors to be applied to the data to account for some of the potential biases.  

We also recommend that the survey transects are more discrete from each other rather than the 

zigzag transects used in this study.  At each turn from one transect to the next using the zigzag 

approach there was greater chance that birds were double-counted, thus over-estimating.  In fact, 

this might be the reason our results in year 1 indicated greater numbers of birds in some areas 

along the international boundary, as well as some shoreline areas.    

Although we recognize some limitations to this 2-year study, we believe that the 

innovative methods, as well as the baseline information we gained was critical.  Conducting 

studies in future years (on Lake Erie) and on other Great Lakes, which incorporate what we have 

learned from this study will provide essential data on pelagic bird distribution in freshwater 

environments.  Additionally, expanding the study to other Great Lakes may provide a more 

complete picture of how these birds migrate across the region.     
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Appendix A 

 

Year 1 (2009-2010) Survey Results 
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Date: 14 October 2009  
Total species observed: 8 Distance flown: 290 
Total number of individuals observed: 15,875 Birds per mile: 54.7 
 

 

 

 

 

 

 

 

 

 

 

 

Date: 17, 19 October 2009  
Total species observed: 10 Distance flown: 654 
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Total number of individuals observed: 10, 379 Birds per mile: 15.9 

Date: 27, 29 October 2009  
Total species observed: 14 Distance flown: 564 
Total number of individuals observed: 6,300 Birds per mile: 11.2 

 

Date: 4, 5 November 2009  
Total species observed: 18 Distance flown: 654 
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Total number of individuals observed: 48,002 Birds per mile: 73.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Date: 10, 13 November 2009  
Total species observed: 14 Distance flown: 664 
Total number of individuals observed: 32,894 Birds per mile: 49.5 

 

 

Date: 17, 18 November 2009  
Total species observed: 16 Distance flown: 654 
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Total number of individuals observed: 30,723 Birds per mile: 47.0 
 

 

 

 

Date: 23, 24 November 2009  
Total species observed: 17 Distance flown: 654 
Total number of individuals observed: 90,089 Birds per mile: 137.8 

 

Date: 1, 2 December 2009  
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Total species observed: 18 Distance flown: 654 
Total number of individuals observed: 22,340 Birds per mile: 34.2 

 

 

Date: 8, 11 December 2009  
Total species observed: 13 Distance flown: 324 
Total number of individuals observed: 37,634 Birds per mile: 116.2 

 

Date: 15, 16, 18 December 2009  
Total species observed: 23 Distance flown: 664 
Total number of individuals observed: 11,776 Birds per mile: 17.7 
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Date: 17, 18 March 2010  
Total species observed: 21 Distance flown: 664 
Total number of individuals observed: 33,408 Birds per mile: 50.3 

 

Date: 23, 24 March 2010  
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Total species observed: 17 Distance flown: 2664 
Total number of individuals observed: 15,228 Birds per mile: 22.9 

 

Date: 31 March 2010  
Total species observed: 16 Distance flown: 300 
Total number of individuals observed: 6,262 Birds per mile: 20.9 

 

Date: 5, 6 April 2010  
Total species observed: 19 Distance flown: 664 



27 
 

Total number of individuals observed: 5,321 Birds per mile: 8.0 

 

Date12, 13 April 2010  
Total species observed: 22 Distance flown: 664 
Total number of individuals observed: 4,371 Birds per mile: 6.6 

 

Date: 19, 20 April 2010  
Total species observed: 20 Distance flown: 664 
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Total number of individuals observed: 5,312 Birds per mile: 8.0 

 

 
Date: 26, 27 April 2010 

 

Total species observed: 12 Distance flown: 664 
Total number of individuals observed: 3,628 Birds per mile: 5.5 

 

Date: 4 May 2010  
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Total species observed: 4 Distance flown: 364 
Total number of individuals observed: 380 Birds per mile: 1.0 

 

Date: 10, 14 May 2010  
Total species observed: 7 Distance flown: 315 
Total number of individuals observed: 5,933 Birds per mile: 18.8 

 

Date: 17, 20 May 2010  
Total species observed: 6 Distance flown: 654 
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Total number of individuals observed: 1,521 Birds per mile: 2.3 

 

 

Date: 24, 27 May 2010  
Total species observed: 7 Distance flown: 654 
Total number of individuals observed: 1,582 Birds per mile: 2.4 
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Appendix B 

 

Year 2 (2010-2011) Survey Results 
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Date: 4, 5 October 2010  
Total species observed: 10 Distance flown: 474 
Total number of individuals observed: 6216 Birds per mile: 13.1 

 
Date: 12, 13 October 2010  
Total species observed:13 Distance flown: 654 
Total number of individuals observed: 8170 Birds per mile: 12.5 
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Date: 19, 20 October 2010  
Total species observed: 11 Distance flown: 664 
Total number of individuals observed: 17053 Birds per mile: 25.7 

 

Date:27, 28 October 2010  
Total species observed: 13 Distance flown: 349 
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Total number of individuals observed: 20861 Birds per mile: 59.8 

 

Date: 4, 5 November 2010  
Total species observed:14 Distance flown: 664 
Total number of individuals observed: 19927 Birds per mile: 30.0 

 

Date: 8, 9 November 2010  
Total species observed: 20 Distance flown: 664 
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Total number of individuals observed: 39946 Birds per mile: 60.2 

 

Date: 15, 19 November 2010  
Total species observed: 19 Distance flown: 664 
Total number of individuals observed: 12845 Birds per mile: 19.3 

 

Date: 23, 24 November 2010  
Total species observed: 19 Distance flown: 664 
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Total number of individuals observed: 41675 Birds per mile: 62.8 

 

Date: 8, 9 December 2010  
Total species observed: 16 Distance flown: 664 
Total number of individuals observed: 23446 Birds per mile: 35.3 

 

Date: 14, 15 December 2010  
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Total species observed: 17 Distance flown: 664 
Total number of individuals observed: 10744 Birds per mile: 16.2 

 

Date: 7, 8 March 2011  
Total species observed: 9 Distance flown: 664 
Total number of individuals observed: 10423 Birds per mile: 15.7 

 

Date: 14 March 2011  
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Total species observed: 16 Distance flown: 300 
Total number of individuals observed: 6968 Birds per mile: 23.2 

 

Date: 21, 24 March 2011  
Total species observed: 14 Distance flown: 409 
Total number of individuals observed: 3991 Birds per mile: 9.8 

 

Date: 28, 29 March 2011  
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Total species observed: 21 Distance flown: 664 
Total number of individuals observed: 24084 Birds per mile: 36.3 

 

Date: 5, 6 April 2011  
Total species observed: 19 Distance flown: 532 
Total number of individuals observed: 7402 Birds per mile: 13.9 
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Date: 12, 15 April 2011  
Total species observed: 16 Distance flown: 664 
Total number of individuals observed: 4921 Birds per mile: 7.4 

 

Date: 27, 29 April 2011  
Total species observed: 14 Distance flown: 654 
Total number of individuals observed: 3223 Birds per mile: 4.9 
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Date: 2, 4 May 2011  
Total species observed: 12 Distance flown: 654 
Total number of individuals observed: 3987 Birds per mile: 6.1 

 

Date: 10, 11 May 2011  
Total species observed: 13 Distance flown: 654 
Total number of individuals observed: 3675 Birds per mile: 5.6 
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Date: 19 May 2011  
Total species observed: 9 Distance flown: 364 
Total number of individuals observed: 1116 Birds per mile: 3.1 

 

Date: 23, 25 May 2011  
Total species observed: 8 Distance flown: 364 
Total number of individuals observed: 1116 Birds per mile: 3.1 
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Appendix C 

 

Species-specific Results 
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West, Inc. 4 November 2016 

Figure 2. Total bird observations in relation to distance from shoreline along the 
southern shore of Lake Erie as recorded in Year one (fall 2009 – spring 2010) of 
the aerial pelagic bird survey effort conducted by the Ohio Department of Natural 
Resources. (Figure reproduced from Norris and Lott 2011).  

Figure 3. Total bird observations in relation to distance from shoreline along the southern 
shore of Lake Erie as recorded in Year two (fall 2010 – spring 2011) of the aerial 
pelagic bird survey effort conducted by the Ohio Department of Natural Resources 
(Figure reproduced from Norris and Lott 2011). 
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 Abstract. Billions of birds migrate at night over North America each year. However, few 

studies have described the phenology of these movements, such as magnitudes, directions, and 

speeds, for more than one migration season and at regional scales. In this study, we characterize 

density, direction, and speed of nocturnally migrating birds using data from 13 weather 

surveillance radars in the autumns of 2010 and 2011 in the northeastern US. After screening 

radar data to remove precipitation, we applied a recently developed algorithm for characterizing 

velocity profiles with previously developed methods to document bird migration. Many hourly 
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radar scans contained wind-borne “contamination,” and these scans also exhibited generally low 

overall reflectivities. Hourly scans dominated by birds showed nightly and seasonal patterns that 

differed markedly from those of low reflectivity scans. Bird migration occurred during many 

nights, but a smaller number of nights with large movements of birds defined regional nocturnal 

migration. Densities varied by date, time, and location but peaked in the second and third deciles 

of night during the autumn period when the most birds were migrating. Migration track (the 

direction to which birds moved) shifted within nights from south southwesterly to southwesterly 

during the seasonal migration peaks; this shift was not consistent with a similar shift in wind 

direction. Migration speeds varied within nights, although not closely with wind speed. 

Airspeeds increased during the night; groundspeeds were highest between the second and third 

deciles of night, when the greatest density of birds was migrating. Airspeeds and groundspeeds 

increased during the fall season, although groundspeeds fluctuated considerably with prevailing 

winds. Significant positive correlations characterized relationships among bird densities at 

southern coastal radar stations and northern inland radar stations. The quantitative descriptions of 

broad-scale nocturnal migration patterns presented here will be essential for biological and 

conservation applications. These descriptions help to define migration phenology in time and 

space, fill knowledge gaps in avian annual cycles, and are useful for monitoring long-term 

population trends of migrants. Furthermore, these descriptions will aid in assessing potential 

risks to migrants, particularly from structures with which birds collide and artificial lighting that 

disorients migrants. 

Key words: WSR-88D, radar ornithology, nocturnal migration, spatio-temporal patterns, 

quantitative description, BirdCast 
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INTRODUCTION 

Bird migration is one of Earth’s amazing spectacles, with billions of birds of many species 

migrating predominantly at night. Numerous studies have described migratory movements of 

individual birds (e.g., Bridge et al. 2011, Jahn et al. 2013, McKinnon et al. 2013) or migration 

densities at a single location (e.g., Gauthreaux 1969, 1971, Erni et al. 2002, Gauthreaux and 

Livingston 2006). But many fewer studies have detailed nocturnal bird movements at scales that 

capture population-level movements (Lowery and Newman 1966; Gauthreaux et al. 2003; Buler 

and Dawson 2014), and even these studies have presented results restricted to a small number of 

nights or a limited period of night. Studies at these scales are still necessary, primarily to provide 

data describing fundamental patterns of movement of migrating birds across broad spatial (i.e. 

continental), temporal (i.e. nightly, seasonal, annual), and population scales. These data are also 

of practical importance, given the potential impacts of human structures such as wind turbines 

and tall, lighted buildings as sources of mortality for nocturnally migrating birds (Kerlinger et al. 

2010, Loss et al. 2013, 2014).  

Radar is the best source of information to describe nocturnal movements of birds across a 

range of spatial scales. For examining migration across broad regions, the appropriate raw data 

are available from networks of weather surveillance radars, such as the U.S. Weather 

Surveillance Radar 1988-Doppler, or NEXRAD (hereafter WSR-88D; Crum and Alberty 1993, 

Crum et al. 1993, Dvorak and Zrnic 1993). However, challenges in processing the enormous 

quantity of data that the WSR-88D network captures have constrained its application to a handful 

of studies (e.g., Gauthreaux et al. 2003, Buler and Diehl 2009, Buler et al. 2012; Buler and 

Dawson 2014).  Furthermore, these challenges are not simple scale-dependent processing issues. 

The identification of biological targets represented in radar data is difficult. At present, this often 
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requires human expertise, which may not be 100% accurate. Bird movements in the atmosphere 

rarely occur in isolation in the continental US; in data representing biological targets, 

measurements of migrating birds may be confounded with drifting and flying insects and 

foraging and migrating bats (e.g. Johnson 1969, Russell and Wilson 1997, Russell et al. 1998, 

Horn and Kunz 2008, McCracken et al 2008, Chapman et al. 2011). Whereas drifting insects and 

foraging bats may be more readily identified because their velocities are close to those of winds, 

flying insects (e.g. large moths and dragonflies) and migrating bats exhibit patterns of nocturnal 

movement very similar to those of migrating birds (Bruderer and Popa-Lisseanu 2005, 

Gauthreaux et al. 2008, Alerstam et al. 2011, Krauel et al. 2015). 

We examine regional-scale fall migration patterns across the northeastern US (hereafter 

NEUS). We identify and describe quantitative and qualitative variation in migration through the 

night and fall migration season. Our data come from 13 WSR-88D stations in the region from 

northern Virginia north to the Canadian borders of New York to Maine, and for the two fall 

migration periods of 1 August to 30 November in 2010 and 2011. We characterize variation in 

the density, migration track (i.e. direction to which birds are moving; Alerstam and Hedenström 

1998), airspeed, and ground speed of nocturnal bird migration by date, time, and location at the 

regional level. We also provide a foundation for expanded use of these data in the future by 

describing tools to aid and automate the processing of radar data: a new screening tool for rapid 

review of radar imagery developed by one of the authors and an algorithm to facilitate analysis 

of WSR-88D velocity data (Sheldon et al. 2013). 

 

METHODS 

Input Data 
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We obtained Level II data for 13 WSR-88D stations in the NEUS for all scans between local 

civil twilight dusk and dawn (i.e. when the sun was at least 6° below horizon) beginning after 

sunset on 1 August to sunrise on 1 December for 2010 and 2011 from the National Climatic Data 

Center [http://www.ncdc.noaa.gov/nexradinv/] (Table 1). We restricted our analysis to this range 

of times because sunset and sunrise scans are dominated by diurnal and stopover activity, 

including birds and other biological targets (e.g. diurnal and crepuscular insects; Chapman et al. 

2011) not necessarily engaged in nocturnal flights. Level II data consist of basic products, of 

which we used base reflectivity and radial velocity. Every 6 – 10 minutes, each radar antenna 

scans a volume of the atmosphere by sending pulses of microwave energy outward in a pre-

defined scanning pattern (Crum and Alberty 1993, Crum et al. 1993). The reflections of these 

pulses from objects (i.e. birds, insects, hydrometeors) are summarized within volumes of space, 

termed “pulse volumes” (PV; also known as sample volumes) determined by the width of a 

radar’s beam and that radar’s resolution in radial distance along the beam (0.5° wide and 250 m 

long for this study’s radars). Absolute PV size increases with distance from the radar, and PVs 

represent “the smallest quantifiable measure of reflectivity or velocity” using Level II data 

(Larkin and Diehl 2012). Our data consisted of one scan (i.e. a single execution of the scanning 

pattern) per hour per station, starting with the scan closest to local sunset and continuing in 

approximately one-hour increments until local sunrise, with scans no more than 5 minutes from 

the desired hourly interval (n = 39840 hourly scans in total).  

We analyzed radar reflectivity data from all PVs within 37.5 km of each radar station up 

to a sampling height of 3000 m above the radar station in 30 100-m intervals (hereafter bins). We 

used standard assumptions about atmospheric refraction and beam propagation (the 4/3 Earth 

radius model; Doviak and Zrnic 1993) to compute PV height from antenna angle and distance 
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from the radar. We used a 3000 m cutoff based largely on previous work suggesting this altitude 

was an upper limit that encompassed most migration in this region (Williams and Williams 

1978). The primary rationale (e.g. from Buler and Diehl 2009, Dokter et al. 2011) for analyzing 

data from this small (37.5 km radius, 3 km height) region relative to the entire range is to work 

within the volume of atmosphere with the most accurate estimates of radar beam height and to 

minimize use of data from pulse volumes experiencing non-standard refraction of the radar beam 

(e.g. anomalous propagation, spurious patterns caused by interactions with thermal inversion 

layers and other varying atmospheric phenomena; Bech et al. 2012). 

Reflections returned to and received by a radar antenna (i.e. “returns”) represented either 

targets of potential interest or “clutter” caused by objects on or near the ground. PVs vary 

slightly in their spatial positions among and within scans for several reasons, including: (1) 

variations in PV resolution across different data products (reflectivity and radial velocity) within 

a single scan, (2) variations in PV resolution across radar operating modes, and (3) variability in 

the physical movement of the antenna from scan to scan. To facilitate analyses that compare a 

specific volume in space across multiple data products or scans, we aligned the edges of all PVs 

to a fixed polar grid with angular resolution of 0.5° and 250 m range bins by applying nearest 

neighbor interpolation.  

We screened visually all hourly radar scans using a custom-designed web application 

(Irvine 2013). We excluded scans that contained precipitation or ground clutter due to anomalous 

propagation within 37.5 km of the radar station. Two of us (AF and BVD) classified manually 

each scan as either “accept” (scan was free of precipitation within 37.5 km of the radar) or 

“reject”. We achieved a review rate of one scan every two to three seconds. Agreement in 

classification between AF and BVD was 97.27% (i.e. 38751 out of 39840 scans were given the 
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same labels). Retaining only accepted scans from both reviewers yielded our filtered dataset of 

27850 scans.  

We processed the radar data as described below using MATLAB (MATLAB and 

Statistics Toolbox Release 2013b) scripts and RSL, the radar software library written in C (Wolf 

2009) to format the data for use within MATLAB.  

 

Identifying confounding sources of radar reflections 

We excluded PVs with consistently high returns from targets on or near the ground that were not 

already filtered in the Level II data (static clutter maps, after Buler and Diehl 2009). We did this 

using the fixed polar grid described above, which allowed us to match pulse-volumes directly 

between sweeps, and for scan elevation angles of 0.5°, 1.5°, 2.5°, 3.5°, and 4.5°, elevations 

typical of volume coverage patterns (VCP) for WSR-88D (Warning Decision Training Branch 

2008). For each PV we analyzed its associated returns’ probability of detection (POD) and mean 

reflectivity over the entire set of scans (Buler and Diehl 2009). POD is defined as the proportion 

of reflectivity measurements that exceeded a fixed threshold, which we set to 10 dBZ. We 

classified PVs with POD at least 0.7 and mean reflectivity across all scans at least 15 dBZ as 

ground clutter. Visual inspection of radar images confirmed that this rule captured ground clutter 

but did not filter out other PVs.  

We also looked for the potential issue of occultation, in which the radar beam would be 

partly or mostly blocked from reaching more distant PVs by fixed structures (e.g. mountains, 

building) close to the radar. Since we limited ourselves to analyzing radar returns within 37.5 km 

of stations and the analysis region is not very mountainous, the impact of beam blockage was 

extremely limited at all stations except KCXX in Burlington, VT. From visual inspection of this 



  8

station’s imagery, 30-50% of PVs at the lowest elevation angle were partly or completely 

blocked. The overall impact of including these PVs was mitigated because we used data from 

five elevation angles in each set of scans, and beam blockage was only significant at the lowest 

angle.  

Excluding additional, variable clutter from targets on or near the ground is a common 

radar analysis practice (Doviak and Zrnic 1993), and we classified all PVs with radial velocity 

measurements in the range ± 1 m sec-1 as "dynamic clutter" and excluded them from analysis. 

This is a conservative rule and also excluded air-borne targets moving orthogonally to the 

direction of propagation of the radar beam; however, these excluded PVs represented a 

negligible fraction of all targets. 

 

Velocity profiles 

We created velocity profiles, representations of targets' direction and speed by height, from raw 

radar data as the basis for calculating targets’ movements in the aerosphere. We calculated mean 

velocities of targets at different elevations using a novel algorithm developed as part of the 

BirdCast project (Sheldon et al. 2013) and built on a set of techniques known as velocity-

azimuthal display (VAD) or velocity volume profiling (VVP) (Doviak and Zrnic 1993), methods 

that fit regression models to observed winds. Sheldon et al. (2013) extended these methods by 

incorporating a model for aliasing. Aliasing is the ambiguity in radial velocity measurements 

caused by targets exceeding radar’s maximum velocity measurement (i.e. Nyquist value, a 

function of pulse interval and radar wavelength). It manifests most frequently in Level II data as 

PVs whose apparent velocity has the opposite sign of the true velocity (e.g., targets appear to be 

approaching the radar when they are actually moving away from the radar). More specifically, 
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the true radial velocity is shifted by an unknown multiple of twice the Nyquist value until its 

absolute value is smaller than the Nyquist value. Unlike most previous approaches to VAD, the 

Sheldon et al. (2013) algorithm performs velocity profiling using raw radial velocity data that 

retain aliasing. In using this algorithm, we assigned PVs to a single 100 m height bin based on 

the center of the PV and extracted for each bin 1) mean target velocity, which is the estimated 

mean velocity in a uniform velocity model (i.e. assumption that targets at each elevation have a 

common mean velocity that is perturbed by Gaussian noise for each 100m height bin; Doviak 

and Zrnic 1993); 2) root mean squared error (RMSE) of the actual radial velocity measurements 

relative to the estimated mean velocity; and 3) number of PVs in the height bin. 

 

Density calculation 

To distinguish birds from wind-borne targets (e.g. dust, smoke, and some insects), we compared 

the radial velocity of each PV to the radial component of wind velocity at the same location to 

determine radial airspeed, which is the component of the airspeed vector (target velocity minus 

wind velocity) along the direction of the radar beam (Gauthreaux et al. 2003). This value does 

not exceed true airspeed, is equal to true airspeed for targets moving directly toward or away 

from the radar, and is very close to true airspeed for targets with little motion tangential to the 

radar beam (Gauthreaux and Belser 1998; Van Doren et al. 2015). For our purposes we excluded 

all data from targets traveling more than 15° from the primary direction of movement derived 

from each height bin’s velocity profile. We obtained data on radial wind velocity from the North 

American Regional Reanalysis (NARR) project (Mesinger et al. 2006). NARR data files are 

available at three-hour increments and report weather variables on a three-dimensional grid with 

points spaced approximately 32 km apart in the x- and y-directions, using pressure instead of 
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height as the z-direction. We converted 29 pressure levels (in hPa) approximately covering the 

lowest 15,000 m of the atmosphere above the ground to heights based on a National Weather 

Service table that also uses the US Standard Atmosphere definition (Krueger and Minzner 1976, 

US Standard Atmosphere 1976), using only those converted heights covering the 0-3000 m 

above sea level (i.e. pressure levels from 700-1000 hPa). The NARR estimates are based on 

measurements from many different sources; they are not the product of instantaneous 

measurements taken at each grid point (e.g. unlike radiosonde data from Gauthreaux et al. 2003). 

We computed radial wind velocity for each PV by extracting the full record of wind velocity and 

direction from the closest NARR grid point and computing the component of velocity that was in 

the direction of the beam. We retrieved and averaged wind values for each PV from NARR data 

using a simple nearest neighbor interpolation scheme based on the NARR estimate closest in 

time to the scan time and the NARR three-dimensional grid point closest to the PV location. If 

the mean radial airspeed of targets in a PV was less than 5 m sec–1 (i.e. likely dominated by 

wind-borne targets; e.g. Larkin 1991, Gauthreaux and Belser 1998, Gauthreaux et al. 2003, Buler 

and Dawson 2014), we classified the PV as dominated by wind-borne targets and set that PV’s 

reflectivity to zero. Briefly, we found that setting these volumes to missing increased average 

densities, whereas setting them to zero decreased densities. Despite this choice between 

imperfect options, we chose the latter as it is more conservative (for greater detail, see Appendix 

and Figure A1). We also considered PVs with no data (i.e. signal-to-noise ratio below the 

minimum threshold determined by WSR-88D) as having reflectivities of zero and discarded from 

our analysis PVs classified as static or dynamic clutter in addition to the previous exclusion of 

data beyond 15° from the primary direction of target movement. From the remaining PVs we 

discarded the largest and smallest 25% of all values as well as any values exceeding 35 dBZ to 
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minimize the potential impact of false zeros due to suppressed clutter in the Level II data and 

very high reflectivity values due to undetected clutter (Buler and Diehl 2009). 

We computed bird density in each of the 30 100-m height bins for 0-3000 m above the 

radar station by averaging each bin’s reflectivity values for PVs within 15° of the primary axis of 

movement, with height bins contributing in proportion to their volumes regardless of the number 

of PVs remaining in the bin after classification. We assumed that the remaining PVs were 

representative of the density in that height bin. We converted from WSR-88D units of 

reflectivity factor (Z, mm6 m-3) to reflectivity (η, cm2 km-3), the total effective scattering area of 

targets per unit volume (Chilson et al. 2012b), and then added the values from each elevation bin, 

multiplied by bin height, to get the per-scan total reflectivity (units cm2 km-2), or the total 

effective scattering area of all targets within 0-3000m elevation per square km of Earth’s surface, 

hereafter referred to as bird density. For each scan, we also computed average airspeed and 

groundspeed over the entire scan as the reflectivity-weighted mean of airspeed and groundspeed 

from each elevation bin, and the per-scan average migration track as the reflectivity-weighted 

circular mean of migration tracks from each elevation bin. We excluded from the average any 

information from elevation bins in which the velocity measurements were based on fewer than 

10 PVs or where the RMSE was more than 5 m s-1. 

 

Statistical modeling of within-night variation 

Bird migration may vary within a night and among stations, with the potential to make 

description of whole-night migration patterns challenging. Therefore, our first step in describing 

any facet of migration (i.e. density, direction airspeed, and groundspeed) was to statistically 

model patterns of variation within each night. To account for seasonal and geographic variation 



  12

in duration of the nocturnal period, we standardized times of night by dividing each time by the 

night’s duration. Thus, we assigned each scan a time between 0-1, with 0 indicating the start of 

civil twilight and 1 indicating the end. This approach facilitated direct comparison more easily 

than using absolute time. For some analyses, we divided this continuous period into deciles. We 

constructed generalized additive mixed models in which migration could potentially vary jointly 

with the smoothed tensor product (Wood 2006) of 1) standardized time of night (continuous 

variable from 0-1) and 2) Julian day of the year (continuous variable). We modeled these 

predictors as smooth terms to avoid imposing any a priori constraints, since we expected 

migration might vary with time in a nonlinear manner. We used a tensor product because our two 

predictor variables were on different scales (Wood 2006, page 162). We also included radar 

station and the night of observation as random intercept effects, in order to account for non-

independence among scans from the same station and from the same night.  

For within-night statistical models, our goal was to describe patterns of relative change 

within the night irrespective of night-to-night variation in absolute values of the response. We 

therefore standardized values of density by dividing the measured density of each scan by the 

maximum density for that station-night. We standardized airspeed, groundspeed, and wind speed 

at 925 millibars (an appropriate height for nocturnal passerine migration; e.g. Dokter et al. 2011, 

Kemp et al. 2013) by dividing these numbers by the appropriate density-weighted average value 

for that station-night. We calculated standardized direction of each scan by subtracting the 

density-weighted average direction for that station-night, thereby describing the direction of each 

scan relative to that of the “average bird.” We applied a similar procedure to standardize wind 

directions at 925 mb, except we used wind speed as the weighting variable. We did not 

standardize directions by division because the circular nature of the data and the lack of absolute 
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units would not yield easily interpretable results. As a result, interpretations of models describing 

within-night variation in direction of travel need to account for the existence of variation in the 

average direction of travel from night to night. For all data types, we only included nights with 

radar data for at least the 3rd and 4th deciles of night (i.e. the period with the highest migrant 

densities aloft; see Results). This improved within-night standardization and ensured that nightly 

averages (see following section) included the most important times of night.  

We also needed to account for the potential imperfect filtering of wind-borne returns 

from bird returns in our density computations. Even though this filtering removed data that were 

not describing bird movements, we presumed that some wind-borne targets remained in all 

hourly scans we deemed to contain birds. We made two assumptions: first, that these wind-borne 

targets represented ever-present background noise, and second that estimates of speed and 

direction would be more accurate when large numbers of birds were aloft (i.e. a higher bird 

signal to wind-borne noise ratio). To minimize the remaining effects of wind-borne 

contamination not addressed by filtering, we weighted the data points in our statistical models 

describing variation in migration speed and direction by density of birds (cm2 km-2) in the air. 

We did not weight data in models describing variation in density. We fit all models using the 

gamm function (package “mgcv”; Wood 2011) in R (version 3.1.2; R Core Team 2014).  

In all cases, we verified that model residuals were symmetrically distributed. For models 

describing variation in bird density, we log-transformed the response variable to satisfy residual 

symmetry. We quantified goodness of fit for each model by comparing predicted values to 

observed data and calculating the coefficient of determination (hereafter R2*), weighting the 

relationship when appropriate (see above).  
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We report descriptions of central tendency and dispersion as mean ± one standard error 

for densities, airspeeds, and groundspeeds. For migration tracks we report circular means 

weighted by bird density with bootstrapped 95% confidence intervals (10,000 iterations; 

hereafter CI). We used bootstrapped CIs because these intervals were often asymmetric, making 

standard formulae for calculating confidence intervals inappropriate.  

To evaluate the impact of our wind-based thresholding procedure, we compared the mean 

directions of two groups of scans using a permutation test: we simulated the null hypothesis of 

no difference between groups by comparing the actual difference in means to the distribution of 

10,000 randomly sampled differences in means. The calculated p-value is the proportion of times 

a randomly sampled value is at least as extreme as the actual value. 

 

Statistical modeling of among-night variation 

From our analyses of within-night variation we created response variables summarizing 

migration and wind (i.e. bird density, migration direction, wind direction, airspeed, groundspeed, 

and wind speed) for each night. We modeled these nightly response values, in this case 

unstandardized to reflect night-to-night variation, using a similar statistical approach as outlined 

above. Here we did not use tensor products because we had only one main predictor: day of year 

(DOY). This predictor was included as smooth term, and we included station as a random 

intercept effect. We calculated response values representing whole-night migration as follows. 

For a given night, we chose the hourly scan with the highest bird density as the nightly measure 

of reference for bird density. Our nightly measure of migration track was a bird density-weighted 

circular mean of hourly scan data for a given night. We applied a similar procedure for wind 

direction, weighting by wind speed. Our nightly measures airspeed, groundspeed, and windspeed 
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were density-weighted averages of these speeds for each night. For migration track, airspeed, and 

groundspeed, weighting by density resulted in a model that reflected the behavior of the greatest 

densities of birds.  

We conducted a final analysis designed specifically to identify correlations in flight 

densities among radar stations. We quantified the similarity of peak migrant densities between all 

pairs of stations by calculating the Spearman rank correlations of nightly mean bird densities 

during nights of substantial migration. We accounted for multiple comparisons using the 

Benjamini-Hochberg procedure to adjust p-values (Benjamini and Hochberg 1995). We define 

these nights of region-wide substantial migration as nights on which mean bird density across all 

stations exceeded scans’ 90th percentile. Maximum densities, as used in other analyses, would 

not suffice for this analysis because a high maximum density could represent a local movement 

at a single station, instead of a regional movement across all stations. Therefore, in choosing 

mean density over maximum density as a metric for including nights of substantial movements, 

we chose to investigate nights with large and widespread movement as opposed to nights when 

movement may have been large but also geographically limited in scope. Fifty-nine nights with 

high densities of migrants were selected by choosing only data from the nights with the top 10% 

of migrant densities. 

 

RESULTS 

Removal of wind-borne targets 

In most scans PVs dominated by putative wind-borne targets represented a substantial proportion 

of scan’s total PVs, with proportions of these wind-borne targets peaking in the first decile of 

night (Figure 1). We also found the highest proportions of wind-borne PVs to occur early and 
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late in the fall (Figure 2). This pattern of wind-borne PVs exhibited a distinctly different pattern 

than bird migration (see below). Our PV screening to address low reflectivity scans containing 

the highest proportions of wind-borne PVs (Figure 3) removed much (but not all) wind-borne 

signal found in our data set (see appendix; Figure A1). 

Following screening to remove wind-borne targets, the remaining data showed the 

average directions of travel to be more consistent with expectations of migrating birds’ directions 

(Figure 4). Based on past studies in the region (e.g. Drury and Keith 1977, Williams et al. 1977, 

Williams et al. 2001), mean direction of travel of birds should be toward south-southwest, 

whereas data without thresholding or weighting by bird density showed targets on average 

traveling to the southeast (162.62°, Figure 4A). A southeasterly direction of movement is 

consistent with the direction of prevailing winds. Thresholding by itself created a subset of data 

in which targets typically traveled almost due south (181.01°, Figure 4B), although many targets 

traveling to the southeast and east still remained. We believe this bimodal distribution represents 

the different directions of targets that are wind-borne (e.g. drifting insects and foraging bats) and 

non-wind-borne (i.e. birds and some bats). Weighting observations by bird density resulted in a 

calculated mean direction of travel across all data that was more consistent with expectation 

(205.31°; Figure 4C). This mean direction was significantly different after both thresholding and 

weighting (209.28°; Figure 4D; p = 0, permutation test). Applying our thresholding step before 

weighting had even more dramatic results across smaller subsets of data (Figure A2). 

Looking beyond average directions, weighting and thresholding also reduced the 

frequency of individual observations of seasonally less appropriate or inappropriate directions 

for bird migration — targets that were being carried by the primarily southerly winds from 90° to 

270° (Figure 4A-B). Weighting by bird density further deemphasized data from targets in this 
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directional range (Figure 4C-D). However, whereas thresholding and weighting largely removed 

information about wind-borne targets from the data, we also suspect that some information from 

slower-flying birds was either removed or down-weighted in the process. 

 Following thresholding to remove pulse volumes from the original data and weighted 

averaging, mean direction of movement was 209.28° and did not differ between years (2010: 

209.85°; 2011, 208.47°; p = 0.15, permutation test). Mean airspeeds and groundspeeds of 

migrating birds were 7.10 m sec-1 and 10.65 m sec-1 respectively. Some bird migration occurred 

almost every night of the fall (average density = 95.06 ± 2.07 cm2 km-3), but large movements 

occurred relatively infrequently (Figure A3). Figure 5 presents a graphic summary of these 

means and variation around them. 

 

Within-night variation in patterns of bird migration 

Our analyses indicate that systematic variation occurred in nightly patterns of bird density, 

direction, and speed of nocturnally migrating birds (see Tables 2 and 3 for a summary). In 

general, these within-night patterns showed little variation (i.e. narrower confidence intervals) 

during the middle of the season, when bird densities peaked, in contrast to substantially greater 

within-night variation at the beginning and end of the season when bird densities were much 

lower (see paragraph below). Nightly bird densities peaked in the first half of the night (3rd to 5th 

deciles; Figure 6). Direction of travel also exhibited systematic variation through the night, with 

a positive (i.e. clockwise) shift in track from south southwesterly to southwesterly particularly 

evident mid-season (Figure 6). Groundspeeds were generally highest early in the night (3rd and 

4th deciles) until late in the season, when they were highest just after nightfall (Figure 6; dotted 

lines). Airspeeds were generally lowest at the start of the night, especially mid-season, but 
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increased rapidly towards the end of the night late in the season (Figure 6; solid lines). Winds on 

average originated from the northwest (see Figure 5, black arrows) and exhibited the greatest 

positive (clockwise) nightly shifts in September and October, but with magnitudes of only 15º or 

less. Wind speeds generally decreased during the night, with the exception of November when 

the minimum occurred in the middle of the night (Figure 6; dashed lines). 

 

Among-night variation in patterns of bird migration 

Systematic differences in migratory patterns were apparent both across the region and through 

the season at individual sites (Table 2, 3). The lowest maximum bird densities occurred at 

Boston, MA; the highest occurred at Dover, DE. Nightly bird density peaked in late September, 

with the greatest overall densities occurring between mid-September and mid-October (Figure 7). 

Density-weighted nightly migration tracks during this period generally varied little, averaging 

between south-southeast and south-southwest. An easterly shift occurred towards the end of the 

season (Figure 8), but bird densities were very low during this period (Figure 7), suggesting 

other influences might be driving this pattern. Within this general pattern we also found 

systematic variation among stations: mean tracks ranged from the most southwesterly at Portland, 

ME (229.29°) to primarily southerly or south southwesterly at Boston, MA (192.79°), Buffalo, 

NY (196.68°), Montague, NY (191.49°), and Burlington, VT (203.40°) (Table 2). Mean density-

weighted groundspeeds varied greatly over the fall season in concert with shifts in wind direction 

(and therefore strength of tailwinds), but showed an increasing trend (Figure 8). Groundspeeds 

were highest at Binghamton, NY and lowest at Portland, ME (Table 2). We also found a seasonal 

increase in airspeed (Figure 8); an end of the season decrease occurred during the same period as 

the previously discussed easterly shift, when bird densities were very low. Table 2 reports the 
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mean and dispersion for migration metrics by station. Wind direction varied substantially during 

the season, but differed from migration tracks by at least 30 degrees and as much as 100 degrees; 

wind speeds were similar in magnitude to airspeeds, generally increasing during the season 

(Figure 8). 

 

Regional correlation in bird density among radar stations 

The above results indicate that migration varies systematically with time of night, day of year, 

and location across the study region. Our final analysis showed that, in terms of geographical 

variation in migration intensity, the NEUS can be divided into two sub-regions. For nights of 

substantial bird migration, we found the greatest correlation in bird density among the region’s 

northern inland and southern coastal stations (Figure 8). Interestingly, we found that these two 

sub-regions were not connected by strong or significant correlations, with a noticeable lack of 

correlation or connection between Portland, ME and Boston, MA and additional stations to the 

southwest across most of the NEUS. 

 

DISCUSSION 

We took a conservative approach to measuring bird migration with WSR-88D radar. This 

involved visually pre-screening radar images to exclude precipitation and other clutter, 

thresholding to remove pulse volumes that did not fit certain criteria and may have represented 

wind-borne targets, and weighting statistical analyses to emphasize data from times of high 

migrant densities. Although we could not remove all wind-borne targets, our results suggest that 

our methods are effective at reducing the impact of wind-borne targets and produce final patterns 

that are consistent with literature and expectations for migrating birds. They provide confidence 
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that we can effectively extract migration signal from these radar data. Qualitatively, the patterns 

of migration that we observed were similar across the region: the primary axis of movement was 

overland to the south-southwest, especially on the nights with the highest densities of migrating 

birds, and airspeeds and groundspeeds of migrating birds generally increased over the course of 

the fall. Migration patterns, most notably densities of birds overhead, varied systematically 

within nights and across the fall season. 

For all of these characterizations of migration activity, we have less precision in 

describing patterns early and late in the fall season. Given the smaller densities of birds early and 

late in the season, and typical lower weighing of data from the start and end of the fall season, 

we cannot determine whether this greater variability is biological or an artifact of the predicted 

patterns being driven largely by the more highly weighted data from the middle of the fall. 

 

Birds versus wind-borne targets 

Wind-borne contamination is frequent in the pulse volumes of nocturnal weather surveillance 

radar scans, even when volumes containing precipitation are excluded. Our results suggest that 

such targets were present in many hourly scans in our dataset and dominated those with low 

overall reflectivity. This stood in contrast to scans with the largest mean reflectivities 

(uncorrected for wind-borne targets; Figure 3), where we believe bird targets dominated. Wind-

borne targets early in the fall (e.g. August) likely include insects and some foraging bats 

(Gauthreaux et al. 2008), but the composition of wind-borne targets later in the season (e.g. 

November) is unclear. Radar detection of insects (Chapman et al. 2011, Drake 2014, Westbrook 

et al. 2014), dust and particulate matter (Jones et al. 2009 a,b), and bats (Horn and Kunz 2008, 

Frick et al. 2014) is well documented. Dust, particulate matter, and most insects will be 
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categorized as wind-borne by our airspeed criteria. Depending on their mode of flight, bats might 

be classified as wind-borne (e.g., foraging flight) or bird (e.g., consistent flight in a linear 

direction within a single pulse volume). However, bats are likely to represent only a small 

portion of the targets we classified as birds.  

Our results suggest that airspeed-based classification is useful for reducing the number of 

wind-borne targets that are considered as birds. In particular, PVs classified as wind-borne were 

much more likely to have very low reflectivity values (Figure A1; similar pattern at the whole-

scan level, Figure 3), which is consistent with returns from dust or insects. Filtering wind-borne 

PVs (with or without weighting by density) led to much more appropriate measurements of 

migration direction (Figure 4), which lends additional credence to the classification. However, it 

is inevitable that some PVs were misclassified by the airspeed criteria. Several factors can lead to 

misclassification. First, airspeed estimates may be inaccurate due to local-scale differences in 

actual wind velocity from coarse-resolution NARR estimates. Second, even if individual birds 

fly with airspeed faster than 5 m sec–1, the average airspeed measured across an entire PV will be 

lower if it contains birds flying in many directions. Third, the 5 m sec–1 threshold will 

misclassify some targets whose airspeeds do not match this assumption, such as fast-flying 

insects or bats, or slow-flying birds. As a result, our analysis undoubtedly retained some PVs that 

were actually wind-borne, and eliminated some that were actually birds.  

The impact of misclassification depends on the analysis being done and the type of 

misclassification. When computing average bird densities, falsely including some wind-borne 

PVs is likely to have a very minor effect, since these PVs generally have very low reflectivity 

values (very close to zero on a linear scale; Figures 3, A1), while reflectivity values for bird PVs 

can be orders of magnitude larger. Falsely excluding some bird PVs will lead to density 
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estimates that are too conservative by an amount that depends on the error rate. When analyzing 

direction and speed, falsely including some wind-borne PVs will lead to some measurements at 

the level of individual scans or elevation bins that are more representative of wind velocity than 

bird velocity. However, these measurements will have correspondingly low bird densities, so 

weighting by bird density greatly mitigates this effect (Figure 4). The impact of falsely excluding 

some bird PVs on direction and speed analyses is likely to be minor; the predominant effect will 

be the accuracy of the density measurements (discussed above) used to weight average directions 

and speeds. 

Overall, our methods of restricting scans to civil twilight periods, filtering PVs using 

wind velocities, and weighting statistical models by bird densities minimized the influence of 

wind-borne targets on our analysis, and we believe the final impact of such “contamination” on 

the broad-scale patterns presented here is very minor. Our methods can be applied to the 

significant fraction of archived WSR-88D data for which improved classification based on the 

newer dual-polarization technology is not possible. However, caution is warranted when 

applying these methods at a finer-scale (in space and time): for example, an average density over 

a small number of PVs will be much more sensitive to PV level misclassification (see Figure A2). 

Further research is needed not only to confirm identities of biological targets in the atmosphere 

and improve classification techniques, but also to understand the sensitivity of analyses at 

different scales when applying different approaches for handling these targets.  

 Wind-borne targets were clearly widespread in our dataset. Although the identity of later 

season targets, which are clearly present (Figure 2), is unknown, early season (e.g. August) 

wind-borne targets are certainly dominated by insects. Insect movements in the atmosphere can 

span large spatial and temporal extents (e.g. Westbrook et al. 2008). Wind-borne contamination 
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peaks early in the night but continues in high proportions throughout the night with a secondary 

peak near dawn. This phenology, coupled with substantially high proportions in August and 

September, provides an opportunity for further investigation into optimal solutions to account for 

or to study insect movements in the atmosphere at large spatial and broad temporal scales.  

 

Within-night variation in the density, direction, and speed of nocturnal migration 

Infrequent, large movements may be a defining attribute of nocturnal bird migration (e.g. Ball 

1952, Lowery and Newman 1966, Graber 1968, Nisbet 1969, Erni et al. 2002), but patterns of 

variation within nights have not been well studied. In particular, broad spatial and extended 

temporal studies of similarities in patterns of variation within nights are lacking. Our results 

generally agree with previous smaller-scale studies that describe peak migration densities in the 

early part of the night after local twilight (Newman 1956, Lowery and Newman 1966, 

Farnsworth et al. 2004, Nebuloni et al. 2008). Similarities among studies in the nightly timing of 

migration presumably speaks mostly to the broad ranging effects of birds’ diel cycles during 

migration period, with many individuals departing 30-45 minutes after local sunset and the 

largest numbers of birds aloft in the region occurring shortly thereafter (e.g. Hebrard 1971) and 

many migrants descending in the hours before and up to civil twilight. 

 Migration tracks observed in our study generally agree with patterns identified in 

previous studies (e.g. Drury and Keith 1977, Williams et al. 1977, Williams et al. 2001). 

However, these results extend our understanding by looking at migration on a substantially larger 

scale and for a longer period of seasonal migratory activity in the autumns of two years. Mean 

tracks ranged from south-southeast to south-southwest within nights, although birds at all radar 

stations showed substantial westerly shifts in direction over the course of the night. This 
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directional shift was particularly pronounced mid-season, when the largest densities of migration 

occurred. Nightly changes in wind direction may explain some of this nightly variation, but such 

changes fail to account completely for the pronounced shifts exhibited by birds. 

Wind direction shifted in a clockwise manner during the night during the September and 

October periods when bird migration was at its peak. On average, such a shift corresponded to a 

southeasterly wind heading becoming more southerly. This shift was much less dramatic during 

August and November. From August through October, migrants’ tracks did not shift towards the 

south later in the night to meet more favorable winds, but rather birds flew more westerly tracks 

– even in August, when the average wind shift was negligible (Figure 6). To what extent birds 

may be drifting with winds across our region is not clear, but these results suggest that mean 

migration tracks are not necessarily directly related to wind directions. 

Whenever birds are migrating, they are subject to wind drift, whether partial or full (e.g. 

Green and Alerstam 2002). The prevailing winds from the west in the study region may drift 

birds that are primarily trying to go southwest farther to the east than desired, requiring regular 

correction. This is particularly important in the NEUS, where unchecked southbound migration 

will take birds over the Atlantic Ocean, a potentially deadly scenario for a songbird. If birds are 

drifted eastward toward the coast in the early hours of a movement, a correction to the west at 

the end of the evening may be a general compensation strategy. A recent study of the behavior of 

birds that engage in migratory flights after sunrise (i.e. morning flight) highlighted a pattern in 

which migrants engaged in these flights after larger nocturnal movements and after the presence 

of stronger nocturnal crosswinds (Van Doren et al. 2015). Whether coastlines have a strong 

effect on orientation and its relationships with drift is still unclear, with evidence at smaller 

scales supporting consistent patterns of passerine (Nilsson et al. 2014) and waterfowl (O’Neal et 
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al. 2014) movements regardless of whether birds are near coastlines. Our results suggest that 

average movements in parallel to or away from coastal areas in the NEUS may be a common 

feature of late-night nocturnal migration. We do not know whether this is a strong preference to 

avoid water crossing or a result of intended headings of migrants destined for locations overland. 

 Mean groundspeeds showed generally similar patterns among nights in early and mid-

season, with an early nightly peak. November exhibited a different pattern, with a peak just after 

nightfall. These late season groundspeeds also exhibited the greatest within night range from 

maximum to minimum speed. Airspeed patterns did not follow those of groundspeeds, instead 

increasingly rapidly during the first half of the night and then either increasing or decreasing 

depending on time of season. Several hypotheses could explain these patterns. First, migration 

strategies may force a diversity of birds to make choices, and these strategies may require faster 

travel during certain portions of the night. Birds may travel faster at certain points of the night to 

reach appropriate stopover habitat and maintain some degree of fidelity to an efficient route to 

their proximate and ultimate destinations. Our results suggest that increasing nightly airspeeds 

correspond to nightly periods when increasing numbers of birds are actively engaged in transit 

and sustained flight, and during a seasonal period when the largest numbers of birds are moving.  

An alternative explanation for within season variability in air speeds could be the changing 

species composition of nocturnally migrating birds. For example, there is an increased 

prevalence of waterfowl during the late season period (e.g. see Poole 2005) that are departing 

before sunset (after which groundspeeds are highest and declining) and leaving different 

locations in the region and of large flights of early morning pre-dawn diurnal migrants (e.g. 

blackbirds, Dolbeer 1978; finches, Middleton 1978, Wootton 1996). Variability in wind speeds 

does not appear to be fully responsible for the patterns apparent for migrating birds’ speeds. 
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Further analysis of winds relative to birds’ intended directions of travel (e.g., the calculation of 

tailwinds) will be necessary to shed further light on this question. However, such an analysis 

would require accounting for the systematic and complex temporal variation in migration 

directions revealed here and is beyond the scope of this paper. 

 

Among-night variation in the density, direction, and speed of nocturnal migration 

Mid-September to mid-October was the period with peak densities of nocturnally migrating birds 

across the region, with substantially lower densities early and especially late in the season. 

Additionally, noticeably lower densities occurred at Boston, MA for the entirety of the fall 

season, strikingly so compared to the remainder of the stations. Several related factors may cause 

night-to-night variation in bird density over the season in our region (see Figure A3). Species 

migrate at different times and have widely different population sizes and breeding distributions, 

resulting in the observed changes in density over the course of the season and from night-to-

night. Several hundred species regularly pass through the northeastern US each fall, and their 

distributions in space and time are not uniform. Additionally, local and regional meteorology 

relates to nightly changes in migration densities (Able 1973, Richardson 1990, Dokter et al. 

2013; Smolinksy et al. 2013). The NEUS experiences a diversity of meteorological conditions in 

the fall, and the regular passages of cyclonic storms and frontal boundaries likely govern the 

dynamics of nightly changes in bird densities. 

Directions of travel also varied systematically through the season. Mean tracks were 

southwesterly over much of the season. An easterly shift at the very end corresponded to low 

densities of birds, but we have less confidence in the importance of this pattern and others at the 

tails of the season. Shifts in migration tracks did not correspond closely to shifts in wind 



  27

directions, suggesting that wind direction shifts alone were not responsible for seasonal changes 

in migration tracks. 

Much of this variation across the fall season presumably results from species-specific 

differences in migration timing, routes, and destinations. Earlier-season migrants include species 

with trans-oceanic routes and our data probably capture some birds migrating close to the coast 

and then departing over water, in addition to some proportion of trans-oceanic migrants that are 

making their ways to the coast. These long-distance migrants include species departing over the 

Atlantic Ocean for South America, such as Blackpoll Warbler (Setophaga striata; see Deluca et 

al. 2015) and Bobolink (Dolichonyx oryzivorus); or for the West Indies, such as Black-throated 

Blue (Setophaga caerulescens) and Cape May (Setophaga tigrina) (e.g. Richardson 1976, 

McClintock et al. 1978, Larkin et al. 1979, Amos 1991, Nisbet et al. 1995, Renfrew et al. 2013). 

Targets over Boston, MA showed an average track that took birds offshore to the south over the 

Atlantic, probably including some of these species. Migrants over Portland, ME and Brookhaven, 

NY moved along more southwesterly tracks, taking birds overland and largely parallel to 

coastlines rather than across open water. These two stations, as well as other, inland stations 

appear to be overflown largely by short-distance migrants that move primarily overland within 

the US or toward Central American destinations likely comprise the densities of birds moving 

generally southwest across the region. These shorter distance migrants may include species 

departing to the southwest over land for Central America, such as Yellow-bellied Flycatcher 

(Empidonax flaviventris) and Rose-breasted Grosbeak (Pheucticus ludovicianus) (e.g. Russell 

2005); and species departing to the southwest over land for the Southeastern US, such as Ruby-

crowned Kinglet (Regulus calendula) and White-throated Sparrow (Zonotrichia albicollis) (e.g. 

Robbins et al. 1989, Stouffer et al. 2003). The differences in timing of these movements and their 
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relationships with seasonal and nightly directional shifts are beyond the scope of the present 

study, but future work is underway to assess these relationships. 

 Groundspeeds and airspeeds varied in somewhat different ways through the fall, although 

both increased through the season. As with seasonal changes in the direction of travel, changes in 

speeds among nights may represent changes in the species and their preferred directions of travel 

through the fall season. Larger bodied birds generally fly faster (Alerstam et al. 2007), and 

higher airspeeds may correspond to more migrating large-bodied birds. The distinct oscillation of 

groundspeeds coincided with cyclic changes in wind direction (and thus tailwinds) through the 

fall associated with frontal passages. However, a trend of increasing groundspeed was also 

evident. Higher groundspeeds were likely due both to generally increasing wind speeds, but also 

increasing airspeeds. Increasing airspeeds later in the season, especially through the month of 

October, may correspond to increasing proportions of larger and faster-flying birds, such as 

waterfowl and waterbirds (Pennycuick et al. 2013). The drop in airspeeds in November coincides 

with low migrant densities aloft and may not reflect true variation in bird speeds. 

  

Variation among radar stations 

Recent research using the same surveillance radars to describe stopover ecology of migrants may 

help explain the differences in average densities of birds that we found among sites. On the 59 

nights when the largest densities of birds were moving across our region, the strongest positive 

correlations in bird densities were among northern inland stations and southern coastal stations. 

Buler and Dawson (2014) found significant stopover areas near the coast between Cape Cod, 

MA and New York, NY. That study also found that some of the highest mean bird densities and 

lowest levels of daily variability in densities occurred in eastern Connecticut and Rhode Island, 
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and to a lesser extent in southeastern Massachusetts, areas sampled in part by the Boston, MA 

radar. Our correlations (Figure 8) suggest that numbers of birds, which presumably use the same 

cues across a geographic area when deciding when to migrate at a particular time, overfly 

stations from Boston to the south along the coast. However, farther north along the coast at 

Portland, ME and across inland sites migrants appear to be moving in the largest numbers on 

different nights. These results suggest that in the northeastern U.S. migrants are either traveling a 

coastal path from around Boston to the south, or an inland path oriented along and inland from 

the Appalachian Mountains. Prevailing migration tracks were consistent with this notion, being 

strongly southwesterly at Portland, ME, more so than at any other station, taking birds away 

from the Boston area.  

Boston, MA had the lowest densities of nocturnally migrating birds, suggesting that: 1) 

numbers of birds using the trans Atlantic strategy do so in lower densities relative to densities of 

other migrating birds with different strategies or in a manner not well sampled by weather 

surveillance radar; and 2) numbers of non-transatlantic migrants at Boston relative to such 

numbers at other stations were substantially lower. Additionally, birds may fly under the beam as 

they pass Boston — a 37.5 km radius from the Boston, MA station barely reaches the Rhode 

Island coast and its stopover sites, with the beam height approximately 115-735 m above the 

ground — and move into more favorable habitat during the course of stopover periods (e.g. in 

morning flight, Van Doren et al. 2015; concentrations of birds in higher quality stopover habitat 

during the day, Faaborg et al. 2010, Wolfe et al. 2014). We also found an order of magnitude 

difference in bird densities between Boston, MA and Brookhaven, NY, presumably highlighting 

the exodus of birds from Buler and Dawson’s important stopover hotspots that eventually 

appears at Brookhaven, NY. Birds flying below the Boston radar’s beam and moving toward any 
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coastal stopover locations along the Connecticut and Rhode Island coasts would not appear on 

Boston’s scans but instead appear on subsequent nights as targets on the Brookhaven scans, as 

the birds continued their migration. Whether this phenomenon represents this scenario or another, 

such as unquantified (and undetected because of the temporal duration of our study) diurnal 

movements of birds into stopover habitats, is beyond the scope of this study. 

 

Application and Future Research 

The results presented in this paper illustrate the potential for studying bird migration at very 

large scales made possible through inter-disciplinary collaborations. By automating large parts of 

the processing of data from radar imagery (e.g. Sheldon et al. 2013), future analyses could 

expand to continental scales, substantially increasing the scope over that of previous studies 

(Lowery and Newman 1966, Gauthreaux et al. 2003). Further efficiency can still be gained over 

our methods, most notably by developing methods for initial screening of radar images for 

precipitation, a task for which we used human screening. The quantity of radar imagery available 

is massive: we estimate there are well over 100 million archived volume scans from some 

individual WSR-88D sites, and across the United States on a single night approximately 15,000 

scans are produced nationwide. 

Although the goal of this paper was to describe general patterns of variation in migration, 

substantial additional variation exists within and among nights and across seasons (e.g. Bagg et 

al. 1950, Richardson 1990, Erni et al. 2002). Determining the causes of this variation, 

particularly investigating the differences in migrants’ responses to weather across local and 

regional scales, will hopefully allow us to forecast times and locations of peak migration. For 

example, the strong correlations in densities among some radar stations could represent station-
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to-station “handoffs” related to migration paths and regional weather systems. The ability to 

make accurate forecasts would meet fundamental conservation-related needs. Flight safety for 

commercial air traffic and operational safety for military training exercises could be improved 

with additional knowledge of the spatial and temporal distribution of nocturnal migrants. Such 

data could also inform industrial and municipal activities: for example, when best to extinguish 

artificial lighting on buildings and other structures to avoid or minimize nocturnal migrant 

collisions; whether there is an appropriate window of time during a night, or during a migration 

season, to avoid activities like gas flaring or wind turbine operation; or if certain geographic 

areas more likely to consistently pose greater risks of migrants’ collisions with structures 

because particularly large numbers of birds pass over those areas at night. Our results suggest 

that one period to target for conservation and mitigation measures may be the first half of nights 

during October, as these are the periods when the greatest numbers of birds are aloft. The effects 

of longer-term changes in weather may also be addressed with the aid of data from weather radar 

(e.g. Frick et al. 2014). 

Recent studies (Buler and Dawson 2014, Frick et al. 2012, Kelly et al. 2012) have shown 

the utility of weather radar information for understanding where and when animals land or depart, 

rather than when they are in active, long-distance flight. From the perspective of habitat 

conservation, and particularly conservation that targets important stopover habitats, more 

knowledge of traffic between and connections among sites would be invaluable. Acquiring this 

type of information would fill substantial information gaps for periods when birds’ distributions 

are labile, as distinct from periods with greater stationarity such as breeding and wintering 

periods (e.g. Runge et al. 2014).  
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A final area in which we see the potential for expanded research is in identifying the 

species of the birds detected by radar. In the future, some of this information may be available 

from newer, dual-polarization weather radar (Doviak et al. 2000, Seo et al. 2015); however, even 

this information would need to be corroborated by ground-based studies. In North America we 

see the potential for combining radar-based information on the nights with heavy migration in 

combination with changes in numbers and identities of birds from ground based surveys from the 

eBird program (Sullivan et al. 2014) in order to infer which species were flying in previous 

nights.  

 

Conclusions 

In this paper, we have shown that weather radar data, processed through a series of steps that 

minimize the influence of wind-borne targets and using newly created automated steps, can yield 

data about the migration of birds across wide regions and over entire migration seasons. We have 

described regional, seasonal, and nightly variation in the density, direction, and speeds of 

migrating birds from these data, and found that in general our study region represents an area 

over which migrant birds followed qualitatively similar strategies. However, we have also 

identified consistent quantitative differences both among sites within the region and through the 

season. We hypothesize that these differences are largely caused by differences in the species of 

bird traveling through the region on different routes — with some species departing from coastal 

sites for long over-water journeys to the Caribbean and South America — and at different times 

in the fall period. Further use of data from weather radar will have multiple applications both for 

basic research and conservation of migrants. 
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Appendix 1. Methods for removal of wind-borne targets 

This appendix addresses additional methodological detail and present several additional figures 

that we used for removing wind-borne targets during our processing of WSR-88D data from 13 

stations in the Northeastern US. 
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Tables 

Table 1. Radar station identifiers, locations, and heights above sea level for 13 WSR-88D 

stations in the northeastern US. 

Radar Station 

Identifier 
Nearest City State Latitude Longitude 

Height above sea 

level (m) 

KBGM Binghamton NY 42.2 -75.98 490 

KBOX Boston MA 41.96 -71.14 36 

KBUF Buffalo NY 42.95 -78.74 211 

KCBW Houlton ME 46.04 -67.81 227 

KCCX State College PA 40.92 -78 733 

KCXX Burlington VT 44.51 -73.17 97 

KDIX Philadelphia PA 39.95 -74.41 45 

KDOX Dover DE 38.83 -75.44 15 

KENX Albany NY 42.59 -74.06 557 

KGYX Portland ME 43.89 -70.26 125 

KLWX Sterling VA 38.98 -77.48 83 

KOKX Brookhaven NY 40.87 -72.86 26 

KTYX Montague NY 43.75 -75.68 563 
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Table 2. Summaries of nocturnal migration characteristics for 13 WSR-88D in the northeastern US. 
 

Class Identifier Bird density 
Bird density 

standard error 

Density-weighted 

mean migration 

track 

95% CI low 

migration 

track 

95% CI high 

migration 

track 

Decile 

0 (0.0-0.1) 49.37 4.15 200.05 196.68 203.41 

1 (0.1-0.2) 92.50 5.54 203.50 200.90 206.18 

2 (0.2-0.3) 162.18 8.23 204.65 202.51 206.78 

3 (0.3-0.4) 183.91 9.80 206.03 203.93 208.13 

4 (0.4-0.5) 142.69 8.17 209.06 206.73 211.37 

5 (0.5-0.6) 116.15 7.31 212.98 210.49 215.47 

6 (0.6-0.7) 91.02 6.66 214.87 212.32 217.43 

7 (0.7-0.8) 57.76 4.92 218.76 215.43 222.07 

8 (0.8-0.9) 37.72 3.66 224.80 221.09 228.57 

9 (0.9-1.0) 15.37 1.92 227.69 223.01 232.42 
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Radar Station 

KBGM 145.77 8.80 205.31 203.17 207.36 

KBOX 8.98 1.01 192.79 189.09 196.62 

KBUF 73.33 4.93 196.68 194.11 199.34 

KCBW 38.51 3.35 221.52 217.72 225.10 

KCCX 79.80 5.85 207.03 203.12 211.24 

KCXX 57.74 4.61 203.40 200.05 206.75 

KDIX 140.45 11.70 206.35 204.23 208.56 

KDOX 151.25 8.80 203.93 201.98 206.05 

KENX 69.15 5.51 203.40 200.73 205.84 

KGYX 141.90 8.71 229.29 227.25 231.42 

KLWX 164.31 9.84 213.53 210.61 216.60 

KOKX 60.52 4.71 222.20 220.36 223.93 

KTYX 80.66 7.53 191.49 188.59 194.08 
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Class 
Mean 

groundspeed 

Groundspeed 

standard error 
Mean airspeed 

Airspeed 

standard error 

Number of 

scans 

Number of 

nights 

Decile 

10.29 0.11 6.62 0.06 2201 243 

10.70 0.10 7.27 0.06 2695 241 

10.75 0.10 7.56 0.06 2557 241 

10.94 0.11 7.43 0.06 2357 240 

11.05 0.11 7.48 0.06 2519 239 

10.95 0.11 7.32 0.06 2437 240 

10.66 0.11 7.17 0.06 2403 241 

10.59 0.10 6.98 0.06 2566 242 

10.33 0.10 6.58 0.06 2478 241 

10.01 0.10 6.34 0.06 2478 242 
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Radar Station 

11.89 0.11 8.04 0.08 1922 217 

10.33 0.12 5.84 0.06 2037 226 

11.30 0.11 7.42 0.08 1765 212 

10.50 0.13 6.98 0.08 1765 211 

10.83 0.13 7.48 0.07 1878 217 

9.61 0.10 6.98 0.07 1738 214 

11.27 0.13 7.06 0.07 2069 227 

10.73 0.12 6.64 0.07 2049 224 

10.82 0.12 6.95 0.06 1818 211 

9.54 0.11 7.71 0.07 1944 219 

10.15 0.11 7.34 0.06 2139 227 

10.84 0.12 6.56 0.07 1997 222 

9.99 0.12 7.08 0.08 1570 198 
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Table 3. Summary of GAMM model results for nightly and seasonal density, track and speed of 

birds and direction and speed of winds. 

Response Variable Scope 
Effective Degrees of 

Freedom 
F P-value R2 

Migration track Within-night 18.1 427.1 < 0.0001 0.265 

Migration track Across-season 8.0 7.9 < 0.0001 0.022 

Bird density Within-night 22.3 253.4 < 0.0001 0.230 

Bird density Across-season 7.0 180.3 < 0.0001 0.291 

Groundspeed Within-night 19.1 23.1 < 0.0001 0.028 

Groundspeed Across-season 8.9 96.5 < 0.0001 0.253 

Airspeed Within-night 19.4 35.7 < 0.0001 0.042 

Airspeed Across-season 8.3 123.4 < 0.0001 0.292 

Wind speed Within-night 18.4 17.5 < 0.0001 0.016 

Wind speed Across-season 1.0 322.7 < 0.0001 0.101 

Wind direction Within-night 10.9 8.3 < 0.0001 0.003 

Wind direction Across-season 8.6 9.7 < 0.0001 0.041 
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Figure Legends 

Figure 1. Proportion of biological pulse volumes classified as wind-borne from 13 WSR-88D 

stations in the northeastern US by decile of the night. Each column represents the mean ± one 

standard error for pooled 2010 and 2011 data for all nights for all stations for each decile. 

 

Figure 2. Proportion of biological pulse volumes classified as wind-borne from 13 WSR-88D 

stations in the northeastern US by Julian day. Each point represents the mean for pooled 2010 

and 2011 data for all radar stations for each night. 

 

Figure 3. Proportion of biological pulse volumes classified as wind-borne on mean total 

reflectivity from 13 WSR-88D stations in the northeastern US. Each point represents the nightly 

mean for 2010 and 2011 for all radar stations. 

 

Figure 4. Frequency distribution of mean directions of radar targets before and after thresholding 

and before and after weighting directions by bird density for 13 WSR-88D stations in the 

northeastern US. A) No thresholding, no weighting; B) Thresholding, no weighting; C) No 

thresholding, weighting; and D) Thresholding, weighting. 

 

Figure 5. Mean density, track, and ground speeds of bird targets from 13 WSR-88D stations in 

the northeastern US for 2010 and 2011. Radii of gray circles are proportional to the square root 

of mean density in cm2 km-3 with standard errors as white boundaries. ; White arrows represent 

bird density-weighted ground headings of bird targets, scaled by ground speeds; histograms in 



  55

dark gray represent the frequency distribution of these weighted tracks. Dark gray arrows 

represent wind directions, scaled by wind speed. 

 

Figure 6. Examples of within-night variation in the direction and speed of migration by 

standardized time of night for 13 WSR-88D stations in the northeastern US for 15 August, 15 

September, 15 October, and 15 November. Data are pooled 2010-2011. Top row, mean ground 

headings in degrees for birds standardized by subtracting the density-weighted within night 

average direction (solid line) and for wind (dashed line); bottom row, mean groundspeeds 

standardized by density-weighted within night average groundspeed (dotted line), mean 

airspeeds standardized by density-weighted within night average airspeed (solid line), and mean 

wind speed (dashed line). Gray shading is one standard error from the mean. 

 

Figure 7. Patterns of log-transformed mean bird density for 13 WSR-88D stations in the 

northeastern US. Left, pooled 2010-2011 nightly mean bird density for 15 August (solid line), 15 

September (dashed line), 15 October (dotted line), and 15 November (dot and dash line); right, 

pooled 2010-2011 seasonal mean bird density. Gray shading is one standard error from the mean. 

 

Figure 8. Seasonal variation in the direction and speed of migration for 13 WSR-88D stations in 

the northeastern US. Data are pooled 2010-2011. Left, mean ground headings weighted by bird 

density (solid line) and mean wind heading (dashed line); right, mean groundspeeds weighted by 

bird density (dotted line), mean airspeeds weighted by bird density (solid line), and mean wind 

speed (dashed line). Gray shading is one standard error from the mean. 
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Figure 9. Spearman rank correlations in mean bird density for the 90th percentile among 13 

WSR-88D stations in the northeastern US. Darker colors and solid lines connect stations with 

stronger, statistically significant positive correlations. Dotted lines show correlations between 

pairs of stations that were not significant. 
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STUDIES OF BIRD migration across large bodies 
of water have illuminated our understanding 
of the mechanisms and evolution of migration 
and stopover, partly because water represents 
poor stopover habitat in extremis (Moore and 
Simons 1992). The fi ve Great Lakes constitute 
~250,000 km2 of open water and stretch 1,400 
km east to west (Government of Canada and 
U.S. Environmental Protection Agency 1995). 
Here, we consider the propensity for land birds 
to cross the Great Lakes during migration, and 
whether those that cross engage in dawn ascent 
and reorientation. Those behaviors, operating 
together, determine in part how birds variously 
encounter coastal habitats at the end of noctur-
nal migration.

Bruderer and Liechti (1998) observed reduced 
tendency for nocturnal migrants approach-
ing the Mediterranean Sea to cross as night 
progressed, suggesting that birds reaching the 
coast later were less energetically prepared for 
a potentially lengthy crossing. Alerstam and 
Pettersson (1977) theorize and then support 
empirically that the tendency for migrating 
birds to avoid crossing parts of the North Sea 
is driven by a combination of factors including 
wind direction and the angle between the track 
of birds and orientation of the approaching 
coastline.

Myres (1964) noticed “dawn ascent and reori-
entation” over the North Sea in fall, in which 
radar echoes from distant birds over water 
increased in number or appeared where none 
had been before. The birds (especially Turdus
thrushes), well out of sight of land, appeared 4 E-mail: rdiehl@uiuc.edu

ABSTRACT.—The Great Lakes and nearby agricultural midwestern United States together 
represent a geographical challenge to migratory land birds during fl ight and stopover. We 
explored large-scale migratory responses of land birds encountering the Great Lakes as re-
vealed by weather surveillance radars (WSR-88D) and two smaller specialized radars. Those 
responses reveal comprehensive landscape- or regional-scale migratory patterns that would 
otherwise have been diffi cult to infer. Analysis of radar echoes showed birds crossed the Great 
Lakes in large numbers, although we also found evidence of birds avoiding lake crossing in 
some locations. Around dawn, birds over water in numerous locations frequently exhibited an 
increase in migratory height (dawn ascent) and often an accompanying reorientation toward 
nearest land if they were within ~28 km of shore. Those behavioral responses to the Great 
Lakes infl uence the resulting distribution of birds stopping over in the intervening terrestrial 
landscapes. Received 23 August 2001, accepted 14 December  2002.

RESUMEN.— Los Grandes Lagos y las áreas agrícolas cercanas del medio oeste de los Estados 
Unidos representan un desafío geográfi co para las aves migratorias terrestres durante el vuelo 
y las escalas de migración. Exploramos las respuestas migratorias a gran escala de aves que se 
encuentran con los Grandes Lagos mediante radares de vigilancia climáticos (WSR-88D) y dos 
radares especializados más pequeños. Dichas respuestas nos permitieron observar patrones 
generales a la escala de paisaje o región que de otra manera hubieran sido difíciles de inferir. 
Análisis de los ecos de radar mostraron que grandes números de aves cruzaron los Grandes 
Lagos, aunque también encontramos evidencia de aves que evitaron cruzarlos en algunas 
localidades. Alrededor del amanecer, en numerosas localidades las aves frecuentemente 
exhibieron un aumento en la altura de migración (ascenso del alba) a menudo acompañando 
por una reorientación hacia la tierra más cercana si se encontraban a menos de ~28 km de la 
costa. Estas respuestas conductuales ante los Grandes Lagos infl uencian la distribución de las 
aves que realizan escalas migratorias en los paisajes terrestres que se encuentran entre ellos. 
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to ascend around sunrise and then assume a 
new direction of travel, frequently one that had 
the effect of increasing the chance of birds en-
countering land rather than continuing into the 
open Atlantic Ocean. Birds departing the north-
eastern coast of North America in fall, on the 
other hand, sometimes turn back toward land 
at dawn only if they are within sight of land 
(Myres 1964; reviewed in Richardson 1978).

The behavior of migratory birds aloft 
through the Great Lakes region is poorly un-
derstood (see Hussell et al. 1992, Ewert and 
Hamas 1995) largely because the indirect means 
of observation are often technically demanding. 
Such methods include fl ight-call monitoring 
(Evans and Rosenberg 2000, Larkin et al. 2002), 
radio telemetry (Cochran et al. 1967, Cochran 
and Kjos 1985, Diehl and Larkin 1998), passive 
infrared (Liechti and Bruderer 1995), and radar 
(Eastwood 1967, Gauthreaux 1971, Larkin 1994, 
Bruderer 1997).

In the past 10 years, new doppler radar tech-
nology has become available for use in studies 
of bird movements in the United States. This 
system of 154 radars (Crum and Alberty 1993), 

widely known as “NEXRAD” (NEXt generation 
RADar)—or more properly WSR-88D (Weather 
Surveillance Radar, 1988 Doppler)—is capable 
of revealing large-scale patterns of bird migra-
tion. In recent years, S. A. Gauthreaux and col-
leagues have uncovered some of the potential 
of WSR-88D for studying bird movements 
(Gauthreaux and Belser 1998, Gauthreaux et 
al. 1998, Russell and Gauthreaux 1998; see also 
Larkin 1984, 1991a) resulting in renewed inter-
est in radar ornithology in the United States. 
These large radars are particularly useful for 
studying patterns of migration over and around 
the Great Lakes, because the lakes are narrow 
enough that favorably situated land-based 
radars operating simultaneously can obtain a 
panoramic picture of migrating birds (Fig. 1). 
The surrounding glacially scoured landscape 
is also generally free of topography that can 
obstruct the radar’s beam.

Care is needed in interpreting WSR-88D 
imagery, in part because over large lakes, re-
fraction (or bending) of the radar’s beam may 
strongly infl uence the apparent strength of 
radar echoes of birds at some times of the day 

FIG. 1. Ten radars capture a migration primarily composed of land birds on 3 May 2000 between 2235 and 
2245 hours. Black dots show radar locations and white polygons mark where regions of echo were sampled 
for quantification. Color scales relate to quantifiable densities of birds in this heavy migration (see text). The 
bulls-eye pattern of decreasing echo strengths around radars in this composite is an artifact of the way the 
WSR-88D beam gradually passes over the migratory layer as the earth (and birds) curve out from beneath the 
beam at longer ranges. That explains the absence of echo due to birds over some geographic locations and does 
not indicate where birds are absent. White polygons delimit sampling regions used in comparing bird densities 
over water and over land at three different radars, KGRB, KCLE, and KBUF. The 5  30 km white rectangle 
along the Wisconsin coast (near KMKX) marks the sampling region used in quantifying dawn ascent. Courtesy 
of WeatherTAP.com
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and year. The approximation of four-thirds of 
the earth’s radius often used over land to ac-
count for standard refraction may not apply 
(for review see Ko et al. 1983), and some closer 
higher-fl ying birds may be missed because the 
beam has been refracted downward. We have 
observed cliffs and other ground-clutter echoes 
on WSR-88D at great distance across the Great 
Lakes in April and early May, when both em-
pirical data (Bean and Emmanuel 1973) and 
theory (Paulus 1985) suggest refraction should 
be strongest.

By quantifying differences in WSR-88D bird 
echoes, we examined the degree to which birds 
engaged in movements consistent with lake 
crossing (bird densities over land not signifi -
cantly different than bird densities over water) 
versus lake avoidance (bird densities over land 
signifi cantly greater than bird densities over 
water). Because even the large radars of the 
WSR-88D system offer poor coverage of birds 
crossing Lake Superior, we present data from 
a small tracking radar located near the center 
of the Upper Peninsula of Michigan. We also  
examined whether dawn ascent and reorien-
tation was common over the Great Lakes by 
quantitatively examining temporal changes in 
bird-echo strength and doppler velocity in the 
time before, during, and after dawn. Finally, we 
consider how those movements may infl uence 
subsequent stopover patterns by migratory 
land birds in Great Lakes coastal habitats (see 
Barrow et al. 2000). Throughout, we illustrate 
some of WSR-88D’s capabilities and consider 
methodological issues in using that system for 
biological research.

METHODS

Estimating bird density.—Our analysis focuses on 
WSR-88D data collected when the radar’s beam is at 
its lowest elevation angle of 0.5° measured up from 
the horizon. Radars in the WSR-88D system emit 
microwaves in pulses along a narrow conical beam 
that is nominally 0.95° across but that also spills some 
energy in directions outside the 0.95° beam. For that 
reason, objects near the ground close to the radars of-
ten produce strong echoes even though they may not 
lie directly in the beam. Echoes from such so-called 
ground clutter were suppressed using custom inter-
nally written software.

Results presented here are in units of birds per 
cubic kilometer. However, radars within the WSR-
88D system show the amount of echo from a large 
volume of airspace refl ected back to the radar, or 

refl ectivity, in logarithmic units of refl ectivity (dBZ).
Logarithmic units allow concise description of a large 
range of refl ectivity from a few small droplets of rain 
or a few small insects to numerous large drops in an 
intense storm or a large movement of waterfowl. The 
linear measure of refl ectivity used in deriving birds 
per cubic kilometer is calculated as Z = 10dBZ/10. This 
is not a measure of echo from a single target (one 
bird or one hailstone), but rather of numerous targets 
distributed throughout the volume of airspace being 
measured by the radar. Black and Donaldson (1999; 
see also Gauthreaux and Belser 1998, 1999) showed 
that, when targets such as birds are well distributed 
in space, Z follows the relationship, 28.0 · Z = average 
target density average radar cross-section per target 
for a given volume of airspace at a given range from 
the radar. The average density is in units of targets  
per cubic kilometer. The average radar cross section, 
or echoing area of a target (Vaughn 1985), is in units of 
square centimeters target–1. Density of birds in units 
of square centimeters per cubic kilometers is refl ected 
by 28.0Z. We calculate average bird density aloft as 
28.0Z divided by a representative cross-section for a 
migratory land bird, 17.5 cm2 (Larkin 1991b).

Bird cross-sections used to calculate bird density 
were empirically estimated by regressing bird refl ec-
tivities from WSR-88D with actual bird densities aloft 
using a portable 3 cm wavelength radar. In the spring 
of 1997, 1998, and 1999, one of us (J.E.B.) operated 
a small, dedicated 3-cm wavelength radar at Brock 
University, 46 km north west of the Buffalo WSR-
88D (Fig. 2, KBUF; unless otherwise indicated, refer 

FIG. 2. Locations of 10 radars in the WSR-88D 
system offering Great Lakes coverage. Arrows at 
each radar location indicate the general direction of 
migration near midnight on 3 May 2000, depicted in 
reflectivity on Figure 1. Each radar is identified by a 
four-letter call sign: KGRB = Green Bay, Wisconsin; 
KMKX = Dousman, Wisconsin; KLOT = Romeoville, 
Illinois; KAPX = Gaylord, Michigan; KGRR = Grand 
Rapids, Michigan; KIWX = North Webster, Indiana; 
KDTX = White Lake, Michigan; KCLE = Cleveland, 
Ohio; KBUF = Buffalo, New York; KTYX = Montague, 
New York. Direction data were unavailable at the 
time this research was conducted.
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to Fig. 2 to identify locations of WSR-88D radars by 
their four-letter call signs). The center of the KBUF 
radar beam at 0.5° elevation lies 600 m above Brock at 
that distance, and the 3-cm radar counted individual 
birds overhead in the same range of heights as those 
detected in the WSR-88D’s beam, permitting direct 
comparison between data from the 3-cm unit and Z
from WSR-88D (Fig. 3). Because the 3-cm radar oper-
ated in conical mode (Eastwood 1967) it was possible 
to obtain velocities of birds and therefore to calculate 
a bird density overhead on the basis of velocity and  
numbers of birds passing through the airspace swept 
out by the 3-cm radar’s beam.

Bird density measured by 3-cm radar at heights 
of 500–700 m (Black 2000) was compared with a 5 × 
5 km square of WSR-88D Z centered above the 3-cm 
unit between 2215 and 2345 hours local time (all times 
expressed in text are local time). The slope of a linear 
regression on bird density measured by 3-cm radar and 
Z was forced through the origin and gave an estimate 
of mean cross-section ( ) on WSR-88D ranging from 9 
to 34 cm2 across the three seasons, reasonable values 
for  of birds (Fig. 3; Vaughn 1985, Larkin 1991b). The 
slope (  = 17.5 cm2) is typical for a small passerine and 
the measured bird density explained much of the vari-
ance in WSR-88D refl ectivity R2 = 0.75.

These results are important for two additional rea-
sons:  (1) migrating birds can account for  the strong 
echoes in WSR-88D data quantitatively, and (2) at 
least in situations where the unobstructed WSR-88D 
beam intersects migrating birds at a favorable range 
and other factors are held constant, the refl ectivity 
from a WSR-88D bears a direct, quantifi able relation-
ship to the volumetric density of migrating birds.

Identifying lake crossing and avoidance.—Biological
processes such as lake avoidance are seen on radar 
as departures from symmetrical radar refl ectivity pat-
terns typifi ed by that around KMKX and other radars 
in Figure 1. Variation in geography, topography, and 
vegetation generates an uneven distribution of birds 
in the landscape during stopover that translates into 
asymmetries in the pattern (Pearson and Gardner 
1997) of radar echoes shortly after takeoff (e.g. Fig. 4). 
As migration progresses, individual birds of many 
species assume courses in varying winds and spread 
out in the airspace (Fig. 5). Through that spreading, 
small features of the landscape refl ected in the echo 
pattern at takeoff eventually blur and disappear 
(compare KCLE on Figs. 1 and 4). As time passes, 
larger structures in the echo pattern either vanish as 
spreading homogenizes the migratory layer or persist 
as such structures continue to infl uence migratory 
behavior.

In identifying departures from symmetry that are 
consistent with lake avoidance, we quantitatively 
compared bird densities sampled over land and wa-
ter using WSR-88D. Image data used in that analysis 
occurred as snapshots of migration at each radar site 

and updated every 5 to 10 min. For each of three 
radar sites (KGRB, KCLE, and KBUF), we used the 
closest image to 2330 hours for each migration day 
included in the analysis between 20 April and 21 May 
2000 and 1 September and 30 September 2000. By 
2330 hours, migration is near peak intensity and birds 
have had ample time to migrate over water in large 
numbers. Images selected for analysis excluded those 
dominated by weather echoes, radar artifacts such as 
those caused by refraction, weak migration (<1 bird 
km–3), and widespread insect activity. We identifi ed 
migrations dominated by insects by calculating air-
speed from the vector difference between wind and 
ground velocities using nearest radiosonde (wind 
profi le) data and WSR-88D velocity, respectively (see 
below). We considered WSR-88D targets exhibiting 
airspeeds less than 6 m s–1 to be insects (Larkin 1991b) 
and culled images dominated by them. For this anal-
ysis, we chose coastal radars offering the best lake 
coverage (KCLE, KBUF). We did not analyze data 
from KTYX and KMQT (Marquette, Michigan; not 
shown on Fig. 2) because beam blockage apparently 
caused by relief in terrain biased estimates of radar 
refl ectivity. We included KGRB, although further 
from a coast, to broaden sampling to represent more 
western lakes.

We assumed each nocturnal exodus included in 
the analysis represented an independent sample of 
migratory behavior involving mostly different birds. 
For each migration, we sampled bird echoes around 
three lakes—Michigan, Erie, and Ontario (see Fig. 1 

FIG. 3. Mean bird density between 500–700 m above 
ground level explains most of the variance in WSR-
88D reflectivity (R2 = 0.75) where the slope of the 
linear regression is the WSR-88D cross-section, , a 
measure of the target’s echoing area. That relationship 
is based on bird-density data collected with a small, 
3-cm wavelength radar (see text) around 2300 
hours between 20 April and 16 May 1999 at Brock 
University, St. Catharines, Ontario.
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FIG. 5. Detailed structure of a takeoff on 15 May 1999 around the Buffalo, New York radar 57 min after local 
civil sunset. In a map view (left), northward migrating birds are seen moving out over the southern rim of lakes 
Erie (left) and Ontario (top) in large numbers. Ground clutter causes gaps in the echo pattern to the south and 
southeast of KBUF. Two line segments on the map view delineate cross sections (right) showing the vertical 
distribution of migrating birds as they take off over Lake Erie (AB) and over land (CD). These vertical cross-
sections are assembled from multiple radar scans at different elevations of the beam. The cross-sections are 
slightly “U” shaped because the radar’s beam is closer to the ground when sweeping across the middle part 
of the line segment nearer the radar. Maximum height of the migratory layer (~2000 m above ground level) is 
similar in both AB and CD.

FIG. 4. Takeoff on 18 September 2000 as seen by radar in Cleveland, Ohio, and Buffalo, New York, ~1.3 h 
after local civil sunset. Images were combined to highlight habitat use patterns revealed at takeoff. The takeoff 
pattern at Buffalo (1934 hours) occurred 19 min before that at Cleveland (1953 hours) because of the sun setting 
later further west. Concentrations appear along the southern coast of both lakes Erie and Ontario. Pelee Island, 
Point Pelee, Rondeau, and Long Point along the northern coast of Lake Erie give rise to particularly strong bird 
echoes. Extremely weak echoes over water at that time are of unknown origin but are probably not birds. White 
patches showing no echo south of Buffalo (KBUF) result from ground clutter (e.g. topography) causing the 
radar to automatically reject all echoes from those areas. Courtesy of WeatherTAP.com
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for layout of sample regions). We chose location and 
size of sample regions to minimize accidental sam-
pling of ground clutter or areas infl uenced by beam 
blockage while maximizing the area sampled. Echo 
sample regions were delineated in polar coordinates 
(range and azimuth) at identical ranges within each 
radar (Fig. 1) to avoid bias introduced by the earth 
(and therefore the migratory layer) curving out from 
beneath the radar’s beam with increasing range. The 
width of Lake Ontario constrained the range depth of 
sample regions to 30 km (see Fig. 1). We applied that 
sampling range at all radars for consistency. Minimum 
and maximum ranges sampled varied between radars 
(75–105 km at KGRB, 40–70 km at KCLE, 55–85 km 
at KBUF) to ensure adequate sampling over water. 
However, because sampling ranges varied between 
radars, we did not compare or combine refl ectivities 
measured at different radars.

Land samples composed of separate regions 
around a radar were pooled (Fig. 1). We computed 
mean bird density over land and water and tested 
their differences using paired sample tests. Because 
spring KGRB data violated assumptions of normal-
ity and symmetric distribution about the median, we 
used conservative nonparametric sign tests to test dif-
ferences between over-water and land samples.

For analysis of birds crossing Lake Superior in fall, 
we back-extrapolated points of departure of from 
tracks of individual migrating birds taken in 1983 and 
1984 with a modifi ed tracking radar in Michigan’s 
Upper Peninsula. We verifi ed those radar targets as  
birds and not insects by examining wing-beat signa-
tures (for details see Larkin and Frase 1988). Birds 
were assumed to take off 48 min past civil sunset 
(Diehl and Larkin 1998) and travel straight at constant 
speed. In the back-extrapolation, we used all straight, 
nocturnal tracks that were at least 10 s in duration and 
aloft at least 0.25 h. See Larkin and Frase (1988) for 
further details.

Dawn ascent and reorientation.—We defi ned dawn 
reorientation on WSR-88D as a geographically wide-
spread and consistent change in velocity compared 
with WSR-88D images before dawn, occurring at the 
time of maximum over-water refl ectivity and not at-
tributable to changes in winds with time or height. 
We measured the spatial extent of reorientation di-
rectly from WSR-88D doppler velocity except when 
available doppler velocity values were corrupted by 
artifacts in the velocity data (Rinehart 1997).

We identifi ed dawn ascent by examining 100 con-
secutive mornings around Milwaukee, Wisconsin 
(KMKX, 8 April through 22 May, and 17 August 
through 10 October 2000). To determine if that phe-
nomenon occurred throughout the Great Lakes, we 
examined 34 additional nonconsecutive mornings at 
other radars (Fig. 2; KAPX, KCLE, KBUF, KGRR) dur-
ing days of known bird migration. Over land, distant 
echoes of nocturnal migrants diminish in refl ectivity 
around dawn as landing birds descend below a height 

detectible by radar. In this context, we defi ne “dawn 
ascent” as increased refl ectivity at civil sunrise com-
pared with 50 min earlier. We calculated mean bird 
density at KMKX in a 5 × 30 km region over Lake 
Michigan (Fig. 1; again chosen to minimize effects 
of beam blockage), and as above, omitted mornings 
dominated by weather echoes, radar artifacts such as 
obvious refraction, or widespread insect activity.

Dawn reorientation was identifi ed from WSR-88D 
doppler base velocity which measures the component 
of velocity of the bird toward or away from the radar 
(Rinehart 1997). For a bird moving perpendicular to 
the radar beam, the doppler speed is zero, whereas for 
a bird moving directly toward (Fig. 6; velocity, dark 
green) or away (Fig. 6; velocity, dark red) from the 
radar, the doppler speed is almost exactly the bird’s 
speed over the ground. When all birds are fl ying in 
the same direction there is a doppler region (here light 
red in color, velocity component 0 m s–1; e.g. Fig. 6, 
velocity) perpendicular to the direction of fl ight. Base 
velocity images often exhibit complicated patterns, 
with birds fl ying in different directions and speeds at 
different ranges and bearings from the radar.

Velocity values are helpful in deciding if targets 
detected are insects or birds. One needs to know the 
wind velocity aloft (obtainable from radiosonde or 
wind profi le data taken at sunset and sunrise). Insects 
fl y at very low air speeds (Larkin 1991b) and as a 
consequence their velocity relative to the radar will be 
close to that of the wind in both speed and direction. 
Birds fl y at higher air speeds and may be fl ying in 
directions that are different from the wind direction. 
If indeed the doppler velocities differ substantially in 
direction or magnitude from the wind speeds aloft, 
then one can be reasonably sure the targets on the 
WSR-88D are birds (or bats) and not insects.

RESULTS

Birds crossed the Great Lakes in large 
numbers. Trans-lake migration was common 
(Table 1), and repeated occurrence of patterns 
typifi ed by those around radars in Figure 1 
showed birds regularly crossing lakes. The 
structure of bird movement over water early in 
migration is illustrated in Figure 5. In the cross-
section of migratory bird echoes over eastern 
Lake Erie, higher birds seen at increasing dis-
tance from the coast reveal patterns of climb 
shortly after takeoff. Similar cross-sections over 
Lake Erie 3 h later showed climb patterns absent 
and birds distributed uniformly throughout the 
airspace similar to segment CD.

In both spring and fall 2000, mean bird densi-
ties over land were always greater than or ap-
proximately equal to those over water. Ratios of 
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land bird to water bird densities varied from 1.3 
to 3.9. In spring 2000, bird densities over water 
were signifi cantly or nearly signifi cantly lower 
than those over land around all lakes except the 
east end of Lake Erie (Table 1). This pattern of 
signifi cance (or near signifi cance) varied sea-
sonally only around Lake Ontario where land 
and lake densities differed statistically in spring 
but not fall (Table 1). The more eastern samples 
(KBUF Erie and KBUF Ontario) exhibited high-
er bird densities in fall, whereas the more west-
ern samples (KCLE Erie and KGRB Michigan) 
showed higher densities in spring.

Wing-beat signature data from tracking ra-
dar stationed in Michigan’s Upper Peninsula 
showed that the tracked animals were migrat-
ing birds (Larkin and Frase 1988). Estimated 
takeoff points from birds’ tracks (n = 520) were 
concentrated north and south of Lake Superior 
establishing that direct crossing of that part of 
Lake Superior was common (Fig. 7).

Dawn ascents were always located over the 
Great Lakes except for occasional localized 
morning movements at, for example, Lake 
Winnebago, Wisconsin. At KMKX, ascent oc-
curred on 28 of the 60 mornings free of weather 
and radar artifacts (Table 2), sometimes taking 
on the appearance of birds materializing from 

nowhere over open water. Birds in a dawn ascent 
were more often concentrated near shore than 
spread uniformly over the 5 × 30 km area used 
in the analysis (Fig. 1). Even among the morn-
ings in which migration density over the water 
never reached 1 bird km–3, a dawn ascent was 
sometimes measured. Because birds depicted in 
Figure 8 were high, those over southwest Lake 
Michigan were observed by both the KMKX 
(Wisconsin) and KLOT (Illinois) radars, enabling 
confi rmation of birds’ actual fl ight behavior. The 
doppler velocity vectors from the two radars 
together reveal the birds were heading almost 
directly toward shore, with their resultant track 
toward ~170° and ground speed ~14 m s–1 in 
winds from the northwest. The concentration of 
migrants just offshore in Figure 8 (refl ectivity) 
was typical and such patches of echo near or on 
the shoreline always appeared denser toward 
the direction the birds were migrating (that is, 
denser along the south shore in fall, and along 
the north shore in spring). The apparent increase 
in bird density possibly resulted from an aspect 
effect, where birds’ bodies are oriented so as to 
present their broad sides to the radar causing 
stronger echoes than when oriented directly 
toward or away from the radar (Edwards and 
Houghton 1959, Buurma 1995).

TABLE 1. Bird density (birds km–3) over land versus over the Great Lakes during spring and fall 2000. Each 
radar-lake combination identifies a location where bird densities were compared (see Figs. 1 and 2). Sign 
tests were used to evaluate differences between paired land- and water-bird densities. The sign test statistic, 
M, is reported with P values. An asterisk (*) marks significance and a plus (+) near significance at  < 0.05.   

Radar Lake n Over land Over water M P
Spring 2000

KBUF Erie 9 11.79 (7.84) a 8.79 (6.53) –2.5 0.1797 
KBUF Ontario 9 11.79 (7.84) 6.44 (3.74) –4.5 0.0039*

KCLE Erie 5 31.78 (13.47) 10.50 (4.94) –2.5 0.0625+

KGRB Michigan 11 14.98 (15.12) 3.80 (1.78) –4.5  0.0117*

Fall 2000 
KBUF Erie 6 18.51 (16.47) a 12.97 (16.34) –2.0 0.2188 
KBUF Ontario 6 18.51 (16.47) 12.65 (9.76) –1.0 0.6875 
KCLE Erie 13 22.60 (19.16) 9.40 (8.99) –6.5 0.0002*

KGRB Michigan 5 9.81 (4.88) 3.49 (3.64) –2.5 0.0625+

a We compare the same land densities are compared against densities against lakes Erie and Ontario at KBUF (see Fig. 1). 

TABLE 2. Dawn ascent, measured as bird densities (birds km–3) over Lake Michigan 50 min before sunrise and at 
sunrise (means with SD in parentheses; medians behaved the same). 

n Sunrise – 50 min Sunrise 
Ascent 28 4.18 (3.72) 6.43 (6.36) 
No ascent 11 3.19 (4.88) 0.82 (0.89) 
No migration 21 0.04 (0.06) 0.08 (0.18) 
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At KMKX, we observed 14 clear instances 
and 7 probable instances of dawn reorientation; 
on other radars within the WSR-88D system 
around the lakes (34 mornings), 5 clear exam-
ples and 5 probable examples were observed. 
Changes in doppler velocity up to 12.2 m s–1

occurred within a few minutes when directions 
at dawn changed by >90°; fl ight speeds often 
exceeded those values because birds seldom 
happened to be fl ying directly toward or away 
from the radar. Reorientation occurred over 
water simultaneously with dawn ascent and 
was never observed inland or >39 km from land 
(minimum distance from shore 6.5 km, median 
28 km). An inshore region of reoriented birds 
(Fig. 8) was always visible as part of a dawn 
ascent except when insuffi cient migrants, ra-
dar anomalies, or weather prevented us from 
observing it. Sometimes birds showed a thin 
stripe of mixed or very low velocities centered 
between two close shores, which seems to rep-
resent either a collection of birds vacillating in 
their orientation or different nearby individuals 
or fl ocks fl ying toward different shores.

Birds over the narrower Great Lakes (Lake 
Erie, Lake Ontario, west Lake Superior) or 
near isolated land features regularly reoriented 
toward the closest land. For example, by their 
prominence, Lake Erie’s Point Pelee, Rondeau, 
and Long Point (see Dunn and Nol 1980) may 
draw dawn reoriented birds from dispropor-
tionately large airspaces relative to their land 
areas. Nocturnal migrants following coasts and 
diurnally mobile individuals may also be chan-
neled into those peninsular areas. Those forces 
acting together will tend to concentrate birds, 
perhaps in the manner portrayed in Figure 4 
where the northern coast of Lake Erie shows 
distinct areas of strong bird echoes at takeoff as-
sociated with geographically unique peninsular 
features of Lake Erie’s northern coast.

DISCUSSION

Lake crossing and avoidance.—The propor-
tion of birds engaging in lake crossing when 
encountering Great Lakes coasts determines in 
part the relative abundance of birds arriving 
over and perhaps concentrating in near or far 
shores (but see Smith et al. 1998). The decision 
of whether to cross likely refl ects an “adjustable 
compromise” by the birds (Bruderer and Liechti 
1998) between fi tness benefi ts of early arrival at 
the fi nal destination and the risks of assuming 

hazardous routes in expediting travel to that 
destination. Assuming the fi nal destination is 
static, that compromise adjusts to changing risk 
conditions that vary with endogenous state, 
direction of travel with respect to the orienta-
tion of the coast, and weather—particularly 
wind conditions (Alerstam and Pettersson 1977, 
Bruderer and Liechti 1998). Furthermore, dif-
ferent sexes, age classes, or taxa likely respond 
differently when encountering coasts during 
migration (Dorst 1962, Dunn and Nol 1980).

Lake avoidance may occur as a matter of con-
venience. As the direction of travel increasingly 
parallels the coast, birds may increasingly favor 
slightly altered courses to remain over land and 
avoid lake crossings (Alerstam and Pettersson 
1977). Gauthreaux (1980) reported that direc-
tions of travel near lakes Michigan, Erie, and 
Ontario tend to parallel the long axis of those 
lakes in spring and run more perpendicular to 
them in fall, especially lakes Erie and Ontario. 
Radiotracking studies of Catharus thrushes ap-
proaching Lake Michigan during migration 
show most of those birds either initiated or 
engaged in lake crossing (Cochran et al. 1967, 
Cochran 1972). The one clear exception portrays 
the track of a low-fl ying Veery (C. fuscescens)
that followed along the western coast of Lake 
Michigan after intercepting the shore at an acute 
angle (Diehl and Larkin 1998). By contrast, birds 
encountering coasts perpendicular to their di-
rection of travel may be more inclined to cross. If 
so, we would expect a tendency toward greater 
lake avoidance in spring and less in fall. Our re-
sults are consistent with that prediction around 
Lake Ontario, the eastern-most lake.

Lake avoidance assumes birds can detect the 
coast during nocturnal fl ight. Whether a coast is 
perceived may depend on the height of bird, the 
amount of moonlight, or presence of whitecaps 
(Griffi n 1969). 

Apparent decreases in bird density over water 
may also occur if birds change height as they 
move out over water, fl ying above or below the 
radar’s beam in the process. Assuming standard 
refraction (see above), only birds fl ying lower 
over water might be consistent with our data. 
Although we cannot specifi cally exclude that 
possibility, birds that decreased height when fl y-
ing over water would exhibit changes in height 
opposite that observed during dawn ascent. 
Bruderer and Liechti (1998) show no evidence 
that migrating birds altered their heights as they 
approached or left the Mediterranean coast.
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Because birds and insects fl y at low altitudes 
and often in layers in the atmosphere (Vaughn 
1985), variations in beam height produced 
by refraction can have a pronounced infl u-
ence on the resulting refl ectivity pattern and 
its interpretation. Unfortunately, radar beam 
refraction over the lakes remains poorly under-
stood. Refraction may be more pronounced at 
Cleveland and Buffalo owing to those radars’ 
close proximity to lakes. On some days, differ-
ences in bird density consistent with lake avoid-
ance may also be consistent with birds over wa-
ter fl ying largely above a radar beam refracted 
downward over water. However, if refraction 
accounted for most of the difference between 
apparent bird densities measured over land and 
water, we would also not expect dawn ascent to 
be visible on radar as frequently as it is, unless 
the refractory conditions also change frequently 
and suddenly at dawn, which is unlikely. 
Furthermore, refraction should be strongest in 
spring, yet patterns of statistical difference in 
bird densities over land versus over water were 
similar at three of the four locations measured 
in spring and fall.

Dawn ascent and reorientation.—Dawn ascent 

FIG. 7. Estimated takeoff areas show that targets 
verified as birds cross Lake Superior in fall. Takeoff 
locations were estimated by backward-extrapolating 
bird flight tracks collected using tracking radar, lo-
cated here as a white plus. Highest density takeoff 
areas were delineated using a kernel-based density 
estimator (Arcview GIS, version 3.2; cell size = 1 km, 
search radius = 15 km). Targets estimated to have tak-
en off from pelagic Lake Superior probably represent 
a combination of water birds and birds that took off 
at times other than sunset, changed course, or whose 
back-extrapolations were erroneous.

FIG. 6. Fall land-bird migration over the Lower Peninsula of Michigan, northern Lake Michigan, and eastern 
Lake Huron 1.7 h after civil sunset on 12 September 2000 as seen in reflectivity (2035 hours) and radial velocity. 
In reflectivity (left), birds from the Upper Peninsula of Michigan and Door County Peninsula, Wisconsin, are 
crossing Lake Michigan in large numbers (arrows). Note the relative absence of bird echoes along the western 
shore of Michigan as Lake Michigan casts its “shadow” on the migratory layer. Radial velocity (right) shows 
the migration moving toward ~135° with peak speeds at 20 m s–1. Doppler shift is depicted as speed toward the 
radar (green) or away from the radar (red). Courtesy of WeatherTAP.com
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is an increase in height of migrating birds (re-
viewed in Richardson 1978), and measured re-
fl ectivities of postdawn echoes provide further 
strong evidence for the reality of dawn ascent. 
Because low-fl ying birds may not be visible on 
WSR-88D radars, we cannot tell whether all 
migrating birds ascend at dawn over the Great 
Lakes. Many or most birds certainly ascend 
often enough to produce refl ectivity over water 
equal to the most intense refl ectivity observed 
over land during the preceding night.

Reorientation that accompanies dawn ascent 
constitutes a sudden change in vectors of travel 
that cannot be explained as a coincidental change 
in wind and whose magnitude is greater than that 
exhibited by migrating insects (Larkin 1991b). As 
such, reorientation confi rms that echoes over 
the Great Lakes and, by extension, contiguous 
echoes over land, are predominantly migrating 
birds. (Migrating bats [Chiroptera] probably con-
tribute to those echoes as well.)  Results from the 
tracking radar and characteristics of the WSR-
88D echoes (refl ectivity and velocity) further 
support the target identity as birds.

Reorientation involves birds turning toward 
land when land is close and becomes visible in 
the dawn light. Celestial and large-scale geo-
physical cues can be ruled out to explain reori-
entation because neighboring birds that happen 
to be over a relatively narrow stretch of water fl y 
toward opposite shores depending on which is 
nearer. Because reorientation can occur on calm 
mornings up to 39 km from shore, ordinary local 
acoustic cues such as waves against the shore 
(Griffi n 1969) cannot explain reorientation. We 
rule out olfaction because migrating birds are 
usually traveling roughly with the wind, with 
any land-based odor source behind them. Thus, 
although the mechanism of other published oc-
currences of dawn reorientation can be diffi cult 
to determine (Drury and Keith 1962, Alerstam 
1990), we conclude that birds in the present 
study oriented visually. Further supporting 
that idea is the assumption that dawn ascent 
functions to gain a high vantage from which to 
look for land. Dawn ascent may also serve other 
ultimate functions such as seeking cooler air or 
predator avoidance (Bourne 1980).

 FIG. 8. Ascent and reorientation of migratory birds over Lake Michigan 9 to 10 min after civil dawn over 
southeastern Wisconsin in fall following passage of a cold front the preceding night. Reflectivity (left) shows the 
remnants of nocturnally migrating birds still aloft over land, mostly at low heights, but dense concentrations of 
migrants still aloft over Lake Michigan. Dawn ascent is seen on radar as echoes appearing at greater height (and 
therefore greater range) than any time during the preceding night, a pattern best depicted through time (see 
Acknowledgments for a website URL showing this dawn ascent). Radial velocity (right) shows that diminishing 
migration over land is toward the southeast, the same direction as birds over both land and Lake Michigan 
had maintained during the preceding night. Far from shore over Lake Michigan, velocities of distant birds are 
also toward the southeast or east. However, velocities of closer birds—those within 39 km of land—were more 
toward the radar and therefore show birds reoriented toward the lakeshore. A distinct discontinuity in doppler 
velocity occurs at the shoreline. Patches of strong echo inland appeared suddenly ~15 min prior to these images 
and represent terrestrial birds departing their nocturnal roosts. Courtesy of WeatherTAP.com
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Our radar data clearly show Great Lakes 
crossing is common, and evolution has pre-
sumably equipped migratory land birds with 
behavioral adaptations that specifi cally permit 
birds to survive long fl ights over hazardous ter-
rain (Biebach 1995). Nonetheless, direct indica-
tions of the Great Lakes as selective agents on 
migrating birds have been reported (Segal 1960, 
Janssen 1976), although that mortality is often 
poorly documented and diffi cult to quantify. As 
with larger bodies of water, the Great Lakes are 
large enough to kill birds and certainly add to 
existing selection pressures posed by other bar-
riers to migration. 

A large percentage of land birds confront 
the Great Lakes as they migrate through North 
America. As a consequence, millions of land 
birds fi nd themselves aloft over the surface of 
the Great Lakes. For birds stranded over wa-
ter near sunrise, the coasts of the Great Lakes 
represent fi rst landfall. Reorientation and lake 
avoidance will tend to direct more birds along 
the near (or departing) shores of lakes whereas 
nonreoriented crossing will tend to direct birds 
toward the far shore. However, the geographic 
characteristics of each lake and how birds re-
spond to the lakes during migratory fl ight tell 
only part of the story of how land birds come 
to occupy specifi c stopover habitats in the in-
tervening landscape of the Great Lakes region. 
The fi ner scale process of habitat selection after 
migration remains largely unknown.

ACKNOWLEDGMENTS

We gratefully acknowledge J. Acrigg, K. Cooper, D. 
Divine, N. Donaldson, B. Frase, K. Labas, R. Parsons, 
R. Szafoni, and the Free Software Foundation for their 
roles in making this work possible. Radar imagery 
presented in this paper was provided courtesy of 
WeatherTAP.com. We thank T. Niziol of the Buffalo, 
New York weather radar (KBUF) for help with inter-
preting some base refl ectivity images. J. Kelly, asso-
ciate editor F. Moore, and one anonymous reviewer 
provided valuable comments on the manuscript. 
For more information on dawn ascent, go online to 
detritus.inhs.uiuc.edu/~rdiehl/mkx_ascent.

LITERATURE CITED

ALERSTAM, T. 1990. Ecological causes and consequenc-
es of bird orientation. Experientia 46:405–414. 

ALERSTAM, T., AND S. G. PETTERSSON. 1977. Why do 
migrating birds fl y along coastlines?  Journal of 
Theoretical Biology 65:699–712.

BARROW, W. C., JR., C. CHEN, R. B. HAMILTON, K. 
OUCHLEY, AND T. J. SPENGLER. 2000. Disruption 
and restoration of en route habitat, a case 
study: The Chenier Plain. Pages 71–87 in
Stopover Ecology of Nearctic–Neotropical 
Land Bird Migrants: Habitat Relationships and 
Conservation Implications (F. R. Moore, Ed.). 
Allen Press, Lawrence, Kansas.

BEAN, B. R., AND C. B. EMMANUEL. 1973. The dynamics 
of water vapor fl ux in the marine boundary lay-
er. Pages 51–64 in Modern Topics in Microwave 
Propagation and Air–Sea Interaction (A. Zancla, 
Ed.). D. Reidel, Dordrecht, The Netherlands.

BIEBACH, H. 1995. Stopover of migrants flying across 
the Mediterranean Sea and the Sahara. Israel 
Journal of Zoology 41:387–392.

BLACK, J. E. 2000. Radar studies of the 1999 spring 
migration at Brock University: The Buffalo 
weather radar. Brock Physics Report 2000–2002, 
Brock University, St. Catharines, Ontario. 

BLACK, J. E., AND N. DONALDSON. 1999. Comments on 
“Display of bird movements on the WSR-88D:  
Patterns and quantifi cation.” Weather and 
Forecasting 14:1039–1940.

BOURNE, W. R. P. 1980. The midnight descent, dawn 
ascent and re-orientation of land birds migrating 
across the North Sea in autumn. Ibis 122:36–540.

BRUDERER, B. 1997. The study of bird migration 
by radar part 1: The technical basis. Natur-
wissenschaften  84:1–8.

BRUDERER, B., AND F. LIECHTI. 1998. Flight behavior 
of nocturnally migrating birds in coastal areas: 
Crossing or coasting. Journal of Avian Biology  
29:499–507.

BUURMA, L. S. 1995. Long-range surveillance ra-
dars as indicators of bird numbers aloft. Israel 
Journal of Zoology  41:221–236.

COCHRAN, W. W. 1972. Long-distance tracking of 
birds. Pages 39–59 in Animal Orientation and 
Navigation (K. Schmidt-Koenig, G. J. Jacobs, 
S. R. Galler, and R. E. Belleville, Eds.). U.S. 
Government Printing Offi ce, Washington, D.C. 

COCHRAN, W. W., AND C. G. KJOS. 1985. Wind drift 
and migration of thrushes: A telemetry study. 
Illinois Natural History Survey Bulletin 33:
97–330.

COCHRAN, W. W., G. G. MONTGOMERY, AND R. R. 
GRABER. 1967. Migratory flights of Hylocichla
thrushes in spring: A radiotelemetry study. 
Living Bird  6:213–225.

CRUM, T. D., AND R. L. ALBERTY. 1993. The WSR-88D 
and the WSR-88D operational support facil-
ity. Bulletin of the American Meteorological 
Society  74:1669–1687.

DIEHL, R. H., AND R. P. LARKIN. 1998. Wing beat 
frequency of two Catharus thrushes during 
nocturnal migration, measured via radio te-
lemetry. Auk 115:591–601.



Migratory Patterns over the Great LakesApril 2003] 289
DORST, J. 1962. The Migration of Birds. Houghton 

Miffl in, Boston.
DRURY, W. H., AND J. A. KEITH. 1962. Radar studies 

of songbird migration in coastal New England. 
Ibis  104:449–489.

DUNN, E. H., AND E. NOL. 1980. Age-related migra-
tory behavior of warblers. Journal of Field 
Ornithology  51:254–269.

EASTWOOD, E. 1967. Radar Ornithology. Methuen, 
London.

EDWARDS, J., AND E. W. HOUGHTON. 1959. Radar echo-
ing area polar diagrams of birds. Nature 184:
1059.

EVANS, W. R., AND K. V. ROSENBERG. 2000. Acoustic 
monitoring of night-migrating birds: A 
progress report. [Online.] Available at 
www.ornith.cornell.edu/pifcapemay/evans_
rosenberg.htm.

EWERT, D. N., AND M. J. HAMAS. 1995. Ecology of 
migratory land birds during migration in the 
midwest. Pages 200–208 in Management of 
Midwestern Landscapes for the Conservation 
of Neotropical Migratory Birds (F. R. Thompson 
III, Ed.). U.S. Department of Agriculture, Forest 
Service, General Technical Report, no. NC-187.

GAUTHREAUX, S. A., JR. 1971. A radar and direct 
visual study of passerine spring migration in 
southern Louisiana. Auk  88:343–365.

GAUTHREAUX, S. A., JR. 1980. The influence of global 
climatological factors on the evolution of bird 
migratory pathways. Pages 517–525 in Acta 
XVII Congressus Internatinoalis Ornithologici 
(R. Nöhring, Ed.). Verlog der Deutschen 
Ornithologen-Gesellschaft, Berlin, Germany.

GAUTHREAUX, S. A., JR., AND C. G. BELSER. 1998. 
Displays of bird movements on the WSR-88D: 
Patterns and quantifi cation. Weather and 
Forecasting  13:453–464.

GAUTHREAUX, S. A., JR., AND C. G. BELSER. 1999. Reply 
to “Comments on Display of bird migration on 
the WSR-88D: patterns and quantifi cation.” 
Weather and Forecasting 14:1041–1042.

GAUTHREAUX, S. A., JR., D. S. MIZRAHI, AND C. G. 
BELSER. 1998. Bird migration and bias of WSR-
88D wind estimates. Weather and Forecasting  
13:465–481.

GOVERNMENT OF CANADA, AND U. S. ENVIRONMENTAL

PROTECTION AGENCY. 1995. The Great Lakes:  An 
environmental atlas and resource book, 3rd ed. 
[Online.] Available at www.coastwatch.glerl.
noaa.gov/statistic/physical.html.

GRIFFIN, D. R. 1969. The physiology and geophys-
ics of bird navigation. Quarterly Review of 
Biology  44:255–276.

HUSSELL, D. J. T., M. H. MATHER, AND P. H. SINCLAIR.
1992. Trends in numbers of tropical- and 
temperate-wintering migrant land birds in 
migration at Long Point, Ontario, 1961–1988. 

Pages 101–114 in Ecology and Conservation of 
Neotropical Migrant Land Birds (J. M. Hagan 
III and D. W. Johnston, Eds.). Smithsonian 
Institution Press, Washington, D.C.

JANSSEN, R. B. 1976. The spring migration, April 
1–May 31, 1976, Western Great Lakes region. 
American Birds 30:844–846.

KO, H. W., J. W. SARI, AND J. P. SKURA. 1983. 
Atmospheric microwave propagation through 
atmospheric ducts. Johns Hopkins Applied 
Physics Laboratory Technical Digest 4:12–26.

LARKIN, R. P. 1984. The potential of the NEXRAD 
radar system for warning of bird hazards. 
Pages 369–379 in Proceedings of the Wildlife 
Hazards to Aircraft Conference and Training 
Workshop (M. J. Harrison, S. A. Gauthreaux, 
and L. A. Abron-Robinson, Eds.). Federal 
Aviation Administration, Washington D.C.

LARKIN, R. P. 1991a. Sensitivity of NEXRAD algo-
rithms to echoes from birds and insects. Pages 
203–205 in 25th International Conference on 
Radar Meteorology. American Meteorological 
Society, Paris, France.

LARKIN, R. P. 1991b. Flight speeds observed with 
radar, a correction: Slow “birds” are insects. 
Behavioral Ecology and Sociobiology 29:
221–224.

LARKIN, R. P. 1994. NEXRAD algorithm for bird 
hazard warning. U.S. Department of the 
Interior, Fish and Wildlife Service, Contract 
no. 14-16-009-87-1221.

LARKIN, R. P., B. EVANS, AND R. H. DIEHL. 2002. 
Nocturnal fl ight calls of Dickcissels and dop-
pler radar echoes. Journal of Field Ornithology 
73:2–8.

LARKIN, R. P., AND B. A. FRASE. 1988. Circular paths 
of birds fl ying near a broadcasting tower in 
cloud. Journal of Comparative Psychology  
102:90–93.

LIECHTI, F., B. BRUDERER, AND H. PAPROTH. 1995. 
Quantifi cation of nocturnal bird migration 
by moonwatching:  Comparison with radar 
and infrared observations. Journal of Field 
Ornithology  66:457–468.

MOORE, F. R., AND T. R. SIMONS. 1992. Habitat 
suitability and stopover ecology of neo-
tropical land bird migrants. Pages 345–355 
in Ecology and Conservation of Neotropical 
Migrant Land birds (J. M. Hagan III and D. W. 
Johnston, Eds.). Smithsonian Institution Press, 
Washington, D.C.

MYRES, M. T. 1964. Dawn ascent and reorientation 
of Scandanavian thrushes (Turdus spp.) mi-
grating at night over the northeastern Atlantic 
Ocean in autumn. Ibis 106:7–51.

PAULUS, R. A. 1985. Practical application of an evap-
oration duct model. Radio Science  20:887–896.

PEARSON, S. M., AND R. H. GARDNER. 1997. Neutral 
models: Useful tools for understanding land-



DIEHL, LARKIN, AND BLACK290 [Auk, Vol. 120

scape patterns. Pages 215–230 in Wildlife and 
Landscape Ecology: Effects of Pattern and 
Scale (J. Bissonette, Ed.). Springer-Verlag, New 
York.

RICHARDSON, W. J. 1978. Timing and amount of bird 
migration in relation to weather: A review. 
Oikos  30:224–272.

RINEHART, R. E. 1997. Radar for Meteorologists, 3rd 
ed. Rinehart Publications, Grand Forks, North 
Dakota.

RUSSELL, K. R., AND S. A. GAUTHREAUX, JR. 1998. Use 
of weather radar to characterize movements 

of roosting Purple Martins. Wildlife Society 
Bulletin  26:5–16.

SEGAL, S. 1960. Bird tragedy at the Dunes. Indiana 
Audubon Quarterly  38:23–25.

SMITH, R., M. HAMAS, M. DALLMAN, AND D. EWERT.
1998. Spatial variation in foraging of the Black-
throated Green Warbler along the shoreline of 
northern Lake Huron. Condor 100:474–484.

VAUGHN, C. R. 1985. Birds and insects as radar targets: 
A review. Proceedings of the IEEE 73:205–227.

Associate Editor: F. R. Moore



Icebreaker Windpower, Inc. 
Case No. 16-1871-EL-BGN 
Testimony 
September 6, 2018 

 
 

Attachment CEG-8 
 
 
 
 
 
 
 
 
 
 
 
 
 

     Christine M.T. Pirik (0029759) 
     Terrence O’Donnell (0074213) 
     William V. Vorys (0093479) 
     Jonathan R. Secrest (0075445) 
     Sara Jodka (0076289)    
     DICKINSON WRIGHT PLLC 
     150 E. Gay St., 24th Floor 
     Columbus, Ohio 43215 
     Telephone: (614) 591-5461 
     cpirik@dickinsonwright.com 
     todonnell@dickinsonwright.com 
     wvorys@dickinsonwright.com 
     jsecrest@dickinsonwright.com 
     sjodka@dickinsonwright.com  

 
        
       Attorneys for Icebreaker Windpower Inc.  

 



West, Inc. 17 November 2016 

Figure 7.  Bias-corrected bat fatality rates, expressed in terms of bat fatalities/megawatt of 
installed wind energy capacity/year, recorded in 55 studies from land-based wind energy 
projects in the Great Lakes region, representing all such projects for which comparable 
data are publicly available. 
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Figure 8. Bias-corrected bird fatality rates, expressed in terms of bird fatalities/megawatt of installed wind energy capacity/year, recorded in 42 studies 

from land-based wind energy projects in the Great Lakes region, representing all such projects for which comparable data are publicly 
available. 
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Preface

The generation of electricity from wind energy is surprisingly contro-
versial. At first glance, obtaining electricity from a free source of energy—
the wind—seems to be an optimum contribution to the nation’s goal of 
energy independence and to solving the problem of climate warming due to 
greenhouse gas emissions. As with many first glances, however, a deeper in-
spection results in a more complicated story. How wind turbines are viewed 
depends to some degree on the environment and people’s predilections, but 
not everyone considers them beautiful. Building wind-energy installations 
with large numbers of turbines can disrupt landscapes and habitats, and 
the rotating turbine blades sometimes kill birds and bats. Calculating how 
much wind energy currently displaces other, presumably less-desirable, 
energy sources is complicated, and predicting future displacements is sur-
rounded by uncertainties.

Although the use of wind energy has grown rapidly in the past 25 years, 
frequently subsidized by governments at various levels and in many coun-
tries eager to promote cleaner alternative energy sources, regulatory systems 
and planning processes for these projects are relatively immature in the 
United States. At the national scale, regulation is minimal, unless the project 
receives federal funding, and the regulations are generic for construction 
and management projects or are promulgated as guidelines. Regulation at 
the state and local level is variable among jurisdictions, some with well-
developed policies and others with little or no framework, relying on local 
zoning ordinances. There are virtually no policy or regulatory frameworks 
at the multistate regional scale, although of course the impacts and benefits 
of wind-energy installations are not constrained by political boundaries.
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This is the complex scientific and policy environment in which the 
committee worked to address its responsibility to study the environmental 
impacts of wind energy, including the adverse and beneficial effects. Among 
the specified considerations were the impacts on landscapes, viewsheds, 
wildlife, habitats, water resources, air pollution, greenhouse gases, materi-
als-acquisition costs, and other impacts. The committee drew on informa-
tion from throughout the United States and abroad, but by its charge, 
focused on the Mid-Atlantic Highlands (a mountainous region in Pennsyl-
vania, Virginia, Maryland, and West Virginia). Using existing information, 
the committee was able to develop a framework for evaluating those effects; 
we hope this framework can inform future siting decisions of wind-energy 
projects. Often, there is insufficient information to provide certainty for 
these decisions, and thus in the process of its work the committee identified 
major research needed to improve the assessment of impacts and inform the 
siting and operational decisions of wind-energy projects.

The committee membership included diverse areas of expertise needed 
to address the committee’s charge. Committee members originated from 
across the United States, and one hails from Denmark, adding to the in-
ternational perspective of the study. Members represented the public and 
private sectors, and numerous natural and social science disciplines. But 
most important, the committee worked together as a cohesive group in 
deciding what issues were important and how important, examining issues 
from multiple perspectives, recognizing and dealing with biases, framing 
questions and issues in formats that would convey information effectively 
to decision makers, and considering, respecting, and reconciling differences 
of opinion, judgment, and interpretation.

The committee broadly defined “environmental” impacts to include 
traditional environmental measures such as species, habitats, and air and 
water quality, but attention was also devoted to aesthetic, cultural, recre-
ational, social, and economic impacts. The committee recognized that the 
planning, policy, and regulatory considerations were paramount if infor-
mation about impacts was to be translated into informed decision making. 
Finally, because decision making about wind-energy projects occurs at a 
variety of geographic and jurisdictional levels, the committee paid careful 
attention to scale issues as it addressed impacts and benefits.

The benefits of wind energy depend on the degree to which the adverse 
effects of other energy sources can be reduced by using wind energy instead 
of the other sources. Assessing those benefits is complicated. The generation 
of electricity by wind energy can itself have adverse effects, and projecting 
the amount of wind-generated electricity available in the future is quite un-
certain. In addition, the amount of potential displacement of other energy 
sources depends on characteristics of the energy market, operation of the 
transmission grid, capacity factor of the wind-energy generators as well 
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as that of other types of electricity generators, and regulatory policies and 
practices affecting the production of greenhouse gases. Even if the amount 
of energy that wind energy displaces is small, it is clear that the nation will 
depend on multiple energy sources for the foreseeable future and reduction 
of environmental impacts will thereby require multiple approaches.

The committee began its work expecting that there would be mea-
surable environmental impacts, including biological and socioeconomic 
impacts, and that there would be inadequate data from which to issue 
definitive, broadly applicable determinations. Given the complexity of the 
electric-power industry, the dynamics of energy markets, and the rapidity 
of technological change, we also expected that predicting the environmental 
benefits of wind energy would be challenging. On the other hand, the lack 
of any truly coordinated planning, policy, and regulatory framework at all 
jurisdictional levels loomed larger than expected throughout our delibera-
tions. Although some predictions about future adverse environmental ef-
fects of wind-energy use can be made, the committee recognized gaps in our 
knowledge and recommended specific monitoring studies that will enable 
more rigorous siting and operational decisions in the future. Similarly, the 
report includes descriptions of measures of social impacts of wind-energy 
development, and recommends studies that would improve our understand-
ing of these impacts.

The complexity of assessing the environmental impacts of wind-energy 
development can be organized in a three-dimensional action space. These 
dimensional axes include spatial jurisdictions (local, state/regional, and fed-
eral), timing of project stages (pre-project, construction, operational, and 
post-operational) and environmental and human impacts, each of which 
include their own time and space considerations. The committee evaluated 
these issues in offering an evaluation guide for organizing the assessment of 
environmental impacts. We hope that the results of these deliberations and 
the evaluations and observations in this report will significantly improve 
the nation’s ability to plan, regulate, and assess the impacts of wind-energy 
development.

This report has been reviewed in draft form by individuals chosen 
for their diverse perspectives and technical expertise, in accordance with 
procedures approved by the National Research Council’s Report Review 
Committee. The purpose of this independent review is to provide candid 
and critical comments that will assist the institution in making its published 
report as sound as possible and to ensure that the report meets institutional 
standards of objectivity, evidence, and responsiveness to the study charge. 
The review comments and draft manuscript remain confidential to protect 
the integrity of the deliberative process. We thank the following individuals 
for their review of this report:
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Jan Beyea, Consulting in the Public Interest
Dallas Burtraw, Resources for the Future
Michael Corradini, University of Wisconsin-Madison
Samuel Enfield, PPM Atlantic Renewable
Chris Hendrickson, Carnegie Mellon University
Alan Hicks, New York Department of Environmental Conservation
Mark Jacobson, Stanford University
Kevin Porter, Exeter Associates
Paul Kerlinger, Curry & Kerlinger, LLC
Ronald Larkin, Illinois Natural History Survey
Martin Pasqualetti, Arizona State University
John Sherwell, Maryland Department of Natural Resources
Linda Spiegel, California Energy Commission
James Walker, enXco, Inc.

Although the reviewers listed above have provided many constructive 
comments and suggestions, they were not asked to endorse the conclusions 
or recommendations, nor did they see the final draft of the report before 
its release. The review of this report was overseen by the review coordina-
tor, Gordon H. Orians of the University of Washington (emeritus), and the 
review monitor, Elsa M. Garmire of Dartmouth College. Appointed by the 
National Research Council, they were responsible for making certain that 
an independent examination of this report was carried out in accordance 
with institutional procedures and that all review comments were carefully 
considered. Responsibility for the final content of this report rests entirely 
with the authoring committee and the institution.

The committee gratefully acknowledges the following for making pre-
sentations to the committee: Dick Anderson (WEST, Inc.), Edward Arnett 
(Bat Conservation International), Dinah Bear (Council on Environmental 
Quality), Gwenda Brewer (Maryland Department of Natural Resources), 
Daniel Boone (Consultant), Steve Brown (West Virginia Department of 
Natural Resources), Richard Cowart (The Regulatory Assistance Project), 
Samuel Enfield (PPM Atlantic Renewable), Ken Hamilton (Whitewater En-
ergy), Alex Hoar (U.S. Fish and Wildlife Service), Judith Holyoke Schoyer 
Rodd (Friends of the Blackwater), Tom Kerr (U.S. Environmental Protection 
Agency), Julia Levin (California Audubon), Patricia McClure (Government 
Accountability Office), The Honorable Alan B. Mollohan (U.S. Represen-
tative, WV 1st Congressional District), Kevin Rackstraw (American Wind 
Energy Association Siting Committee), Dennis Scullion (EnXco, Inc.), John 
Sherwell (Maryland Department of Natural Resources), Craig Stihler (West 
Virginia Department of Natural Resources), Robert Thresher (National 
Renewable Energy Laboratory), James A. Walker (EnXco, Inc.), and Carl 
Zichella (Sierra Club). In addition, John Reynolds and Joseph Kerecman 
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of PJM Interconnection and officials of Dominion Resources provided 
helpful information to the committee through personal communications; 
Laurie Jodziewicz of the American Wind Energy Association, Nancy Rader 
of the California Wind Energy Association, and Linda White of the Kern 
Wind Energy Association provided helpful information and contacts. We 
also thank Wayne Barwikowski and his colleagues at enXco, Inc. for their 
informative and helpful tour of the San Gorgonio (Palm Springs) wind-
energy facility.

The committee’s work was enhanced in every way by the extraordi-
nary work of the project director, David Policansky, who provided endless 
sound advice, insightful expertise, and just good sense. The committee of-
fers David its sincere gratitude for his attentive assistance and for his good 
fellowship throughout the project, which involved five meetings in five 
different locations with field trips to several wind-energy installations and 
public hearings. Ray Wassel and James Zucchetto also provided valuable 
help in framing questions, analyzing literature, and clarifying our thought 
processes and writings. Bryan Shipley helped to identify relevant literature 
and to summarize it for the committee. John Brown helped with meeting 
planning, including arranging field trips and helping to make sure that 
the committee arrived where it was supposed to be and returned in good 
condition. Jordan Crago supported the committee in so many ways that I 
cannot list them all, but they include literature searching and verification 
(along with Mirsada Karalic-Loncarevic), organizing drafts and commit-
tee comments, and keeping the committee housed and fed. Finally, Board 
Director James Reisa provided his usual wise counsel at difficult times, and 
his comments have improved the clarity and relevance of this report. We 
are grateful to them all.

Finally, I want to offer a personal note of appreciation to the committee 
and the staff. This was an extraordinary group of people, all with outstand-
ing credentials but many points of view, who came together over the past 
two years to address an important and challenging topic. During this time 
they listened to each other, helped each other, and worked incredibly hard. 
It has been an honor to chair the committee, and my life has been enriched 
by the time and talents of my committee colleagues.

Paul G. Risser, Chair
Committee on Environmental Impacts of 

Wind-Energy Projects
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1

Summary

INTRODUCTION

In recent years, the growth of capacity to generate electricity from wind 
energy has been rapid, growing from almost none in 1980 to 11,603 mega-
watts (MW) in 2006 in the United States and about 60,000 MW in 2006 
globally. Despite this rapid growth, wind energy amounted to less than 1% 
of U.S. electricity generation in 2006.

Generation of electricity by wind energy has the potential to reduce 
environmental impacts caused by use of fossil fuels to generate electricity 
because, unlike fossil fuels, wind energy does not generate atmospheric 
contaminants or thermal pollution, thus being attractive to many govern-
ments, organizations, and individuals. Others have focused on adverse en-
vironmental impacts of wind-energy facilities, which include aesthetic and 
other impacts on humans and effects on ecosystems, including the killing 
of wildlife, especially birds and bats. Some environmental effects of wind-
energy facilities, especially those from transportation (roads to and from 
the plant site) and transmission (roads or clearings for transmission lines), 
are common to all electricity-generating plants; other effects, such as their 
aesthetic impacts, are specific to wind-energy facilities.

This report provides analyses to help to understand and evaluate 
positive and negative environmental effects of wind-energy facilities. The 
committee was not asked to consider, and therefore did not address, non-
environmental issues associated with generating electricity from wind en-
ergy, such as energy independence, foreign-policy considerations, resource 
utilization, and the balance of international trade.
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Wind energy has a long history, having been used for sailing vessels at 
least since 3100 BC. Traditionally, windmills were used to lift water and 
grind grain as early as the 10th century AD. However, significant electric-
ity generation from wind in the United States began only in the 1980s, in 
California; today, electricity is generated from wind in 36 states, including 
Alaska and Hawaii.

There has been a rapid evolution of wind-turbine design over the past 
25 years. Thus, modern turbines are different in many ways from the tur-
bines that were originally installed in California’s three large installations 
at Altamont Pass, Tehachapi, and San Gorgonio (Palm Springs). A typical 
modern generator consists of a pylon about 60 to 90 meters (m) high with 
a three-bladed rotor about 70 to 90 m in diameter mounted atop it. Larger 
blades and taller towers are becoming more common. Other support facili-
ties usually include relatively small individual buildings and a substation.

This study is concerned with utility-scale clusters of generators often 
referred to as “wind farms,” not with small turbines used for individual 
agricultural farms or houses. Some of the installations contain hundreds of 
turbines; the wind installation at Altamont Pass in California consists of 
more than 5,000, and those at Tehachapi and Palm Springs contain at least 
3,000 each, ranging from older machines as small as 100 kilowatts (kW) to 
more modern 1.5 MW turbines. The committee that produced this report 
focused only on installations onshore. There were no offshore wind-energy 
installations in the United States as of the beginning of 2007.

THE PRESENT STUDY

Statement of Task

The National Research Council was asked to establish an expert com-
mittee to carry out a scientific study of the environmental impacts of wind-
energy projects, focusing on the Mid-Atlantic Highlands1 (MAH) as a case 
example. The study was to consider adverse and beneficial effects, including 
impacts on landscapes, viewsheds, wildlife, habitats, water resources, air 
pollution, greenhouse gases, materials-acquisition costs, and other impacts. 
Using information from wind-energy projects proposed or in place in the 
MAH and other regions as appropriate, the committee was charged to 
develop an analytical framework for evaluating those effects to inform 
siting decisions for wind-energy projects. The study also was to identify 
major areas of research and development needed to better understand the 

1 The MAH refers to elevated regions of Virginia, West Virginia, Maryland, and 
Pennsylvania.
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environmental impacts of wind-energy projects and to reduce or mitigate 
negative environmental effects.

Current Guidance for Reviewing Wind-Energy Proposals

The United States is in the early stages of learning how to plan for and 
regulate wind-energy facilities. Federal regulation of wind-energy facilities 
is minimal if the facility does not have a federal nexus (that is, receive fed-
eral funding or require a federal permit), which is the case for most energy 
development in the United States. The Federal Energy Regulatory Commis-
sion regulates the interstate transmission of electricity, oil, and natural gas, 
but it does not regulate the construction of individual electricity-generation 
(except for nonfederal hydropower), transmission, or distribution facilities. 
Apart from Federal Aviation Administration guidelines, federal and state 
environmental laws protecting birds and bats are the main legal constraints 
on wind-energy facilities not on federal lands or without a federal nexus.

Wind energy is a recent addition to the energy mix in most areas, and 
regulation of wind energy is evolving rapidly. In evaluating current regula-
tory review processes, the committee was struck by the minimal guidance 
offered to developers, regulators, or the public about (1) the quantity and 
kinds of information to be provided for review; (2) the degrees of adverse 
or beneficial effects of proposed wind developments to consider critical for 
approving or disallowing a proposed project; and (3) the competing costs 
and benefits of a proposed project to weigh, and how to weigh them, with 
regard to that single proposal or in comparison with likely alternatives 
if that project is not built. Such guidance, and technical assistance with 
gathering and interpreting information needed for decision making, would 
be enormously useful. This guidance and technical assistance cast at the 
appropriate jurisdictional level could be developed by state and local gov-
ernments working with groups composed of wind-energy developers and 
nongovernmental organizations representing all views of wind energy, in 
addition to other government agencies. The matrix of government respon-
sibilities and the evaluation guide in Chapter 5 of this report should help 
the formulation of such guidance.

The committee judges that material in Chapter 5 could be a major 
step in the direction of an analytic framework for reviewing wind-energy 
proposals and for evaluating existing installations. If it were followed and 
adequately documented, it would provide a basis not only for evaluating an 
individual project but also for comparing two or more proposed projects 
and for undertaking an assessment of the cumulative effects of other human 
activities. It also could be used to project the likely cumulative effects of 
additional wind-energy facilities whose number and placement are identi-
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fied in various projections. Finally, following this material would allow for 
a rational documentation of the most important areas for research.

Environmental Benefits of Wind Energy

The environmental benefits of wind energy accrue through its dis-
placement of electricity generation that uses other energy sources, thereby 
displacing the adverse environmental effects of those generators. Because 
the use of wind energy has some adverse impacts, the conclusion that a 
wind-energy installation has net environmental benefits requires the con-
clusion that all of its adverse effects are less than the adverse effects of the 
generation that it displaces. However, this committee’s charge was to focus 
on the use of wind energy; it was not able to evaluate fully the effects of 
other energy sources. The committee also did not fully evaluate so-called 
life-cycle effects, those effects caused by the development, manufacture, 
resource extraction, and other activities affiliated with all energy sources. 
Thus, in assessing environmental benefits of wind-energy generation of 
electricity, the committee focused on the degree to which it displaces or 
renders unnecessary the electricity generated by other sources, and hence 
on the degree to which it displaces or reduces atmospheric emissions, 
which include greenhouse gases, mainly carbon dioxide (CO2); oxides of 
nitrogen (NOx); sulfur dioxide (SO2); and particulate matter. This focus on 
benefits accruing through reduction of atmospheric emissions, especially of 
greenhouse-gas emissions, was adopted because those emissions are well 
characterized and the information is readily available. It also was adopted 
because much of the public discourse about the environmental benefits of 
wind energy focuses on its reduction of atmospheric emissions, especially 
greenhouse-gas emissions. The restricted focus on benefits accruing through 
reduction of atmospheric emissions also was adopted because the relation-
ships between air emissions and the amount of electricity generated by 
specified types of electricity-generating sources are well known. However, 
relationships between incremental changes in electricity generation and 
other environmental impacts, such as those on wildlife, viewsheds, or 
landscapes, generally are not known and are unlikely to be proportional. 
In addition, wind-powered generators of electricity share some kinds of 
adverse environmental impacts with other types of electricity generators 
(for example, some clearing of vegetation is required to construct either a 
wind-energy or a coal-fired power plant and its access roads and transmis-
sion lines). Therefore, calculating the extent to which wind energy displaces 
other sources of electricity generation does not provide clear information 
on how much, or even whether, those other environmental impacts will be 
reduced. This report does, however, provide a guide to the methods and 
information needed to conduct a more comprehensive analysis.
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Projections for future wind-energy development, and hence projections 
for future wind-energy contributions to reduction of air-pollutant emissions 
in the United States, are highly uncertain. Recent model projections by the 
U.S. Department of Energy (DOE) for U.S. onshore installed wind-energy 
capacity in the next 15 years range from 19 to 72 gigawatts, or 2 to 7% of 
projected U.S. onshore installed electricity-generation capacity. In the same 
period, wind-energy development is projected to account for 3.5 to 19% 
of the increase in total electricity-generation capacity. If the average wind-
turbine size is assumed to be 2 MW (larger than most current turbines), 
9,500 to 36,000 wind turbines would be needed to achieve that projected 
capacity.

Because the wind blows intermittently, wind turbines often produce less 
electricity than their rated maximum output. On average in the mid-Atlantic 
region, the capacity factor of turbines—the fraction of their rated maximum 
output that they produce on average—is about 30% for current technology, 
and is forecast to improve to nearly 37% by the year 2020. Those are the 
fractions the committee used in estimating how much wind energy would 
displace other sources. Other factors, such as how wind energy is integrated 
into the electrical grid and how quickly other energy sources can be turned 
on and off, also affect the degree to which wind displaces other energy 
sources and their emissions. Those other factors probably further reduce 
the 30% (or projected 37%) figure, but the reduction probably is small, at 
least for the projected amount of onshore wind development in the United 
States. The net result in the mid-Atlantic region is unclear. Because the 
amount of atmospheric pollutants emitted varies from one energy source 
to another, assumptions must be made about which energy source will be 
displaced by wind. However, even assuming that all the electricity genera-
tion displaced by wind in the mid-Atlantic region is from coal-fired power 
plants, as one analysis has done, the results do not vary dramatically from 
those based on the assumption that the average mix of electricity sources 
in the region is displaced.

In addition to CO2, coal-fired power plants also are important sources 
of SO2 and NOx emissions. Those two pollutants cause acid deposition 
and contribute to concentrations of airborne particulate matter. NOx is an 
important precursor to ozone pollution in the lower atmosphere. However, 
because current and upcoming regulatory controls on emissions of NOx and 
SO2 from electricity generation in the eastern United States involve total 
caps on emissions, the committee concludes that development of wind-
powered electricity generation using current technology probably will not 
result in a significant reduction in total emission of these pollutants from 
the electricity sector in the mid-Atlantic region.
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Conclusions

• Using the future projections of installed U.S. energy capacity by the 
DOE described above, the committee estimates that wind-energy develop-
ment probably will contribute to offsets of approximately 4.5% in U.S. 
emissions of CO2 from electricity generation by other electricity-generation 
sources by the year 2020. In 2005, electricity generation produced 39% of 
all CO2 emissions in the United States.

• Wind energy will contribute proportionately less to electricity gen-
eration in the mid-Atlantic region than in the United States as a whole, 
because a smaller portion of the region has high-quality2 wind resources 
than the portion of high-quality wind resources in the United States as a 
whole.

• Electricity generated in the MAH—including wind energy—is used 
in a regional grid in the larger mid-Atlantic region. Electricity generated 
from wind energy in the MAH has the potential to displace pollutant emis-
sions, discharges, wastes, and other adverse environmental effects of other 
sources of electricity generation in the grid. That potential is estimated to 
be less than 4.5%, and the degree to which its beneficial effects would be 
realized in the MAH is uncertain.

• If the future were to bring more aggressive renewable-energy-de-
velopment policies, potential increased energy conservation, and improved 
technology of wind-energy generation and transmission of electricity, the 
contribution of wind energy to total electricity production would be greater. 
This would affect our analysis, including projections for development and 
associated effects (for example, energy supply, air pollution, and develop-
ment footprint). On the other hand, if technological advances serve to 
reduce the emissions and other negative effects of other sources of electric-
ity generation or if fossil-fuel prices fall, the committee’s findings might 
overestimate wind’s contribution to electricity production and air-pollution 
offsets.

• Electricity generated from different sources is largely fungible. 
Depending on factors such as price, availability, predictability, regulatory 
and incentive regimes, and local considerations, one source might be pref-
erentially used over others. The importance of the factors changes over 
varying time scales. As a result, a more complete understanding of the 
environmental and economic effects of any one energy source depends on 
a more complete understanding of how that energy source displaces or is 
displaced by other energy sources, and it depends on a more complete un-
derstanding of the environmental and economic effects of all other available 

2 The quality of a wind resource refers to the amount of wind available for wind-powered 
generation of electricity.
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energy sources. Developing such an understanding would have great value 
in helping the United States make better-informed choices about energy 
sources, but that was beyond this committee’s charge. Nonetheless, the 
analyses in this report have value until such time as a more comprehensive 
understanding is developed.

Ecological Impacts

Wind turbines cause fatalities of birds and bats through collision, 
most likely with the turbine blades. Species differ in their vulnerability to 
collision, in the likelihood that fatalities will have large-scale cumulative 
impacts on biotic communities, and in the extent to which their fatalities 
are discovered. Probabilities of fatality are a function of both abundance 
and behavioral characteristics of species. Among bird species, nocturnal, 
migrating passerines3 are the most common fatalities at wind-energy facili-
ties, probably due to their abundance, although numerous raptor fatalities 
have been reported, and raptors may be most vulnerable, particularly in 
the western United States. Among bats, migratory tree-roosting species 
appear to be the most susceptible. However, the number of fatalities must 
be considered in relation to the characteristics of the species. For example, 
fatalities probably have greater detrimental effects on bat and raptor popu-
lations than on most bird populations because of the characteristically long 
life spans and low reproductive rates of bats and raptors and because of the 
relatively low abundance of raptors.

The type of turbines may influence bird and bat fatalities. Newer, larger 
turbines appear to cause fewer raptor fatalities than smaller turbines com-
mon at the older wind-energy facilities in California, although this obser-
vation needs further comparative study to better account for such factors 
as site-specific differences in raptor abundance and behavior. However, the 
data are inadequate to assess relative risk to passerines and other small 
birds. It is possible that as turbines become larger and reach higher, the risk 
to the more abundant bats and nocturnally migrating passerines at these 
altitudes will increase. Determining the effect of turbine size on avian risk 
will require more data from direct comparison of fatalities from a range 
of turbine types.

The location of turbines within a region or landscape influences fatali-
ties. Turbines placed on ridges, as many are in the MAH, appear to have a 
higher probability of causing bat fatalities than those at many other sites.

The overall importance of turbine-related deaths for bird populations is 
unclear. Collisions with wind turbines represent one element of the cumu-

3 Passerines are small to medium mainly perching songbirds; about half of all U.S. birds are 
passerines.
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lative anthropogenic impacts on these populations; other impacts include 
collisions with other structures and vehicles, and other sources of mortality. 
As discussed in Chapter 3, those other sources kill many more birds than 
wind turbines, even though precise data on total bird deaths caused by most 
of these anthropogenic sources are sparser and less reliable than one would 
wish. Chapter 3 also makes clear that any assessment of the importance of 
a source of bird mortality requires information and understanding about 
the species affected and the likely consequences for local populations of 
those species.

The construction and maintenance of wind-energy facilities also alter 
ecosystem structure through vegetation clearing, soil disruption and po-
tential for erosion, and noise. Alteration of vegetation, including forest 
clearing, represents perhaps the most significant potential change through 
fragmentation and loss of habitat for some species. Such alteration of veg-
etation is particularly important for forest-dependent species in the MAH. 
Changes in forest structure and the creation of openings alter microclimate 
and increase the amount of forest edge. Plants and animals throughout an 
ecosystem respond differently to these changes. There might also be impor-
tant interactions between habitat alteration and the risk of fatalities, such 
as bat foraging behavior near turbines.

Conclusions

• Although the analysis of cumulative effects of anthropogenic en-
ergy sources other than wind was beyond the scope of the committee, a 
better analysis of the cumulative effects of various anthropogenic energy 
sources, including wind turbines, on bird and bat fatalities is needed, es-
pecially given projections of substantial increases in the numbers of wind 
turbines in coming decades.

• In the MAH, preliminary information indicates that more bats 
are killed than was expected based on experience with bats in other re-
gions. Not enough information is available to form a reliable judgment on 
whether the number of bats being killed will have overall effects on popula-
tions, but given a general region-wide decline in the populations of several 
species of bats in the eastern United States, the possibility of population 
effects, especially with increased numbers of turbines, is significant.

• At the current level of wind-energy development (approximately 
11,600 MW of installed capacity in the United States at the end of 2006, 
including the older California turbines), the committee sees no evidence 
that fatalities caused by wind turbines result in measurable demographic 
changes to bird populations in the United States, with the possible excep-
tion of raptor fatalities in the Altamont Pass area, although data are lacking 
for a substantial portion of the operating facilities.
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• There is insufficient information available at present to form a 
reliable judgment on the likely effect of all the proposed or planned wind-
energy installations in the mid-Atlantic region on bird and bat populations. 
To make such a judgment, information would be needed on the future num-
ber, size, and placement of those turbines; more information on bird and 
bat populations, movements, and susceptibility to collisions with turbines 
would be needed as well. Lack of replication of studies among facilities and 
across years makes it impossible to evaluate natural variability.

Recommendation

• Standardized studies should be conducted before siting and con-
struction and after construction of wind-energy facilities to evaluate the 
potential and realized ecological impacts of wind development. Pre-siting 
studies should evaluate the potential for impacts to occur and the pos-
sible cumulative impacts in the context of other sites being developed or 
proposed. Likely impacts could be evaluated relative to other potentially 
developable sites or from an absolute perspective. In addition, the studies 
should evaluate a selected site to determine whether alternative facility 
designs would reduce potential environmental impacts. Post-construction 
studies should focus on evaluating impacts, actual versus predicted risk, 
causal mechanisms of impact, and potential mitigation measures to reduce 
risk and reclamation of disturbed sites. Additional research is needed to 
help assess the immediate and long-term impacts of wind-energy facili-
ties on threatened, endangered, and other species at risk. Details of these 
recommendations, including the frequency and duration of recommended 
pre-siting, pre-construction, and post-construction studies and the need for 
replication, are in Chapter 3.

Impacts on Humans

The human impacts considered by the committee include aesthetic im-
pacts; impacts on cultural resources, such as historic, sacred, archeological, 
and recreation sites; impacts on human health and well-being, specifically 
from noise and from shadow flicker; economic and fiscal impacts; and the 
potential for electromagnetic interference with television and radio broad-
casting, cellular phones, and radar. This is not an exhaustive list of all 
possible human impacts from wind-energy projects. For example, the com-
mittee did not address potentially significant social impacts on community 
cohesion, such as cases where proposed wind-energy facilities might cause 
rifts between those who favor them and those who oppose them. Psycho-
logical impacts—positive as well as negative—that can arise in confronting 
a controversial project also were not addressed.
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There has been relatively little dispassionate analysis of the human 
impacts of wind-energy projects in the United States. In the absence of ex-
tensive data, this report focuses mainly on appropriate methods for analysis 
and assessment and on recommended practices in the face of uncertainty. 
Chapter 4 contains detailed conclusions and recommendations concern-
ing human impacts, including guides to best practices and descriptions of 
information needs. General conclusions and recommendations concerning 
human impacts follow.

Conclusions

• There are systematic and well-established methods for assessing 
and evaluating human impacts (described in Chapter 4); they allow better-
informed and more-enlightened decision making.

• Although aesthetic concerns often are the most-vocalized concerns 
about proposed wind-energy projects, few decision processes adequately 
address them. Although methods for assessing aesthetic impacts need to be 
adapted to the particular characteristics of wind-energy projects, such as 
their visibility, the basic principles (described in Chapter 4 and Appendix D) 
of systematically understanding the relationship of a project to surround-
ing scenic resources apply and can be used to inform siting and regulatory 
decisions.

Recommendations

• Because relatively little research has been done on the human im-
pacts of wind-energy projects, when wind-energy projects are undertaken, 
routine documentation should be made of processes that allow for local 
interactions concerning the impacts that arise during the lifetime of the 
project, from proposal through decommissioning, as well as processes for 
addressing the impacts themselves. Such documentation will facilitate fu-
ture research and therefore improve future siting decisions.

• Human impacts should be considered within the context of the 
environmental impacts discussed in Chapter 3 and the broader contextual 
analysis of wind energy—including its electricity-production benefits and 
limitations—presented in Chapter 2. Moreover, the conclusions and rec-
ommendations concerning human impacts presented by topic in Chapter 
4 should not be considered in isolation; instead, they should be treated as 
part of a process. Questions and issues concerning human impacts should 
be covered in assessments and regulatory reviews of wind-energy projects.
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Analyzing Adverse and Beneficial Impacts in Context

The committee’s charge included the development of an analytical 
framework for evaluating environmental and socioeconomic effects of wind-
energy developments. As described in Chapter 1, an ideal framework that 
addressed all effects of wind energy across a variety of spatial and temporal 
scales would require more information than the committee could gather, 
given its time and resources, and probably more information than currently 
exists. In addition, energy development in general, and wind-energy devel-
opment in particular, are not evaluated and regulated in a comprehensive 
and comparative way in the United States, and planning for new energy re-
sources also is not conducted in this manner. Instead, planning, regulation, 
and review usually are done on a project-by-project basis and on local or 
regional, but not national, scales. In addition, there are few opportunities 
for full life-cycle analyses or consideration of cumulative effects.

There also are no agreed-on standards for weighting of positive and 
negative effects of a proposed energy project and for comparing those ef-
fects to those of other possible or existing projects. Indeed, the appropriate 
standards and methods of conducting such comparisons are not obvious, 
and it is not obvious what the appropriate space and times scales for the 
comparisons should be. Therefore, a full comparative analysis has not been 
attempted here.

The committee approached its task—to carry out a scientific study of 
the adverse and beneficial environmental effects of wind-energy projects—
by analyzing the information available and identifying major knowledge 
gaps. Some of the committee’s work was made difficult by a lack of infor-
mation and by a lack of consistent (or even any) policy guidance at local, 
state, regional, or national levels about the importance of various factors 
that need to be considered. In particular, the committee describes in Chapter 
1 and Chapter 5 the reasons that led us to stop short of providing a full 
analytic framework and instead to offer an evaluation guide to aid coordi-
nation of regulatory review across levels of government and across spatial 
scales and to help to ensure that regulatory reviews are comprehensive in 
addressing the many facets of the human and nonhuman environment that 
can be affected by wind-energy development.

Framework for Reviewing Wind-Energy Proposals

Conclusion

• A country as large and as geographically diverse as the United 
States and as wedded to political plurality and private enterprise is un-
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likely to plan for wind energy at a national scale in the same way as some 
European countries are doing. Nevertheless, national-level energy policies 
(implemented through such mechanisms as incentives, subsidies, research 
agendas, and federal regulations and guidelines) to enhance the benefits of 
wind energy while minimizing the negative impacts would help in planning 
and regulating wind-energy development at smaller scales. Uncertainty 
about what policy tools will be in force hampers proactive planning for 
wind-energy development. More-specific conclusions and recommendations 
follow.

Conclusion

• Because wind energy is new to many state and local governments, 
the quality of processes for permitting wind-energy developments is uneven 
in many respects.

Recommendation

• Guidance on planning for wind-energy development, including 
information requirements and procedures for reviewing wind-energy pro-
posals, as outlined in Chapter 5, should be developed. In addition, technical 
assistance with gathering and interpreting information needed for decision 
making should be provided. This guidance and technical assistance, con-
ducted at appropriate jurisdictional levels, could be developed by working 
groups composed of wind-energy developers; nongovernmental organiza-
tions with diverse views of wind-energy development; and local, state, and 
federal government agencies.

Conclusion

• There is little anticipatory planning for wind-energy projects, and 
even if it occurred, it is not clear whether mechanisms exist that could in-
corporate such planning in regulatory decisions.

Recommendation

• Regulatory reviews of individual wind-energy projects should be 
preceded by coordinated, anticipatory planning whenever possible. Such 
planning for wind-energy development, coordinated with regulatory review 
of wind-energy proposals, would benefit developers, regulators, and the 
public because it would prompt developers to focus proposals on loca-
tions and site designs most likely to be successful. This planning could 
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be implemented at scales ranging from state and regional levels to local 
levels. Anticipatory planning for wind-energy development also would help 
researchers to target their efforts where they will be most informative for 
future wind-development decisions.

Conclusion

• Choosing the level of regulatory authority for reviewing wind-en-
ergy proposals carries corresponding implications for how the following 
issues are addressed:

(1) cumulative effects of wind-energy development;
(2) balancing negative and positive environmental and socioeconomic 

impacts of wind energy; and
(3) incorporating public opinions into the review process.

Recommendation

• In choosing the levels of regulatory review of wind-energy proj-
ects, agencies should review the implication of those choices for all three 
issues listed above. Decisions about the level of regulatory review should 
include procedures for ameliorating the disadvantages of a particular choice 
(for example, enhancing opportunities for local participation in state-level 
reviews).

Conclusion

• Well-specified, formal procedures for regulatory review enhance 
predictability, consistency, and accountability for all parties to wind-energy 
development. However, flexibility and informality also have advantages, 
such as matching the time and effort expended on review to the complexity 
and controversy associated with a particular proposal; tailoring decision 
criteria to the ecological and social contexts of a particular proposal; and 
fostering creative interactions among developers, regulators, and the public 
to find solutions to wind-energy dilemmas.

Recommendation

• When consideration is given to formalizing review procedures and 
specifying thresholds for decision criteria, this consideration should include 
attention to ways of retaining the advantages of more flexible procedures.
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Conclusion

• Using an evaluation guide such as the one recommended in Chapter 
5 to organize regulatory review processes can help to achieve comprehen-
sive and consistent regulation coordinated across jurisdictional levels and 
across types of effects.

Recommendation

• Regulatory agencies should adopt and routinely use an evaluation 
guide in their reviews of wind-energy projects. The guide should be avail-
able to developers and the public.

Conclusion

• The environmental benefits of wind-energy development, mainly 
reductions in atmospheric pollutants, are enjoyed at wide spatial scales, 
while the environmental costs, mainly aesthetic impacts and ecological im-
pacts, such as increased mortality of birds and bats, occur at much smaller 
spatial scales. There are similar, if less dramatic, disparities in the scales 
of realized economic and other societal benefits and costs. The disparities 
in scale, although not unique to wind-energy development, complicate the 
evaluation of tradeoffs.

Recommendation

• Representatives of federal, state, and local governments should 
work with wind-energy developers, nongovernmental organizations, and 
other interest groups and experts to develop guidelines for addressing trade-
offs between benefits and costs of wind-energy generation of electricity that 
occur at widely different scales, including life-cycle effects.
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Introduction

In recent years, the growth of capacity to generate electricity from wind 
energy has been extremely rapid, increasing from 1,848 megawatts (MW) 
in 1998 to 11,603 MW in the United States by the end of 2006 (AWEA 
2006a) (Figures 1-1, 1-2). Some of that growth was fueled by state and fed-
eral tax incentives (Schleede 2003), as well as by state renewable portfolio 
standards and targets. Despite that rapid growth, wind energy amounted 
to less than 1% of U.S. electricity generation in 2006. To the degree that 
wind energy reduces the need for electricity generation using other sources 
of energy, it can reduce the adverse environmental impacts of those sources, 
such as production of atmospheric and water pollution, including green-
house gases; production of nuclear wastes; degradation of landscapes due 
to mining activity; and damming of rivers. Generation of electricity by wind 
energy has the potential to reduce environmental impacts, because unlike 
generators that use fossil fuel, it does not result in the generation of atmo-
spheric contaminants or thermal pollution, and it has been attractive to 
many governments, organizations, and individuals. But others have focused 
on adverse environmental impacts of wind-energy facilities, which include 
visual and other impacts on humans; and effects on ecosystems, includ-
ing the killing of wildlife, especially birds and bats. Some environmental 
 effects of wind-energy facilities, especially those concerning transportation 
(roads to and from the plant site) and transmission (roads and clearings 
for transmission lines), are common to all electricity-generating facilities; 
others, such as their specific aesthetic impacts, are unique to wind-energy 
facilities. This report provides analyses to understand and evaluate those 
environmental effects, both positive and negative.
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Like all sources of energy exploited to date, wind-energy projects have 
effects that may be regarded as negative. These potential or realized adverse 
effects have been described not only in the Mid-Atlantic Highlands (MAH) 
(Schleede 2003) but also in other parts of the country, such as California 
(CBD 2004) and Massachusetts (almost any issue of the Cape Cod Times, 
where the proposed and controversial wind-energy installation in Nan-
tucket Sound is discussed).

GENERATING ELECTRICITY FROM WIND ENERGY

Two percent of all the energy the earth receives from the sun is con-
verted into kinetic energy in the atmosphere, 100 times more than the 
energy converted into biomass by plants. The main source of this kinetic 
energy is imbalance between net outgoing radiation at high latitudes and 
net incoming radiation at low latitudes. The global temperature equilib-
rium is maintained by a transport of heat from the equatorial to the polar 
regions by atmospheric movement (wind) and ocean currents. The earth’s 
rotation and geographic features prevent the wind from flowing uniformly 
and consistently.

The kinetic energy of moving air that passes the rotor of a turbine is 
proportional to the cube of the wind speed. Hence, a doubling of the wind 
speed results in eight times more wind energy. A modern 1.5 MW wind tur-
bine with a hub height (center of rotor) and tower height of 90 meters (m), 

FIGURE 1-2 Total installed U.S. wind-energy capacity: 11,603 MW as of Decem-
ber 31, 2006.
SOURCE: AWEA 2007. Reprinted with permission; copyright 2007, American 
Wind Energy Association.
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operating in a near-optimum wind speed of 10 m/sec (36 km/h) at hub 
height will create more than 1.4 MW of electricity; in eight hours it will 
produce the amount of electricity used by the average U.S. household in 
one year (about 10,600 kilowatt-hour [kWh]).

There is an upper theoretical limit (the Betz limit of 59%) to how much 
of the available energy in the wind a wind turbine can actually capture or 
convert to usable electricity. Modern wind turbines potentially can reach 
an efficiency of 50%. Almost all wind turbines operating today have a 
three-bladed rotor mounted upwind of the hub containing the turbine. The 
blades have an aerodynamic profile like the wing of an aircraft. The force 
created by the lift on the blades result in a torque on the axis; the forces 
are transmitted through a gearbox, and a generator is used to transform 
the rotation into electrical energy, which is then distributed through the 
transmission grid (Figure 1-3).

Human use of wind energy has a long history (the following summary 
is taken from Pasqualetti et al. 2004). Wind energy has been used for sailing 
vessels at least since 3100 BC. Windmills were used to lift water and grind 
grain as early as the 10th century AD. The first practical wind turbine was 
built by Charles Brush in 1886; it provided enough electricity for 100 incan-
descent light bulbs, three arc lights, and several electric motors. However, 
the turbine was too expensive at that time for commercial development.

By the 1920s, some farms in the United States generated electricity by 
wind turbines, and by the 1940s wind turbines sold by Sears Roebuck and 
Company were providing electricity for small appliances in rural American 
homes; in Denmark, 40 wind turbines were generating electricity. The first 
wind-powered turbine to provide electricity into an American electrical 
transmission grid was in October 1941 in Vermont. However, significant 
electricity generation from wind in the United States began only in the 
1980s in California. Today (2006), it amounts to less than 1% of U.S. 
electricity generation.

There has been a rapid evolution of wind-turbine design over the past 
25 years. Thus, modern turbines are different in many ways from the tur-
bines that were installed in California’s three large installations at Altamont 
Pass, Tehachapi, and San Gorgonio (Palm Springs) in the early 1980s. A 
typical turbine structure consists of a pylon (tower or monopole) that can 
produce electricity at wind speeds as low as 12-14 km/h (3.3-3.9 m/sec). 
Generators typically reach peak efficiency at wind speeds of approximately 
45 km/h (12.5 m/sec) and shift to a safety mode when the wind exceeds a 
particular speed, often on the order of 80-100 km/h (22-28 m/sec). Smaller 
generators are used for individual buildings or other uses.

This report is concerned with utility-scale clusters of generators or 
wind-energy installations (often referred to as “wind farms”), not with 
small turbines used for individual agricultural farms or houses. Some of 
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FIGURE 1-3 Structure of a wind turbine.
SOURCE: Alliant Energy 2007. Reprinted with permission; copyright 2007, Alliant 
Energy.

the utility-scale installations contain hundreds of turbines; for example, 
the wind-energy facility at Altamont Pass in California consists of more 
than 5,000 and those at Tehachapi and Palm Springs contain at least 3,000 
turbines each, ranging from older machines as small as 100 kW installed 
more than 20 years ago to modern turbines of 1.5 MW or more (informa-
tion available at www.awea.org).

Adverse effects of wind turbines have been documented: a recent Final 
Programmatic Environmental Impact Statement (BLM 2005a) lists the 
following: use of geologic and water resources; creation or increase of 
geologic hazards or soil erosion; localized generation of airborne dust; 
noise generation; alteration or degradation of wildlife habitat or sensitive 
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or unique habitat; interference with resident or migratory fish or wildlife 
species, including protected species; alteration or degradation of plant com-
munities, including occurrence of invasive vegetation; land-use changes; 
alteration of visual resources; release of hazardous materials or wastes; in-
creased traffic; increased human-health and safety hazards; and destruction 
or loss of paleontological or cultural resources. These impacts can occur at 
the various stages of planning, site development, construction, operation, 
and decommissioning or abandonment (if applicable), although different 
phases tend to be associated with different impacts. Any or all of the im-
pacts have the potential to accumulate over time and with the installation 
of additional generators. Beneficial environmental effects result from the 
reduction of adverse impacts of other sources of energy generation, to the 
degree that wind energy allows the reduction of energy generation by other 
sources. This committee’s task includes an evaluation of the importance and 
frequency of these effects.

The killing of bats and birds has been among the more obvious and 
objectively quantifiable effects. Birds can be electrocuted along transmis-
sion and distribution lines or killed by flying into them (Bevanger 1994; 
Erickson et al. 2001, 2002; Stemer 2002). Thousands of birds die each year 
from collisions with wind-energy installations (BLM 2005a). The Altamont 
facility in California has caused the deaths of many raptors, which were 
members of protected species (CBD 2004; BLM 2005a). Several species of 
bats in North America also have been reported killed by collisions with 
wind-energy installations (Johnson 2005; Kunz et al. 2007). There were 
no fatalities of federally protected bat species known to this committee at 
this writing (early 2007).

Another widely cited impact of wind turbines is their visible effect on 
viewsheds and landscapes. The scale of modern turbines makes them im-
possible to screen from view, often making aesthetic considerations a ma-
jor basis of opposition to them (Bisbee 2004). Well-established systematic 
methods for evaluating aesthetic impacts are available (Smardon et al. 1986; 
USFS 2003), but they often are misunderstood or poorly implemented, and 
they will need to be adapted for assessing the unique attributes of wind-
energy projects. Methods also are available for identifying the particular 
values and sensitivities associated with recreational and cultural resources, 
as discussed in Chapter 4.

The regulatory system for siting and installing wind-energy projects 
in the United States varies widely, from a fairly thorough process in parts 
of California to much less rigorous processes in some other states (GAO 
2005). In California, as well as in other states, the processes for evaluating 
and regulating wind-energy installations are evolving. In many areas of the 
United States, wind-energy installations have been controversial, sometimes 
strongly so.
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THE PRESENT STUDY

Congress asked the National Academies to conduct an assessment of 
the environmental impacts of wind-energy installations, using the MAH 
(Pennsylvania, Virginia, Maryland, and West Virginia) as a case study.

Statement of Task

The National Academies was asked to establish an expert committee 
to carry out a scientific study of the environmental impacts of wind-energy 
projects, focusing on the MAH as a case example. The study was to con-
sider adverse and beneficial effects, including impacts on landscapes, view-
sheds, wildlife, habitats, water resources, air pollution, greenhouse gases, 
materials-acquisition costs, and other impacts. Using information from 
wind-energy projects proposed or in place in the MAH and other regions as 
appropriate, the committee was asked to develop an analytical framework 
for evaluating those effects that can inform siting decisions for wind-energy 
projects. The study also was to identify major areas of research and devel-
opment needed to better understand the environmental impacts of wind-
energy projects and reduce or mitigate negative environmental effects.

The committee was not asked to consider, and therefore did not ad-
dress, nonenvironmental issues associated with generating electricity from 
wind energy, such as energy independence, foreign-policy considerations, 
resource utilization, and the balance of international trade.

The Process for This Study

The committee held five meetings: on September 19-20, 2005, in 
Washington D.C.; on December 15-16 in Charleston, West Virginia; on 
March 5-7, 2006, in southern California; on May 18-20 in West Virginia; 
and on July 17-19 in Woods Hole, Massachusetts. The first three meetings 
included presentations from experts and provided opportunities for public 
comment; at its third meeting the committee toured the wind-energy instal-
lation at San Gorgonio, near Palm Springs, California; and at its fourth 
meeting it viewed the Mountaineer Wind Energy Center and the proposed 
Mount Storm projects near Davis, West Virginia, from nearby public high-
ways (access to the Mountaineer site was not permitted). The committee’s 
final meeting was held in closed session and was devoted to finalizing this 
report. The committee gained familiarity with the relevant body of scientific 
knowledge through briefings and review of literature, databases, and exist-
ing studies of wind farms, both in the MAH and elsewhere, in addition to 
its own expertise.
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Estimating Environmental Benefits of Wind 
Energy: Focus on Air Emissions

It is not conceptually difficult to estimate the adverse environmental 
effects of wind-energy projects, although it can be difficult in practice to 
quantify them. The estimation of the environmental benefits of wind energy 
is more difficult, because the benefits accrue through its displacement of 
energy generation using other energy sources, thereby displacing the ad-
verse environmental effects of those generators. To estimate those benefits 
requires knowledge of what other electricity-generating sources will be 
displaced by wind energy, so that their adverse effects can be calculated and 
the offsetting advantages of wind energy can be determined. As described 
in detail in Chapter 2, the committee has restricted its estimates of the en-
vironmental benefits of wind energy to the reduction of air emissions that 
results from using wind energy for electricity instead of using other sources 
of electricity generation. The rationale for and limitations of this approach 
are discussed in detail in Chapter 2, but briefly the approach was adopted 
because much of the discourse about the advantages of wind energy focuses 
on reduction of air emissions, including greenhouse gases; because infor-
mation about air emissions is extensive and readily accessible; and because 
wind energy has some of the same kinds of adverse impacts other than air 
emissions that other sources do (for example, some clearing of vegetation is 
required to construct either a wind-energy or a coal-fired powered plant and 
their access roads and transmission lines), which complicates the analysis 
of other adverse impacts. The committee did not conduct a full analysis 
of life-cycle environmental effects of wind and other sources of electricity 
generation. This report does, however, provide a guide to the methods and 
information needed to conduct a more complete analysis.

DEVELOPING AN ANALYTICAL FRAMEWORK

Part of the committee’s charge was to develop an analytical framework 
for reviewing environmental and socioeconomic effects of wind-energy 
projects. For reasons described in detail in Chapter 5, and summarized 
below, the committee has stopped short of a complete analytical frame-
work, both in the report itself and in its recommendations. Instead, the 
committee offers an evaluation guide in Chapter 5 that, if followed, will aid 
coordination of regulatory review across levels of government and across 
spatial scales (Figure 5-1) and will help to ensure that regulatory reviews are 
comprehensive in addressing the many facets of the human and nonhuman 
environment that can be affected by wind-energy development (Box 5-4).

One reason the committee stopped short is practical: even considering 
only the environmental effects of wind, some effects are better documented 
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and easier to evaluate than others. Another reason for stopping short of 
a full analytical treatment is that other types of energy development, and 
indeed most types of construction, are not currently regulated in a compre-
hensive and comparative way in the United States. Finally, there is no social 
consensus at present on how all the effects of wind-energy generation of 
electricity on various aspects of the human and nonhuman environments 
should be evaluated as positive or negative, how the advantages and dis-
advantages should be traded off, or whose value systems should prevail in 
making such judgments. For all of these reasons, the committee focused 
its efforts on incrementally improving the way wind-energy decisions are 
made today. The evaluation guide in Chapter 5 reflects the result of those 
efforts.

Placing Environmental Effects in Context

Related to the above discussion of an analytical framework is the issue 
of placing environmental effects of particular electricity-generation units 
and other human activities in context. For example, although wind-energy 
projects kill tens of thousands of birds each year in the United States, other 
human structures and activities, including allowing domestic cats to hunt 
outside, are responsible for hundreds of millions, if not billions, of bird 
deaths each year (see Chapter 3 for more discussion of these numbers). 
Although wind turbines may cause visual impairments, oil-drilling rigs, 
coal-fired power plants, roads, buildings, and cell-telephone relay towers 
also may cause visual impairments. To make comparative evaluations of 
those impacts would imply some sort of weighting of positive and negative 
effects in an explicit, objective, and systematic way, but that is not done 
nationally or regionally, and indeed it is not obvious what methods one 
would use to perform such an analysis. In addition, choosing the proper 
standard of comparison is difficult: should effects be calculated per turbine 
or structure, per energy installation, per kWh of electricity generated, or 
against some other standard?

It is not even obvious that doing such an analysis on a national scale 
would provide a useful guide to action. Our society does not always weight 
effects from different causes equally. To understand, evaluate, and compare 
various environmental impacts of a variety of human structures and activi-
ties, such as bird or bat deaths, requires an understanding of the exposures 
to the dangers, the societal benefits that accrue from the circumstances that 
lead to exposure, and many other factors, some of which might be unrecog-
nized or unexpressed. Therefore, any systematic comparison of the environ-
mental effects of various methods of generating electricity, especially if it is 
to include a broader context, would require a depth of analysis and infor-
mation gathering that would be beyond this committee’s charge, although 
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it might have great value in helping the United States make better-informed 
choices about energy sources. Although a complete, systematic comparison 
has not been attempted in this report, the analyses that are provided here 
should have value pending a more comprehensive analysis.

For similar reasons, the committee also has not addressed environmen-
tal benefits related to human health. For example, wind-powered electricity 
generation may lessen the need for electricity generation from coal-fired 
power plants and thereby reduce the amount of sulfur dioxide (SO2) and 
nitrogen oxides (NOx) emissions produced from coal combustion. SO2 and 
NOx emissions are important contributors to concentrations of airborne 
particulate matter and are precursors to acid deposition, and NOx is an 
important precursor to ozone. Particulate matter and ozone are of con-
siderable concern because of the risk they pose to public health. However, 
the extent to which emissions from specific electric power plants might be 
displaced by wind-energy facilities is unknown. Therefore, making health-
effects assessments of potential displacement of emissions from electricity-
production facilities of unknown location would be highly uncertain (e.g., 
NRC 2006).

TEMPORAL AND SPATIAL SCALES OF ANALYSIS

Analysis of the environmental impacts of any type of project is compli-
cated enough, but it is exceptionally challenging for wind-energy projects. 
One obvious problem is how to choose the appropriate temporal and 
spatial scales for the analysis. A wind facility has local effects at scales of 
hundreds of meters to one or two kilometers: vegetation is cleared to install 
the turbines, local drainage patterns can be altered, and animals can be 
killed by coming into contact with moving turbine blades. At the range of 
one or two kilometers to a few tens of kilometers, there are visual effects 
on people; potential but currently unknown population effects on animals 
that are killed, such as bats and birds; roads are built or modified to allow 
the carriage of very large and heavy turbine components; and power lines 
are erected to transmit electricity from the turbine to the grid. At even larger 
scales, migratory birds and bats, which can travel hundreds to thousands 
of kilometers or more each way annually, suffer mortality with potential 
but currently unknown effects on their regional and global populations. 
Positive effects—the reduction of adverse effects of power generated by 
burning of fossil fuel, hydroelectric dams, and nuclear reactors—are more 
difficult to assess, because of regional and national power grids that all 
are influenced by the availability of wind energy and because some effects 
of electricity generation are truly global (the emission of greenhouse gases 
that influence climate change, for example). In addition, the presence or 
the possible construction of wind-energy installations affects people’s deci-
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sions and behavior at many levels of organization and at many spatial and 
temporal scales (see for example the discussion of “opportunity and threat 
effects” in a National Research Council [NRC] report on the cumulative 
effects of oil and gas activities on Alaska’s North Slope [NRC 2003]). 
Finally, effects accumulate over space and time, both as a function of the 
number and locations of wind-energy installations, and as a function of 
their interactions with other perturbations (NRC 2003).

UNDERSTANDING AND ASSESSING CUMULATIVE 
ENVIRONMENTAL EFFECTS

When numerous small decisions about related environmental issues are 
made independently, the combined consequences of those decisions often 
are not considered (Odum 1982). As a result, the patterns of the environ-
mental perturbations or their effects over large areas and long periods are 
not adequately analyzed. This is the basic issue of cumulative effects assess-
ment. The general approach to identifying and assessing cumulative effects 
evolved after passage of the National Environmental Policy Act (NEPA) of 
1969, and this committee, like an earlier NRC committee (NRC 2003), has 
followed that approach. This discussion is adapted from that committee’s 
report.

The NEPA requires environmental review for all federal actions and 
Environmental Impact Statements (EISs) for federal actions with potentially 
significant environmental effects. In 1978, the Council on Environmental 
Quality promulgated regulations implementing the NEPA that are binding 
on all federal agencies (40 CFR Parts 1500-1508 [1978]). A cumulative 
effect was defined as “the incremental impact of the action when added to 
other past, present, and reasonably foreseeable future actions. . . . Cumula-
tive impacts can result from individually minor but collectively significant 
actions taking place over a period of time.” For example, an EIS might 
conclude that the environmental effects of a single power plant on an estu-
ary might be small and, hence, judged to be acceptable. But the effects of 
a dozen plants on the estuary are likely to be substantial, and perhaps of a 
different nature than the effects of a single plant—in other words, the ef-
fects are likely to accumulate and may interact. Even a series of EISs might 
not identify or predict the cumulative effects that result from the interaction 
of multiple activities.

The accumulation of effects can result from a variety of processes 
(NRC 1986). The most important ones are:

• Time crowding—frequent and repeated effects on a single environ-
mental medium. An example related to wind-energy development might be 
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repeated effects on multiple individuals within a local population of birds 
or bats before the population had time to recover.

• Space crowding—high density of effects on a single environmental 
medium, such as a concentration of turbines or installations in a small 
region so that the areas affected by individual turbines or installations 
overlap. Space crowding can result even from actions that occur at great 
distances from one another. An example related to wind energy might be 
that impacts from widely separated wind facilities could accumulate on a 
single migratory population of birds or bats.

• Compounding effects—effects attributable to multiple sources on 
a single environmental medium, such as the combined effects of turbines, 
cell-phone towers, transmission lines, and other structures that could kill 
flying animals.

• Thresholds—effects that become qualitatively different once some 
threshold of disturbance is reached, such as when eutrophication exhausts 
the oxygen in a lake, converting it to a different type of lake. The first in-
dustrial structure in an otherwise undeveloped environment might cross a 
visual threshold or a threshold of wilderness values. Another example might 
be the existence of a threshold in terms of the number of turbines and risk 
of bird and bat fatalities, or habitat fragmentation.

• Nibbling—progressive loss of habitat resulting from a sequence of 
activities, each of which has fairly innocuous consequences, but the conse-
quences on the environment accumulate, perhaps causing the extirpation 
of a species from the area.

These examples illustrate why recognizing and measuring the accumu-
lation of effects depends on the correct choice of domain—temporal and 
spatial—for the assessment. Although the assessment of cumulative effects 
has a history of several decades (e.g., NRC 1986), it still is a complex task. 
The responses of the many components of the environment likely to be af-
fected by an action or series of actions differ in nature and in the areas and 
periods over which they are manifest. An action or series of actions might 
have effects that accumulate on some receptors (e.g., target organisms or 
populations) but not on others, or on a given receptor at one time of the 
year but not at another. Therefore, a full analysis of where, when, how, and 
why effects accumulate requires multiple assessments.

To address this problem, an earlier NRC committee (NRC 2003) at-
tempted to identify the essential components of such an assessment:

• Specify the class of actions whose effects are to be analyzed.
• Designate the appropriate temporal and spatial domain in which 

the relevant actions occur.
• Identify and characterize the set of receptors to be assessed.

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

INTRODUCTION 2�

• Determine the magnitude of effects on the receptors and whether 
those effects are accumulating.

These criteria cannot always be applied because of data limitations. 
Also, the effects of individual actions range from brief or local to wide-
spread, persistent, and sometimes irreversible.

To conduct an analysis of how effects accumulate, one must understand 
what would occur in the absence of a given activity. The accumulated ef-
fects are the difference between that probable history and the actual history. 
To predict how effects may accumulate for a proposed action, it is essential 
to have good baseline data and data about the same kinds of receptors in 
similar areas that were and were not influenced by comparable actions. In 
some cases, the lack of such information prevented the committee from 
identifying and assessing possible cumulative effects of some activities or 
structures related to wind-energy development. Even if accumulating effects 
are identified, their magnitude and their biological, economic, and social 
importance must be assessed.

As noted above, it is difficult to assess cumulative effects in the absence 
of a comprehensive, broad-scale regulatory and assessment framework. 
The discussion above is presented in the expectation that it, along with 
the recommendations for development of an evaluation guide presented in 
Chapter 5, will be useful for future planning and assessment efforts.

ORGANIZATION OF THE REPORT

Chapter 2 sets the context for wind energy in the United States and 
analyzes the committee’s approach to estimating the environmental benefits 
of wind energy. It describes the considerations involved in understanding 
under what conditions and to what degree wind energy can displace elec-
tricity generation by other sources, and hence reduce the adverse environ-
mental effects of those sources, in particular their air emissions. Chapter 
3 provides an evaluation of the literature on the effects of wind turbines 
on ecosystems and their components, and discusses methods that would be 
valuable in future evaluations; it also identifies research needs. Chapter 4 
deals with effects on humans of wind-energy projects, including aesthetic, 
noise, cultural, health, economic, and related effects. Chapter 5 compares a 
variety of extant regulatory and evaluative regimes and extracts their strong 
points for consideration in other places and at larger (e.g., national) scales, 
and draws the information together in an evaluation guide that would be 
most useful for evaluating the effects of existing wind-energy installations 
and for assessing—and managing—the effects of proposed installations at 
various scales.
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2

Context for Analysis of Effects 
of Wind-Powered Electricity 

Generation in the United States 
and the Mid-Atlantic Highlands

ESTIMATING THE ENVIRONMENTAL BENEFITS OF 
GENERATING ELECTRICITY FROM WIND ENERGY

This chapter provides an assessment of the environmental benefits of 
generating electricity from wind energy (current and future development) 
in the United States and its Mid-Atlantic Highlands (MAH), with specific 
attention to the potential contribution to the electricity supply and air qual-
ity improvement as indicated by emission reductions. For context, a general 
overview is provided describing issues that should be considered when 
assessing potential wind-energy development and environmental benefits. 
This is followed by a more detailed treatment and quantitative analysis 
of potential development and benefits. We end with a set of conclusions 
derived from the analysis; that analysis is simplified by including only the 
most robust assumptions.

Introduction and Overview

The committee’s statement of task requires it to consider the beneficial 
environmental effects of electricity generation by wind-energy facilities. 
Wind-powered electricity-generating units (EGUs), like EGUs using other 
sources of energy, have no significant intrinsic environmental benefits; for 
example, none of their effects directly enhance ecosystem values or services. 
Indeed, every source of energy used to generate electricity on a large scale 
has at least some effects that most people would identify as adverse. The 
environmental and human-health risk reduction benefits of wind-powered 
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electricity generation accrue through its displacement of electricity genera-
tion using other energy sources (e.g., fossil fuels), thus displacing the adverse 
effects of those other generators. Moreover, the only way to fully evaluate 
the environmental effects of generating electricity from wind energy is to 
understand all the adverse life-cycle effects of those electricity sources, and 
to compare them to all the adverse effects of wind energy. Because wind 
energy has some adverse impacts, the conclusion that a wind-powered EGU 
has net environmental benefits requires the conclusion that all its adverse 
effects are less than the adverse effects of the generation that it displaces. 
This committee’s charge was to focus on the generation of electricity from 
wind energy, however, and so it has not fully evaluated the effects of other 
electricity sources. In addition, it has not fully evaluated life-cycle effects 
(see discussion later in this chapter). Thus, in assessing environmental ben-
efits, this committee has focused on the degree to which wind-generated 
electricity displaces or renders unnecessary electricity generated by other 
sources that produce atmospheric emissions, and hence the degree to which 
it displaces or reduces atmospheric emissions, which include greenhouse 
gases, mainly CO2 (carbon dioxide), NOx (oxides of nitrogen), SO2 (sulfur 
dioxide), and particulate matter. This focus on benefits accruing through 
reduction of atmospheric emissions, especially of greenhouse gas emissions, 
was adopted because those emissions are well characterized and the infor-
mation is readily available; it also was adopted because much of the public 
discourse about the environmental benefits of wind energy focuses on its 
reduction of atmospheric emissions, especially greenhouse gas emissions. 
Finally, the focus on benefits accruing through reduction of atmospheric 
emissions was adopted because the relationships between air emissions and 
the amount of electricity generated by specified types of electricity-generat-
ing sources are well known. However, relationships between incremental 
changes in electricity generation and other environmental impacts, such as 
those on wildlife, viewsheds, or landscapes, are generally not known and 
are unlikely to be proportional. In addition, wind-powered generators of 
electricity share many kinds of adverse environmental impacts with other 
kinds of electricity generators. Therefore, calculating how much wind en-
ergy displaces other sources of electricity generation does not provide clear 
information on how much, or even whether, those other environmental 
impacts will be reduced. This report does, however, provide a guide to the 
methods and information needed to conduct a fuller analysis.

Although most evaluations of the beneficial effects of wind-generated 
electricity, including the present one, have addressed the degree to which 
they reduce (through displacement) atmospheric emissions, other important 
effects are potentially displaced as well. For example, obtaining fossil fuel 
through mining, drilling, and chemical modification of one form to another 
(e.g., gasification of coal) has a variety of environmental effects including 
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loss of habitat for terrestrial and aquatic species. Operation of thermal 
EGUs, which generate heat to drive turbines, produces heated water, either 
from cooling or in the form of steam to drive the turbines, or both. If the en-
ergy from the heated water is not recovered, the water is usually discharged 
into the environment; in closed cooling systems, its heat is discharged. All 
forms of generation have associated life-cycle emissions and wastes along 
with other environmental effects that are affected by the design, materials 
provision (including mining), manufacture, construction, transportation, 
assembly, operation, maintenance, retrofits, and decommissioning of the 
generators and their associated infrastructure. Some of these stages of the 
life cycle—most notably, mining—have adverse effects on human health as 
well. For the reasons given above, this committee has not considered all 
these effects in this study, but a full analysis would include them.

The issue of how much generation of emissions and waste is displaced 
by production of electricity generation through wind energy also is com-
plex, but it needs to be understood to properly evaluate the environmental 
effects of wind energy. The primary purpose of this chapter, then, is to ana-
lyze the complex array of interacting factors that affect the extent to which 
wind displaces other energy sources. The analysis will provide a framework 
for evaluating the environmental effects of wind-energy facilities.

Although the direct and indirect environmental impacts of fossil-fuel 
generation of electricity are not well understood, the atmospheric emissions 
of fossil-fuel generators are fairly well characterized. It would seem straight-
forward to simply subtract the amount of energy generated by wind-energy 
facilities from the amount generated by fossil-fuel-fired EGUs, multiply by 
the amount of emissions per unit of energy, and attribute that amount of 
emission reduction to the wind EGUs. In practice, however, it is extremely 
difficult to perform the correct calculation. The following sections briefly 
discuss emissions from fossil-fuel-fired EGUs; the factors involved in calcu-
lating the extent to which wind energy reduces those emissions, today and 
in the future; and the committee’s approach to the problem. In all cases, we 
are discussing generators of electricity.

Atmospheric Emissions from Fossil-Fuel Plants

Currently, most of the electricity used in the United States is generated 
from fossil fuels. Figure 2-1 shows U.S. electricity generation by fuel type. 
Wind is part of the “other renewables” category. Fossil-fuel-fired plants 
emit (among other atmospheric constituents) the so-called criteria pollut-
ants, their precursor gases, and greenhouse gases (GHGs), mainly CO2. 
Criteria pollutants are those regulated by the U.S. Environmental Protec-
tion Agency (EPA) under the Clean Air Act through the establishment of 
National Ambient Air Quality Standards (NAAQS). The standards, which 

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

CONTEXT FOR ANALYSIS OF EFFECTS  31

FIGURE 2-1 U.S. electric power industry net generation 2004. Note: Conventional 
hydroelectric power and hydroelectric pumped storage facility production minus 
energy used for pumping.
SOURCE: EIA 2005a.

are designed mainly to protect public health, apply to ozone (O3), particu-
late matter, carbon monoxide (CO), NOx, SO2, and lead. NAAQS are also 
intended to protect against adverse public-welfare effects, such as damage 
to agricultural crops from acid deposition. Hazardous air pollutants, such 
as mercury, also are of environmental concern (see for example NESCAUM 
2003). On March 15, 2005, the EPA issued the Clean Air Mercury Rule 
to permanently cap and reduce mercury emissions from coal-fired power 
plants for the first time (EPA 2006a).

CO2 is not currently regulated by any federal authority in the United 
States, although it is of concern because it is increasing in concentration in 
the upper atmosphere largely due to emissions from the burning of fossil 
fuel and has been implicated in climate change (NRC 2001). Various poli-
cies and initiatives, mainly from states, seek to reduce atmospheric emis-
sions of CO2. For example, California established statewide GHG emissions 
reduction targets to reduce current emissions to 2000 emissions levels by 
2010, then to reduce emissions to 1990 levels by 2020, and reduce emis-
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sions to 80% below 1990 levels by 2050. In general, coal-fired plants have 
the largest emissions per unit of energy generated, followed by gas-turbine 
generators, followed by combined-cycle gas-turbine generators (Denholm 
et al. 2005; DeCarolis and Keith 2006). Some data on emissions are pro-
vided in Appendix B, Table B-1.

The control technologies and regulatory regimes for reducing emissions 
of criteria pollutants, their precursors, and CO2 can differ considerably, and 
therefore the costs of reducing them can be different. The question this sec-
tion attempts to address, without considering costs, is to what extent will 
emissions be reduced through replacement of fossil-fuel-fired EGUs with 
wind-driven EGUs. The committee addresses this question by examining 
the potential for wind-energy development to achieve reductions in emis-
sions of three major pollutants associated with fossil-fuel-fired EGUs. We 
focus on NOx and SO2, as examples of regulated pollutants. Coal-fired 
power plants are important sources of SO2 and NOx emissions. Those two 
pollutants cause acid rain and contribute to concentrations of airborne 
particulate matter. NOx is an important precursor to ozone pollution in the 
lower atmosphere. Also, we focus on CO2, as an example of a generally 
unregulated pollutant.

Factors that Affect Potential Emissions Reductions by Wind Energy

Emissions can be reduced in two basic ways: current electricity genera-
tion by emitting EGUs can be replaced on an immediate basis by generation 
from nonemitting EGUs (operating displacement), and emitting EGUs can 
be replaced, or not be built, when capacity is available from nonemitting 
EGUs (building displacement). The complex array of factors that affect how 
wind energy displaces other energy sources has been discussed in numer-
ous publications (e.g., Smith et al. 2006). The following discussion is not a 
comprehensive review, but instead is an attempt to distill the most impor-
tant issues. Some of these factors are further discussed in the section below, 
which provides a quantitative evaluation of wind-energy benefits.

There are three major aspects to any EGU. The first is capacity, or the 
amount of electric power an EGU can produce at its maximum output. This 
is usually referred to as “nameplate capacity,” and it is expressed in some 
multiple of watts (usually megawatts, MW, one million watts). Electricity 
customers care about (and are charged for) power consumed during a unit 
of time, usually expressed as the number of kilowatt-hours (kWh), or one 
thousand watts for a one-hour period. The average productive output of a 
power plant is almost always less than its nameplate capacity, and the frac-
tion of nameplate power that the average actual output represents is called 
the capacity factor. For wind EGUs, because the wind often does not blow 
at speeds that allow maximum power generation, the capacity factor is 
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much less than nameplate capacity. Cumulative or annual average capacity 
factors are commonly about 30% and often much lower for shorter time 
intervals. Also, the capacity factor can be influenced by the accumulation 
of insects on turbine blades (see Corten and Veldkamp 2001).

The second aspect, dispatchability, is closely related to intermittency, 
and refers to the degree that a system operator can rely on a power source 
to be dispatched when it is needed. Electricity customers and electricity 
system operators also care about intermittency, because customers expect 
appliances to work when they turn on the switch, and system operators 
need to balance capacity against expected and realized demand for power. 
No electric power generator is 100% reliable (i.e., has zero intermittency)—
lacking an effective means of electricity storage—but thermal (fossil-fuel 
and nuclear) and hydroelectric EGUs are generally less intermittent, and 
hence more dispatchable, than wind-energy facilities. Dispatchability also 
is related to a power plant’s ability (or not) to be ramped up and down 
quickly. In general, coal-fired EGUs cannot be ramped up and down very 
easily, and their variable dispatch capacity is limited. Thus, they are more 
suited to baseload production (i.e., long periods of continuous power 
production) rather than to providing variable production to balance short-
term variation in load and demand. (They also produce more emissions, 
such as SO2 and NOx, when they are not operating at optimum efficiency.) 
Natural-gas-fired EGUs and wind-driven EGUs (if the wind is blowing) are 
more capable than coal-fired EGUs of being ramped up and down quickly, 
as are many hydropower plants.

The third aspect of a power plant is the marginal cost of producing a 
unit of electric power, or its operating cost. Because the “fuel” for hydro-
electric and wind-energy plants is free, they typically have low operating 
costs.

In addition to the characteristics of EGUs, electricity grids and trans-
mission systems also have characteristics that affect the potential of wind 
energy to replace fossil fuel for generating electricity. Wind-powered EGUs 
are widely distributed in space, and to make matters more difficult, exclud-
ing offshore locations, the highest-quality largest-scale wind resources usu-
ally are far from the main centers of demand, i.e., where people live and 
work (DeCarolis and Keith 2006). Constructing transmission lines is expen-
sive, and transporting electrical energy over long distances can be inefficient 
or costly. In addition, any new power source, including wind, needs to fit 
into the existing transmission and dispatching infrastructure.

This brings us to the most complex aspect of the entire estimation pro-
cedure, and that is modeling the electricity grid. Most existing electricity 
grids in the United States are large, covering many states in the east and 
several of the larger states in the west, and are built around existing supply 
(fossil fuels and hydropower) and demand for electricity. The usefulness of 
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additional generation capacity is affected by the price of that power and 
by the availability of transmission capacity and interfaces. System opera-
tors must deal with transmission constraints as they try to balance load 
and generation (Keith et al. 2004). As a result, the available generation, 
the load, and the units available change often, if not constantly, making it 
difficult to characterize the interactions in a general way.

The reliability of wind forecasts declines rapidly with time, and a vari-
ety of techniques are being investigated to improve medium- and long-range 
forecasts (e.g., Brundage et al. 2001; Gow 2003). As a result, if electricity 
derived from wind energy is to be incorporated into a dispatch system, a 
certain amount of backup or reserve power is required. In addition, the 
marginal cost of electricity generation by different kinds of power plants is 
more or less dependent on the plant type. Finally, some power plants can 
be ramped up and down faster and more efficiently than others.

Typically, a new power source is added to the grid by system operators 
in order of increasing operating costs, or the closely related but not identical 
“bid prices.” Thus any new power source, including wind, displaces gen-
eration that costs more than it does, in the dispatch order. More-expensive 
power sources that are on the margins (for example, at peak demand times) 
would be displaced by less-expensive sources, depending, of course, on 
when the new power sources become available. As an example, the wind 
in the eastern United States averages lower speeds during summer after-
noons—the normal times of highest peak demand for electricity there—than 
it does in winter, when peak demands are typically lower. Thus, to under-
stand the extent to which any power source, including wind, would replace 
other generation sources, information is needed on demand and availability 
of the power source throughout the year at fairly small time increments. 
However, sometimes transmission constraints cause dispatch to be out of 
economic merit order (Keith et al. 2004). In addition, multiple years of 
data are examined to account for year-to-year variation. The committee 
cannot do much more here than to summarize the complexities of the 
electric-power production, distribution, and dispatching system. To quote 
DeCarolis and Keith (2006): “Intermittency can affect system operation 
on three timescales [minute-to-minute, intrahour, and hour- to day-ahead 
scheduling], but the impact depends on the transmission and generation 
infrastructure, and the resulting costs are not well understood in cases 
where wind serves more than a small fraction of demand. While Denmark 
and parts of Germany have wind serving more than 20% of demand, their 
experience does little to resolve uncertainties about the costs imposed by 
intermittent wind resources for at least two reasons. First, both countries 
are connected to large power pools that serve as capacity reserve for wind. 
Second, the multiplicity of wind-energy subsidies and absence of efficient 
markets . . . makes it difficult to disentangle costs.” The authors emphasize 
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that the cost of intermittency (in terms of back-up or reserve requirements) 
will be less if the generation mix is dominated by power plants with fast 
ramp rates (gas, hydropower) than if it is dominated by coal or nuclear 
plants, which have high capital costs and slow ramp rates.1

Not only wind energy receives government subsidies; all energy sources 
in the United States do. However, the subsidies vary from time to time, 
from one type of generator and its fuel to another, and from place to place, 
which further complicates understanding of how wind will displace other 
power sources in the mix. The two calculations of importance here are (1) 
the degree to which wind can contribute to guaranteed capacity (this allows 
one to predict the degree to which wind can replace existing power plants 
or obviate the need to construct new ones), and (2) the degree to which 
wind can be used in the existing grid structure (allowing prediction of the 
degree to which wind energy can reduce electricity generation, and hence 
emissions, from existing power plants that use fossil fuels).

A recent report by E.ON Netz, the transmission operator of a large 
electric grid in Europe (E.ON Netz 2005), concluded that the average ca-
pacity factor for its wind supply was about 20%, rising to 85% for brief 
periods and remaining below 14% for more than half the year. The mini-
mum capacity factor was well under 1% for a short period. E.ON Netz 
further reported the results of two German studies on the degree to which 
wind-energy installations contribute to guaranteed capacity: both studies 
concluded that the contribution on average was approximately 8% of its 
installed (nameplate) capacity. (The committee refers to guaranteed capacity 
in this report as capacity value.)

Life-Cycle Costs

The true, full economic and environmental costs of electricity from 
various sources have not been adequately calculated. Cost estimates (includ-
ing capital, operating, fuel, and financing costs) for electricity from various 
sources (coal, nuclear, etc.) are shown in Table 2-1, but these do not reflect 
the total private and social costs. The numbers in Table 2-1 include subsi-
dies, but it is unclear how much they are. Estimates of the costs attributable 
to managing the intermittent nature of electricity supplied by wind energy 
are provided by DeCarolis and Keith (2006) and Strbac (2002).

Environmental externalities associated with operation of a power plant 
are a substantial, yet largely unquantified component of total costs. Life-
cycle cost assessment can help reveal these externalities. Much effort has 
previously gone into developing methods and estimating externalities for 

1 Denmark, for example, has access to substantial hydroelectric capacity, which it relies on 
to balance the intermittent output from wind-energy installations (IEA 2006).
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TABLE 2-1 Summary Cost Estimates for Electricity-Generation 
Technologies (in 2003 U.S. dollars per kilowatt-hour)

Technology

Cost estimated by:

EIAa
University 
of Chicagob MITc

Municipal solid waste landfill gas 0.0352
Scrubbed coal, new (pulverized) 0.0382 0.0357 0.0447
Fluidized-bed coal 0.0358
Pulverized coal, supercritical 0.0376
Integrated coal gasification combined cycle (IGCC) 0.0400 0.0346
Advanced nuclear 0.0422 0.0433 0.0711
Advanced gas combined cycle 0.0412 0.0354 0.0416
Conventional gas combined cycle 0.0435
Wind 100 MW 0.0566
Advanced combustion turbine 0.0532
IGCC with carbon sequestration 0.0595
Wind 50 MW 0.0598
Conventional combustion turbine 0.0582
Advanced combined cycle with carbon sequestration 0.0641
Biomass 0.0721
Distributed generation, base 0.0501
Distributed generation, peak 0.0452
Wind 10 MW 0.0991
Photovoltaic 0.2545
Solar thermal 0.3028

 aFor EIA data, see EIA (2005b, Table 38). The 0.6 rule to adjust for scaling effects was 
applied to the wind 10 MW and 100 MW units using 50 MW as the base reference. Solar 
thermal costs exclude the 10% investment tax credit.
 bFor University of Chicago data, see University of Chicago (2004).
 cFor MIT data, see MIT (2003).
NOTE: EIA, Energy Information Administration; MIT, Massachusetts Institute of Technology. 
Estimates are for newly sited facilities and are based on national data. Data exclude regional 
multipliers for capital, variable operation and maintenance (O&M). Fixed O&M New York 
costs are higher. Data exclude delivery costs. Data reflect fuel prices that are New York State-
specific. Costs reflect units of different sizes; while some technologies have lower costs than 
others the total capacity of the lower-cost generation technology may be limited—for example, 
a 500 MW municipal solid waste landfill gas project is unlikely. MIT calculations assumed a 
10-year term; consequently, estimated costs are higher.
SOURCE: Mathusa and Hogan 2006.

particular effects of particular energy sources (see EC 1995; Hagler Bailly 
Consulting, Inc. 1995; Lee et al. 1995).

Life-cycle cost assessment attempts to compare the full costs of various 
electricity-generation technologies. Such comparisons take into account 
fuel life cycles (including extracting, refining, and transporting the fuel) 
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and power-plant life cycles (including designing, constructing, operating, 
maintaining, renovating, decommissioning the power plant) as well as 
specific environmental issues (e.g., wildlife and human-health impacts of 
fuel extraction, nuclear waste disposal issues with nuclear power plants, 
reservoir issues with hydroelectric power plants).

Life-Cycle Assessment

In the past, Life Cycle Assessment (LCA) has become a widely recog-
nized method for comprehensively identifying and quantifying the environ-
mental effects of diverse products, processes, and services (Hendrickson 
et al. 2006). This is typically a large task: a variety of environmental, 
human-health, and ecological effects must be identified, quantified, and 
evaluated for all the life-cycle stages, often scattered geographically and 
over time. LCA has been embraced by a number of industrial goods manu-
facturers and service organizations. The use of LCA in public policy making 
has not been as well publicized, but it can be expected that LCA may be 
used increasingly to reveal the benefits and costs of new public investments 
in infrastructure.

At present, LCA methods are commonly used: process-analysis-based 
LCA; economic input-output analysis-based LCA (EIO-LCA); and hybrid 
LCA, which combines elements of the former methods.

In process-based LCA, all inputs (e.g., raw materials, energy, and wa-
ter) and outputs (e.g., air emissions, water discharges, noise) of processes 
associated with the life-cycle phases of a product or service are assessed. 
This approach enables very specific analyses, but the data needs may be so 
large as to make the LCA costly and time-consuming, especially when sev-
eral process steps are included in the supply chain. Selecting the boundary 
and scope of analysis is not always straightforward, making comparisons 
between LCAs difficult.

EIO-LCA helps address the challenges of boundary selection and data 
intensity by creating a consistent analytical framework for the economy 
of a country or region based on standard, government-compiled economic 
input-output tables of commodity production and use data, coupled with 
material and energy use, and emission and waste generation factors per 
monetary unit of economic output (Hendrickson et al. 1998, 2006). While 
EIO-LCA can be used for comprehensive analyses of many products and 
services, it may not provide the level of detail in a process-based LCA.

To overcome the shortcomings of the above two LCA approaches, but 
also provide the most comprehensive and relatively cost- and time-effec-
tive studies, hybrid LCA has been developed (Suh et al. 2004; Hendrickson 
et al. 2006).

A hybrid LCA for wind-energy projects might consider:
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• Inputs into the life-cycle stages, such as energy (e.g., to manufac-
ture and install the turbines), raw materials (e.g., iron ore), and water.

• Outputs from the life-cycle stages such as emissions to air; and a 
variety of potential impacts, such as:
 • Bird and bat fatalities,
 • Habitat degradation or destruction,
 • Noise,
 • Visual impacts,
 • Physical impacts (e.g., projectiles resulting from icing of tur-

bine blades), and
 • Other impacts (e.g., shadow, flicker, glare, intrusion into com-

mercial and military airspace).

Of course, the impacts of the above on the environment and on humans 
(e.g., global warming potential) would need to be analyzed as well.

When conducting an LCA, it is critical to assess uncertainties in the 
available data and methods used for analysis. Some, but not many, peer-
reviewed LCAs of wind-energy technologies have been published. Lenzen 
and Munksgaard (2002) note that “despite the fact that the structure and 
technology of most modern wind turbines differ little over a wide range of 
power ratings, results from existing life-cycle assessments of their energy 
and CO2 intensity show considerable variations” due to different LCA 
approaches, scope, boundary assumptions, geographical distribution, and 
information used for embedded energy calculations of turbine and tower 
materials, recycling or overhaul of turbines after the service life, and na-
tional energy mixes. They review 72 studies focusing on energy and CO2 
emissions associated with the life cycle of wind turbines and find that the 
energy intensity (kWh of energy input per kWh of electricity generated) is 
between 0.02 and 1.016, and the CO2 intensity (in grams of CO2 per kWh 
of electricity generated) is between 8.1 and 123.7.

Pacca and Horvath (2002) introduce the concept of global warming 
effect (GWE) as a combination of global warming potential and LCA and 
apply it to the construction and operation phases of several comparable 
electric power plants: hydroelectric, wind, solar, coal, and natural gas. In 
detail, their analysis focuses on the GWE of construction, burning of fuels, 
flooded biomass decay in the reservoir, loss of net ecosystem production, 
and land use. They find that a wind plant and a hydroelectric power plant 
in an arid zone (such as the one at Glen Canyon in the Upper Colorado 
River Basin) have lower GWE than the other power plants that were com-
pared. This is the only region in the United States where the five electricity-
generation technologies have been compared in an LCA framework.
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Factors that Drive Wind-Energy Development

Forecasts for future wind-energy development presented in this chapter 
are based on a range of expectations concerning technological, economic, 
and policy factors that will determine the rate and magnitude of wind-
energy development. These factors may be subject to change, as briefly 
described here.

Technological Changes

Research continues on the development of wind-turbine technology. 
Modern turbines are more efficient than earlier ones, and that trend is likely 
to continue. Transmissions (devices for transmitting the rotational kinetic 
energy of turbine blades to electric generators) also are likely to improve. 
A major impediment to the incorporation of wind generation into grids is 
the lack of ability to store electricity for times when the wind is unfavor-
able. Various approaches to storage are being considered, including storage 
batteries, hydrogen production and storage, compressed-air energy storage, 
hydraulic storage (using wind to pump water to use later for generation of 
hydroelectric power), and perhaps other devices (see, e.g., Fingersh 2004; 
Denholm et al. 2005; DeCarolis and Keith 2006). No storage system cur-
rently is economically viable, although research and development on this 
topic continue.

In addition to technology applied to the generation and storage of elec-
tricity by wind energy, efforts continue in the development of better trans-
mission lines and improved grid management, which would improve the 
incorporation into the grid of intermittent power sources like wind. Some 
research focuses on computer and modeling technology. Also, weather 
forecasting continues to improve, and more reliable wind forecasts could 
enhance the ability of system operators to include wind into the manage-
ment of grids. Of course, other sources of electric power, both renewable 
and nonrenewable, are also subject to continuing technological improve-
ments; those improvements also could change ecological as well as other 
environmental effects of operating them.

Economic Changes

In early July 2006, the price of crude oil was about $75 per barrel; 
natural gas was about $5.60 per thousand cubic feet, down from a high 
of $8.66 in January of 2006. As recently as 2000, crude oil was selling for 
around $20 per barrel and natural gas for about $3.68 per thousand cubic 
feet. Coal prices have fluctuated between about $5/ton and $65/ton in re-
cent years, depending on quality, and were climbing toward $100/ton as of 
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August 2006. Prices of those fossil fuels affect the price of electricity and 
hence the competitiveness of wind energy. Prices of fossil fuels are notori-
ously hard to predict, but it is at least plausible that recent trends towards 
higher prices will continue over the next decade.

Regulatory and Policy Changes

Changing regulatory and policy approaches towards energy production 
and consumption can have significant impact on wind-energy development. 
Such approaches might include the production-tax credit (PTC), renewable-
portfolio-standard (RPS) legislation, carbon taxes, emissions cap-and-trade 
programs, emissions regulations, incentives to reduce energy consumption, 
and others. The approaches used vary from place to place and from time to 
time, and their effectiveness in reducing emissions (as well as in achieving 
several other policy goals) are being researched and debated. Their use is 
increasing, however, and it appears likely that to the degree that air quality 
and global climate change are considered to warrant governmental action, 
their use will continue to increase and they are likely to evolve.

The federal PTC and RPS legislation enacted in various states are ma-
jor drivers of wind-energy development in the United States. The PTC is a 
federal support that is a direct credit against a company’s federal income 
tax based on the generation of electricity with renewable resources, such as 
wind. As discussed in the following section, most of the wind resource in 
the United States could not be profitably developed without incentives such 
as the PTC (NREL 2006a). RPS legislation has been enacted by 20 states 
and the District of Columbia, specifying that utilities operating in those 
states supply a fixed percentage of their power from renewable sources 
(AWEA 2006b). Because RPS legislation generally allows purchase of re-
newable energy produced in other states, RPS legislation enacted in states 
with little wind-energy potential can drive development in other states that 
have more wind-energy potential. It has been estimated that if state RPS 
laws remain at current levels, they will be responsible for triggering about 
80% of renewable power development in the United States in the next 10 
years (Ihle 2005).

Various organizations and even government programs are presently 
advocating policy changes and initiatives that may dramatically increase 
the rate of wind-energy development in the United States. A number of 
organizations, for example, are actively promoting national RPS legislation 
in the 10-20% range (e.g., Clemmer et al. 2001; AWEA 2006c), and the 
American Wind Energy Association (AWEA) and the U.S. Department of 
Energy have jointly committed to pursue a goal of supplying 20% of U.S. 
electricity needs from wind energy (AWEA 2006d). As discussed later in 
this chapter, these goals greatly exceed the projections provided by three 
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different organizations within the U.S. Department of Energy (Energy Infor-
mation Administration, Office of Energy Efficiency and Renewable Energy, 
and the National Renewable Energy Laboratory).

Analysis of Effects and Benefits in a Context of Change

All of the factors described in this section—technological advances, 
economic changes, and regulatory and policy changes—will continue to 
evolve. Some of the evolution, through increased energy efficiency, im-
proved technology for reducing emissions from fossil-fuel plants, and pos-
sible improvements in the handling of nuclear waste products, might reduce 
the economic competitiveness of wind energy. Other changes could increase 
its competitiveness and penetration into the mix of electric-power genera-
tors. The current trend appears to be in the direction of increased penetra-
tion and cost-effectiveness of wind energy, and therefore any assessment of 
the environmental benefits and consequences of wind energy should take 
at least a decade-long perspective. As described in the following section, 
the committee has examined a range of 15-year forecasts for wind-energy 
development based on modeling conducted by several U.S. Department of 
Energy programs. Although the range of forecast results that we exam-
ined was broad, it is still possible that technological, economic, or policy 
changes as discussed above could result in substantially different outcomes, 
with cumulative effects that are outside the range of our analysis. Before 
discussing wind energy in the United States and the MAH, we briefly de-
scribe the global status of wind energy to provide context.

WIND ENERGY GLOBALLY

The use of wind energy for electricity generation, which began on a 
utility scale in about 1980, grew relatively slowly at first with only about 
3 gigawatts (GW, one billion watts) installed by 1993. However, by 2003, 
the world’s wind-energy capacity was 39.4 GW, and by 2005 it was more 
than 59 GW (GWEC 2006). The United States had more wind-energy in-
stalled capacity than any other country until 1996, when it was surpassed 
by Germany; at the end of 2005, with 9.1 GW installed, it was third, behind 
Germany (18.4 GW) and Spain (10.0 GW). (The United States surpassed 
11 GW of installed wind energy capacity in 2006.) India (4.4 GW) and 
Denmark (3.1 GW) rounded out the top 5; all other countries accounted 
for 13.9 GW (Florence 2006), and there was wind energy installed in all 
continents except for South America, but Brazil and Argentina have wind-
energy projects in various stages of development (WWEA 2006).

Factors that affect the use of wind energy for electricity generation in 
other countries are similar to those in the United States in broad outline, 
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but there are local differences among the different countries. For example, 
the European Wind Energy Association (EWEA) attributes the decision to 
develop wind energy in Denmark and Germany—among Europe’s leaders in 
the amount of wind-energy capacity—to the nuclear accident at Chernobyl 
in 1986 and the Brundtland Commission’s report on sustainability in 1987. 
Today, the growing evidence of rapid climate change driven by GHG emis-
sions is an important motivator (EWEA 2006).

As is the case for the United States (see Chapter 1 and this chapter, 
below), global wind-energy generating capacity is widely expected to con-
tinue to grow; for example, the Global Wind Energy Council forecasts it to 
reach 134.8 GW by 2010, with the strongest growth in the United States, 
but significant growth elsewhere as well (GWEC 2006).

QUANTIFYING WIND-ENERGY BENEFITS IN THE UNITED 
STATES AND THE MID-ATLANTIC HIGHLANDS

Generation of electricity on a utility scale in the United States using 
wind energy has undergone increasingly rapid and geographically wide-
spread development in recent years. The Energy Information Administration 
(EIA) Annual Energy Outlook 2006 (EIA 2006a) indicates that 9.646 GW 
of wind-energy capacity was installed by the end of 2005 and forecasts 
that total installed capacity (onshore) will exceed 11.5 GW in 2006; AWEA 
reports that the 11 GW mark for the United States was reached in 2006 
(AWEA 2007). Based on data provided for the EIA Annual Electric Genera-
tor Report (EIA 2004a), installed capacity in 2004 included about 17,000 
wind turbines associated with more than 200 separate projects distributed 
in 26 states. Based on a comparison of installed capacity for wind-powered 
electricity generation in 1999 and 2005 (Figure 2-2), more than two-thirds 
of the installed wind-energy capacity in the United States was developed in 
the first five years of this decade.

High rates of growth in the wind-powered electricity-generating indus-
try are projected to continue well into the future. The following sections of 
this chapter examine projected wind-energy development for the contiguous 
United States, and in particular for its MAH. The potential contributions 
to electricity supply and reduction of air-pollution emissions are estimated 
based on projections through 2020.

Wind-Energy Potential

Estimates of U.S. wind-energy potential for electricity generation have 
changed as models have improved, more and better data have been col-
lected and analyzed, and land-use exclusions have been considered. In 
particular, there has been an increase in the geographic resolution of wind-
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FIGURE 2-2 Installed wind-energy capacity in the contiguous United States in 1999 
and 2005. SOURCE: Modified from Flowers 2006.
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energy maps. The grid cell resolution of the Wind Energy Resource Atlas of 
the United States (Elliott et al. 1986) was about 25 km2. Current maps of 
U.S. wind-energy potential have grid cell resolutions ranging from 200 m2 
to 1 km2 for individual states. The National Renewable Energy Labora-
tory (NREL) has assembled these more current maps and accounted for 
land use and other exclusions (technical, legal, and environmental) as a 
basis for estimating both total and practical wind-power capacity and for 
projecting future wind-capacity development for electricity generation in 
the United States.

Wind class represents the potential for an area to generate electricity, 
based on mean wind-power density (in units of W/m2) or equivalent mean 
wind speed at specified height(s) (Table 2-2). Class 1 is the lowest wind-
power class; Class 7 is the highest wind-power class. Commercial wind-
 turbine applications are generally limited to areas with Class 3 or better 
winds (Figure 2-3). Profitable development in areas with less than Class 5 
wind, which represent more than 90% of total estimated potential wind-
energy capacity, depends on incentives such as the federal PTC (NREL 
2006a). Although wind-energy development tends to focus on areas with 
higher-class winds, some areas with lower-class winds will likely be devel-
oped sooner due to proximity to demand and availability of transmission 
lines. Class 4 wind sites, for example, are on average 5 times closer to load 
centers and represent 20 times more wind resource than sites with Class 5 
and higher winds (NREL 2006a). Box 2-1 illustrates the distribution of 
winds rated Class 3 and higher in the MAH based on wind-power density 
at 50 m above the ground.

TABLE 2-2 Estimates of Total Potential U.S. Wind-Energy Capacity: 
GWa

Class 3 Class 4 Class 5 Class 6 Class 7
Sum of 
Classes 3-7

Without Exclusionsb 5,984 2,648 465 129 61 9,286
% of Classes 3-7 64.4% 28.5% 5.0% 1.4% 0.7%
With Exclusionsc 5,137 2,348 392 79 23 7,979
% of Classes 3-7 64.4% 29.4% 4.9% 1.0% 0.3%

 aBased on data provided on March 15, 2006, by NREL, Golden, CO; assumes 5 MW/km2.
 bNo exclusions except slope >20%.
 cStandard exclusions applied by NREL for defining available windy land, including envi-
ronmental criteria, land-use criteria, and other criteria. See Appendix B, Tables B-2 and B-3, 
for description of the wind resource database.
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FIGURE 2-3 Distribution of potential onshore wind-energy capacity by state based 
on wind-resource coverages assembled by NREL. Land-use exclusions have been 
applied; see Appendix B, Table B-2. Wind-energy capacity is depicted as density 
(kW/km2) assuming that each km2 of area with Class 3 winds and better has a wind-
energy capacity of 5 MW. Note: 93.2% of potential wind-energy capacity occurs 
west of the Mississippi River.

Development Projections

A number of approaches have been used to forecast future wind-capac-
ity development for electricity generation in the United States (Table 2-3). 
The National Energy Modeling System (NEMS) was developed by the EIA 
for forecasts of energy supply, demand, and prices. NEMS is a modular sys-
tem that takes a market-based approach to balancing supply and demand 
among energy production and end-use sectors. Wind-capacity forecasts 
are generated for 13 energy-market regions through application of a Wind 
Energy Submodule (Table 2-3).

The NEMS-GPRA07 model is a modified version of NEMS used to 
develop benefits projections for the Office of Energy Efficiency and Renew-
able Energy (EERE). The results are used to evaluate the performance of 
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BOX 2-1 
Mid-Atlantic Highlands: Wind-Energy Potential

VA

WV

MD

PA

Figure within Box 2-1

	 Distribution	of	winds	 rated	Class	3	and	higher	 in	 the	MAH	region	based	on	
wind-energy	density	at	50	m	(NREL	2003).	Class	3	and	higher	winds	in	the	MAH	
are	predominantly	associated	with	mountain	ridge	crests.

Estimates	of	Potential	MAH	Wind-Energy	Capacity:	GWa

Class	3 Class	4 Class	5 Class	6 Class	7 Sum

Maryland 0.55 0.12 0.04 0.01 0.00 0.72
Pennsylvania 2.00 0.51 0.18 0.06 0.00 2.76
Virginia 0.61 0.29 0.14 0.14 0.05 1.23
West	Virginia 2.13 0.65 0.27 0.21 0.06 3.31
Total 5.30 1.57 0.62 0.41 0.11 8.01
%	of	Classes	3-7 66.2% 19.6% 7.8% 5.2% 1.3%

aBased	on	data	provided	on	March	15,	2006,	by	NREL,	Golden,	CO.;	assumes	5	MW/km2.	
Standard	exclusions	applied	by	NREL	 for	defining	available	windy	sources,	 including	envi-
ronmental	criteria,	land-use	criteria,	and	other	criteria.	See	Appendix	B	for	description	of	the	
wind	resource	database.

the Wind Technologies Program, including efforts to solve institutional 
problems and research to improve the cost and performance of wind gen-
eration of electricity.

The Wind Energy Deployment System (WinDS) model was developed 
by NREL (NREL 2006b) to provide a detailed approach to forecasting 
wind-energy development in the United States. WinDS uses a Geographic 
Information System database involving 356 different electricity supply and 
demand regions to address market issues related to wind-energy develop-
ment, including access to and cost of transmission, and the intermittency 
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TABLE 2-3 Projected U.S. Electricity-Generation Capacity with Three 
Forecasts for Wind-Capacity Development (GW)

Total U.S. Capacityb

2005a 2010 2015 2020

955.6 988.4 964.7 1027.4

Model Projections of Installed Wind Capacity

EIA-AEO 2006b 9.6 16.3 17.7 18.8
% of Total U.S. Capacity 1.0% 1.6% 1.8% 1.8%
EERE-GPRA07c — 8.9 18.9 59.0
% of Total U.S. Capacity 0.9% 2.0% 5.7%
NREL-WinDSd 11.9 25.6 43.7 72.2
% of Total U.S. Capacity 1.2% 2.6% 4.5% 7.0%

 aValues for 2005 are model results based on historic data available at the time of the 
analysis.
 bBased on application of the NEMS. Reported in the Annual Energy Outlook for 2006 and 
in Supplemental Tables 73 and 89, EIA, Office of Integrated Analysis and Forecasting, U.S. 
Department of Energy (EIA 2006a).
 cBased on application of the NEMS-GPRA07 model, a modified version of the NEMS. 
Reported in Projected Benefits of Federal Energy Efficiency and Renewable Energy Programs 
FY 2007 Budget Request (NREL 2006a).
 dBased on application of the WinDS model developed by the NREL. Modeled national ca-
pacity totals provided to the committee on March 16, 2006, by NREL Energy Analysis Office, 
Golden, CO. For model information, see NREL 2006b.

of wind. Table 2-3 provides reference case forecasts for WinDS model 
output provided to the committee by NREL. Figure 2-4 indicates the dis-
tribution of installed U.S. wind-capacity forecast for 2020 based on this 
model output. Box 2-2 illustrates the distribution of future installed wind-
power capacity in the MAH based on the WinDS model. Box 2-3 shows 
MAH estimates related to onshore wind-capacity development. As shown 
in Table 2-3, estimates of onshore installed U.S. wind-energy capacity in 
the next 15 years range from 19 to 72 GW, or 2-7% of projected onshore 
U.S. installed electricity-generation capacity. If the average turbine size is 
2 MW—larger than most current turbines—between 9,500 and 36,000 
wind turbines would be needed to achieve that projected capacity.

The three modeling approaches represented in Table 2-3 differ in degree 
of geographic aggregation, in the methods for accounting for transmission 
and intermittency constraints, and in assumptions about future technology 
and development costs. Much of the difference in forecast results appears 
to be related to different expectations for future wind-project performance 
and capital costs. For example, there are large differences in expectations 
for decreasing capital costs with increasing market penetration. Whereas 
the NEMS-GPRA07 and WinDS forecasts are based on an 8% decrease in 
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FIGURE 2-4 Projected distribution of installed wind-energy capacity in 2020 based 
on the WinDS model reference case. Results are shown as the state-level aggregation 
of 356 supply and demand regions included in the model.

capital costs for every doubling of installed wind-energy capacity world-
wide, the EIA-AEO forecasts are based on a 1% decrease in capital costs 
for every doubling of installed capacity nationwide. Fully understanding 
the differences in forecasts among the models, however, will be difficult 
without a carefully designed model comparison study. In the absence of 
such a study, the committee simply concludes that any forecast of future 
wind-energy development involves substantial uncertainty.

Although the development projections (Table 2-3 and Figure 2-4) are 
based on current policies and expectations for technical advancement, 
other scenarios could be considered that involve technical breakthroughs 
or major policy changes (incentives and mandates) that would result in 
forecasts for substantially more development (Short et al. 2006). However, 
major changes in technology (e.g., much larger or more efficient turbines) 
or major changes in policy (e.g., discounting environmental concerns and 
land-use constraints) may create conditions outside the range of our analy-
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BOX 2-2 
Mid-Atlantic Highlands: Wind-Energy Capacity Projections

Projected	distribution	of	future	installed	wind-energy	capacity	based	on	the	WinDS	
model	reference	case.	Results	are	shown	for	the	MAH	supply	and	demand	regions	
for	which	wind-energy	development	is	projected.

sis of effects (see Chapter 3). The range of forecast results (Table 2-3) is 
broad. There is more than a three-fold difference between the high and low 
projections of installed capacity in 2020. The highest projection in the table 
estimates about a seven-fold increase in installed capacity in 15 years. Given 
that only limited data are available for evaluation of both beneficial and 
adverse effects of existing development, especially in the MAH region, the 
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BOX 2-3 
Mid-Atlantic Highlands: Development

Estimates	Related	to	Onshore	Wind-Capacity	Development

Basis	for	Estimate
Capacity	
(MW)

1.5	MW	
Turbines

NREL	estimate	of	total	technical	capacitya 8015 5344
NREL	WinDS	model	reference	case	projection	for	2020b 2158 1439
Operating	projectsc 219 146
Approved	but	not	operatingc 925 617
PJM	(electricity	grid	operator)	interconnection	queuec 3856 2571

aWind-capacity	potential	for	MD,	PA,	VA,	and	WV	provided	on	March	16,	2006,	by	NREL,	
Golden,	CO.	Estimate	 limited	to	Class	3	and	better	wind	areas	above	1,000	feet	elevation.	
Standard	exclusions	applied	by	NREL	 for	defining	available	wind	 resource,	 including	envi-
ronmental,	land-use,	and	other	criteria.	See	Appendix	B	for	description	of	the	wind	resource	
database	and	exclusion	criteria.

bModeled	onshore	capacity	 totals	 for	MD,	PA,	VA,	and	WV	provided	on	March	16,	2006,	
by	NREL,	Golden,	CO.	Based	on	application	of	 the	WinDS	model.	 (For	model	 information,	
see	NREL	2006b.)

cBased	on	assembled	information	for	projects	that	are	in	service,	that	have	state	or	local-
level	approval,	or	that	are	listed	in	the	PJM	interconnection	queue	(Boone	2006).

	 This	comparison	suggests	that	the	WinDS	forecast	may	be	low	for	the	MAH.	
The	projects	that	are	already	in	operation	or	permitted	(with	state	and	local-level	
approvals)	 represent	 more	 than	 half	 of	 the	 capacity	 forecast	 for	 2020	 by	 the	
WinDS	model.	The	sum	of	the	operating	or	permitted	capacity	and	the	capacity	of	
projects	in	the	connection	queue	is	more	than	twice	the	capacity	forecast	for	2020	
by	the	WinDS	model.	Although	some	percentage	of	the	projects	that	have	applied	
for	grid	connection	may	not	go	forward,	it	is	apparent	that	the	WinDS	forecast	for	
the	MAH	may	be	exceeded	before	2020.	Other	analyses	suggest	 that	 recently	
enacted	renewable	portfolio	standard	legislation	by	mid-Atlantic	states	will	result	
in	substantially	more	MAH	wind	development.	Ihle	(2005),	for	example,	projects	
that	7,600	MW	of	wind	capacity	will	be	installed	in	the	mid-Atlantic	states	by	2016.	
Most	of	this	development	would	occur	on	MAH	ridges.

committee has not conducted analysis of effects associated with scenarios 
that estimate even greater increases.

Contribution of Wind-Powered Generation to 
Meeting Projected Electricity Demand

Between 2005 and 2020, based on the WinDS model application 
(Table 2-3 and Figure 2-4), installed wind-power capacity for generating 
electricity is projected to increase from 1 to 7% of the total installed U.S. 
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capacity of all electricity generator types. Projections of installed capacity 
alone, however, do not provide a sufficient basis for evaluating the potential 
contribution of wind energy to the electricity supply. As discussed earlier 
in this chapter, due to the intermittency of wind, installed wind-power ca-
pacity is not continuously available for electricity production. Unlike other 
sources of electricity, wind-generated electricity is not very dispatchable (see 
discussion earlier in this chapter).

Factors that Limit Wind Energy

The relatively low capacity factor of wind-powered EGUs and other in-
termittency-related issues affect the extent that wind energy can contribute 
to the electricity supply. The capacity factor, for any electric-power source, 
represents the amount of electricity produced in a specified period of time 
relative to the hypothetical maximum production for the installed capac-
ity. For 2,624 wind turbines installed in the United States since 2000, the 
cumulative annual capacity factor in 2004 was 30.0% (EIA 2004a, 2004b). 
In contrast, the annual capacity factors for thermal power plants serving 
base load are typically much higher. Capacity factors for coal-fueled EGUs 
designed to run continuously, for example, are typically in the 70-90% 
range. Power plants serving peak loads, commonly fueled by natural gas, 
have lower capacity factors because they are dispatched on a variable basis 
to match variation in demand.

Because wind-powered generators have an inherently low capacity 
factor, the percentage of total electricity generation from wind energy is 
substantially less than the percentage of total installed capacity. Based on 
records assembled for the EIA Annual Energy Outlook 2006 (EIA 2006a), 
the percentage of total U.S. installed capacity provided by wind energy in 
2005 was 1.0% (see Table 2-3). In contrast, the percentage of total electric-
ity generation provided by wind energy was 0.6%. Consideration of future 
wind-energy contributions to electricity generation thus requires assump-
tions about the potential for change in capacity factor as well as projections 
of installed capacity.

The extent to which wind energy can contribute as a source of electric-
ity generation also is affected by limitations related to integration with the 
electricity-distribution system or grid. The significance of these limitations 
may both increase in time as more wind-generated electricity is introduced 
to electricity grids and decrease as improvements to the grids are achieved. 
Reserve requirements, in particular, can reduce the effective load-carrying 
capacity of installed facilities to produce wind-generated electricity. Reserve 
requirements are determined by the need for dispatchable generation to 
respond to both variations in demand and to generation and transmission 
outages. To the degree that wind generation is not dispatchable, it does 
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not directly contribute to reserve requirements, and because fluctuations in 
wind-powered generation introduce additional load variance into the grid, 
it can increase the reserve requirement. The effective amount of electricity 
generation from installed wind-powered EGUs may thus be less than indi-
cated by a simple capacity-factor adjustment.

Reserve requirements are generally met through control of conventional 
generators that have some amount of variable dispatch capacity and by 
maintenance of stand-by generators with quick-start capacity. At low wind-
penetration levels, the load variance introduced by wind-generated electric-
ity is generally small in relation to both normal operating variance and 
variable dispatch or quick-start capacity in the grid. This means that the 
need for additional reserves is generally low with initial wind-energy devel-
opment, and the effective load-carrying capacity of wind-generated electric-
ity is not necessarily reduced by the need for additional reserves. But this 
may change as more wind capacity is installed and a larger percentage of 
grid capacity is represented by wind. Estimates provided by Biewald (2005) 
and UWIG (2006) suggest that additional reserves are not required until 
the percentage of total generation provided by wind-generated electricity-
generating facilities reaches 10-20%, a range that greatly exceeds the 0.6% 
of U.S. generation currently provided by wind energy (see Table 2-4). 
 Experience in other areas with more wind development indicates that loss 

TABLE 2-4 Projected U.S. Electricity Generation Based on Three 
Forecasts of Wind-Capacity Development: Billions of kWh (thousands of 
GWh)

Total U.S. Generationb

2005a 2010 2015 2020

4065.7 4387.7 4727.1 5107.5

Projections of Wind Generated Electricityb

EIA-AEO 2006 23.2 50.9 56.0 59.8
% of Total U.S. Generation 0.6% 1.2% 1.2% 1.2%
EERE-GPRA07c 27.8 59.8 187.6
% of Total U.S. Generation 0.6% 1.3% 3.7%
NREL-WinDSb 28.7 80.0 138.1 229.4
% of Total U.S. Generation 0.7% 1.8% 2.9% 4.5%

 aValues for 2005 are model results based on historical data available at the time of the 
analysis.
 bTotal generation from all sources in the contiguous United States, based on application of 
the NEMS. Reported in the Annual Energy Outlook 2006, EIA, Office of Integrated Analysis 
and Forecasting, U.S. Department of Energy (EIA 2006a).
 cBased on forecasts of installed wind-generation capacity provided in Table 2-3. Capacity 
factors for calculation of electricity generation are based on installed capacity and generation 
data for wind energy provided in the Annual Energy Outlook 2006 (EIA 2006a).
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of effective load-carrying capacity and the need for additional reserves may 
become important as wind development expands, as discussed below.

The following examples illustrate the difficulty of translating installed 
capacity of wind-powered electricity generation, even modified by capacity 
factor, into a displacement of other energy sources. Germany, for example, 
has more installed wind-powered generation capacity than any other coun-
try in the world (E.ON Netz 2006). Installed wind capacity was equal to 
about 14% of Germany’s total installed generating capacity in 2004.2 The 
contribution of wind energy to the “guaranteed capacity” of the German 
electric generation system in 2004 was only 8% of installed wind-energy 
capacity (less than half of the annual capacity factor) and it is projected to 
decrease to 4% of installed wind capacity in 2020, given an expected three-
fold increase in installed wind-energy capacity (E.ON Netz 2005).

Seasonal and diurnal variation in wind energy also affect the contribu-
tion of wind-powered electricity generation relative to other power sources, 
and annual capacity factors do not account for this temporal variation in 
the contribution of wind energy. In many areas of the United States, the 
availability of wind energy is lowest in the afternoon hours of summer 
months when both the demand and the rate of growth in demand for elec-
tricity are the highest. As indicated above, for 2,624 wind turbines installed 
in the United States since 2000, the cumulative average annual capacity 
factor in 2004 was 30.0%. For the same turbines, the cumulative average 
August capacity factor was 22.7%, or about 25% less than the annual ca-
pacity factor (EIA 2004a, 2004b). Box 2-4 presents monthly variability in 
electricity demand and wind capacity factor in the MAH states.

Estimating the Effective Electricity Generation 
from Installed Wind-Energy Capacity

In the absence of information concerning the need for increased reserve 
capacity or other effects of temporal variation in wind energy, annual 
average capacity factors provide a reasonable basis for approximating 
the effective amount of electricity generated from installed wind-energy 
capacity. However, this approximation may prove unreliable for specific 
projects or regions, and we acknowledge uncertainty concerning the ef-
fect of rapidly expanding wind development. Perhaps of more importance, 
although current capacity factors for wind development can be calculated 
based on available capacity and generation data (e.g., EIA data reports), the 
estimation of future capacity factors involves assumptions and unspecified 
uncertainty.

2 Based on E.ON Netz (2005) estimates of wind capacity (16,400 MW) and EIA (2006b) 
estimates of total capacity (118,850 MW).
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BOX 2-4 
Mid-Atlantic Highlands: Wind-Capacity Factor versus 

Electricity Demand
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	 Electricity	demand	and	wind-power	profiles	in	the	MAH	states.	The	electricity	
demand	profile	is	based	on	2004	monthly	sales	data	(EIA	2004c).	The	wind-power	
profile	is	based	on	average	monthly	capacity	factors	determined	using	the	avail-
able	2002-2004	wind-generation	data	for	four	operating	wind	projects	in	the	MAH	
(EIA	2004b).
	 The	correlation	between	monthly	wind-capacity	factors	and	monthly	electricity	
demand	in	the	four	MAH	states	is	generally	negative.	The	electricity-grid	system	
that	 includes	 the	MAH	 is	managed	by	PJM	 Interconnection,	a	summer-season	
peaking	system,	with	a	greater	rate	of	growth	in	demand	in	summer	than	in	winter	
(PJM	2005a).	PJM	has	developed	rules	 for	determination	of	 the	capacity	value	
for	wind-powered	EGUs	and	other	“intermittent	capacity	resources”	(PJM	2005b).	
When	wind-powered	EGUs	are	first	connected	to	the	PJM	grid	they	are	assigned	
an	initial	“capacity	credit,”	which	represents	the	percentage	of	a	project’s	installed	
capacity	that	can	be	traded	in	the	PJM	electricity	market.	The	initial	capacity	credit	
for	new	wind-energy	projects	 is	20%,	which	approximates	 the	average	summer	
capacity	factor	for	wind-energy	projects	in	the	region.	As	data	for	a	wind-energy	
project	become	available,	 the	capacity	credit	 is	adjusted	by	calculating	a	three-
year	 running	average	capacity	 factor	based	on	afternoon	hours	 in	 the	summer	
months.	The	expected	amount	of	electricity	provided	by	a	wind-powered	EGU	in	
the	PJM	system	is	thus	specifically	determined	for	the	time	when	the	availability	
of	 wind	 energy	 is	 the	 least	 and	 the	 demand	 for	 electricity	 is	 the	 greatest.	The	
relationship	between	wind-capacity	 factor	and	electricity	demand	may	differ	 for	
other	regions	of	the	country.
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Projections for both installed wind-energy capacity and wind-powered 
electricity generation included in the EIA Annual Energy Outlook (refer-
ence-case forecasts; EIA 2006a) indicate that the annual average capacity 
factor for all installed wind capacity (not just new projects) will increase 
from 27.5% in 2005 to 36.2% in 2020. In contrast, the EERE has assumed 
that future capacity factors will be substantially higher, given projected 
results of the EERE Wind Technologies Program (NREL 2006a).3 The 
committee has used the EIA estimates of capacity factor to assess the ef-
fective amount of electricity generated from wind-powered EGUs in both 
the United States and the MAH subregion. The EIA capacity-factor esti-
mates allow for moderate improvement in technology, they account for the 
fact that future installed capacity will be a mix of both older and newer 
turbines, and they are intermediate between currently observed capacity 
factors and the most optimistic forecasts of future capacity factors. It also 
seems reasonable to expect additional constraints on wind-powered EGU 
performance as accessible areas with higher-class winds are exploited and 
development expands into areas with lower-class winds.

Table 2-4 provides forecasts for wind-generated electricity through 
2020 in relation to forecasts of total electricity generation through 2020. 
These forecasts are based on the model projections of installed onshore 
wind-energy capacity in the contiguous United States provided in Table 2-3 
and on projections of total U.S. generation capacity provided in the EIA 
Annual Energy Outlook for 2006 (EIA 2006a). The forecasts for both wind 
generation and total generation are for onshore wind-energy development 
in the contiguous United States. As discussed above, the forecasts for wind-
energy generation are adjusted for capacity-factor limitations, but not for 
other potential effects of the temporal variation in wind.

As with the range of forecasts for installed wind-powered EGU capacity 
in Table 2-3, the range of forecasts for their effective electricity generation 
in Table 2-4 suggests a high degree of uncertainty. The forecasts, however, 
provide a context for evaluating both the electricity supply and air-quality 
benefits of future wind-energy development in the United States. The high-
est forecast for 2020 indicates that wind-energy development will provide 
7.0% of total installed electricity-generation capacity, and 4.5% of electric-
ity generation, which is consistent with the fact that wind turbines generally 
have a lower capacity factor than other electricity-generation sources. It is 
also significant that the forecast growth in wind-energy development will 

3 For input to the NEMS-GPRA07 model, EERE estimated different capacity factors depend-
ing on program support for research and development (NREL 2006a). The estimated capacity 
factors for new onshore wind projects with Class 4 winds in 2020 were 46.9 and 37.2%, with 
and without projected program results. EERE did not report estimates for Class 3 winds, 
although Class 3 winds are now being developed, and areas with Class 3 winds are far more 
extensive than areas with higher-class winds (see Table 2-2).
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occur in a context of rapidly increasing electricity demand. Although wind-
energy development has been identified as one of the fastest-growing energy 
sources in the United States, this growth has typically been represented 
in terms of a percentage change in installed wind-energy capacity (e.g., 
GAO 2004; EERE 2006). In order to evaluate the potential contribution 
of wind-energy development to the electricity supply, we have examined 
projected growth in wind-powered electricity generation in relation to 
projected growth in total electricity generation. Based on the EIA forecasts 
in Table 2-4, total electricity generation from all sources is projected to 
increase by more than 1,000,000 gigawatt-hours (GWh) between 2005 and 
2020. As shown in Figure 2-5, the projected increase in wind generation is 
expected to account for 3.5 to 19.3% of this increase in total generation. 
Thus, based on projections examined by the committee, 80.7 to 96.5% of 
the growth in U.S. electricity generation by 2020 is expected to be obtained 
from generation sources other than wind.

Contribution of Wind Energy to Air-Quality Improvement

Our approach to assessing the benefits of wind-energy development for 
air-quality improvement focuses on displacement of several of the pollutant 
emissions from fossil-fueled EGUs (in this case, CO2, NOx, and SO2).

FIGURE 2-5 Cumulative growth in total annual electricity generation between 
2005 and 2020, compared with projected growth in onshore wind generation. 
Total electricity generation in the United States in 2020 is projected to exceed total 
generation in 2005 by 1041.8 billion kWh. Electricity generation with wind power 
in 2020 is projected to exceed wind generation in 2005 by 36.6 to 200.7 billion 
kWh. The projections for growth in total generation and wind generation are based 
on the data provided in Table 2-4.

fixed image,   not easily alterred
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A more informative assessment would account for atmospheric resi-
dence times, transport patterns, atmospheric chemistry, and the response 
properties of environmental receptors, all of which are beyond the practical 
scope of our task.

Estimating Emissions Displacement

The generator types associated with the U.S. electricity supply differ 
greatly in terms of their contributions to total generation and pollutant 
emissions (Figure 2-6). Despite the inevitable uncertainties (discussed previ-
ously in this chapter), emissions-displacement analysis is needed for policy 
and regulatory decisions (Appendix B, Table B-1). The wide range of emis-
sions-displacement rates results from different quantitative approaches, 
as well as differences related to the geographic distribution of genera-
tor types and the achievement of emission reductions through air-quality 
regulation.

A simple approach to evaluation of emissions displacement on a large 
regional scale is illustrated by a recent Programmatic Environmental Impact 
Statement (PEIS) prepared for assessment of wind-energy development on 
western U.S. lands administered by the Bureau of Land Management (BLM 
2005a). The BLM-PEIS, which relied in part on emissions data from the 
early 1990s, compared two extremes, 100% coal displacement and 100% 

FIGURE 2-6 Percentage of electricity generation provided by generator types in 
relation to the percentage of CO2, NOx, and SO2 emitted from all electricity gen-
eration in the United States. The renewables include hydroelectric, biomass, wood, 
solar, and wind.
SOURCE: Based on data for 2000 (EPA 2006b).
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natural-gas displacement. Although the emissions reductions associated 
with displacement of coal generation dramatically exceeded the emissions 
reductions associated with displacement of natural-gas generation (see Ap-
pendix B, Table B-1), the BLM-PEIS provided no analysis or other basis for 
favoring either extreme.

The BLM-PEIS treatment of the emissions-displacement issue may ac-
tually be appropriate given the problems and uncertainties associated with 
more detailed analyses. However, simply providing bounds for the potential 
emissions-displacement benefits of wind-energy development (or other re-
newable-energy and energy-efficiency initiatives) is not sufficient for many 
regulatory and policy purposes. A number of methods for determining 
specific emissions-displacement rates have thus been developed and applied. 
These methods can generally be assigned to two categories:

• Methods based on emissions rates associated with affected fossil-
fuel-fired EGUs.

• Methods based on system-average emissions rates.

The methods in the first category are potentially the most reliable, 
although the data requirements are much greater, the analysis is far more 
complex, and the issue of transparency is more difficult. Identification of af-
fected EGUs generally requires application of a system-dispatch model. This 
involves accounting for the temporal distribution of wind energy or actual 
wind generation, the identity and operational properties of EGUs operating 
on the margin, and transmission limits or other dispatch constraints. Analy-
sis of long-term displacement must also consider the introduction of new 
EGUs to meet increasing baseload (continuous demand over a long period) 
and peaking demand, as well as the retirement of old EGUs.

System-dispatch models can be used either to determine emissions 
displacement from specific fossil-fuel-fired EGUs or to determine emission-
displacement rates associated with fossil-fuel-fired EGUs on the operating 
margin. The focus on the operating margin is based on economic-dispatch 
order, which means that the most expensive EGUs are the first to be dis-
placed when less expensive generation is available. The most expensive 
units are generally those that provide peaking power or respond to short-
term variation in demand (e.g., such as by natural-gas-fueled generators), 
rather than those that provide baseload power (e.g., such as by nuclear and 
coal-fueled generators). Strict adherence to economic-dispatch order, how-
ever, may be compromised by transmission limitations and requirements to 
maintain an acceptably low risk of loss of supply.

Although system-dispatch modeling often is identified as the preferred 
method for estimating emissions displacement, its use and acceptance are 
limited by the problem of access to necessary, but proprietary, technical 
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and information resources. System-dispatch models are generally owned 
and used by utility companies, grid operators, or private consultants. The 
input data required by such models, including information on grid struc-
ture and performance, costs and dispatch properties of EGUs, and detailed 
wind-energy information, are generally not available to either the public 
or resource-management agencies. Box 2-5 discusses the issues of transpar-
ency in developing emission-reduction estimates for MAH. Given this lack 
of transparency, it can be difficult or impossible for independent parties to 
objectively review and verify emissions-displacement estimates based on 
system-dispatch modeling.

System-average emission rates are commonly used for analysis of emis-
sions displacement when the data and resources needed for system-dispatch 
modeling are unavailable (NESCAUM 2002; Keith et al. 2003; UNFCCC 

BOX 2-5 
Mid-Atlantic Highlands: Transparency and Emissions 

Reduction Estimates

	 Transparency	 has	 been	 identified	 as	 an	 accounting	 principle	 that	 must	 be	
applied	for	credible	quantification	and	public	acceptance	of	emissions	reductions	
claims	(WBCSD	and	WRI	2005).	Although	system-dispatch	modeling	potentially	
offers	the	most	reliable	approach	for	estimating	the	emissions-displacement	ben-
efits	of	wind-energy	projects,	actual	model	applications	have	varied	with	respect	
to	transparency.
	 For	example,	default	emissions-displacement	rates	were	determined	for	use	in	
an	emissions-benefit	workbook	developed	by	the	Ozone	Transport	Commission	for	
evaluating	renewable-energy	and	energy-efficiency	projects	in	three	eastern	U.S.	
grid	regions,	including	the	PJM	grid	region	that	includes	the	MAH	(OTC	2002).	In	
this	case,	 the	estimated	emissions-displacement	rates	were	attributed	to	EGUs	
operating	 on	 the	 margin.	 Although	 the	 associated	 documentation	 identified	 the	
data	sources,	as	well	as	important	assumptions,	minimal	information	was	provided	
about	the	proprietary	simulation	model	that	was	applied	to	identify	displaced	units	
and	estimate	emissions-displacement	rates	(Keith	et	al.	2002).
	 In	other	examples,	emissions-displacement	rates	were	developed	as	a	basis	
for	crediting	municipal	wind-energy	purchases	with	emission	reductions	(Hathaway	
et	al.	2005)	or	for	assessing	the	air-quality	benefits	of	specific	wind-project	pro-
posals	 (High	and	Hathaway	2006).	Model	 results	 in	 these	cases	 indicated	 that	
displaced	emissions	would	either	exclusively	or	predominantly	be	associated	with	
coal-fueled	generating	units.	Again,	however,	only	minimal	details	concerning	the	
model	applications	were	provided.	Moreover,	although	the	associated	documen-
tation	 identified	some	of	 the	data	sources,	critical	data,	 including	proprietary	or	
confidential	information	related	to	both	wind-energy	performance	and	identification	
of	the	displaced	generating	units,	were	not	provided.
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2006). System-average emission rates are calculated by dividing total sys-
tem emissions by total system generation, providing a single emission rate 
expressed as mass of pollutant per unit of electricity generation (e.g., lbs/
MWh). Given an estimate of potential electricity generation from wind-
 energy development or any other source, this rate can be applied to estimate 
the mass of pollutant that would be emitted to obtain the same generation 
from the existing mix of EGUs in the system. The advantage of the system-
average emission rate is that it can be applied relatively easily, using emis-
sions and generation data that are publicly available. A disadvantage is that 
it tends to be weighted toward emissions from fossil-fuel-fired EGUs that 
supply baseload rather than fossil-fuel-fired EGUs operating on the margin. 
This means that use of the system-average rate will overestimate emissions 
displacement in grid regions where baseload is dominated by high-emission 
generation (e.g., coal-fueled EGUs) and underestimate emissions where 
baseload is dominated by low-emission generation (e.g., nuclear and hydro-
electric EGUs). A potentially useful modification is to use the marginal-
 average emission rates instead of the system-average emission rate. This 
may work well in grid regions where the fossil-fuel-fired EGUs operating 
on the margin are relatively uniform with respect to emissions. However, 
in other areas, such as the PJM grid region, which has both coal-fueled and 
natural-gas-fueled EGUs operating on the margin (PJM 2006a), marginal-
average emission rates would be weighted toward the higher emission rates 
associated with the coal-fueled EGUs, regardless of which type of EGU 
would actually be displaced by wind-energy generation.

Emissions Displacement in Context

In this section, the committee examines the potential for obtaining re-
ductions in emissions of NOx, SO2, and CO2 through the increased use of 
wind energy to generate electricity. The comparative lack of air-pollutant 
emissions has been identified as the most important environmental benefit 
of wind energy (AWEA 2006e). Evaluation of these benefits, however, is 
complicated by a number of contextual factors in addition to the problem 
of identifying emissions-displacement rates. These factors include the pres-
ence of emissions from sources other than fossil-fuel-fired EGUs, continuing 
growth in demand for electricity, and changing emission rates for fossil-fuel-
fired EGUs. Other differences in environmental impacts of various sources 
of energy are potentially important (e.g., species and habitat impacts), 
although they are not addressed here for the reasons given earlier (see 
Chapter 3 for a discussion of ecological impacts of wind energy).

Wind development can only displace emissions from electricity-genera-
tion sources. It is expected that emissions associated with most industry, 
home heating, and transportation will not be affected by changes in sources 
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TABLE 2-5 Observed and Projected System-Average Emission Rates for 
U.S. Electricity Generation (lbs/MWh)

2000a 2005b 2010b 2015b 2020b

CO2 1392 1287 1272 1241 1223
NOx 2.96 1.92 1.07 0.89 0.83
SO2 6.04 5.28 2.69 1.96 1.58

 aBased on total electrical generation and associated emissions in 2000, reported in the 
eGRID database (EPA 2006b).
 bBased on forecasts of total electrical generation and associated emissions provided in the 
Annual Energy Outlook 2006, EIA, Office of Integrated Analysis and Forecasting, U.S. Depart-
ment of Energy (EIA 2006a). The committee has not assessed the uncertainty associated with 
these estimates.

of electricity generation. In 2001 about 68% of anthropogenic SO2 emis-
sions, but only about 23% of anthropogenic NOx emissions, in the United 
States were associated with the burning of fossil fuels for electricity genera-
tion (EPA 2005).

The largest source of SO2 emissions is coal combustion; the largest 
source of NOx emissions is transportation (EPA 2006c). About 39% of 
anthropogenic CO2 emissions in the United States in 2001 resulted from 
electricity generation, while the balance was derived from other sources 
(EIA 2006d).

The task of evaluating air-quality benefits of wind-powered electricity 
generation is complicated by increasing electricity use and changing emis-
sion rates for fossil-fuel-fired EGUs. Reference case projections provided 
in the EIA Annual Energy Outlook for 2006 (EIA 2006a) indicate that 
generation of electricity in the United States will increase at an average rate 
of 1.6% per year between 2004 and 2030. Despite this growth, emissions 
from fossil-fuel-fired EGUs of NOx and SO2, which are subject to regula-
tory controls, are projected to decrease by an average of 4.0 and 2.1% 
per year. Emissions from fossil-fuel-fired EGUs of CO2, which are largely 
uncontrolled, are projected to increase by an average of 1.4% per year. 
The opposing changes in emissions influence projections of future trends 
in system-average emission rates (in units of lbs/MWh) between 2000 and 
2020 (Table 2-5). The table shows that emissions of all three pollutants 
are expected to decrease on a per unit of energy basis. However, whereas 
system-average emission rates for NOx and SO2 are projected to decline by 
72 and 74%, system-average emission rates for CO2 are projected to decline 
by only 12%. As indicated in Figure 2-7, the projected increase in electric-
ity generation, the concurrent decrease in emissions of NOx and SO2 from 
 fossil-fuel-fired EGUs, and the concurrent increase in emissions of CO2 
from those EGUs, all represent continuations of pre-existing trends.
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FIGURE 2-7 Past and projected changes in emissions of CO2, NOx, and SO2 from 
EGUs in relation to the past and projected increase in electricity generation. Data 
through 2000 are observed; data for 2005-2030 are projected. Generation data were 
obtained from EIA (2006c, 2006a); emissions data were obtained from EPA (2005) 
and EIA (2004c, 2006a).
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U.S. emissions data for 1970-2003 indicate that emissions of SO2 
from fossil-fuel-fired EGUs declined 37%, while emissions of NOx from 
those EGUs declined 9% (EPA 2005). These past declines in emissions of 
NOx and SO2, as well as the projected future declines, can be attributed 
to implementation of the Clean Air Act and related regulatory programs. 
Future declines are also expected to result from the upcoming implemen-
tation of the Clean Air Interstate Rule (CAIR). Because both pollutants 
are subject to emissions caps and allowance trading, there is only limited 
opportunity to achieve additional emissions reductions with wind-energy 
development.4 In the context of a “cap-and-trade” program, a reduction 
in emissions requires a reduction in the emissions cap. One means for 
wind-energy projects to achieve this is through allowance “set-asides,” 
whereby a percentage of the allowed emissions under the cap are available 

4 A national cap on SO2 emissions from EGUs was initially established under Title IV of the 
Clean Air Act. Additional controls in 28 eastern states are required by CAIR, including reduc-
tions in NOx emissions that are expected to be achieved primarily through a cap-and-trade 
program for emissions from EGUs. At this time, the extent to which emission reductions in 
addition to those expected from CAIR would be sought by some eastern states is unknown 
(see, for example, Clean Air Report, February 22, 2007, Inside Washington Publishers, 
 Arlington, VA).
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for retirement commensurate with emission reductions credited to renew-
able-energy or energy-efficiency projects (see Keith et al. 2003; EPA 2004; 
Bluestein et al. 2006). At present there is no set-aside program for SO2 
allowances, although set-asides for NOx allowances can be established by 
states affected by the CAIR. Emissions-displacement rates for NOx set-
asides of 1.5 lbs/MWh through 2015 and 1.25 lbs/MWh after 2015 have 
been proposed by the EPA (Bluestein et al. 2006). However, the potential 
for emissions-cap reductions due to wind development remains uncertain. 
In the six states that have established NOx set-asides, only 1 to 5% of total 
NOx allowances are reserved for set-asides, and this amount can be allo-
cated to either renewable-energy or energy-efficiency projects. The National 
Research Council (NRC 2006) pointed out that cap-and-trade programs 
have potential pitfalls and that such programs can result in emission trades 
from one location to another and from one period to another with poten-
tially detrimental consequences. However, analytical tools are not sufficient 
to assess the potential effect of cap-and-trade programs on local air quality 
or the extent to which wind-powered EGUs might alter those effects. In 
contrast to NOx and SO2, emissions of CO2 from fossil-fuel-fired EGUs 
or other sources are not subject to national regulatory controls or emis-
sions caps, although subregional control efforts have been initiated (RGGI 
2006) and various national controls have been proposed (see Johnston 
et al. 2006). Thus, to the extent that CO2-emitting sources of electricity 
generation are displaced, wind-energy development can achieve displace-
ment of CO2 emissions. As indicated above, however, CO2 emissions from 
fossil-fuel-fired EGUs are projected to increase an average of 1.4% per year 
between 2004 and 2030 (reference-case forecast; EIA 2006a). Moreover, 
as also indicated above, fossil-fuel-fired EGUs accounted for about 39% of 
anthropogenic CO2 emissions in the United States in 2005 (EIA 2006d). 
Compared with just the projections for CO2 emissions from fossil-fuel-fired 
EGUs, the potential for offsetting emissions with wind-energy development 
is illustrated by Figure 2-8, which compares projected annual emissions of 
CO2 from fossil-fuel-fired EGUs in the United States with offsets that might 
be achieved through wind-energy development. The estimated offsets are 
based on the maximum forecasts for wind-powered generation of electricity 
provided in Table 2-4 and on the system-average emission rates for CO2 
listed in Table 2.5. Based on this comparison, the effect of wind develop-
ment by 2020 is expected to offset CO2 emissions from fossil-fuel-fired 
EGUs in the United States by 4.5%. If fossil-fuel-fired EGUs continue to 
account for less than half of anthropogenic CO2 emissions in the United 
States, then the effect of projected wind-energy development in 2020 would 
be to offset total anthropogenic CO2 emissions by less than 2.25%. How-
ever, potential technological improvements in emission controls, and other 
factors that will affect total CO2 emissions, are as hard to predict for the 
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FIGURE 2-8 Projected increase in U.S. CO2 emissions from EGUs and potential 
offsets associated with wind-energy development. CO2 emissions are based on 
forecasts reported in the Annual Energy Outlook 2006 (EIA 2006a). CO2 offset 
estimates are based on the maximum forecasts for U.S. wind-powered generation of 
electricity provided in Table 2-4 and on the system-average emission rates provided 
in Table 2-5.
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transportation and industrial sectors as for the electricity-generation sector, 
and so the total reduction of U.S. anthropogenic CO2 emissions by wind-
energy development in 2020 could be more or less than 2.25%.

A range of potential offsets can be estimated based on emissions rates for 
coal-fueled and natural-gas-fueled EGUs. In 2000, the average CO2 emissions 
rate for coal-fueled EGUs in the United States was about 157% of the system-
average emissions rate; the average CO2 emissions rate for natural-gas-fueled 
EGUs was about 85% of the system-average emissions rate (see Appendix B, 
Table B-1). Based on these values, the range of potential CO2 emissions 
offsets given the maximum forecast for U.S. wind-powered generation of 
electricity in 2020 is 3.8 to 7.1% of projected emissions from EGUs.

CONCLUSIONS

Electricity generated from different sources is fungible. Depending on 
factors such as price, availability, predictability, regulatory and incentive 
regimes, and local considerations, one source might be preferentially used 
over others. The importance of the factors changes over varying time and 
space scales. As a result, a more complete understanding of the environ-
mental and economic effects of any one energy source depends on a more 
complete understanding of how that energy source displaces or is displaced 
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by other energy sources, and on a more complete understanding of the 
environmental and economic effects of all other available energy sources. 
LCA can be used to help fulfill that need.

• Projections for future development of wind-powered electricity 
generation, and hence projections for future wind-energy contributions to 
reduction of air-pollutant emissions in the United States, are highly uncer-
tain. However, some insight can be gained from recent model projections by 
the U.S. Department of Energy. Estimates for onshore installed U.S. wind-
energy capacity in the next 15-year range from 19 to 72 GW, or 2 to 7% of 
projected U.S. installed electricity-generation capacity.5 In part because the 
wind blows intermittently, wind turbines often produce less electricity than 
their rated maximum output. On average in the MAH, the capacity factor 
of wind turbines is about 30% for current technology, forecast to improve 
to near 37% by the year 2020. The projections the committee has used in 
this chapter suggest that onshore wind-energy development will contribute 
about 60 to 230 billion kWh, or 1.2 to 4.5% of projected U.S. electricity 
generation in 2020. In the same period, wind-energy development is pro-
jected to account for 3.5 to 19% of the increase in total electricity-genera-
tion capacity. If the average turbine size is 2 MW—larger than most current 
turbines—between 9,500 and 36,000 wind turbines would be needed to 
achieve that projected capacity.

• Projections for future wind-energy contributions to air-pollution 
emissions reductions in the United States also are uncertain. However, given 
that current and future regulatory controls on emissions of NOx and SO2 
from electricity generation in the eastern United States involve total caps 
on emissions, the committee concludes that development of wind-powered 
electricity generation using current technology probably will not result in a 
significant reduction in total emission of these pollutants from EGUs in the 
mid-Atlantic region. Using the future projections of installed U.S. energy 
capacity by the U.S. Department of Energy, we further conclude that de-
velopment of wind-powered electricity generation probably will contribute 
to offsets of about 4.5% in emissions of CO2 from electricity generation 
sources in the United States by the year 2020. In 2005, emissions of CO2 
from electricity generation were estimated to be 39% of all CO2 emissions 
in the United States.

• Although the wind resource in the MAH is closer to electricity mar-
kets and transmission lines than much of the wind resource in the United 

� There was no installed offshore wind-energy generating capacity in the United States as of 
mid-2006, although several projects have been proposed and at least two projects are currently 
in the permitting stage of development. Department of Energy projections for total installed 
offshore wind capacity in the next 15 years range up to 12 GW.
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States, a smaller portion of the mid-Atlantic region has high-quality wind 
resources than does the United States as a whole. As a result, wind energy 
will likely contribute proportionally less to electricity generation in the mid-
Atlantic region than in the United States as a whole.

• Electricity generated in the MAH—including wind energy—is used 
in a regional grid in the larger mid-Atlantic region. Electricity generated 
from wind energy in the MAH has the potential to displace pollutant emis-
sions, discharges, wastes, and other adverse environmental effects over 
the life cycle of other sources of electricity generation in the grid, but that 
potential is less than 4.5%, and the degree to which its beneficial effects 
would be felt in the MAH is uncertain.

• In the presence of more aggressive renewable-energy-development 
policies, potential increased energy conservation, and improving technology 
of wind-energy electricity generation and transmission, the above findings 
may underestimate wind energy’s contribution to total electricity produc-
tion. This would affect the committee’s analysis, including projections for 
development and associated effects (e.g., energy supply, air pollution, de-
velopment footprint). On the other hand, if technological advances serve to 
reduce the emissions and other negative effects of other sources of electricity 
generation, or if fossil-fuel prices fall,6 our findings may overestimate wind 
energy’s contribution to electricity production and air-pollution offsets.

6 Although it may appear unlikely that fossil-fuel prices will fall very far for a long period, 
so many geopolitical, technological, and economic factors affect fuel prices that it remains 
difficult to predict the future trajectory of those prices with confidence.
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3

Ecological Effects of Wind-
Energy Development

CHAPTER OVERVIEW

At regional to global scales, the effects of wind energy on the envi-
ronment often are considered to be positive, through the production of 
renewable energy and the potential displacement of mining activities, air 
pollution, and greenhouse gas emissions associated with nonrenewable 
energy sources (see Chapter 2). However, wind-energy facilities have been 
demonstrated to kill birds and bats and there is evidence that wind-energy 
development also can result in the loss of habitat for some species. To the 
extent that we understand how, when, and where wind-energy develop-
ment most adversely affects organisms and their habitat, it will be possible 
to mitigate future impacts through careful siting decisions. In this chapter, 
we review the effects of wind-energy development on ecosystem structure 
and functioning, through direct effects of turbines on organisms, and on 
landscapes through alteration and displacement. We recommend a research 
and monitoring framework for reducing these impacts. Although the focus 
of our analysis is the Mid-Atlantic Highlands, we use all available infor-
mation to assess general impacts. Although other sources of development 
on sites that are suitable for wind-energy development affect wildlife and 
their habitats (e.g., mineral extraction, cutting of timber), and there are 
other sources of anthropogenic mortality to animals, as stated previously, 
this committee was charged to focus on wind energy, and therefore did 
not conduct a comprehensive comparative analysis of impacts from other 
sources of development.

Wind turbines cause fatalities of birds and bats through collision, most 
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likely with the turbine blades. Species differ in their vulnerability to colli-
sion, in the likelihood that fatalities will have large-scale cumulative im-
pacts on biotic communities, and in the extent to which their fatalities are 
discovered and publicized. This chapter reviews information on the prob-
abilities of fatalities, which are affected by both abundance and behavioral 
characteristics of each species.

Factors such as the type, location, and operational schedules of turbines 
that may influence bird and bat fatalities are reviewed in this chapter. The 
overall importance of turbine-related deaths for bird populations is unclear. 
Collisions with wind turbines represent one element of the cumulative an-
thropogenic impacts on bird populations; other impacts include collisions 
with tall buildings, communications towers, other structures, and vehicles, 
as well as other sources of mortality such as predation by house cats (Er-
ickson et al. 2001, 2005). While estimation of avian fatalities caused by 
wind-power generation is possible, the data on total bird deaths caused by 
most anthropogenic sources, including wind turbines, are sparse and less 
reliable than one would wish, and therefore it is not possible to provide 
an accurate estimate of the incremental contribution of wind-powered 
generation to cumulative bird deaths in time and space at current levels of 
development.

Data on bat fatalities are even sparser. While there have been a few 
reports of bat kills from other anthropogenic sources (e.g., through colli-
sions with buildings and communications towers), the recent bat fatalities 
from wind turbines appear to be unprecedentedly high. More data on di-
rect comparisons of turbine types are needed to establish whether and why 
migratory bats appear to be at the greatest risk of being killed. Clearly, a 
better understanding of the biology of the populations at risk and analysis 
of the cumulative effects of wind turbines and other anthropogenic sources 
on bird and bat mortality are needed.

The construction and maintenance of wind-energy facilities alter eco-
system structure, through vegetation clearing, soil disruption, and potential 
for erosion, and this is particularly problematic in areas that are difficult 
to reclaim, such as desert, shrub-steppe, and forested areas. In the Mid-
Atlantic Highlands forest clearing represents perhaps the most significant 
potential change through fragmentation and loss of habitat for forest-de-
pendent species. Changes in forest structure and the creation of openings 
alter microclimate and increase the amount of forest edge. There may also 
be important interactions between habitat alteration and the risk of fatali-
ties, such as bat foraging behavior near turbines.

The recommendations in this chapter address the types of studies that 
need to be conducted prior to siting and prior to and following construction 
of wind-energy facilities to evaluate the potential and realized ecological 
impacts of wind-energy development. The recommendations also address 
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assessing the degree to which a particular site is acceptable for wind-en-
ergy development and the types of research and monitoring needed to help 
inform decision makers.

INTRODUCTION

There are two major ways that wind-energy development may influence 
ecosystem structure and functioning—through direct impacts on individual 
organisms and through impacts on habitat structure and functioning. Envi-
ronmental influences of wind-energy facilities can propagate across a wide 
range of spatial scales, from the location of a single turbine to landscapes, 
regions, and the planet, and a range of temporal scales from short-term 
noise to long-term influences on habitat structure and influences on pres-
ence of species. In this chapter, we review the documented and potential 
influences of wind-energy development on ecosystem structure and func-
tioning, focusing on scales of relevance to siting decisions and on influences 
on birds, bats, and other vertebrates.

Construction and operation of wind-energy facilities directly influence 
ecosystem structure. Site preparation activities, large machinery, trans-
portation of turbine elements, and “feeder lines,” transmission lines that 
lead from the wind-energy facility to the electricity grid, all can lead to 
removal of vegetation, disturbance, and compaction of soil, soil erosion, 
and changes in hydrologic features. Although many of these activities are 
relatively local and short-term in practice (e.g., construction), there may 
be substantial effects on habitat quality for a variety of organisms. These 
changes will likely be detrimental to some species and beneficial to others. 
Wind-energy development that is focused on specific topographic features 
(e.g., ridgelines) that represent key habitat features for some species may 
have disproportionately detrimental impacts on those species that depend 
on or are closely associated with these habitats.

Recent reviews of available literature have clearly documented direct 
impacts of wind turbines on birds and bats (GAO 2005; Barclay and Kurta 
2007; Kunz et al. 2007), including death from colliding with turbine blades. 
As discussed below, little is known about the circumstances contributing 
to fatalities, but issues such as turbine height and design, rotor velocity, 
number and dispersion of turbines, location of the turbine on the landscape, 
and the abundance, migration, and behavioral characteristics of each spe-
cies present are likely to influence fatality rates. In addition, non-flying 
organisms may be affected by turbine construction and operation, because 
of alteration of habitat and behavioral avoidance, possibly due to noise, 
vibration, motion of turbines, or their mere presence in the landscape.

We can make three general predictions about the large-scale and long-
term impacts of individual fatalities. First, life-history theory predicts that 
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characteristics of populations of affected species determine the consequences 
of increased mortality: organisms whose populations are characterized by 
low birth rate, long life span, naturally low mortality rates, a high trophic 
level, and small geographic ranges are likely to be most susceptible to 
cumulative, long-term impacts on population size, genetic diversity, and 
ultimately, population viability (e.g., McKinney 1997; Purvis et al. 2000). 
Bats are unusual among mammals with respect to their life-histories, be-
cause they typically have small body sizes but long life spans (Barclay and 
Harder 2003), and the probability of extinction in bats has been linked to 
several of these characteristics (Jones et al. 2003). Second, the effects of a 
decline in one species on entire biotic communities is determined by the 
role of the species in the larger context: losses of keystone species, organ-
isms that have a disproportionately high impact on ecosystem functioning 
(Power et al. 1996), and those that provide important ecosystem services 
(Daily et al. 1997) are of most concern. Species that are important preda-
tors and perform critical top-down control over communities, and species 
that are important prey sources can be keystone species in both natural and 
human-altered ecosystems (Cleveland et al. 2006). Notably, many raptors 
and insectivorous bats fill these roles. Finally, we do not know how the 
migration patterns of affected species will influence regional-scale mortal-
ity; we also do not understand the consequences of deaths of individuals 
of these migrating species to the local populations they originate from. 
Unfortunately this type of information is nearly impossible to obtain.

The ecological influences of wind-energy facilities are complex, and 
can vary with spatial and temporal scale, location, season, weather, ecosys-
tem type, species, and other factors. Moreover, many of the influences are 
likely cumulative, and ecological influences can interact in complex ways 
at wind-energy facilities and at other sites associated with changed land-use 
practices and other anthropogenic disturbances. Because of this complexity, 
evaluating ecological influences of wind-energy development is challenging 
and relies on understanding factors that are inadequately studied. Despite 
this, several patterns are beginning to emerge from the information cur-
rently available. Increased research using rigorous scientific methods will 
be critical to filling existing information gaps and improving reliability of 
predictions.

In this chapter, we review the literature on the ecological effects of 
wind-energy development, focusing on wildlife and their habitats. We then 
provide an assessment of projected impacts of future development in the 
Mid-Atlantic Highland region based on the limited information currently 
available. Finally, we provide an overview of current methods and metrics 
for monitoring ecological impacts of wind-energy facilities, and propose 
research and monitoring priorities.
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BIRD DEATHS IN CONTEXT

A primary question that arises from considerations of current and pro-
jected cumulative bird deaths from wind turbines is whether and to what 
degree they are ecologically significant. A related (but nonetheless different) 
question is how the number of turbine-caused bird deaths compares with 
the number of all anthropogenically caused bird deaths in the United States. 
The committee approaches the answer to the latter question with great 
hesitation, for four reasons. First, the accuracy and precision of data avail-
able to answer the question are poor. Although it is clear that more birds 
are killed by other human activities than by wind turbines, both natural 
mortality rates for many species and fatalities resulting from many types 
of human activities are poorly documented. In addition, different sources 
of human-caused fatalities do not affect all bird species to the same degree. 
Second, the demographic consequences of various mortality rates are poorly 
understood for most bird species, as are factors such as the timing of fatali-
ties and sex or age bias in fatalities resulting from different anthropogenic 
causes, which could have a variety of demographic impacts. Moreover, the 
demographic and ecological importance of any given mortality rate being 
considered is relative to population size, which is poorly known for most 
species. Third, grouping all species together in any estimate provides infor-
mation that is not ecologically relevant. For example, the ecological con-
sequences and conservation implications of the deaths of 10,000 starlings 
(Sturnus �ulgaris) are far different from those of the deaths of 10,000 bald 
eagles (Haliaeetus leucocephalus). Finally, consideration of aggregate bird 
fatalities across the United States from any cause—including those caused 
by wind-energy installations—is not the appropriate spatial scale to address 
the question of interest. Region-specific information about the demographic 
effects of any cause of mortality on species of interest would be much more 
informative. Thus, for example, it is more important to know how many 
raptors of a particular species are killed by turbines and other human mor-
tality sources in a particular region than it is to know how many raptors 
are killed nationwide.

Having said the above, we provide here estimates summarized by 
 Erickson et al. (2005) and estimates reported by the U.S. Fish and Wildlife 
Service (USFWS 2002a). Those sources emphasize the uncertainty in the 
estimates, but the numbers are so large that they are not obscured even 
by the uncertainty. Collisions with buildings kill 97 to 976 million birds 
annually; collisions with high-tension lines kill at least 130 million birds, 
perhaps more than 1 billion; collisions with communications towers kill 
between 4 and 5 million based on “conservative estimates,” but could be 
as high as 50 million; cars may kill 80 million birds per year; and collisions 
with wind turbines killed an estimated 20,000 to 37,000 birds per year in 
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2003, with all but 9,200 of those deaths occurring in California. Toxic 
chemicals, including pesticides, kill more than 72 million birds each year, 
while domestic cats are estimated to kill hundreds of millions of songbirds 
and other species each year. Erickson et al. (2005) estimate that total cu-
mulative bird mortality in the United States “may easily approach 1 billion 
birds per year.”

Clearly, bird deaths caused by wind turbines are a minute fraction of 
the total anthropogenic bird deaths—less than 0.003% in 2003 based on 
the estimates of Erickson et al. (2005). However, the committee re-empha-
sizes the importance of local and temporal factors in evaluating the effects 
of wind turbines on bird populations, including a consideration of local 
geography, seasonal bird abundances, and the species at risk. In addition, 
it is necessary to consider the possible cumulative bird deaths that can be 
expected if the use of wind energy increases according to recent projections 
(see Chapter 2).

TURBINES CAUSE FATALITIES TO BIRDS AND BATS

Information on fatalities of birds and bats associated with wind-energy 
facilities in the Mid-Atlantic Highlands is limited, largely because of the 
relatively small amount of wind-energy development in the region to date, 
the modest investments in monitoring and data collection, and in some 
cases, restricted access to wind-energy facilities for research and monitor-
ing. This lack of information requires the use of information from other 
parts of the United States (and elsewhere). The following discussion sum-
marizes what is known regarding bird and bat fatalities caused by wind-
energy facilities throughout the United States. National and regional results 
are related to the potential for fatalities in the Mid-Atlantic Highlands 
where appropriate.

Early industrial wind-energy facilities, most of which were developed 
in California in the early 1980s, were planned, permitted, constructed, and 
operated with little consideration for the potential impacts to birds or bats 
(Anderson et al. 1999). Discoveries of raptor fatalities at the Altamont Pass 
Wind Resource Area (APWRA) (Anderson and Estep 1988; Estep 1989; 
Orloff and Flannery 1992) triggered concern about possible impacts to 
birds from wind-energy development on the part of regulatory agencies, 
environmental groups, wildlife resource agencies, and wind- and electric-
utility industries throughout the country.

Initial discoveries of bird fatalities resulted from chance encounters by 
industry maintenance personnel with raptor carcasses at wind-energy facili-
ties. Although fatalities of many bird species have since been documented at 
wind-energy facilities, raptors have received the most attention (Anderson 
and Estep 1988; Estep 1989; Howell and Noone 1992; Orloff and Flannery 
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1992, 1996; Howell 1995; Martí 1995; Anderson et al. 1996a,b, 1997, 
1999, 2000; Johnson et al. 2000a,b; Thelander and Rugge 2000; Hunt 
2002; Smallwood and Thelander 2004, 2005; Hoover and Morrison 2005). 
This attention is likely because raptors are lower in abundance than many 
other bird species, have symbolic and emotional value to many Americans, 
and are protected by federal and state laws. Raptor carcasses also remain 
much longer than carcasses of small birds, making fatalities of raptors more 
conspicuous to observers. Raptors occur in most areas with potential for 
wind-facility development, although raptor species appear to differ from 
one another in their susceptibility to collisions.

Early studies of wind-energy facility impacts on birds were based on the 
carcasses discovered during planned searches. However, fatality estimates 
did not account for potential survey biases, most importantly biases in 
searcher efficiency and carcass “life expectancy” or persistence. Most cur-
rent estimates of fatalities include estimates for all species and are based 
on extrapolation of the number of observed fatalities at surveyed turbines 
to the entire wind-energy facility, although not all studies adequately cor-
rect for observer-detection bias and carcass persistence, the latter usually 
referred to as scavenger-removal bias (e.g., Erickson et al. 2004).

Until relatively recently, little attention has been given to bat fatalities 
at wind-energy installations. This is largely because few bat fatalities have 
been reported at most wind-energy facilities (Johnson 2005). While some 
bat fatalities were reported beginning in the early 1990s, few of the earliest 
studies of fatalities at wind-energy facilities were designed to look for or 
evaluate bat fatalities, and thus did not use systematic search protocols or 
account for observer bias or scavenging. The scarcity of reported fatalities 
also may be due in part to the rarity of post-construction studies designed 
specifically to detect bat fatalities at wind-energy facilities. Recent surveys 
indicate that some wind-energy facilities have killed large numbers of bats 
in the United States (Arnett 2005; Johnson 2005), Europe (Dürr and Bach 
2004; Hötker et al. 2004; UNEP/EUROBATS 2006), and Canada (R.M.R. 
Barclay, University of Calgary, personal communication 2006).

BIRD AND BAT FATALITIES

In the following discussion, fatality rate is presented as fatalities/
turbine/year or fatalities/MW/year. Because turbine size, and presumably 
risk, varies from facility to facility, we have chosen to make comparisons 
of fatalities among turbines using the metric fatalities/MW/year. The MW 
used in this metric represents the nameplate capacity for the turbines and 
does not represent the actual amount of MW produced by a turbine or 
wind-energy plant. The reader is referred to Chapter 2 for a more general 
discussion of nameplate capacity. A more accurate measure of MW pro-
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duction for individual turbines would provide a much better metric for 
comparison purposes. For example, two turbines with the same nameplate 
capacity may operate a much greater percentage of time at a Class 5 wind 
site than in a Class 4 wind site.

Bird Species Prone to Collisions with Wind Turbines

Songbirds (order Passeriformes) are by far the most abundant bird 
group in most terrestrial ecosystems, and also the most often reported as 
fatalities at wind-energy facilities. The number of fatalities reported by indi-
vidual studies in the eastern United States ranges from 0 during a five-month 
study at the Searsburg, Vermont facility (Kerlinger 1997) to 11.7 birds per 
MW during a one-year study at Buffalo Mountain, Tennessee (Nicholson 
2003). In a review of bird collisions reported in 31 studies at wind-energy 
facilities, Erickson et al. (2001) reported that 78% of the carcasses found 
at facilities outside of California were protected passerines (i.e., songbirds 
protected by the Migratory Bird Treaty Reform Act of 2005). The remainder 
of the fatalities included waterfowl (5.3%), waterbirds (3.3%), shorebirds 
(0.7%), diurnal raptors (2.7%), owls (0.5%), fowl-like (galliform) birds 
(4.0%), other (2.7%), and non-protected birds (e.g., starling, house sparrow, 
and rock dove or feral pigeon; 3.3%). Despite the relatively high proportion 
of passerines recorded, actual fatalities of passerines probably are under-
represented in most studies, because small birds are more difficult to detect 
and scavenging of small birds can be expected to be higher (e.g., Johnson 
et al. 2000b). Moreover, given the episodic nature of bird migration, it is 
possible that many previous studies with relatively long search intervals 
failed to detect some fatalities of small birds during the migration season, 
and thus existing estimates of fatalities could be underestimates.

Data allowing accurate estimates of bird fatalities at wind-energy facili-
ties in the United States are limited, particularly in the Mid-Atlantic High-
lands region. Of the studies reviewed for this report, 14 were conducted 
using a survey protocol for all seasons of occupancy for a one-year period 
(Table 3-1) and incorporated scavenging and searcher-efficiency biases into 
estimates (Erickson et al. 2000, 2004; Young et al. 2001, 2003a,b; Howe 
et al. 2002; Johnson et al. 2002, 2003b; Nicholson 2003; Kerns and 
Kerlinger 2004; Koford et al. 2004). Protocols used in these 14 studies 
varied considerably, but all generally followed the guidance in Anderson 
et al. (1999). The wind-energy facilities included in these studies contain 
turbines that range in size from 600 kW to 1.8 MW. Passerines make up 
75% of the fatalities at these facilities and 76% of the fatalities at the two 
forested facilities in the eastern United States (Table 3-2, Figure 3-1). The 
greatest difference between fatalities at wind-energy facilities in the eastern 
United States and those in other regions is the relative abundance of doves, 
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pigeons, and “other” species (e.g., swifts and hummingbirds, cuckoos, 
woodpeckers) in the east.

Total annual bird fatalities per turbine and per MW are similar for all 
regions examined in these studies, although data from the two sites evaluated 
in the eastern United States suggest that more birds may be killed at wind-
energy facilities on forested ridge tops than in other regions. It is not known 
whether this is due to higher risk of collisions at these sites, or higher abun-
dance of birds in the region. Most studies report that passerine fatalities occur 
throughout facilities, with no identified relationship to site characteristics 
(e.g., vegetation, topography, turbine density). The relatively high propor-
tion of passerines probably reflects the fact that this group is by far the most 
abundant of all birds at the facilities where these fatalities occurred. Relative 
exposure is difficult to measure and there are no data suggesting that fatalities 
expressed as percentages are proportional to abundance. As discussed below, 
behavior appears to be important in determining the risk of collision.

The combined average raptor fatality rate for the 14 studies (Table 3-2) 
is 0.03 birds per turbine/year and 0.04 per MW/year. The regional raptor 
fatalities per MW/year are similar, ranging from 0.07 in the Pacific North-
west region to 0.02 in the eastern United States. With the exception of the 
two eastern facilities, Mountaineer and Buffalo Mountain, which are in 
forest (68 MW combined), the land use/land cover is similar in all regions 
(Table 3-1). Most of the wind-energy facilities occur in agricultural areas 
(333 MW combined) and agriculture/grassland/Conservation Reserve Pro-
gram lands (438 MW combined), and the remainder occur in short-grass 
prairie (68 MW combined). Landscapes vary from mountains, plateaus, and 
ridges, to areas of low relief. Aside from the size of the rotor-swept area, 
each of these facilities used similar technologies. Bird abundance may be 
an important factor in fatalities (discussed in more detail below), although 
standard estimates of bird use are not available for all 14 studies.

Interpreting fatalities of breeding and migrating passerines is challeng-
ing because of inadequate estimation of exposure of different species to 
risk. The most common fatalities reported at wind-energy facilities in the 
western and middle United States are relatively common species, such as 
horned lark (Eremophila alpestris), vesper sparrow (Pooecetes gramineus), 
and bobolink (Dolichonyx oryzi�orus). These species perform aerial court-
ship displays that frequently take them high enough to enter the rotor-swept 
area of a turbine (Kerlinger and Dowdell 2003). The western meadowlark 
(Sturnella neglecta), on the other hand, is quite common and is frequently 
reported in fatality records, yet is not often seen flying as high as the rotor-
swept area of wind turbines. By contrast, crows, ravens, and vultures are 
among the most common species seen flying within the rotor-swept area of 
turbines (e.g., Orloff and Flannery 1992; Erickson et al. 2004; Smallwood 
and Thelander 2004, 2005), yet they seldom are found during carcass 

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

�6 ENVIRONMENTAL IMPACTS OF WIND-ENERGY PROJECTS

TABLE 3-1 Description of Wind-Energy Facilities Based on Data 
Collected During the Period of Bird Occupancy over a Minimum Period 
of One Year and Where Standardized Bird Mortality Studies Conducted, 
Including Scavenging and Searcher Efficiency Biases. Vegetation 
Categories Include Agriculture (AG), Grass Land (Grass), Conservation 
Reserve Program (CRP) Grasslands, Short-Grass Steppe, and Forest. 
Seasons Include Spring (S), Summer (Su), Fall (F), and Winter (W)

Wind Facility Vegetation Dates of Study Search Interval
Number of Turbines 
in Facility

Number of Turbines 
Searched Reference

Vansycle, OR Ag/Grass/CRP 1/99-12/99 28 days 38 38 Erickson et al. (2000)
Nine Canyon, WA Ag/Grass/CRP 9/02-8/03 14 days S, Su, F 

28 days W
37 37 Erickson et al. (2003b)

Stateline, OR/WA Ag/Grass/CRP 1/02-12/03 14 days 454 124-153 Erickson et al. (2004)
Combine Hills, OR Ag/Grass/CRP 2/04-2/05 28 41 41 Young et al. (2005)
Klondike, OR Ag/Grass/CRP 2/02-2/03 28 days 16 16 Johnson et al. (2003b)
Foote Creek Rim, WY Phase I Short-grass Steppe 11/98-12/00 28 days 69 69 Young et al. (2001)
Foote Creek Rim, WY Phase II Short-grass Steppe 7/99-12/00 28 days 36 36 Young et al. (2003b)
Wisconsin Agriculture Spring 98-12/00 Daily-weekly 31 31 Howe et al. (2002)
Buffalo Ridge, MN Phase I Agriculture 4/94-12/95

3/96-11/99
7 days
14 days

73
73

50
21

Johnson et al. (2002)

Buffalo Ridge, MN Phase II Agriculture 3/98-11/99 14 days 143 40 Johnson et al. (2002)
Buffalo Ridge, MN Phase III Agriculture 3/99-11/99 14 days 138 30 Johnson et al. (2002)
Top of Iowa, IW Agriculture 4/03-12/03 2-3 days 89 26 Koford et al. (2004)
Buffalo Mountain, TN Forest 10/01-9/02 2/week-weekly 3 3 Nicholson (2003)
Mountaineer, WV Forest 4/03-11/03 S-11 days

Su-28 days
F-7 days

44 44 Kerns and Kerlinger 
(2004)

surveys. Clearly, abundance and behavior interact to influence exposure of 
breeding passerines and other birds to the risk of collisions.

While estimated bird fatalities for these 14 wind-energy facilities are 
relatively low when compared to other sources of bird fatalities (Erickson 
et al. 2001), the lack of multiyear estimates of density and other popula-
tion characteristics at most wind-energy facilities makes it difficult to draw 
general conclusions about their effects on populations of bird fatalities. In 
addition, lack of replication of studies among facilities and years makes 
it impossible to evaluate natural variability and the likelihood of unusual 
episodic events in relation to bird fatalities.

Influences of Turbine Design on Bird Fatalities

The structure and design of existing wind turbines vary considerably, 
and it is likely that additional modifications will occur over time. Changes 
in turbine design result from technological improvements, differences in 
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TABLE 3-1 Description of Wind-Energy Facilities Based on Data 
Collected During the Period of Bird Occupancy over a Minimum Period 
of One Year and Where Standardized Bird Mortality Studies Conducted, 
Including Scavenging and Searcher Efficiency Biases. Vegetation 
Categories Include Agriculture (AG), Grass Land (Grass), Conservation 
Reserve Program (CRP) Grasslands, Short-Grass Steppe, and Forest. 
Seasons Include Spring (S), Summer (Su), Fall (F), and Winter (W)

Wind Facility Vegetation Dates of Study Search Interval
Number of Turbines 
in Facility

Number of Turbines 
Searched Reference

Vansycle, OR Ag/Grass/CRP 1/99-12/99 28 days 38 38 Erickson et al. (2000)
Nine Canyon, WA Ag/Grass/CRP 9/02-8/03 14 days S, Su, F 

28 days W
37 37 Erickson et al. (2003b)

Stateline, OR/WA Ag/Grass/CRP 1/02-12/03 14 days 454 124-153 Erickson et al. (2004)
Combine Hills, OR Ag/Grass/CRP 2/04-2/05 28 41 41 Young et al. (2005)
Klondike, OR Ag/Grass/CRP 2/02-2/03 28 days 16 16 Johnson et al. (2003b)
Foote Creek Rim, WY Phase I Short-grass Steppe 11/98-12/00 28 days 69 69 Young et al. (2001)
Foote Creek Rim, WY Phase II Short-grass Steppe 7/99-12/00 28 days 36 36 Young et al. (2003b)
Wisconsin Agriculture Spring 98-12/00 Daily-weekly 31 31 Howe et al. (2002)
Buffalo Ridge, MN Phase I Agriculture 4/94-12/95

3/96-11/99
7 days
14 days

73
73

50
21

Johnson et al. (2002)

Buffalo Ridge, MN Phase II Agriculture 3/98-11/99 14 days 143 40 Johnson et al. (2002)
Buffalo Ridge, MN Phase III Agriculture 3/99-11/99 14 days 138 30 Johnson et al. (2002)
Top of Iowa, IW Agriculture 4/03-12/03 2-3 days 89 26 Koford et al. (2004)
Buffalo Mountain, TN Forest 10/01-9/02 2/week-weekly 3 3 Nicholson (2003)
Mountaineer, WV Forest 4/03-11/03 S-11 days

Su-28 days
F-7 days

44 44 Kerns and Kerlinger 
(2004)

generation capacity, and in some cases, modifications to meet site-specific 
needs (such as modification of height because of Federal Aviation Admin-
istration [FAA] constraints). Differences in design of turbines could affect 
fatality rates of birds. For example, as turbine heights increase, nocturnally 
migrating passerines could be increasingly affected because they tend to 
migrate at levels above 400 feet (see Appendix C for further discussion).

Much of the early work on fatalities at wind-energy facilities occurred 
in California, because most wind energy was produced at three wind-
 resource areas: APWRA, San Gorgonio, and Tehachapi. Not coincidently, 
some of the existing concern regarding the impact of wind-energy facilities 
on birds is rooted in the fatalities that have occurred at the APWRA, and 
thus although many of the characteristics of APWRA differ from those of 
the Mid-Atlantic Highlands region, the history of APWRA provides impor-
tant background and context.

The APWRA currently has between 5,000 and 5,400 turbines of vari-
ous types and sizes, with an installed capacity of approximately 550 MW 
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TABLE 3-2 Regional and Overall Bird and Raptor Mortalitya at Wind-
Energy Facilities Based on Data Collected During the Period of Bird 
Occupancy over a Minimum Period of One Year and Where Standardized 
Bird Mortality Studies Were Conducted, Including Scavenging and 
Searcher Efficiency Biases Were Incorporated into the Estimates 
(additional metadata for these facilities contained in Table 3-1)

Wind Project

Project Size Turbine Characteristics Raptor Mortality All Bird Mortality

Source
Number of 
Turbines

Number 
of MW

Rotor 
Diameter 
(m)

Rotor- 
Swept 
Area 
(m2) MW

Number 
per Turbine 
per Year

Number 
per MW 
per Year

Number 
per Turbine 
per Year

Number 
per MW 
per Year

Pacific Northwest
Stateline, OR/WAb 454 300 47 1735 0.66 0.06 0.09 1.93 2.92 Erickson et al. (2004)
Vansycle, ORb 38 25 47 1735 0.66 0.00 0.00 0.63 0.95 Erickson et al. (2000)
Combine Hills, ORb 41 41 61 2961 1.00 0.00 0.00 2.56 2.56 Young et al. (2005)
Klondike, ORb 16 24 65 3318 1.50 0.00 0.00 1.42 0.95 Johnson et al. (2003b)
Nine Canyon, WAb 37 48 62 3019 1.30 0.07 0.05 3.59 2.76 Erickson et al. (2003b)
Totals or simple averages 586 438 56 2554 1.02 0.03 0.03 2.03 2.03
Weighted averages 586 438 49 1945 0.808 0.05 0.07 1.98 2.65

Rocky Mountain
Foote Creek Rim, WY Phase Ic 72 43 42 1385 0.60 0.03 0.05 1.50 2.50 Young et al. (2001)
Foote Creek Rim, WY Phase IIc 33 25 44 1521 0.75 0.04 0.06 1.49 1.99 Young et al. (2003b)
Totals or simple averages 105 68 43 1453 0.675 0.04 0.05 1.50 2.24
Totals or weighted averages 105 68 43 1428 0.655 0.03 0.05 1.50 2.31

Upper Midwest
Wisconsin 31 20 47 1735 0.66 0.00 0.00 1.30 1.97 Howe et al. (2002)
Buffalo Ridge Phase Id 73 22 33 855 0.30 0.01 0.04 0.98 3.27 Johnson et al. (2002)
Buffalo Ridge Phase Id 143 107 48 1810 0.75 0.00 0.00 2.27 3.03 Johnson et al. (2002)
Buffalo Ridge, MN Phase IId 139 104 48 1810 0.75 0.00 0.00 4.45 5.93 Johnson et al. (2002)
Top of Iowad 89 80 52 2124 0.90 0.01 0.01 1.29 1.44 Koford et al. (2004)
Totals or simple averages 475 333.96 46 1667 0.67 0.00 0.01 2.06 3.13
Totals or weighted averages 475 333.96 46 1717 0.53 0.00 0.00 2.22 3.50

East
Buffalo Mountain, TNe 3 2 47 1735 0.66 0.00 0.00 7.70 11.67 Nicholson (2003)
Mountaineer, WVe 44 66 72 4072 1.50 0.03 0.02 4.04 2.69 Kerns and Kerlinger (2004)
Totals or simple averages 47 68 60 2903 1.08 0.02 0.01 5.87 7.18
Overall (weighted average)f 47 68 70 3922 1.45 0.03 0.02 4.27 2.96

 aMortality rates are on a per year basis.
 bAgriculture/grassland/Conservation Reserve Program (CRP) lands.
 cShortgrass prairie.
 dAgricultural.
 eForest.
 fWeighted averages are by megawatt and turbine number.
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TABLE 3-2 Regional and Overall Bird and Raptor Mortalitya at Wind-
Energy Facilities Based on Data Collected During the Period of Bird 
Occupancy over a Minimum Period of One Year and Where Standardized 
Bird Mortality Studies Were Conducted, Including Scavenging and 
Searcher Efficiency Biases Were Incorporated into the Estimates 
(additional metadata for these facilities contained in Table 3-1)

Wind Project

Project Size Turbine Characteristics Raptor Mortality All Bird Mortality

Source
Number of 
Turbines

Number 
of MW

Rotor 
Diameter 
(m)

Rotor- 
Swept 
Area 
(m2) MW

Number 
per Turbine 
per Year

Number 
per MW 
per Year

Number 
per Turbine 
per Year

Number 
per MW 
per Year

Pacific Northwest
Stateline, OR/WAb 454 300 47 1735 0.66 0.06 0.09 1.93 2.92 Erickson et al. (2004)
Vansycle, ORb 38 25 47 1735 0.66 0.00 0.00 0.63 0.95 Erickson et al. (2000)
Combine Hills, ORb 41 41 61 2961 1.00 0.00 0.00 2.56 2.56 Young et al. (2005)
Klondike, ORb 16 24 65 3318 1.50 0.00 0.00 1.42 0.95 Johnson et al. (2003b)
Nine Canyon, WAb 37 48 62 3019 1.30 0.07 0.05 3.59 2.76 Erickson et al. (2003b)
Totals or simple averages 586 438 56 2554 1.02 0.03 0.03 2.03 2.03
Weighted averages 586 438 49 1945 0.808 0.05 0.07 1.98 2.65

Rocky Mountain
Foote Creek Rim, WY Phase Ic 72 43 42 1385 0.60 0.03 0.05 1.50 2.50 Young et al. (2001)
Foote Creek Rim, WY Phase IIc 33 25 44 1521 0.75 0.04 0.06 1.49 1.99 Young et al. (2003b)
Totals or simple averages 105 68 43 1453 0.675 0.04 0.05 1.50 2.24
Totals or weighted averages 105 68 43 1428 0.655 0.03 0.05 1.50 2.31

Upper Midwest
Wisconsin 31 20 47 1735 0.66 0.00 0.00 1.30 1.97 Howe et al. (2002)
Buffalo Ridge Phase Id 73 22 33 855 0.30 0.01 0.04 0.98 3.27 Johnson et al. (2002)
Buffalo Ridge Phase Id 143 107 48 1810 0.75 0.00 0.00 2.27 3.03 Johnson et al. (2002)
Buffalo Ridge, MN Phase IId 139 104 48 1810 0.75 0.00 0.00 4.45 5.93 Johnson et al. (2002)
Top of Iowad 89 80 52 2124 0.90 0.01 0.01 1.29 1.44 Koford et al. (2004)
Totals or simple averages 475 333.96 46 1667 0.67 0.00 0.01 2.06 3.13
Totals or weighted averages 475 333.96 46 1717 0.53 0.00 0.00 2.22 3.50

East
Buffalo Mountain, TNe 3 2 47 1735 0.66 0.00 0.00 7.70 11.67 Nicholson (2003)
Mountaineer, WVe 44 66 72 4072 1.50 0.03 0.02 4.04 2.69 Kerns and Kerlinger (2004)
Totals or simple averages 47 68 60 2903 1.08 0.02 0.01 5.87 7.18
Overall (weighted average)f 47 68 70 3922 1.45 0.03 0.02 4.27 2.96

 aMortality rates are on a per year basis.
 bAgriculture/grassland/Conservation Reserve Program (CRP) lands.
 cShortgrass prairie.
 dAgricultural.
 eForest.
 fWeighted averages are by megawatt and turbine number.
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FIGURE 3-1 Composition of bird fatalities at 14 wind-energy facilities in the 
United States.
SOURCES: Compiled by committee from Erickson et al. 2000, 2003b, 2004; Young 
et al. 2001, 2003b, 2005; Howe et al. 2002; Johnson et al. 2002, 2003b; Nicholson 
2003; Kerns and Kerlinger 2004; Koford et al. 2004.
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(~102 kW/turbine); San Gorgonio consists of approximately 3,000 turbines 
of various types and sizes with an installed capacity of approximately 615 
MW (~205 kW/turbine); and Tehachapi Pass has approximately 3,700 tur-
bines with an installed capacity of approximately 600 MW (~162 kW/tur-
bine). The following discussion generally refers to these facilities as “older 
generation” wind-energy facilities.

While replacement of some smaller turbines with modern turbines has 
occurred (through repowering), these three wind-resource areas primar-
ily consist of relatively small turbines ranging from 40 to 200-300 kW, 
with the most common turbine rated at approximately 100 kW. Most 
of the higher-resource wind sites within each area have a high density of 
turbines, and the support structures for older turbines are both lattice and 
tubular, all with abundant perching locations for birds on the tower and 
nacelle (Figures 3-2a and b). (Figure 3-3 shows a more modern installa-
tion, Mountaineer, West Virginia, for comparison.) Additionally, all three 
areas have above-ground transmission lines. Perching sites for raptors are 
ubiquitous within all three areas, but particularly at the APWRA. There are 
different vegetation communities at all three sites, with San Gorgonio being 
the most arid, and Tehachapi the most montane and with some forest.

McCrary et al. (1986) conducted one of the earliest studies of the 
impact of wind-energy facilities on birds at San Gorgonio. However, the 
widely publicized report of bird fatalities at APWRA by Orloff and Flannery 

FIGURE 3-2a Turbines at San Gorgonio showing lattice and monopole towers.
SOURCE: Photograph by David Policansky.
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FIGURE 3-2b Turbines at San Gorgonio showing high density and diversity of 
types.
SOURCE: Photograph by David Policansky.

(1992) promoted the most scrutiny of the problem. In spite of subsequent 
industry attempts to reduce raptor fatalities, they remain relatively high at 
the APWRA and reduction of fatalities was the focus of a recent decision 
by the Alameda County Board of Supervisors to issue conditional permits 
for the continued operation of the facility.

Smallwood and Thelander (2004, 2005) investigated the impacts of ap-
proximately 1,500 turbines for 4 years and 2,500 turbines for 6 months; the 
turbines ranged from 40 to 330 kW. While the Smallwood and Thelander 
(2004, 2005) studies are the most comprehensive to date, due to small 
sample sizes for turbines greater than 150 kW, extrapolation of fatality 
rates to all turbines in the AWPRA may not be appropriate. Hunt (2002) 
completed a four-year radiotelemetry study of golden eagles at the APWRA 
and concluded that while the population is self-sustaining, fatalities result-
ing from wind-energy production were of concern because the population 
apparently depends on immigration of eagles from other subpopulations to 
fill vacant territories. A follow-up survey was conducted in 2005 (Hunt and 
Hunt 2006) to determine the proportion of occupied breeding golden-eagle 
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FIGURE 3-3 Mountaineer Wind Energy Center, West Virginia. The five turbines in 
this photograph are at the southwest end of the array of 1.5 MW turbines; they are 
at the lower left of the aerial view in Figure 3-7. 
SOURCE: Photograph by David Policansky.
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territories in the APWRA. Within a sample of 58 territories all territories 
occupied by eagle pairs in 2000 were also occupied in 2005.

Contemporary utility-scale wind-energy facilities use different turbines 
from those at the older wind-energy facilities discussed above. The turbines 
are larger, with lower rotational rates (~15-27 rpm), although they retain a 
relatively high tip speed (~80 m/sec); tubular towers; primarily underground 
electrical service; lighting following FAA guidelines; few perching oppor-
tunities; and the rotor-swept area is higher above ground level (agl). In 
addition, many of the developments have occurred in areas with a different 
land use than the earlier California wind-energy facilities. Nonetheless, the 
potential cumulative impacts of these turbines should not be overlooked, 
especially for resident species.

The estimated fatality rates for raptors at the older California turbines 
(e.g., Orloff and Flannery 1992; Anderson et al. 2004, 2005; Smallwood 
and Thelander 2004, 2005) are generally greater than for newer turbines 
(Figure 3-4), although most of the sites for the newer turbines have much 

AP: Altamont Pass, CA
MH: Montezuma Hills, CA
TP: Tehachapi Pass, CA
SG: San Gorgonio, CA
CH: Combine Hills, OR
SL: Stateline, OR/WA
VA: Vansycle, OR
KL: Klondike, OR
NC: Nine Canyon, WA
F1: Foote Creek 1, WY
F2: Foote Creek 2, WY
WI: MG&E, WPS, WI
TI: Top of Iowa, IA
B1: Buffalo Ridge 1,MN
B2: Buffalo Ridge 2,MN
B3: Buffalo Ridge 3,MN
BM: Buffalo Mountain, TN
MO: Mountaineer, WV
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FIGURE 3-4 Fatality rates for raptors at 4 older wind-energy facilities (AP, MH, TP, 
SG) unadjusted for searcher efficiency, carcass-removal bias, and raptor abundances 
at the sites, and raptor fatality rates at 14 newer facilities (CH, SL, VA, KL, NC, 
F1, F2, WI, TI, B1, B2, B3, BM, MO) adjusted for searcher efficiency and carcass-
removal bias.
SOURCES: Howell 1997; Erickson et al. 2000, 2003a,b, 2004; Howe et al. 2002; 
Johnson et al. 2002, 2003b; Nicholson 2003; Young et al. 2003a,c, 2005; Anderson 
et al. 2004, 2005; Kerns and Kerlinger 2004; Koford et al. 2004; Smallwood and 
Thelander 2004, 2005.
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lower raptor abundance, there are relatively few studies of new wind-energy 
facilities, and there are major geographic gaps in the available data. Even 
though the raptor fatalities appear higher at wind-resource areas with the 
older technology, there is a marked difference among the older facilities. For 
example, raptor fatalities at the APWRA were higher than at Montezuma 
Hills, somewhat lower at Tehachapi (Anderson et al. 2004), and very low at 
the San Gorgonio facility (Anderson et al. 2005). Because the four facilities 
use similar technology, this difference may be influenced by other factors, 
most likely raptor abundance and prey availability.

The relationship of raptor abundance and technology will be better 
addressed when it is possible to study old and new turbines together in 
areas of varying raptor density. The three wind-energy facilities in north-
ern California—High Winds and Diablo Winds in Solano County and the 
 APWRA in Alameda County—may present such an opportunity when esti-
mates of fatalities are published. The Solano County sites have newer tur-
bines, and with the exception of golden eagles, higher raptor use than the 
APWRA (Orloff and Flannery 1992; Smallwood and Thelander 2004, 2005). 
Preliminary data from High Winds (Kerlinger et al. 2006) and Diablo Winds 
(WEST 2006) indicate they have higher raptor use, and higher raptor mor-
tality than do projects in the Pacific Northwest (e.g., Erickson et al. 2004) 
and midwest (e.g., Johnson et al. 2000a,b). Alameda County, California, has 
permitted repowering of a small portion of the APWRA, replacing the MW 
production of smaller turbines with a smaller number of large newer turbines; 
fatality data from the APWRA collected before and after repowering can be 
used in a before/after control/impact (BACI) study, the preferred study design 
for observational studies (Anderson et al. 1999). Results from this and other 
repowering efforts in California will help evaluate the relative role of technol-
ogy in bird fatalities, as would studies of fatalities at wind-energy facilities 
with large turbines in other areas of the country with relatively high raptor 
densities (e.g., eastern mountain ridges, coastal areas).

Most bird fatalities at wind-energy facilities are assumed to be caused 
by collisions with wind turbine blades. Even though there is no evidence 
indicating that passerines collide with turbine-support structures, numerous 
studies have documented passerine collisions with other solid structures 
(Erickson et al. 2001). Several studies have reported fatalities from build-
ings, and similar structures such as smokestacks and communications towers 
(Erickson et al. 2001). Bird fatalities associated with communications towers 
generally increase with height of the tower and lighting, with larger fatality 
events occurring at towers greater than 152 m (500 feet) in height. (Kerlinger 
2000; Longcore et al. 2005). Nevertheless, shorter guyed towers1 (< 152 m) 

1 Most tall towers are guyed (that is, they have cables called guys attached to the ground at 
some distance from their base to stabilize them); more shorter towers are not guyed.
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may also present a risk for birds (Longcore et al. 2005). In a study of bird 
fatalities associated with 69 turbines and 5 guyed meteorological towers at 
a wind-energy facility in Carbon County, Wyoming, Johnson et al. (2001) 
reported that fatalities associated with the 40-m meteorological towers were 
three times greater than those associated with the 61-m wind turbines.

Although the steady red lights commonly recommended by the FAA 
have been shown to attract night-migrating birds and have been associated 
with an increase in bird fatalities at communications towers and other tall 
structures (Erickson et al. 2001; Manville 2001; Longcore et al. 2005; 
Gauthreaux and Belser 2006), there is no evidence to suggest a lighting 
effect on passerine fatalities at wind-energy facilities, with the exception of 
the Mountaineer Wind Energy Center in West Virginia. Kerns and Kerlinger 
(2004) reported the largest bird fatality event ever recorded at a wind-en-
ergy facility, with 33 documented passerine fatalities discovered on May 23, 
2002. These fatalities apparently occurred during heavy fog conditions. All 
of the carcasses were located at a substation and at three adjacent turbines. 
The substation was brightly lit with sodium vapor lights. Following the 
discovery of the fatalities, the bright lights were turned off and no further 
large events were reported at the site. The second-largest fatality event 
documented involved 14 warblers, vireos, and flycatchers found during a 
May 17 carcass search of two adjacent turbines at the Buffalo Ridge, Min-
nesota wind-energy facility (Johnson et al. 2002). Like the West Virginia 
example, the event appeared to follow inclement weather, although only 
one of the turbines was lighted and lighting was not considered important 
(Johnson et al. 2002).

Influences of Site Characteristics on Bird Fatalities

Site characteristics may influence risk of fatality for birds, including 
location relative to key habitat resources (such as nesting sites, prey, water, 
and other resources) or concentration areas during migration, vegetative 
community in which the turbines are constructed, topographic position, 
and other factors. Relatively little is known about many of these relation-
ships, but evidence for the importance of some of these variables is becom-
ing clearer. Better understanding of these relationships will likely be helpful 
in siting decisions for future wind-facility development.

The effect of topography on fatality rates of birds is unclear. Of the 14 
studies referred to in Table 3-1, most occurred in agricultural or grassland 
communities and in a variety of landscapes. Without more data from dif-
ferent plant communities and landscapes it is not possible to evaluate their 
influence of bird fatalities.

It is generally assumed that nocturnal migrating passerines move in 
broad fronts, as opposed to following specific and well-defined migration 
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pathways, and rarely respond to topography (Lowery and Newman 1966; 
Richardson 1972; Williams et al. 1977), but this topic needs further study. 
A continent-wide study of nocturnal bird migration based on birds cross-
ing the disc of the moon during four nights in October in 1952 (Lowery 
and Newman 1966) found little or no evidence that migrating birds were 
influenced by major rivers or mountain ranges in the eastern United States. 
However, the rugged mountains in the western United States did appear to 
affect the patterns of migration. Flight responses of migrants to the Great 
Lakes and the Gulf of Mexico were mixed. Some species flew parallel to 
the shoreline and appeared to be avoiding a crossing while others were 
observed departing across the large bodies of water. Bingman et al. (1982) 
found that on most nights during autumn migration in eastern New York 
State passerines showed a preferred migration track toward the southwest 
and in strong winds from the west and northwest the migrants drifted. On 
reaching the Hudson River some of the migrants changed their headings 
and followed a track direction that closely paralleled the river, and in doing 
so partially compensated for the effects of wind drift.

Schüz et al. (1971) and Berthold (2001, pp. 57-60) concluded that most 
migratory species in Europe show broad-front migration for at least a por-
tion of their journey and suggested that species that have broad breeding 
ranges (E-W) tend to have broad-front migration pathways that cross all 
geomorphological features (such as mountains, river valleys, lakes). Hüp-
pop et al. (2006) noted that the migration of birds over the waters of the 
German Bight also is broad-front. Recent radar studies of migration in the 
continental United States also support the conclusion that many species 
of migratory birds show broad-front migration (Gauthreaux et al. 2003). 
Gauthreaux et al. (2003) used a network of NEXRAD weather radars to 
quantify nocturnal bird migration over the United States, and the migration 
maps produced from the study clearly show that large geographical-scale 
migratory movements occur in response to weather favorable to migration. 
No evidence of specific flyways can be seen in the migration maps at the 
scale of surveillance of the radars (240 km range), and the results are in 
keeping with the findings of Lowery and Newman (1966).

Weather surveillance NEXRAD radar has rather coarse resolution (1 
km × 1.0°) and consequently may not detect deviations in migration pat-
terns at smaller spatial scales. Moreover, migrants flying at low altitudes 
may be missed by Doppler weather surveillance radars. Low-flying migrants 
could respond to topographic features more readily than migrants flying 
at higher altitudes. This would explain some of the conflicting findings 
regarding flight paths reported for migratory birds. Williams et al. (2001) 
cite work in Europe suggesting migrating birds respond to coastlines, river 
systems, and the Alps (e.g., Eastwood 1967; Bruderer 1978, 1999; Bruderer 
and Jenni 1988). While responses of birds to coastlines and major rivers has 
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been noted in North America (e.g., Richardson 1978, Bingman et al. 1982), 
evidence is limited on the response to major changes in topography (Mc-
Crary et al. 1983). Williams et al. (2001) used radar, ceilometers, and daily 
censuses in a study of passerine migration in the area of Franconia Notch, 
New Hampshire, a major pass in the northern Appalachian Mountains. 
They report that what they assumed to be migrating passerines surveyed 
by marine X-band radar appeared to react to topography in the Franco-
nia Notch area. However, the study design and X-band radar equipment 
used in the study focused on localized and relatively low-altitude target 
movements and did not allow assessment of a broader area for movement 
patterns, and some of the detected targets may have been bats. However, 
Mabee et al. (2006) reported that for 952 flight paths of targets approach-
ing a high mountain ridge along the Allegheny Front in West Virginia, the 
vast majority (90.5%) did not alter their flight direction while crossing the 
ridge. The remaining targets either shifted their flight direction by at least 
10 degrees (8.9%) while crossing the ridge or turned and did not cross the 
ridge (0.6%)—both considered reactions to the ridgeline.

There is considerable agreement that migration patterns of most birds 
are species-specific. Species with limited breeding and wintering ranges gen-
erally have restricted migration pathways, but species with widely dispersed 
breeding ranges tend to show broad-front migration. A recent discussion of 
the flyway versus broad-front migration patterns in the United States is in 
Lincoln et al. (1998, pp. 53-72).

Many of the mountain ridgelines, and in particular those along the 
eastern edge of the Appalachian Mountains, appear to provide migratory 
pathways for diurnal fall migrants such as raptors (Bednarz et al. 1990). 
Raptors concentrate along ridges during migration and during daily hunt-
ing flights, presumably to take advantage of rising thermals and favorable 
winds used for soaring. This relationship was quantified at the Foote Creek 
Rim (FCR) wind-energy facility in Wyoming (Johnson et al. 2000a). Ap-
proximately 85% of the golden eagles, ferruginous hawks, and Swainson’s 
hawks observed flying at the height of the rotor-swept area for the proposed 
turbines were within 50 m of the edge of the north to south trending mesa. 
Thus, raptors are likely more at risk when turbines are placed in areas 
where favorable winds exist for soaring.

Although high raptor fatalities have been documented at the APWRA, 
studies conducted at San Gorgonio and Tehachapi Pass (Anderson et al. 
2004) documented relatively low raptor mortality (McCrary et al. 1983, 
1984, 1986; Anderson et al. 2005) in comparison to the APWRA. The 
unadjusted per-turbine and per-MW raptor fatality rates reported for these 
sites are 0.006 and 0.03 for San Gorgonio, 0.04 and 0.20 for Tehachapi, 
and 0.1 and 1-1.23 for the APWRA. The primary difference among the 
three sites appears to be the abundance of raptors (Erickson et al. 2002). 
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The APWRA has the most raptors, presumably because of the abundance of 
prey, particularly small mammals (Smallwood and Thelander 2004, 2005). 
San Gorgonio has the fewest raptors, while raptor densities at Tehachapi 
Pass are intermediate (Anderson et al. 2004, 2005). The West Ridge within 
the Tehachapi Pass study area had the highest raptor use observed during 
the study, approximately half the estimated use of the APWRA (Anderson 
et al. 2004). The West Ridge also had the highest reported raptor fatali-
ties among the three geographic subdivisions of Tehachapi Pass studied. 
These data suggest that differences in site quality, resulting in differences 
in abundance and exposure to turbines, may play an important role in 
determining mortality of some species. Smallwood and Thelander (2004, 
2005) and Orloff and Flannery (1992) reported more raptor fatalities at 
wind turbines constructed in canyons at APWRA than at other locations 
within the area.

It also is usually assumed that nocturnally migrating passerines migrate 
relatively high agl. In a review of radar studies in the eastern United States, 
Kerlinger (1995) concluded that three-quarters of passerines (assumed 
 passerines because bats were not considered) migrate at altitudes between 
91 and 610 m. Recent marine radar studies conducted with modern X-band 
equipment capable of estimating target altitude from ~10 m to 1.5 km agl 
suggest that most nocturnal migrants fly above 125 m agl, the upper reach 
of most modern wind turbines. For example, using X-band marine radar in 
a vertical configuration, Mabee and Cooper (2002) for two study areas in 
the Pacific Northwest reported 3 and 9% of targets were below 125 m agl, 
while Mabee et al. (2004), also using vertical X-band marine radar, esti-
mated that 13% of targets (birds and bats were not distinguished) detected 
on a mountain ridge in West Virginia were below 125 m agl. Nevertheless, 
X-band marine radar studies suggest there is a large amount of night-
time variation in flight altitudes (e.g., Cooper et al. 1995a,b), with targets 
averaging different altitudes on different nights and at different times dur-
ing each night. Some of the intra-night variation is due to birds landing at 
dawn and taking flight at dusk, or bats emerging at dusk or returning at 
dawn. Kerlinger and Moore (1989) and Bruderer et al. (1995) concluded 
that atmospheric structure is the primary factor affecting flight direction 
and height of targets assumed to be migrating passerines. For example, 
Gauthreaux (1991) found that birds (and possibly bats) crossing the Gulf 
of Mexico appear to fly at altitudes where favorable winds exist.

In summary, it appears likely that nocturnally migrating passerines fly 
in broad fronts given the limit of resolution of current methods of detec-
tion, and that during migration the vast majority fly at altitudes well above 
the rotor-swept area of wind turbines. However, when weather conditions 
(e.g., low ceiling, light precipitation) compress bird migration closer to 
the surface, migrants may deviate their flights in response to topographi-
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cal changes and could be at risk of collisions with wind turbines along 
ridgelines. Under favorable weather conditions migrant birds landing at 
night or beginning flight at dusk are potentially at risk of collision. This is 
particularly so if turbines are located adjacent to migratory stopover areas 
where migrants may be concentrated. Raptors often concentrate along 
topographic features when updrafts exist that facilitate soaring and may 
be at greater risk of collision when wind turbines are constructed in these 
locations. Nevertheless, prey abundance may also strongly influence raptor 
abundance and thus risk of collisions.

Temporal Pattern of Bird Fatalities at Wind-Energy Facilities

Although additional research is needed for more complete understand-
ing of temporal patterns of fatalities at wind-energy facilities, a number 
of patterns emerge and it is clear that risk of fatality differs with location, 
meteorological condition, time of night, and time of year for both birds 
and bats.

Based on the available data, fatalities of passerines occurred in all 
months surveyed (Table 3-2). Bird fatalities along the Appalachian ridge 
have been most common from April through October (Nicholson 2003; 
Kerns and Kerlinger 2004), although the seasonal timing of fatalities var-
ies somewhat among sites. For example, peak passerine fatalities occurred 
during spring migration at Buffalo Ridge, Minnesota (Johnson et al. 2002), 
and during fall migration at Stateline in Washington and Oregon (Erickson 
et al. 2004). This seasonal pattern suggests that both migrating and breed-
ing resident bird species are being killed at wind-energy facilities (Howe 
et al. 2002; Johnson et al. 2002, 2003b; Young et al. 2003a, 2005; Koford 
et al. 2004).

Estimating the importance of fatalities to local populations requires 
that fatalities be assigned to a source population. However, allocation 
of fatalities to migrating and non-migrating passerines is problematic. It 
seems clear that some fatalities occur during migration. For example, a 
dead bird generally is considered a migrant if the species is not detected 
during bird surveys conducted during the breeding season and the habitat 
is unsuitable for nesting or brood rearing for the species. In many cases, 
however, the species may be present during the breeding season, but may 
be discovered as a fatality only, or more often during the migration season. 
Previous studies have not been able to distinguish resident breeders from 
migrants, although Erickson et al. (2001) provisionally reported a range of 
34.4 to 59.9% of the fatalities as nocturnal migrants. Based on the avail-
able data, it appears that approximately half the reported fatalities at new 
wind-energy facilities are nocturnal migrating birds, primarily passerines, 
and the other half are resident birds. There is some evidence that young 
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birds disperse during the nighttime (Mukhin 2004), and this may account 
for some “breeding season” mortality.

For example, in a four-year study of summer movements of juvenile 
reed warblers (Acrocephalus scirpaceus) marked as nestlings in Europe, 
captures by song playback suggest the existence of nocturnal post-fledging 
movements in this species. The uncertainty as to the geographic source of 
birds (and bats) killed at wind turbines could possibly be reduced if feather 
or other tissue samples were taken from carcasses and examined for stable 
hydrogen isotopes (see Appendix C).

Inclement weather has been identified as an important factor contribut-
ing to bird collisions with other obstacles, including power lines, buildings, 
and communications towers (Estep 1989; Howe et al. 1995), although the 
effect of weather on fatalities at communications towers is confounded by 
the height of the tower, type of lighting, and whether the tower is guyed or 
unguyed. Johnson et al. (2002) estimated that as many as 51 of the 55 bird 
fatalities discovered at the Buffalo Ridge wind-energy facility in southwest-
ern Minnesota may have occurred in association with thunderstorms, fog, 
and gusty winds. Estimating the effect of weather is problematic because it 
is difficult to observe migration in poor visibility and precipitation. None-
theless, the association of fatalities with episodic weather events recorded 
at wind-energy facilities (e.g., Johnson et al. 2002) and communications 
towers (Erickson et al. 2001) suggests that weather could be a factor con-
tributing to bird fatalities at these sites.

Bat Species Are Prone to Collision with Wind Turbines

Data allowing reliable assessments of bat fatalities at wind-energy 
facilities in the United States are limited. Only six of the studies that we 
reviewed were conducted using a systematic survey protocol for all seasons 
of occupancy for a one-year period (Table 3-3) and had scavenging and 
searcher-efficiency biases incorporated into estimates (Figure 3-4; Arnett 
2005; Johnson 2005; Arnett et al. in press). In contrast, protocols for as-
sessing bat fatalities varied considerably and thus make actual fatality rates 
difficult to compare (Arnett 2005). The wind-energy facilities included in 
these studies contain turbines that range in size from 600 kW to 1.8 MW. 
Bat fatalities at wind-energy facilities in the eastern United States are much 
higher than those in western states.

Of the 45 bat species known from North America (north of Mex-
ico), 11 have been recovered in ground searches at wind-energy facilities 
 (Johnson 2005; Kunz et al. 2007; Arnett et al. in press). Among these, 
nearly 75% have been foliage-roosting eastern red bats (Lasiurus borealis), 
hoary bats (Lasiurus cinereus), and tree-cavity-dwelling silver-haired 
bats (Lasionycteris nocti�agans), each of which migrate long distances 
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TABLE 3-3 Regional Comparison of Characteristics of Monitoring 
Studies and Factors Influencing the Estimates of Bat Fatalities at 11 
Wind-Energy Facilities in the United States

Region Facility Landscapea

Estimated 
Fatalities/ 
MW/Yearb

Search 
Interval

Percent 
Search 
Efficiencyc

Carcass 
Removal 
Bats/Dayd Reference 

Pacific Northwest Klondike, OR CROP, GR 0.8 28 days 75* 32*/14.2 Johnson et al. (2003a)
Stateline, OR/WA SH, CROP 1.7 14 days 42* 171* + 7 / 16.5 Erickson et al. (2003a)
Vansycle, OR CROP, GR 1.1 28 days 50* 40*/23.3 Erickson et al. (2000)
Nine Canyon, WA GR, SH, CROP 2.5 14 days 44* 32*/11 Erickson et al. (2003b)
High Winds, CA GR, CROP 2.0 14 days 50* 8e Kerlinger et al. (2006)

Rocky Mountains Foote Creek Rim, WY SGP 2.0 14 days 63 10 / 20 Young et al. (2003c), Gruver (2002)

South Central Oklahoma Wind Energy Center, OK CROP, SH, GR 0.8 8 surveysf 67g Piorkowski (2006)

Upper Midwest Buffalo Ridge, MN-I CROP, CRP, GR 0.8 14 days 29* 40/10.4 Johnson et al. (2003b, 2004)
Buffalo Ridge, MN-II (1996-1999) CROP, CRP, GR 2.5 14 days 29* 40/10.4 Johnson et al. (2003b)
Buffalo Ridge, MN-II (2001-2002) CROP, CRP, GR 2.9 14 days 53.4 48/10.4 Johnson et al. (2004)
Lincoln, WI CROP 6.5 1-4 days 70* 50*/~10 Howe et al. (2002)
Top of Iowa, IA CROP 8.6 2 days 72* 156*h Jain (2005)

East Meyersdale, PAi DFR 15.3 Daily 25 153/18 Kerns et al. (2005)
Mountaineer, WV (2003) DFR 32.0 7-27 days 28* 30*/6.7 Kerns and Kerlinger (2004)
Mountaineer, WV (2004)i DFR 25.3 Daily 42 228/2.8 Kerns et al. (2005)
Buffalo Mountain, TN-I DFR 31.5 3 days 37 42/6.3 Fiedler (2004)
Buffalo Mountain, TN-II DFR 41.1j 7 days 41 48/5.3 Fiedler et al. (2007)

 aCROP = agricultural cropland, CRP = Conservation Reserve Program grassland, DFR = 
deciduous forested ridge, GR = grazed pasture or grassland, SGP = short grass prairie, SH = 
shrubland.
 bEstimated number of fatalities, corrected for searcher efficiency and carcass removal, per 
turbine divided by the number of megawatts (MW) of installed capacity.
 cOverall estimated percent searcher efficiency using bat or bird (*) carcasses during bias 
correction trials to correct fatality estimates.
 dNumber of bats or birds (*) used during bias correction trials and mean number of days 
that carcasses lasted during trials, the metric used to correct fatality estimates.
 eProportion of eight trial bats not scavenged after 7 days were used to adjust fatality 
estimates.

 fTwo searches (one each in late May and late June) conducted at each turbine in 2004, 
and four searches every 14 days conducted at each turbine between May 15 and July 15 in 
2005.
 gAuthor used a hypothetical range of carcass-removal rates derived from other studies (0-
79%) to adjust fatality estimates.
 hNumber of birds used during six trials. The mean number of days that carcasses lasted was 
not available; on average 88% of bird carcasses remained 2 days after placement.
 iSix-week study period from August 1 to September 13, 2004.
 jWeighted mean number of bat fatalities/MW with weights equal to the proportion of 0.66 
MW (n=3 of 18) and 1.8 MW (n=15 of 18) turbines.
SOURCE: Modified from Arnett et al. in press.

 (Table 3-4). Other bat species killed by wind turbines in the United States 
include the western red bat (Lasiurus blossi�illi), Seminole bat (L. semino-
lus), eastern pipistrelle (Pipistrellus subfla�us), little brown myotis (Myotis 
lucifugus), northern long-eared bat (M. septentrionalis), long-eared myotis 
(M. e�otis), big brown bat (Eptesicus fuscus), and Brazilian free-tailed bat 
(Tadarida brasiliensis). 

To date, no fatalities of federally listed bat species have been reported 
(Johnson 2005), although it is possible that some of the bats that were 

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

ECOLOGICAL EFFECTS OF WIND-ENERGY DEVELOPMENT �3

TABLE 3-3 Regional Comparison of Characteristics of Monitoring 
Studies and Factors Influencing the Estimates of Bat Fatalities at 11 
Wind-Energy Facilities in the United States

Region Facility Landscapea

Estimated 
Fatalities/ 
MW/Yearb

Search 
Interval

Percent 
Search 
Efficiencyc

Carcass 
Removal 
Bats/Dayd Reference 

Pacific Northwest Klondike, OR CROP, GR 0.8 28 days 75* 32*/14.2 Johnson et al. (2003a)
Stateline, OR/WA SH, CROP 1.7 14 days 42* 171* + 7 / 16.5 Erickson et al. (2003a)
Vansycle, OR CROP, GR 1.1 28 days 50* 40*/23.3 Erickson et al. (2000)
Nine Canyon, WA GR, SH, CROP 2.5 14 days 44* 32*/11 Erickson et al. (2003b)
High Winds, CA GR, CROP 2.0 14 days 50* 8e Kerlinger et al. (2006)

Rocky Mountains Foote Creek Rim, WY SGP 2.0 14 days 63 10 / 20 Young et al. (2003c), Gruver (2002)

South Central Oklahoma Wind Energy Center, OK CROP, SH, GR 0.8 8 surveysf 67g Piorkowski (2006)

Upper Midwest Buffalo Ridge, MN-I CROP, CRP, GR 0.8 14 days 29* 40/10.4 Johnson et al. (2003b, 2004)
Buffalo Ridge, MN-II (1996-1999) CROP, CRP, GR 2.5 14 days 29* 40/10.4 Johnson et al. (2003b)
Buffalo Ridge, MN-II (2001-2002) CROP, CRP, GR 2.9 14 days 53.4 48/10.4 Johnson et al. (2004)
Lincoln, WI CROP 6.5 1-4 days 70* 50*/~10 Howe et al. (2002)
Top of Iowa, IA CROP 8.6 2 days 72* 156*h Jain (2005)

East Meyersdale, PAi DFR 15.3 Daily 25 153/18 Kerns et al. (2005)
Mountaineer, WV (2003) DFR 32.0 7-27 days 28* 30*/6.7 Kerns and Kerlinger (2004)
Mountaineer, WV (2004)i DFR 25.3 Daily 42 228/2.8 Kerns et al. (2005)
Buffalo Mountain, TN-I DFR 31.5 3 days 37 42/6.3 Fiedler (2004)
Buffalo Mountain, TN-II DFR 41.1j 7 days 41 48/5.3 Fiedler et al. (2007)

 aCROP = agricultural cropland, CRP = Conservation Reserve Program grassland, DFR = 
deciduous forested ridge, GR = grazed pasture or grassland, SGP = short grass prairie, SH = 
shrubland.
 bEstimated number of fatalities, corrected for searcher efficiency and carcass removal, per 
turbine divided by the number of megawatts (MW) of installed capacity.
 cOverall estimated percent searcher efficiency using bat or bird (*) carcasses during bias 
correction trials to correct fatality estimates.
 dNumber of bats or birds (*) used during bias correction trials and mean number of days 
that carcasses lasted during trials, the metric used to correct fatality estimates.
 eProportion of eight trial bats not scavenged after 7 days were used to adjust fatality 
estimates.

 fTwo searches (one each in late May and late June) conducted at each turbine in 2004, 
and four searches every 14 days conducted at each turbine between May 15 and July 15 in 
2005.
 gAuthor used a hypothetical range of carcass-removal rates derived from other studies (0-
79%) to adjust fatality estimates.
 hNumber of birds used during six trials. The mean number of days that carcasses lasted was 
not available; on average 88% of bird carcasses remained 2 days after placement.
 iSix-week study period from August 1 to September 13, 2004.
 jWeighted mean number of bat fatalities/MW with weights equal to the proportion of 0.66 
MW (n=3 of 18) and 1.8 MW (n=15 of 18) turbines.
SOURCE: Modified from Arnett et al. in press.

overlooked by observers during surveys or taken by scavengers included 
endangered and threatened species, or in other years not sampled where 
conditions were conducive to use by listed species. Some wind-energy facili-
ties may be constructed where it would be highly unlikely for endangered 
species to occur at the site. Search efficiency at these sites ranged from 25 
to 75%, suggesting that many of the bats that were killed were never found 
(Arnett 2005; Johnson 2005; Arnett et al. in press) and that many of the 
bats that were killed were taken by scavengers. Nonetheless, the dominance 
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of the hoary bat in the reported fatalities appears to be a consistent theme 
in most studies in the United States to date, whereas fatalities of eastern red 
bats are highest in the east, and fatalities of silver-haired bats appear to be 
highest in the Pacific Northwest (Table 3-4).

Migratory tree bats are the commonest reported bat fatalities at wind-
energy facilities in the United States. The numbers of bats killed in the 
eastern United States at wind-energy facilities installed along forested ridge 
tops have ranged from 15.3 to 41.1 bats/MW/year of installed capacity 
(Table 3-4). Bat fatalities reported from other regions of the western and 
midwestern United States have been lower, ranging from 0.8 to 8.6 bats/
MW/year. Nonetheless, a recent study designed to assess bat fatalities in 
southwestern Alberta (Canada) found that fatalities were comparable to 
those found at wind-energy facilities located in forested ridges of the east-
ern United States (R.M.R. Barclay and E. Baerwald, University of Calgary, 
personal communication 2006).

There are, however, geographic differences in fatalities/MW of in-
stalled capacity among bat species. Bat fatalities at wind-energy facilities 
appear to be highest along forested ridge tops in the eastern United States 
and lowest in relatively open landscapes in the midwestern and in western 
states (Fiedler 2004; Johnson 2005; Fiedler et al. 2007; Arnett et al. in 
press), although relatively large numbers of fatalities have been reported 
in agricultural regions from northern Iowa (Jain 2005) and southwestern 
Alberta, Canada (R.M.R. Barclay and E. Baerwald, University of Calgary, 
personal communication 2006). Additionally, in a recent study conducted 
in mixed-grass prairie with wooded ravines in Woodward County, north-
central Oklahoma, Piorkowski (2006) found 111 dead bats beneath wind 
turbines, 86% of which were pregnant or lactating Brazilian free-tailed 
bats. Western red bats, hoary bats, silver-haired bats, and Brazilian free-
tailed bats also have been reported at wind-energy facilities in northern 
California (Kerlinger et al. 2006). To date, no assessments of bat fatalities 
have been reported at wind-energy facilities in the southwestern United 
States, a region where large numbers of migratory Brazilian free-tailed 
bats are resident during the warm months (McCracken 2003; Russell and 
McCracken 2006), and where this species provides important ecosystem 
services to agriculture (Cleveland et al. 2006). High fatality rates also can 
be expected for other species in the southwestern United States, where bat 
fatalities have not been monitored, and at wind-energy facilities in western 
states where rigorous monitoring for bat fatalities has been limited (Kunz 
et al. in press a). Despite the relatively high proportion of fatalities of mi-
gratory tree-roosting bats in each of the five regions summarized in Table 
3-4, the eastern pipistrelle, a non-migratory species, accounted for 18.8% 
of the fatalities in the eastern United States.

Evaluations of the four sites in the Mid-Atlantic Highlands and else-
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where, where search efficiencies have been assessed, represent the best 
available data, but even those evaluations are limited because of the highly 
variable search efforts and carcass-removal studies. Studies where search 
efficiency and carcass removals are assessed daily provide the best data set 
for interpreting fatality rates (Mountaineer Wind Energy Center in 2004, 
Table 3-3). It is not known whether the high fatalities in the Mid-Atlantic 
Highlands wind-energy facilities and other areas in the eastern United States 
actually differ from those reported in other regions, or whether instead 
they reflect higher risk, higher abundance of migratory bats in the region, 
or limited search efforts in other regions. Most studies report that fatalities 
occur throughout the facilities, with no identified relationship to site char-
acteristics (e.g., vegetation, topography, or turbine density) (Arnett 2005; 
Arnett et al. in press). The relatively high proportion of migratory bats may 
be influenced by the fact that these bats often forage along topographically 
uniform linear landscapes (i.e., ridgelines, forest edges). Given that there are 
no reliable abundance data for migratory tree species or, in fact, most other 
species of bats, it is impossible to determine at this time whether regional 
differences in fatalities are proportional to abundance. Given the apparent 
episodic nature of bat migration (Arnett et al. in press), it is possible that 
many previous studies with relatively long search intervals failed to detect 
some fatality events involving bats during migration, and thus existing 
estimates of fatalities may be too low. As discussed further below, the for-
aging and roosting behavior of migratory tree-roosting bats may provide 
important insight for estimating risk of collision.

The lack of multiyear studies and previous, possibly biased estimates 
of fatalities at most existing wind-energy facilities makes it difficult to 
draw general conclusions about the long-term effects of bat deaths on bat 
populations. This is partly due to the lack of efforts to look for bats in early 
studies, since bat fatalities were not recognized as a problem.

In particular, lack of replication of studies to assess bat activity and 
fatalities among different wind-energy facilities and years makes it impos-
sible to evaluate natural variation, in particular episodic migration events, 
changing weather conditions, and other stochastic events as they relate to 
fatalities.

Influences of Turbine Design on Bat Fatalities

Relatively little is known about the influence of wind-turbine design on 
bat fatalities. To date, most large numbers of turbine-related bat fatalities 
have been reported from large, onshore utility-scale wind-energy facilities, 
in which 1 to 1.5 MW turbines are mounted on cylindrical monopoles. Few 
if any fatalities were reported from older, lattice-tower turbines that were 
the source of high raptor fatalities at the facilities in California, although 
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search protocols were designed primarily for the detection of raptors (e.g., 
≥ 30-day search intervals), and thus bat fatalities were most likely under-
estimated. Most modern wind turbines are tall and white, extending well 
above the forest canopies in the eastern United States, and quite likely are 
visually (if not acoustically) detectable to bats on cloudless nights. These 
large turbines stand in sharp contrast to the surrounding vegetation, and 
one hypothesis is that they may function as a visual beacon to bats and their 
insect prey (many insects are attracted to large white objects [Kunz et al. 
2007]), especially during nights with sufficient moonlight.

All wind turbines produce sound that can be detected by most humans, 
and presumably by bats as well. Some turbines also produce broadband 
ultrasound (a range of frequencies above 20 kHz, approximately the up-
per limit of human hearing) as well as infrasound (defined as frequencies 
below 20 Hz, approximately the lower limit of human hearing). The ears 
of echolocating insectivorous bats are primarily tuned to a range of ultra-
sonic frequencies, which they use while navigating and capturing insect 
prey, although many species also produce and respond to frequencies below 
20 kHz. Thus, sounds produced by modern wind turbines, which include 
audible and ultrasonic frequencies (some sounds are generated by the gear 
box in the nacelle, whereas others are produced by the rotation of the 
blades through air—often producing a “swishing” sound), may either at-
tract bats—given their curiosity about novel objects in the environment—or 
confuse them upon detection. Additional research is needed to quantify the 
responses of bats to these sounds.

Although FAA lighting is not mandatory, the FAA does make recom-
mendations to developers, which usually are followed. Recent observations 
summarized by Horn et al. (in press) suggest that bats are not attracted to 
FAA lights installed on wind turbines, although these blinking lights produce 
broadband pulsed ultrasonic frequencies (T.H. Kunz and S. Gauthreaux, 
personal observation 2006) that could function as an attractant to bats if 
they are used on wind turbines. Nonetheless, because ultrasonic frequen-
cies are highly attenuated, especially in moist air (Griffin 1971; Lawrence 
and Simmons 1982), it is not likely that these sounds would function as a 
long-distance beacon that would either attract or repel bats. The functional 
range of echolocation for insectivorous bats that emit frequencies between 
25 and 125 kHz can be as short as 5 m (Stilz and Schnitzler 2005).

Lighting on associated maintenance buildings or power stations at 
wind-energy facilities appears to attract insects. However, given that some 
insects are attracted to different types of lighting and light-colored objects, 
wind-turbine monopoles and blades may attract insects that bats feed on. 
Moreover, the large numbers of insects struck by moving turbine blades 
suggest that nocturnally flying insects are common at the height of the 
rotor-swept area (Corten and Veldkamp 2001). Accumulations of dead or 
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moribund insects on the blades of wind turbines can reduce the efficiency 
of turbines by up to 50%, at least in some regions. Flying insects may also 
be attracted to the heat produced by nacelles of wind turbines (Ahlén 2002, 
2003; Hensen 2004), and if bats respond to high densities of flying insects 
near wind turbines, their chances of being struck by turbine blades prob-
ably are increased (Kunz et al. 2007).

Wind turbines also produce obvious blade-tip vortices (Figure 3-5), 
and if bats get temporarily trapped in these moving air masses it may be 
difficult for them to escape. Rapid pressure changes associated with these 
conditions may lead to internal injuries, disorientation, and death of bats 
(Dürr and Bach 2004; Hensen 2004; Kunz et al. 2007).

FIGURE 3-5 Blade-tip vortices created by moving rotor blades in a wind tunnel 
illustrate the swirling wake that trails downwind from an operating wind turbine.
SOURCE: Robert W. Thresher, National Renewable Energy Laboratory.

3-05
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The causal factors and patterns of bat fatalities at wind turbines remain 
uncertain. Observations using thermal infrared imaging suggest that some-
times bats are killed by direct impact with turbine blades (Horn et al. in 
press). However, there are many unanswered questions. Are bats unable to 
detect rotating wind-turbine blades during migration and when they forage? 
When blade tips of large wind turbines rotate at speeds up to 80 m/sec (180 
mph), a bat flying at speeds ranging from 2 to 27 m/sec (Neuweiler 2000) 
would not be able to react fast enough to avoid collision in the rotor-swept 
area. Are bats attracted to moving turbine blades? The turbine and blades 
produce audible sounds, ultrasound, and infrasonic vibrations, and because 
some bat species are known to orient to distant sounds (Buchler and Childs 
1981), it is possible that bats are attracted to sounds produced by turbines 
or become disoriented and when they are migrating or feeding in the vicin-
ity of wind turbines (Kunz et al. 2007).

Alternatively, it is conceivable that bats are visually attracted to wind 
turbines (Kunz et al. 2007). Migratory hoary bats reportedly seek the near-
est available trees when daylight approaches (Dalquest 1943; Cryan and 
Brown in press), thus bats may mistake the large, conspicuous monopoles 
of wind turbines for roost trees (Kunz and Lumsden 2003). Because bats 
are curious animals, they may be killed as they explore novel objects in their 
environment. Observations of bat activity at wind turbines in Iowa (Jain 
2005) and in Sweden (Ahlén 2002) suggest that bats were not attracted to 
turbines. However, if bats were simply colliding with random objects, bat 
fatalities also would be expected at meteorological towers. To date, no bat 
carcasses have been found near meteorological towers, even though these 
towers have been searched in several monitoring projects (Johnson 2005; 
Arnett et al. in press).

Will major developments of wind-energy facilities pose increased risks 
to bats in areas where they migrate or commute nightly to and from roosts? 
Can migratory species sustain high fatality rates, insofar as eastern red bats 
already appear to be in decline in New York (Mearns 1898) and in three 
Midwestern states (Whitaker et al. 2002; Carter et al. 2003; Winhold et al. 
2005)? Bats are relatively long-lived (Wilkinson and South 2002; Brunet-
Rossini and Austad 2004) and have low reproductive rates compared to 
many other mammals (Barclay and Harder 2003). For example, on aver-
age, the maximum recorded life span of a bat is 3.5 times greater than a 
non-flying placental mammal of similar size. Records now exist for indi-
viduals of at least five bat species in the wild surviving more than 30 years 
(Wilkinson and South 2002). Moreover, bats of the family Vespertilionidae 
(the family of most bats killed by wind turbines in North America) have 
average litter sizes of between 1.11 and 1.38 litters per year (Barclay and 
Harder 2003). These traits may seriously limit their ability to recover from 
persistent or repeated fatality events.
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Given our current knowledge and the projected development of wind-
energy facilities in the United States and elsewhere, the potential for bio-
logically significant, cumulative impacts is a major concern (Kunz et al. 
2007).

Independent of wind turbines and other anthropogenic structures, the 
migration period probably is a time of high mortality in bats, mostly dur-
ing adverse weather and other stochastic events (Griffin 1970; Tuttle and 
Stevenson 1977; Fenton and Thomas 1985; Fleming and Eby 2003). There 
are enormous gaps in knowledge about migration in bats and the underly-
ing evolutionary forces that have led to this behavior. If migratory tree bats 
experience naturally high mortality during migration from such factors 
as inclement weather, predation, and reduced food supplies, it is possible 
that with their low reproductive rates they will not be able to adjust to the 
expected cumulative affects resulting from the development of wind-energy 
facilities proposed in the United States and elsewhere (Kunz et al. 2007).

Influence of Site Characteristics on Bat Fatalities

Recent studies suggest a geographic pattern to bat fatalities at wind-
 energy facilities (Table 3-3). The unexpectedly high fatalities of migratory 
tree bats (Lasionyceris and Lasiurus) might reflect a risk to their popula-
tions, given that large numbers of these bats have been reported from 
these regions of North America (Cryan 2003; Kunz et al. 2007). While 
most evidence suggests that bats may be most vulnerable during the migra-
tion period, the observations of fatalities of Brazilian free-tailed bats in 
 Oklahoma suggests that some species, in particular those that form large 
colonies and disperse and feed nightly at high altitudes (Williams et al. 
1973; Cleveland et al. 2006), also may be at considerable risk. With rela-
tively recent development of large wind-energy facilities in west Texas in 
the expected migratory route of Brazilian free-tailed bats from Carlsbad 
Caverns National Park, and more wind-energy facilities being proposed 
for west Texas and along the border with Mexico, migrating Brazilian free-
tailed bats may be at risk. Regions of the United States where large numbers 
of bats are believed to concentrate in roosts and disperse and forage nightly 
at altitudes within the rotor-swept zone of modern wind turbines should be 
high priorities for investigation.

Temporal Patterns of Bat Fatalities at Wind-Energy Facilities

Much of the uncertainty about spatial and temporal factors responsible 
for high fatalities, especially those experienced by migratory tree-roosting 
species, reflects the scarcity of intensive and long-term studies conducted 
on these species, especially at wind-energy facilities during the maternity 
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periods from May through July, and during migratory periods and when 
resident bats feed in the vicinity of wind-energy facilities (Kunz et al. 2007). 
Available data suggest that most bat fatalities at wind-energy facilities occur 
during fall migration (Table 3-3). However, these observations may be 
biased because of reduced effort in collection during the spring and sum-
mer migration periods, with reduced effort during the intervening periods. 
For example, spring migration of eastern red bats, hoary bats, and silver-
haired bats in North America generally occurs from early April through 
mid-June, and autumn migration from mid-July through November (Cryan 
2003). Moreover, other species killed by wind turbines in the eastern 
United States—the eastern pipistrelle, big brown bat, little brown myotis, 
and northern long-eared bats—are resident throughout much of their geo-
graphic range from mid-April to mid-October (Barbour and Davis 1969). 
Tracking with aircraft indicates that migrating Indiana bats (Myotis sodalis) 
usually are traveling directly towards their summer destination shortly after 
they leave their hibernacula (A. Hicks, New York Department of Environ-
mental Conservation, personal communication 2006) (Figure 3-6).

While most bats in North America migrate from winter to summer 
roosts (e.g., Myotis species), the distances traveled are not comparable 
to the long-distance movements made by migratory tree-roosting species 
(Griffin 1970; Fleming and Eby 2003). Wind-energy facilities on mountain 
ridges in the Mid-Atlantic Highlands and elsewhere in the eastern United 
States have resulted in the highest reported bat fatalities for tree-roosting 
species (Nicholson 2003; Fiedler 2004; Arnett 2005; Arnett et al. in press). 
Thus, seasonal migrations, social behavior, orientation cues, and roosting 
habits differ markedly among hibernating and long-distance migrating spe-
cies. However, higher bat fatalities are not confined to forested mountain 
ridges such as the mid-Atlantic region and elsewhere in the eastern United 
States. If this is the case, migratory bats could be vulnerable to high mor-
tality from expanded wind-energy development in other regions of North 
America.

Preliminary observations suggest a strong association of bat fatalities 
with thermal inversions following frontal passage (Arnett 2005). Thermal 
inversions create cool, foggy conditions in the valleys with warmer air 
rising to the ridge tops that remain clear. These conditions could provide 
strong inducement for both insects and bats, whether migrating or not, to 
concentrate their activities along ridge tops (Kunz et al. 2007).

Although almost nothing is known about weather conditions that 
stimulate bat migration, one reasonable assumption is that conditions that 
are favorable for bird migration would also be favorable for bat migra-
tion. According to a review of studies on the timing of bird migration in 
relation to weather (Richardson 1990), the greatest density of migration 
occurs with following winds relative to the preferred direction of migration, 
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FIGURE 3-6 Migration route of an Indiana bat over forested ridge tops in eastern 
Pennsylvania (immediately south of Wilkes Barre, Luzerne County). This bat was 
captured and released at an abandoned coal mine at 00:04 h on April 14, 2006. 
It was tracked by aircraft traveling in a southeasterly direction, settling in a dead 
maple snag at 04:45 h. In the early evening of April 14, it foraged briefly and 
returned to its roost at 20:00 h (due to heavy fog). It emerged from its roost tree 
at 20:15 on night of April 15, but at 20:40 it was temporarily lost heading south 
(near Kutztown, Berks County). On April 16, it was located roosting in a shagbark 
hickory tree in forested wetland 90 km (56 miles) from its release site.
SOURCE: C.M. Butchkoski and G. Turner, Pennsylvania Game Commission, per-
sonal communication 2006. Reprinted with permission; copyright 2006, C.M. 
Butchkoski and G. Turner.

3-6

but some migration in headwinds has been recorded for some species and 
when migrants are flying over extensive bodies of water and cannot land. 
Because of co-variation among weather variables there is also correlation 
of peak numbers of migrants with other weather variables (e.g., falling 
temperatures and rising barometric pressure after a cold front passage in 
fall), but it is difficult to tell whether the relationships are coincidental or 
causative. Clearly birds do not typically initiate migration when weather 
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conditions are poor (poor visibility, rain, very low cloud ceiling), but on 
rare occasions migrants aloft may move into locations with such conditions 
and either land or continue to fly at low altitudes.

WIND-ENERGY PROJECTS ALTER ECOSYSTEM STRUCTURE

The effects of wind-energy projects on ecosystem structure, and in 
particular habitats for various species, depend upon the vegetation and 
other landscape components for resident and migratory species that exist 
prior to construction. For example, influences of a project on a previously 
logged and subsequently surface-mined site typically differ from influences 
at a previously undisturbed forest site. An aerial photograph (Figure 3-7) 
provides an example of this variation on the Mountaineer Wind Energy 
Center in Tucker County, West Virginia. The turbines on the northeast 
end of the turbine string appear to have been constructed in a relatively 
undisturbed portion of the ridge, while the turbines near the center of the 
turbine string are constructed in an area of coal- and gravel-mining activity. 

FIGURE 3-7 Aerial view of Mountaineer Wind-Energy Facility, which includes 44 
1.5 MW turbines. SOURCE: Photograph by David Policansky.
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Disturbance is likely dependent on individual site differences with respect 
to topography, type of vegetation, amount of existing roads, historic land 
use, and size and dispersion of turbines.

Estimates of direct surface disturbance per turbine vary by source and 
geographic location. The Bureau of Land Management (BLM 2005a) esti-
mates the potential surface disturbance per turbine to be approximately 3 
acres on land administered by the Bureau of Land Management, whereas 
Nicholson (2003) estimated surface disturbance at 1 acre per turbine for 
the 16-turbine Buffalo Mountain, Tennessee wind-energy facility. From 
aerial photography Boone et al. (2005) estimated that disturbance result-
ing from the construction of eight of the turbines at the Mountaineer Wind 
Energy Center ranged from 3.9 to 7.1 acres per turbine, not including forest 
removal for road construction and associated maintenance facilities. How-
ever, the sample of turbines was arbitrary and could not be extrapolated to 
the entire wind-energy facility.

Creating open areas in contiguous forest changes microclimate, by 
increasing light and wind in newly opened areas (Marsh et al. 2005). This 
results in increased temperature and reduced relative humidity and soil 
moisture of affected area (Kapos et al. 1997; Turton and Freiburger 1997), 
and can lead to elevated rates of wind throw resulting in modified forest 
structure (Laurance 1997). The intensity of effect varies with topographic 
features such as slope and elevation, but the fact that wind turbines are 
often placed on ridge tops, locations of high sustained winds, likely exac-
erbates the potential for structural damage to vegetation at some sites.

The use of suitable habitat by some forest-dwelling species (e.g., ce-
rulean warbler [Dendroica cerulean] and redback salamander [Plethodon 
cinereus]) is influenced by the distance to the forest edge (i.e., the interface 
of forest and open areas). This “depth of edge influence” is sometimes 
referred to as the functional edge (Wood et al. 2006). Such an impact may 
radiate outside of the area actually disturbed by turbine development for 
some species to a distance of 100 m in all directions from the forest edge 
of the “footprint” (Reed et al. 1996; Haskell 2000). For certain taxa, 
however, the edge influence may continue to greater depths (e.g., over 200 
m for invertebrates; Didham 1997) or greater than 340 m for cerulean 
warblers (Wood et al. 2006), resulting in much larger estimates of habitat 
loss for some species. Thus, the total short-term (i.e., during construction 
activities) loss of habitat for forest-dependent species is likely greater than 
that of the actual cleared area (Reed et al. 1996; Boone et al. 2005). The 
long-term impacts of a created opening will likely vary depending on the 
sensitivity of a species to depth-of-edge influence and the amount of activity 
in the open area.

The mechanism causing the loss of habitat due to the depth-of-edge 
influence may also differ among taxa. For example, some species appear 
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to avoid the edge because the habitat has been modified (e.g., for inver-
tebrates) while other species may avoid the area due to disturbance (i.e., 
displacement) even though the habitat is not substantially modified. In the 
case of displacement the impact may be shorter-term if the disturbance is 
removed (e.g., construction) or the animals become habituated to the dis-
turbance. However, if the effect is due to modification of the habitat so that 
it becomes less suitable, the impact is expected to be of longer duration.

Forested landscapes in the eastern United States are fragmented over 
broad geographic regions and species associated with edges generally have 
not experienced declines (e.g., Bell and Whitmore 1997). Habitat for some 
species actually has increased with increasing amount of edge, leading to 
increases in the populations of species in eastern forests such as white-
tailed deer (Odocoileus �irginianus), brown thrasher (Toxostoma rufum), 
northern cardinal (Cardenalis cardenalis), northern mockingbird (Mimus 
polyglottos), ruffed grouse (Bonasa umbellus), and wild turkey (Meleagris 
gallopa�o). Creation of additional habitat for edge-associated species may 
place some of these species (including some bat species) at higher risk than 
if the turbines were not present at these sites. Some wildlife-management 
agencies (e.g., West Virginia Department of Natural Resources) have con-
cluded that a goal of “creating edge” to benefit populations of harvested 
species may have unintended negative consequences. For example, the over-
abundance of edge-tolerant species such as white-tailed deer can have det-
rimental effects on forest productivity and wildlife species richness (Rossel 
et al. 2005).

Habitat fragmentation can be defined as the breaking up of large 
contiguous tracts of suitable habitat for a species into increasingly smaller 
patches that are isolated from each other by barriers consisting of unsuit-
able or less suitable habitat. There is a substantial literature that examines 
the effects of fragmentation on the ecology of forest ecosystems (e.g., Laur-
ance and Cochrane 2001; Fahrig 2003), although much of this literature 
focuses on a larger spatial scale than that represented by the extent of most 
wind-energy projects. Wind-energy projects in the central Appalachian 
Mountains can fragment previously contiguous tracks of forest at some 
scale by road construction, turbine installation, and the presence of ancil-
lary structures.

Habitats for forest species are linearly divided by turbine-maintenance 
roads paralleling the ridge. Such internal fragmentation may subdivide 
populations of some species (Goosem 1997); the magnitude and importance 
of these effects are influenced by the natural history of the individual taxa 
and the scale of the fragmentation. The effect of forest roads on aquatic and 
terrestrial communities has been documented and synthesized elsewhere 
(Trombulak and Frissell 2000; Forman et al. 2003; NRC 2004, 2005). 
Trombulak and Frissell summarize seven general effects:
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• Direct mortality can result from road construction. The effect 
is most significant for sessile or slow-moving organisms. Coupled with 
increased compaction, increased soil temperature beneath the road can 
adversely affect communities of soil organisms.

• Mortality from collision with vehicles using roads may be sig-
nificant on large, frequently traveled roads. Because vehicular traffic on 
wind-energy sites typically is infrequent, it is unlikely that collision with 
vehicles will be a significant source of mortality resulting from wind-energy 
development at most sites, including the Mid-Atlantic Highlands.

• Forest roads may result in a modification of animal behavior. Some 
species (e.g., black bears [Ursus americanus]) avoid roads of high traffic 
volume, and forest roads in areas where they are hunted (Brody and Pelton 
1989), while turkey vultures (Cathartes aura) are common along forest 
roads. Typically the roads and the surrounding surfaces at wind-energy 
facilities are maintained to 15-20 m wide, and are usually lightly traveled. 
However, roads prove to be barriers for such diverse taxa as land snails 
(even roads that are unpaved and < 3 m in width) and small mammals 
(Merriam et al. 1989; Baur and Baur 1990). Moreover, forest roads as small 
as 5-8 m in width can be barriers to salamander dispersal and gene flow 
(deMaynadier and Hunter 2000; Marsh and Beckman 2004; Marsh et al. 
2005). Such effects are exacerbated by the grade of road verges. Steeper 
verges tend to decrease the dispersal ability of salamanders (Marsh et al. 
2005). In contrast, some species use linear features such as roads as travel 
corridors or feeding habitat. For example, some species of bats forage along 
linear landscapes created by road cuts in forested habitats, where they for-
age mostly on aerial insects (Krusic et al. 1996; Menzel et al. 2002). Even 
species such as black bears that may avoid roads with high traffic may use 
forest roads with low traffic as travel lanes (Brody and Pelton 1989).

• Forest roads disrupt the physical environment of the road bed as 
well as the adjacent edge. Soil density, even on closed roads, increases over 
time and can persist for periods in excess of 40 years. In addition to soil 
density, road-induced transformations can include changes in tempera-
ture, soil water content, light, dust, surface water flow, pattern of run-off, 
and sedimentation of downslope aquatic habitats, although sedimentation 
should be avoided through following the requirements of each facility’s 
National Pollutant Discharge Elimination System (NPDES) permit (EPA 
2006d).

• Forest roads can alter the chemical environment of the road bed 
and adjacent edge habitats. Edges along roads serve as concentrators of 
both nutrients (nitrogen compounds) and pollutants (sulfur compounds) 
(Weathers et al. 2001). This in turn can alter basic trophic processes such as 
food-web relationships between plants, insects, and the predators of insects 
(Valladares et al. 2006).
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• The presence of forest roads increases the spread of invasive spe-
cies. Three mechanisms have been proposed for the establishment of in-
vasives: the presence of altered habitat, increased stress to or removal of 
native species, and easier access to disturbed habitats by wild or human vec-
tors (Turton and Freiburger 1997). In addition, poor reclamation practices 
may lead to lack of germination of desirable plants leaving the unvegetated 
disturbed site available for the establishment of invasives.

• Forest roads can change humans’ use of land and water by increas-
ing access to those resources, or by providing access where none previously 
was available, allowing increased hunting, fishing, recreational driving, and 
other activities (e.g., NRC 2003, 2005).

In summary, maintenance roads and areas cleared for turbine instal-
lation may result in a diversity of influences on forest-dwelling species. 
Unfortunately, there are no empirical studies that have investigated impacts 
of roads associated with wind-energy facilities on ecological processes in 
the area, and relatively few studies have examined ecological impacts of 
roads in the central Appalachian Highlands. As a result, the extent to which 
these impacts are manifested at any particular site are not known, and the 
population-level consequences also are uncertain.

Influences of Habitat Alteration on Birds

Effects of wind-energy development on habitats used by birds can be 
divided into two general categories: loss of habitat (including avoidance 
of disturbed and adjacent areas), and fragmentation effects to remaining 
habitat. Moreover, for a complete understanding of impacts, effects must 
be assessed relative to the state of the habitat suitable for individual spe-
cies prior to the construction of a wind-energy facility. For example, a 
project located on a reclaimed surface mine would not have the same im-
pact on forest birds as one located in a forest 100 times larger. In general, 
aerial photographs (e.g., Figure 3-7) indicate that the disturbance caused 
by wind-energy projects is linear along ridgelines, and that habitat for 
forest-dependent birds has been removed. Habitat loss has large and con-
sistently negative effects on biodiversity (Fahrig 2003). In addition, many 
forest-dependent bird species respond to direct habitat loss and to changes 
in the configuration of habitat (fragmentation) resulting from that forest 
loss (Villard et al. 1999). Thus, assessments of the effects of wind-energy 
facilities on bird habitat should not be confined to simple measurement of 
the area of vegetation removed, but also should include analysis of habitat 
fragmentation and edge effects.

Impacts of wind-energy facilities on habitat are considered to be greater 
than collision-related fatalities on birds in Europe (Gill et al. 1996). Studies 
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of both onshore and offshore wind-energy facilities in Europe have reported 
disturbance effects ranging from 75 m to as far as 800 m from turbines 
for waterfowl, shorebirds, waders, and passerines (Peterson and Nohr 
1989; Winkelman 1989, 1990, 1992a; Vauk 1990; Pedersen and Poulsen 
1991; Larsen and Madsen 2000). Avoidance of wind-energy facilities varies 
among species and depends on site, season, tide, and whether the facility 
was in operation. Disturbance tends to be greatest for migrating birds while 
feeding and resting (Crockford 1992); disturbance to breeding birds ap-
pears to be negligible and was documented only in one study (Pedersen and 
Poulsen 1991). In terms of the layout of turbines at wind-energy facilities, 
Larsen and Madsen (2000) found that in the case of wintering pink-footed 
geese (Anser brachyrhynchus), avoidance distances from wind turbines that 
are constructed in lines were 100 m; they were 200 m when the turbines 
were clustered. For other bird groups or species at other European wind-
energy facilities, no displacement effects were observed (Karlsson 1983; 
Winkelman 1989, 1990; Phillips 1994). It is likely that there is a gradient 
of avoidance, with extent of impact being a function of distance from the 
facility, although Winkelman (1995) reported reductions in use of up to 
95% out to 500 m away from turbines. A recent radar study of bird move-
ments at a wind-energy development off the coast of Denmark (Desholm 
and Kahlert 2005) found that the percentage of flocks of common eiders 
(Somateria mollissima) and geese entering an offshore wind-energy facility 
area decreased by a factor of 4 from pre-construction to initial operation. 
At night, migrating flocks were more prone to enter the wind-energy facil-
ity but counteracted the higher risk of collision in the dark by increasing 
their distance from individual turbines and flying in the corridors between 
turbines. Desholm and Kahlert (2005) estimated that less than 1% of the 
ducks and geese migrated close enough to the turbines to be at any risk of 
collision. However, there is no assessment of the issue of potential interfer-
ence from turbines on the radar signal, potentially biasing study results.

Bird displacement associated with wind-energy development has re-
ceived little attention in the United States. Howell and Noone (1992) found 
similar numbers of raptor nests before and after construction of Phase 1 
of the Montezuma Hills, California wind-energy facility. A pair of golden 
eagles successfully nested 0.8 km from the FCR, Wyoming wind-energy 
plant for three different years after it became operational (Johnson et al. 
2000a), and a Swainson’s hawk nested within 0.8 km of a small wind-
 energy plant in Oregon (Johnson et al. 2003b). Anecdotal evidence indi-
cates that raptor use of the APWRA in California may have increased since 
installation of wind turbines (Orloff and Flannery 1992; AWEA 1995). 
Results of more than two years of raptor nest monitoring at the Stateline 
Wind Project showed no measurable change in raptor-nest density within 
two miles of the facilities. In a survey of breeding golden eagle territories 

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

ECOLOGICAL EFFECTS OF WIND-ENERGY DEVELOPMENT 10�

in the APWRA, Hunt and Hunt (2006) found that within a sample of 58 
territories sampled, all territories occupied by eagle pairs in 2000 were also 
occupied in 2005.

The only case interpreted as avoidance of wind-energy plants by rap-
tors occurred at the Buffalo Ridge facility, Minnesota, where raptor-nest 
density on 261 km2 of land surrounding the facility was 5.94/100 km2, 
yet no nests were present in the 32 km2 facility, even though habitat 
was similar (Usgaard et al. 1997). However, more information would be 
needed to conclude with confidence that the observed distribution of nests 
was due to raptor avoidance of turbines, and not due to chance or other 
factors. Osborn et al. (1998) reported that fewer birds and fewer species 
were within the Buffalo Ridge wind-energy facility in turbine plots than 
at reference plots, and concluded that birds avoided flying in areas with 
turbines. Also at the Buffalo Ridge facility, Leddy et al. (1999), using the 
impact gradient sampling design and linear regression methods, found that 
species-specific densities of male songbirds were significantly lower within 
180 m of turbine locations in CRP grasslands than in CRP grasslands with-
out turbines. Grasslands without turbines, as well as portions of grasslands 
located at least 180 m from turbines, had bird densities four times greater 
than grasslands located near turbines. In a 4-year study designed to evalu-
ate displacement of breeding birds at the Buffalo Ridge site, Johnson et al. 
(2000b) used a BACI sampling design and linear regression models to assess 
displacement impacts. Their results indicated that the facility of 354 wind 
turbines displaced some groups and species of birds, and that the area of 
displacement was limited primarily to areas ≤ 100 m from turbines.

While similar avoidance of wind turbines has not been documented for 
other prairie species of conservation concern, such as many prairie-grouse 
species, studies of the impacts of other human disturbances on prairie 
chickens and sage grouse indicate that birds do avoid disturbed areas. It 
is likely that these species will be displaced by wind-power development, 
although the magnitude of the displacement is unknown. The relationship 
between wind-energy development and the habitats used by birds in the 
Mid-Atlantic Highlands has not been investigated, and information from 
other geographic locations and non-forest vegetation associations provide 
limited insight into how forest-dwelling birds respond to such habitat 
perturbation. However, the response of bird species to habitat alterations 
caused by changes in vegetation associated with timber management, min-
ing, and insect outbreaks have been widely studied in the Mid-Atlantic 
Highlands (e.g., Duguay 1997; Bell and Whitmore 2000; Duguay et al. 
2000, 2001; Hagan and Meehan 2002; Weakland and Wood 2005; Wood 
et al. 2005, 2006) and these studies provide some insight to the potential 
effects of wind-energy development. While changes in forest cover from a 
single wind-energy facility may not be of the same magnitude as those from 
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timber management or an insect outbreak, the total area disturbed by a 
wind-energy project, including roads and ancillary structures, as well as the 
depth of edge influence, would likely cover hundreds of hectares.

The response of birds to changes in vegetation structure varies with 
species, and changes that adversely affect some species may be positive for 
others. For example, in the Mid-Atlantic Highlands, removal of the forest 
canopy and subsequent understory release can benefit shrub-nesting species 
such as the eastern towhee (Pipilo erythrophthalmus), which responds posi-
tively in both gypsy-moth-defoliated forest tracts (Bell and Whitmore 1997) 
and timber-managed tracts (Duguay 1997; Duguay et al. 2000, 2001). Con-
versely, habitat for ovenbirds (Seiurus aurocapillus) and Blackburnian war-
blers (Dendroica fusca) is negatively correlated with understory density and 
positively correlated with the size and density of hardwood trees (Hagan 
and Meehan 2002). Moreover, data from Breeding Bird Surveys indicate 
that populations of edge species such as eastern towhee, indigo bunting 
(Passerina cyanea), and song sparrow (Melospiza melodea) generally are 
increasing within the Mid-Atlantic Highlands (Sauer et al. 2005). However, 
forest-interior species, including ovenbirds, Kentucky warblers (Oporornis 
formosus), and worm-eating warblers (Helmitheros �ermi�orus), are declin-
ing (Freemark and Collins 1992; Wenny et al. 1993).

In the Mid-Atlantic Highlands, three species of warbler—cerulean war-
bler, worm-eating warbler and ovenbird—are of conservation concern and 
thus are of particular interest with respect to wind-energy development in 
this region (USFWS 2002b). For example, the cerulean warbler appears to 
be declining precipitously (Robbins et al. 1992), and is experiencing ap-
proximately a 3% annual decrease in abundance (Link and Sauer 2002; 
Wood et al. 2006). This rate of decline, however, needs to be re-evaluated 
because cerulean warblers extensively use ridge tops in some areas of the 
Mid Atlantic Highlands, and these areas are not sampled as much as mid-
slopes or valley floors (Wood et al. 2006); as a result, estimates of declines 
may be biased. Mid-Atlantic Highlands populations of worm-eating war-
blers are likewise declining, showing a 20% drop between 1996 and 2001 
in the Monongahela and George Washington National Forests (Cooper 
et al. 2005a).

Ovenbirds are declining in eastern forests (Robbins et al. 1989; Sauer 
et al. 2005) and appear to be particularly sensitive to forest fragmenta-
tion, showing decreases in density adjacent to narrow, unpaved, interior 
forest roads and trails (Ortega and Capen 1999, 2002). Factors implicated 
in this decline are loss of insect-prey biomass in small forest fragments 
(Burke and Nol 1998), increased predation (Mattsson and Niemi 2006), 
and brood parasitism (Lloyd et al. 2005). In addition, both density and 
 fecundity of ovenbirds were lower in large (> 2,000 ha) habitat patches 
than in unfragmented reference plots (located in > 2 million ha) (Porneluzi 
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and Faaborg 1999). Small forest fragments may act as population sinks that 
rely on continual re-supply from adjacent large forest tracts for ovenbirds 
(Nol et al. 2005). Nesting ovenbirds and five other species have recently 
been reported to decline in habitats altered by a wind-energy project near 
 Searsburg, Vermont (Kerlinger 2002). Openings created for turbines and 
roads were hypothesized to be the likely cause of this decline (Kerlinger 
2002). These are the only before and after data for a wind-energy develop-
ment in forested habitats in the eastern United States.

Several additional bird species of concern have statutory protection and 
may occur in habitats impacted by wind-energy development (Table C-6 of 
Appendix C). All states in the Mid-Atlantic Highlands except West Virginia 
have State Endangered, Threatened, or Species of Conservation Concern 
legislation and have published lists of protected species, in addition to 
those protected under the U.S. Endangered Species Act (ESA). Most of these 
state-listed species occur at peripheral locations in their historic range (e.g., 
mourning warbler [Oporornis philadelphia]) and may not be at risk from a 
global perspective. Nonetheless, they do have protected status at the state 
level and need to be considered in siting assessments.

Long-term trend analysis by Sauer et al. (2005) using Breeding Bird 
Survey data for North American bird species that winter in the tropics 
(neotropical migrants) shows that populations of 45 species are declining 
(Appendix C, Table C-5). Most of these species either nest in Mid-Atlantic 
Highland habitats or migrate through the region seasonally. All of these 
species are protected under the Migratory Bird Treaty Reform Act of 2005 
and should be included in siting studies as well as in long-term monitoring 
of existing wind-energy facilities.

Although habitat alteration resulting from wind-energy development 
often occurs at a relatively small scale, the cumulative effects of wind-en-
ergy development, in conjunction with changes in habitat from a variety 
of other past and present anthropogenic activities, could result in negative 
impacts on bird populations.

Influences of Habitat Alteration on Bats

Changes in habitat associated with wind-energy facilities can be rela-
tively minor in some situations, such as may be the case in agricultural 
settings. In forested environments, however, habitat alteration at wind-en-
ergy facilities may be considerable. In addition to changes resulting from 
presence of the turbine itself, alteration of bat habitat results from road 
construction and maintenance, buildings and structures associated with tur-
bines, and power lines associated with wind-energy facilities. Manipulation 
of vegetation, including creating and maintaining clearings around turbines, 
along roadsides, and along power line rights-of-way probably are the most 
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important form of bat habitat alteration associated with wind-energy facili-
ties—alteration that may increase the activity of bats at these sites.

Alteration of vegetation associated with wind-energy facilities could 
influence bats in two ways. First, changes in vegetation associated with 
wind-energy facilities could influence the quality of habitat for bats, thereby 
influencing carrying capacity of the area, and ultimately influencing popula-
tion abundance. Alternatively, changes in vegetation could alter the behav-
ior of bats, thereby changing the risk of collision with turbine blades. The 
overall influence of habitat alteration on bats (and birds) at wind-energy 
facilities is thus a function of the relative influences of changes in popula-
tion abundance and behavior (Figure 3-8).

Although some studies are under way to evaluate the influence of wind-
energy facilities on bats, no studies have been published that directly exam-
ine influences of vegetation change associated with wind-energy facilities on 
bats. However, inference from studies that have examined the ecology and 
the influences of forest management practices on forest-dwelling bats can 
provide insight into potential influences of wind-energy facilities. Here we 
summarize likely influences of vegetation alteration associated with wind-
energy facilities on roosts and roosting ecology, habitat use, and vertical 
patterns of activity of bats.
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FIGURE 3-8 The influence of habitat alteration associated with wind-energy facili-
ties on bats is a function of the combined influences of the ways that habitat altera-
tion influences abundance and risk of collision with turbine blades.
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Influences of Habitat Alteration on Roosts and Roosting of Bats

Bats use roosts as sites for resting, protection from weather and preda-
tors, rearing young, hibernation, digestion of food, mating, and social 
interactions (Kunz 1982a,b,c; Kunz and Lumsden 2003). Roosts have been 
postulated as limiting factors that influence distribution and abundance of 
bats (Humphrey 1975; Ports and Bradley 1996; West and Swain 1999). 
Bats use a variety of structures for roosting, including buildings, caves, 
bridges, hollow logs, foliage, leaf litter, and hollows, cavities, and crevices 
in trees, snags, and rock crevices. Of these, wind-energy development in the 
Mid-Atlantic Highlands and in other forested regions is most likely to influ-
ence availability of roosts in trees and snags. The geographic distribution of 
bats is also influenced by elevation, with males of several species being more 
common at higher elevations, especially in western states (Cryan 2003).

Large-diameter living and dead trees provide important roosts for many 
species of forest-dwelling bats (Kunz and Lumsden 2003; Barclay and Kurta 
2007). The roosting ecology of the Indiana bat is of particular concern 
throughout its range in the eastern United States, as this species is listed as 
endangered by the U.S. Fish and Wildlife Service; Indiana bats roost in cavi-
ties and crevices beneath the exfoliating bark of living and dead hardwoods 
and conifers during summer months (Kurta et al. 1996, 2002; Callahan 
et al. 1997; Gumbert et al. 2002). Indiana bats also have been reported to 
roost in buildings (Butchkoski and Hassinger 2002). The roosting ecology 
of bats of the genus Lasiurus also is of interest, as these bats appear to be 
particularly vulnerable to fatalities at wind-energy facilities. Eastern red 
bats and hoary bats generally roost in the foliage of several different species 
of trees and shrubs during the spring, summer, and fall (Constantine 1966; 
Menzel et al. 1995, 1998; Carter et al. 2003). The silver-haired bat typically 
roosts in tree cavities (Betts 1996; Vonhof 1996).

Clearing forests at and around wind-energy facilities could result in 
removal of actual or potential roost sites for Indiana bats, eastern red bats, 
hoary bats, and silver-haired bats, and several other species that occur in 
or migrate through the Mid-Atlantic Highlands. In Pennsylvania, the typi-
cal foraging habitat of Indiana bats is in upland forests (Butchkoski and 
 Hassinger 2002). Moreover, removing dead trees that are adjacent to road-
ways developed for wind-energy facilities because of their potential hazards 
to safety or their risk of obstructing roadways can reduce the number of 
potential roosts for several species of bats.

Use and quality of roosts also may be influenced by the microclimatic 
changes resulting from habitat alteration. Microclimate appears to play an 
important role in determining quality and use of roosts in forest settings 
(Hayes 2003; Kunz and Lumsden 2003; Barclay and Kurta 2007; Hayes 
and Loeb 2007). For example, although the primary roosts of Indiana bats 
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are mostly in wooded riparian habitats that receive considerable solar ra-
diation (Humphrey et al. 1977; Callahan et al. 1997; Britzke et al. 2003), 
more recent evidence suggests that some roost in forested areas (Kurta and 
Kennedy 2002). Thermal environment also is thought to influence use of 
roosts by foliage-roosting bats, although less is known about the influences 
of temperature on foliage-roosting bats or the scale at which it operates. In 
Kentucky, eastern red bats selected roosts in foliage with lower tempera-
tures than in other points in the same tree (Hutchinson and Lacki 2001), 
possibly to minimize heat stress during high summer temperatures or to 
conserve energy by entering daily torpor.

Changes in forest structure and creation of openings are likely to alter 
microclimatic conditions in forested regions used by roosting bats (Kunz 
and Lumsden 2003). In general, these changes should increase roost tem-
peratures in the affected area. When these changes are important enough, 
they may improve roosting conditions for crevice- and cavity-roosting 
 species; however, these influences are difficult to predict with any degree of 
certainty, are likely to be site-specific, and may differ among species and at 
different times of the year.

Several species of bats also regularly roost in human-made structures 
(Kunz 1982a,b,c, 2004). However, we are unaware of records of bats roost-
ing in structures associated with wind-energy facilities in the United States, 
although bats have gained access to and roosted in the nacelle in Europe 
(Hensen 2004). Nonetheless, bat species that appear to be most at risk of 
being killed by wind turbines in the Mid-Atlantic Highlands include eastern 
red bats, hoary bats, silver-haired bats, and eastern pipistrelles. The latter 
species typically roosts in foliage during the summer months (Veilleux and 
Veilleux 2004; Veilleux et al. 2004), although it also is known to roost 
in buildings (Fujita and Kunz 1984; Hoying and Kunz 1998; Whitaker 
1998).

Establishment of artificial roosts (e.g., Burke 1999; Arnett and Hayes 
2000; Brittingham and Williams 2000; Chambers et al. 2002; Kunz 2003) 
is sometimes proposed to mitigate loss of roosts resulting from changes 
in land-use practices. However, encouraging increased roosting sites at or 
near wind-energy facilities could increase use of areas and increase risk of 
fatalities by collisions with turbines. Thus, mitigating loss of natural roosts 
at or near wind-energy facilities by constructing artificial roosts at these 
sites may not be effective.

Influences of Habitat Alteration on Habitat Use by Bats

Construction of roadways, management of vegetation, and the selective 
clearing of forests associated with the development of some wind-energy 
facilities can influence use of the area by bats. These influences could be 
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manifested as changes in carrying capacity of an area or through influences 
of patterns of habitat use on risk of collision with turbines.

Many species of bats commonly use edges between forested and 
non-forested habitat and small forest gaps for commuting and foraging 
 (Furlonger et al. 1987; Clark et al. 1993; Krusic et al. 1996; Walsh and 
Harris 1996; Wethington et al. 1996; Grindal and Brigham 1999; Zimmer-
man and Glanz 2000; Hogberg et al. 2002). For example, bat activity was 
greater along forest-clearcut edges than within clearcuts or uncut forests in 
British Columbia (Grindal and Brigham 1999), greater in forest clearings 
ranging from 0.5 to 1.5 ha in size than in intact forests in British Columbia 
(Grindal and Brigham 1998), greater along logging roads than in intact for-
est in South Carolina (Menzel et al. 2002), and greater along forest trails 
than in interior forests in New Hampshire (Krusic et al. 1996). Increased 
use of gaps, edges, and roadways is likely a consequence of reduced clut-
ter (the number of obstacles a bat must detect and avoid in a given area 
[Fenton 1990]) along edges, increased availability of prey, or a combination 
of these factors. It is quite likely that construction of roads and clearings 
at wind-energy facilities in forested regions improves foraging habitats for 
several species of bats in the Mid-Atlantic Highlands, and elsewhere where 
similar habitat exists.

All bat species known to occur in the eastern United States, including 
the Mid-Atlantic Highlands, are insectivorous. These bats consume large 
quantities of nocturnal insects (Aubrey et al. 2003); both empirical evi-
dence and anecdotal observations support the hypotheses that bats respond 
to prey availability and that prey availability is influenced by vegetation 
structure and to habitat alteration (e.g., agriculture). However, determining 
the relationship of distribution and abundance of insects to habitat use or 
population abundance of bats has been hampered by difficulties in deter-
mining abundance and availability of insects at appropriate spatial scales 
(Kunz 1988; Kunz and Lumsden 2003; Hayes and Loeb 2007). Thus, chal-
lenges lie ahead in estimating the influences of habitat changes on the prey 
base for insectivorous bats at wind-energy facilities. Changes that increase 
actual or relative abundance of insects preyed on by bats, or the vulnerabil-
ity of insects to predation by bats at altitudes within the rotor-swept area 
of turbines could influence risk of bats to collisions with turbines. Clearly, 
large numbers of insects often are present in the vicinity of wind-turbine 
rotors, judging from insects that are known to accumulate on turbine blades 
in some regions (Corten and Veldkamp 2001).

Most of the studies of habitat use by bats have been conducted using 
recording devices. Only a few studies have evaluated vertical patterns of 
habitat use by insectivorous bats (e.g., Kurta 1982; Kalcounis et al. 1999; 
Hayes and Gruver 2000; Kunz 2004). Risk of collision with wind turbines 
is strongly influenced by vertical patterns of habitat use by bats, and is at 
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least partially a function of the altitudes at which bats commute, forage, 
and migrate. Some of the species-specific differences in fatalities at wind 
turbines could be related to variation in vertical patterns of nightly forag-
ing or migratory activity, possibly in response to prey resources, although 
currently there are no data available to test this hypothesis. It is unclear if 
or how habitat alteration at wind-energy facilities influences vertical pat-
terns of habitat use by bats, but changes in vertical activity in response 
to habitat alteration and insect resources at wind-energy facilities could 
strongly influence fatality risks to bats. Vertical activity of bats could be 
influenced by the vertical distribution and abundance of aerial insects. Typi-
cally, insects rise to high altitudes above the ground on daily thermals, and 
then drop to lower altitudes as the lower atmosphere cools throughout the 
night (Figure 3-9).

Although habitat alteration resulting from wind-energy development 
often occurs at a relatively small scale, it is likely that the cumulative effects 
of wind-energy development, in conjunction with changes in habitat from a 
variety of other activities, will result in negative impacts on bat populations. 
Given the distances that bats travel nightly and during migration, contribu-

FIGURE 3-9 Vertical distribution of airborne fauna, recorded using an X-band 
vertically pointing radar on April 15, 1994. Note that insect targets drop markedly 
in elevation from before sunset until 2400 h. Most of the larger targets (assumed to 
be migrating birds and bats) occur at higher altitudes.
SOURCE: McGill University 2000. Reprinted with permission; copyright 2000, 
McGill University. 3-9
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tions of wind-energy development to changes in landscape characteristics 
could influence bat populations. Unfortunately, the influences of habitat 
characteristics on bats at large spatial scales are poorly understood. Some 
bats have been shown to respond negatively to forest fragmentation in a 
number of areas (e.g., Pavey 1998; Law et al. 1999; Schulze et al. 2000; 
Estrada and Coates-Estrada 2002), but there is little information available 
about responses of bats to characteristics at the landscape scale in North 
America (Hayes and Loeb 2007). Lack of information on influences of 
landscape-scale patterns on bats precludes assessment of the likely impacts 
of habitat alterations at wind-energy facilities at broad spatial scales.

The combined influences of changes in availability of roosts, microcli-
matic conditions at roosts, availability of prey, vertical patterns of use, and 
landscape structure on bat populations in the Mid-Atlantic Highlands are 
difficult to predict with any precision. Moreover, the magnitude of influ-
ence of these factors may be site-specific and depend on site characteristics 
prior to construction of wind-energy facilities and associated infrastructure. 
If these changes were considered in the absence of direct influences of tur-
bines on fatalities of bats, it is likely that we would conclude that impacts 
were not significantly negative in light of other threats to bats in the region 
and habitat changes resulting from other land uses. However, even this 
provisional conclusion must be tempered by the scale of habitat alteration; 
broad-scale proliferation of wind-energy facilities in the Mid-Atlantic High-
lands and in other regions of the United States could result in significant 
consequences for habitat for bats and other species. For bats, the interac-
tion among habitat alteration, influences on bat activity patterns, and risk 
of collision with wind turbines could be an important factor in bat fatalities 
in the Mid-Atlantic Highlands. Gaining increased understanding of these 
interactions could help inform in pre-siting risk assessments for bats.

Influences of Habitat Alteration on Terrestrial Mammals

Historically, higher elevation ridges of the Mid-Atlantic Highlands 
consisted of forest stands dominated by red spruce (Picea rubens). Late 
19th- and early 20th-century logging operations reduced these stands to 
scattered remnants of mixed hardwood and spruce composition (Brooks 
1965; Mielke et al. 1986). The federally listed (endangered) subspecies 
of the northern flying squirrel, the West Virginia northern flying squirrel 
(Glaucomys sabrinus fuscus), sometimes referred to as the Virginia north-
ern flying squirrel, is closely associated with this spruce habitat. Genetically 
distinct from other populations of the species (Arbogast et al. 2005), this 
subspecies has been found at more than 100 separate sites along the ridge 
tops of the Mid-Atlantic Highlands (USFWS 2006). Current populations 
of the squirrel can be found in mixed stands of red spruce, cherry (Prunus 
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 serotina), and yellow poplar (Liriodendron tulipifera), although spruce is 
preferred (Menzel 2003; Menzel et al. 2006). Populations are locally ex-
panding due to second-growth regeneration of upper-elevation forest tracts 
(USFWS 2006). The West Virginia northern flying squirrel is unique among 
squirrels in being active year-round and subsisting primarily on lichens, 
mushrooms, and mycorrhizal fungi, the latter of which are located by olfac-
tion (Loeb et al. 2000; Mitchell 2001). There is an apparent symbiotic rela-
tionship between the squirrels and mycorrhizal fungi. The squirrels depend 
on fungi for food, while the fungi depend on the squirrels to disperse their 
spores as well as nitrogen-fixing bacteria, which are essential to the growth 
of red spruce (Mitchell 2001; USFWS 2006). Moreover, the overall condi-
tion of red-spruce forests appears to be strongly influenced by the pres-
ence of the squirrels (Mitchell 2001; USFWS 2006). Construction of wind 
turbines and associated roads can result in loss of mixed spruce/hardwood 
forest habitat and could lead to concomitant drops in squirrel population 
densities. The lack of quantitative data pertaining to the loss of spruce for-
est and squirrel habitat at wind-energy facilities limits our understanding 
of the potential impacts of wind-energy development.

Also of conservation interest is the Allegheny woodrat (Neotoma ma-
gister). Although not listed under the federal Endangered Species Act, this 
species is identified as endangered on state lists in New York, New Jersey, 
and Maryland; threatened in Pennsylvania; species of concern in North 
Carolina and Virginia; and a species “somewhat vulnerable to extirpation” 
in West Virginia. It is believed to be extinct in New York, New Jersey, and 
Connecticut. It is patchily distributed throughout the Mid-Atlantic High-
lands in cliff lines and rock outcroppings, which provide their required 
nest locations (Castleberry 2000). Recent population declines have been 
dramatic and potential causal factors include anthropogenic disturbance 
near nest locations, increased predation by great horned owls (Bubo �ir-
ginianus) and raccoons (Procyon lotor) directly linked to forest fragmenta-
tion, increased incidence of the parasitic raccoon roundworm (Baylisascaris 
procyonis), and diminished colonization of new locations because they 
need rock-outcrop habitats (Balcom and Yahner 1996; Castleberry et al. 
2001, 2002; LoGiudice 2003; Hassinger 2005). A recent study based on 
735 defined Allegheny woodrat “habitat sites” in higher-elevation forests 
in Pennsylvania showed that the occupancy rate of these sites increased 
with distance to non-forest edge (Hassinger et al. 2005). Moreover, habitat 
sites >2 km from a forest edge were 1.7-11.1 times more likely to be occu-
pied than habitat sites within 1 km of a forest edge. Similarly, habitat sites 
1-2 km from a forest edge were 1.7-3.8 times more likely to be occupied 
(Diefenbach et al. 2005). The lack of quantitative data pertaining to the 
loss of potential Allegheny woodrat habitat in the Mid-Atlantic Highlands 
is a data gap in the development of wind-energy projects.
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Another mammalian species with unique habitat requirements in the 
Mid-Atlantic Highlands region is the snowshoe hare (Lepus americanus). 
Cyclically abundant in more northern habitats, this species reaches its 
southernmost distribution along the high ridges of Pennsylvania, Virginia, 
Maryland, and West Virginia (Brooks 1965). While this species is not pro-
tected under the U.S. Endangered Species Act, it is listed as “endangered/
extirpated” in Maryland (MDDNR 2003) and “extremely rare” in Virginia 
(Roble 2006). This species is legally hunted in West Virginia. Populations 
of snowshoe hares occupy boreal forests at the northern end of their range 
while “southern populations occur primarily in insular patches of suitable 
habitat set amidst less-preferred areas” (Wirsing et al. 2002, p. 170). Brushy 
undergrowth and tree saplings, often aspen (Populus tremuloides), cotton-
wood (P. deltoides), or birch (Betula spp.) are the preferred habitat in the 
Mid-Atlantic Highlands. Tree removals in conjunction with wind-energy 
development could alter habitat for hares, and given their protected status 
in Maryland and Virginia, accurate pre-siting surveys should be conducted. 
The isolated population in Garrett County, Maryland, occurs in a location 
suitable for wind-energy development.

In the Mid-Atlantic Highlands, managed populations of large game mam-
mals include the black bear and white-tailed deer, while managed furbearers 
include raccoon, beaver (Castor canadensis), red fox (Vulpes �ulpes), gray 
fox (Urocyon cinereoargenteus), mink (Mustela �ison), and fisher (Martes 
pennanti). Generally, trading the forested habitats of these species for gravel 
roads and foundation pads is unlikely to be beneficial. For example, black 
bears rely on forest habitats for food, cover, and denning sites (Brody and 
Pelton 1989). Because their selected habitats include a variety of interspersed 
vegetation types ranging from dense old-growth forests to forest openings 
rich in berries, bears have been referred to as “landscape species” (Gaines 
et al. 2005). Thus, analysis of any one vegetation type may be inconclusive 
and broad spatial analysis of the cumulative effects of human activity are 
required for effective habitat management (Gaines et al. 2005). However, 
forest-management practices in the region, such as thinning, clearcutting, and 
the construction of forest roads generally increase the amount of available 
soft mast (berries, shrub, and regenerating tree saplings) but also decrease 
the amount of hard mast (acorns and other nuts) available to black bears 
(Mitchell and Powell 2003). Soft mast would be reduced by maintenance of 
wind-energy facility roads and tower pads in a gravel state. Moreover, black 
bears avoid high-traffic roads, such as interstate highways and other divided 
highways, as well as low-traffic forest roads that provide access to hunters 
and their dogs (Brody and Pelton 1989). However, bears can learn to use 
low-traffic roads to move within their home range (Brody and Pelton 1989). 
In summary, the effects of wind-energy development in the Mid-Atlantic 
Highlands on black bears needs to be assessed at the landscape level and 
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in conjunction with the cumulative aspects of all anthropogenic changes in 
forest structure. The relationship between wind-energy development and 
furbearer population biology also is unstudied at this time.

Small-mammal (e.g., Peromyscus sp., Microtus sp., and Blarina sp.) 
populations probably would not be affected by wind-energy development. 
Small-mammal populations may sometimes form demographic metapopula-
tions under some conditions (Merriam et al. 1989). Even narrow (< 3 m), 
gravel roads can act as barriers to movements of prairie voles (Microtus 
ochrogaster) and white-footed mice (Peromyscus leucopus), and thus may 
isolate some populations genetically (Swihart and Slade 1984; Merriam 
et al. 1989). It is unclear what, if any, effect this isolation might have on 
small-mammal populations in the Mid-Atlantic Highlands. The lack of in-
formation on the effects of isolation is identified as a data gap in assessment 
of the ecological consequences of wind-energy development in the region.

Influences of Habitat Alternation on Amphibians and Reptiles

Amphibians play important roles in the functioning of forested eco-
systems in the central Appalachians (Burton and Likens 1975a; Wyman 
1998). It has been estimated that salamander biomass in eastern deciduous 
forests is 24 times that of birds (Greenberg 2001) and that it exceeds that 
of birds and mammals combined (Burton and Likens 1975b; Hairston 
1987). Moreover, amphibians often are more sensitive to habitat alteration 
than birds and mammals (Marsh and Beckman 2004). Amphibians native 
to Mid-Atlantic Highland forest environments require aquatic or moist 
terrestrial habitats to complete their life cycles. Populations of both groups 
are influenced by the microclimate of forest floor habitats, specifically soil 
moisture and temperature, and species that lay eggs in aquatic systems also 
rely on free-standing water, even if it is ephemeral. Even without grading 
and construction of roads, slight removal of canopy vegetation may result 
in significant reduction of the amphibian fauna from forest tracts in some 
situations (Petranka et al. 1993; Ash 1997; Knapp et al. 2003). Knapp et al. 
(2003), for example, detected significant reduction in densities in Plethodon 
and Desgmognathus salamanders as a result of removal of canopy vegeta-
tion and almost all salamander taxa were adversely affected by timber 
removal (Petranka et al. 1993).

Amphibian species that require vernal pools for mating and egg-lay-
ing may be attracted to roadside ditches and ruts in maintenance roads 
by the presence of temporary water. However, if they become dry before 
the larvae become independent of water, such features may be “attractive 
sinks” (Delibes et al. 2001; Battin 2004), because animals that use them 
have reduced reproductive output that could contribute to the decline or 
loss of local populations. In a forest study of anthropogenic and natural 
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pools, both larval wood frogs (Rana syl�atica) and larval spotted sala-
manders (Ambystoma maculatum) suffered high mortality from premature 
drying in the anthropogenic pools (DiMauro and Hunter 2002). During 
“wet years” the larvae that metamorphosed were significantly smaller in 
anthropogenic ponds than in natural ones; the anthropogenic pools were 
subject to increased solar radiation and a more porous substrate, which 
resulted in elevated water temperatures and faster drying rates (DiMauro 
and Hunter 2002).

One species of amphibian in the Mid-Atlantic Highlands has is listed 
as threatened under the ESA. Cheat Mountain salamanders (Plethodon 
nettingi) occur in high forested landscapes in five West Virginia counties: 
Pocahontas, Pendleton, Grant, Tucker, and Randolph (Green and Pauley 
1987, T. Pauley, Marshall University, personal communication 2006). The 
species was originally thought to occur only in spruce forests, but now is 
known also to occur in high mixed hardwood/conifer tracks (Pauley 1981). 
Removal of mixed hardwood/spruce trees and replacement with gravel 
roads and tower pads could be detrimental to this species.

Ecology and natural history of reptiles are poorly studied in forest 
communities potentially modified by wind-energy development in the Mid-
Atlantic Highlands. Generally, reptiles respond differently to the creation 
of edge habitats than amphibians. Reptiles are more mobile than most 
amphibians and certain species patrol forest edges in search of prey. In addi-
tion, since reptiles are typically associated with warmer, drier environments 
than amphibians are, they may gain a positive thermoregulatory advantage 
by taking advantage of increased solar radiation associated with forest 
clearings (Greenberg 2001). One reptilian species of concern is the timber 
rattlesnake (Crotalus horridus), which has been extirpated from most of its 
historic range (Clark et al. 2003) and survives in isolated patches of forests, 
including locations on or near ridge tops in the central Appalachians (Green 
and Pauley 1987, F. Jernajic, West Virginia Division of Natural Resources, 
personal communication 2006). Winter dens also occur along Appalachian 
ridges and are shared by rattlesnakes, copperheads (Agkistrodon contortix), 
and black rat snakes (Elaphe obsoleta). Timber rattlesnakes are of conserva-
tion importance because they have low fecundity, long reproductive cycles 
(Brown 1993; Martin 1993), and are heavily persecuted by humans (Clark 
et al. 2003). Alteration of habitat related to wind-energy development could 
influence habitat suitability for this species, but we are unaware of any stud-
ies at wind-energy developments that have examined these effects.

Influences of Habitat Alteration on Fish and Other Aquatic Organisms

Aquatic habitats are not common along Mid-Atlantic Highland ridges. 
By the very nature of the terrain, establishment of permanent bodies of 
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water and associated wetland habitat is reduced when compared with 
nearby downstream valleys. Uncontrolled erosion caused by anthropogenic 
activities at wind-energy facilities could have far-reaching consequences for 
aquatic habitats. Since wind-energy facilities in the Mid-Atlantic Highlands 
are at or near the top of mountain ridges, and hence they are in areas that 
receive large amounts of rain (> 125 cm per year, see CPC 2004), the poten-
tial exists for run-off and erosion. Erosion and sedimentation are avoided 
through following the requirements of each wind-energy facility’s NPDES 
permit (EPA 2006d).

PROJECTED CUMULATIVE IMPACTS OF BIRD AND 
BAT FATALITIES: A WORKING HYPOTHESIS

Because we lack extensive data on the ecological influences of wind-
energy facilities, projection of likely impacts in the Mid-Atlantic Highlands 
is challenging. Among the uncertainties that restrict our ability to assess 
impacts accurately are uncertainties in magnitude and pattern of future 
wind-energy development in the region, and lack of spatial and temporal 
replication in fatality assessments in the region. Nonetheless, it is valuable 
to prepare a preliminary assessment of potential cumulative impacts based 
on the limited information that is currently available. Here we estimate 
expected cumulative impacts on bats and birds based on current estimates 
of fatalities and projections of installed capacity of wind-energy facilities 
in the Mid-Atlantic Highlands.

Assumptions

Future development of wind-energy facilities in the Mid-Atlantic High-
lands region, and elsewhere, depends on complex interactions among eco-
nomic factors, technological development, regulatory changes, political 
forces, and other factors that cannot be predicted easily or accurately (Chap-
ter 2). Here we provide a range of estimates of potential impacts for both 
birds and bats under the assumption that the National Renewable Energy 
Laboratory (NREL) Wind Energy Deployment System (WinDS) model and 
the PJM Interconnection queue (Table 3-5) estimates of projected installed 
capacity represent the range of potential wind-energy development that will 
occur in the Mid-Atlantic Highlands. The projections provide an upper and 
lower boundary, based on estimates of 2020 installed capacity (Table 3-5), 
and thus provide important hypotheses for testing. While it is conceivable 
that radically different fatality rates could occur in other locations in the 
eastern United States, using the information available from the few sites 
surveyed in the eastern United States to date (Tables 3-2 to 3-4) is the most 
realistic approach for evaluating potential cumulative impacts at this time.

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

ECOLOGICAL EFFECTS OF WIND-ENERGY DEVELOPMENT 123

TABLE 3-5 Estimates of Existing and Projected Installed Capacity for 
Wind-Energy Facilities in the Mid-Atlantic Highlands by 2020, and the 
Equivalent Number of 1.5 MW Wind Turbines That Would Generate 
This Capacity

Basis for Estimate
Capacity 
(MW)

Equivalent Number 
of 1.5 MW Turbines

NREL estimate of total technical capacitya 8015 5344

NREL WinDS model reference case projection for 
2020b

2158 1439

In-service, or approved by state regulatory authorityc 1144 763

PJM (electricity grid operator) interconnection queued 3856 2571

 aWind-capacity potential for MD, PA, VA, and WV provided on March 16, 2006, by 
National Renewable Energy Laboratory (NREL), Golden, CO. Estimate limited to Class 3 
and better wind areas above 1,000 feet elevation. Standard exclusions applied by NREL for 
defining available wind resource, including environmental, land-use, and other criteria. See 
Appendix B for description of the wind resource database and exclusion criteria.
 bModeled onshore capacity totals for MD, PA, VA, and WV provided on March 16, 2006, 
by NREL, Golden, CO, based on application of the Wind Deployment System (WinDS) model 
(for model information see NREL 2006b). As indicated in Table 2-3, the WinDS projec-
tions for U.S. wind-energy development are much larger than those provided by the Energy 
Information Agency (EIA 2006a). EIA projections for MAH development, however, are not 
available.
 cBased on assembled information for in-service wind projects and wind projects with state 
or local-level approval listed in the PJM interconnection queue (Boone 2006).
 dBased on assembled information for wind-energy projects listed in the PJM Interconnection 
queue in addition to in-service projects and projects with state or local-level approval (Boone 
2006).

We base our estimation of fatalities on the information available in 
the eastern United States for birds (Table 3-2) and for the Mid-Atlantic 
Highlands for bats (Table 3-4). Our estimates for the lowest and highest 
fatality rates reported for the Mid-Atlantic Highlands (Tables 3-1 to 3-4) 
are based on only two studies selected as bounds; thus they may not bracket 
the true extremes that might occur and thus provide estimates of cumulative 
impacts to be expected in 2020, based on stated assumptions. These as-
sumptions are: (1) reported fatality estimates are representative of the range 
that could be expected (i.e., estimates based on more sites and improved 
bias corrections are not likely to increase the range of the numbers of birds 
and bats killed by wind turbines); (2) observed variation in fatality rates 
are representative of the Mid-Atlantic Highlands (i.e., as more wind-energy 
facilities are developed, minimum and maximum fatalities may change); (3) 
there will be no significant technological changes that reduce or increase 
fatalities (i.e., more and larger wind turbines than NREL- or PJM-based 
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projections will not be installed; (4) the numbers of resident and migrating 
bird and bat species will remain constant (i.e., no decline in populations 
from wind-turbine-related fatalities or other factors is expected); and (5) 
the relationship of installed capacity to operational hours and rotor-swept 
area will not change. Because our estimates are specific to the Mid-Atlantic 
Highlands, the number of reported fatalities and assumption might differ 
significantly for other geographic regions and should not be applied to them 
without additional study (Kunz et al. 2007).

Projected Cumulative Impacts

Based on the assumptions noted above for wind-energy development 
in the Mid-Atlantic Highlands, at projected levels of development by the 
NREL WinDS model for 2020 and the best available information (lowest 
and highest mean fatality rates; Table 3-2), we estimate that the projected 
avian fatalities in the mid-Atlantic regions could range from a mean mini-
mum of approximately 5,805 birds per year (based on the fatality rate at 
the Mountaineer Wind Energy Center, West Virginia), to a maximum of 
approximately 25,183 birds per year (based on the fatality rate estimated 
for the Buffalo Mountain Wind Park in Tennessee). Using similar logic and 
the PJM-based projections for development, the projected range of avian 
fatalities increases to approximately 10,372 to 44,999 per year.

Under the assumption that the species composition of fatalities will 
be similar to the data presented above (Figure 3-1), we predict that these 
fatalities will primarily consist of passerines (Table 3-6). In the existing 
studies in this region at Mountaineer (Kerns and Kerlinger 2004) and Buf-
falo Mountain (Nicholson 2003), most individual passerine species made 
up a relatively small percentage of the passerine fatalities, up to 5%, re-
sulting in the potential for approximately 200 to 1,000 individuals of any 
one species being killed per year using data from the NREL WinDS model 
projections and 400 to 1,800 killed per year using data from the PJM-based 
projections. However, at the Mountaineer site approximately 35% of the 
passerines killed were of the same species (red-eyed vireo, Vireo oli�aceus). 
Thus, it is possible that from 1,600 to 7,000 individuals of a single species 
could be killed per year using NREL WinDS model projections and 2,900 
to 12,700 per year using PJM-based projections.

The biological importance of these fatalities depends on the number 
of passerines in the affected population and whether the birds killed were 
migrant or resident in the areas of impact. Based on the existing data, it 
appears that approximately 50% of the passerines are migrant and losses 
to migrating and resident populations of passerines in this region would 
be approximately 2,400 to 10,000 each per year using NREL WinDS 
model projections and 4,200 to 18,000 per year using PJM-based projec-
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TABLE 3-6 Projected Annual Number of Bird Fatalities from Wind 
Turbines Expected in 2020. Based on Estimates of Current Proportional 
Fatality Rates and Available Estimates of Installed Capacity for the Mid-
Atlantic Highlands Region

Proportion 
of Total 
Fatalitiesb

Projections Based on the NREL WinDS Model of 
Installed Capacitya

Minimum Projected 
Number of Bird Fatalitiesc

Maximum Projected 
Number of Bird Fatalitiesd

Total 5,805 (6,000) 25,183

Species Groupb

Doves/pigeons .02 116 503
Gamebirds .02 116 503
Other birds .06 348 1,510
Passerines .81 4,702 20,398
Rails/coots .02 116 503
Raptors/vultures .03 174 755
Unidentified birds .02 116 503
Waterfowl .02 116 503

Proportion 
of Fatalities

Projections Based on the PJM Grid-Operator Queuee

Minimum Projected 
Number of Bird Fatalitiesf

Maximum Projected 
Number of Bird Fatalitiesg

Total 10,372 44,999 

Species Groupb

Doves/pigeons .02 207 899
Gamebirds .02 207 899 
Other birds .06 622 2,699
Passerines .81 8401 36,449
Rails/coots .02 207 899
Raptors/vultures .03 311 1,349
Unidentified birds .02 207 899
Waterfowl .02 207 899

 aEstimated installed capacity of 2,158 MW based on National Renewable Energy Labo-
ratory (NREL) WinDS Model for the Mid-Atlantic Highlands for the year 2020 (NREL 
2006b).
 bEstimated species-specific fatality rates are based on data collected in the eastern United 
States (Figure 3-1).
 cMinimum projected number of fatalities in 2020 is based on the product of 2.69 bird fatali-
ties/MW reported from the Mountaineer Wind Energy Center, WV (from Table 3-2), and the 
estimated installed capacity (2,158 MW) = 5,805. The species group-specific annual minimum 
number of projected bird fatalities is the product of the minimum number of projected fatali-
ties and the species group-specific proportional fatality rates (column 2).
 dMaximum projected number of fatalities in 2020 is based on the product of 11.67 bird 
fatalities/MW reported from the Buffalo Mountain Wind Energy Center, TN (from Table 3-2), 
and the estimated installed capacity (2,158 MW) = 25,183. The species group-specific annual 
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TABLE 3-6 Continued
maximum number of projected fatalities is the product of the maximum number of projected 
fatalities and the species group-specific proportional fatality rates (column 2).
 eEstimated installed capacity of 3,856 MW based on PJM (electricity grid operator intercon-
nection queue) for the Mid-Atlantic Highlands for the year 2020 (Boone 2006).
 fMinimum projected number of fatalities in 2020 is based on the product of 2.69 bird 
 fatalities/MW reported from the Mountaineer Wind Energy Center, WV (from Table 3-2), and 
the estimated installed capacity (3,856 MW) = 10,372 (10,500). The species group-specific 
annual minimum number of projected bird fatalities is the product of the minimum number 
of projected fatalities and the species group-specific proportional fatality rates (column 2).
 gMaximum projected number of fatalities in 2020 is based on the product of 11.67 bird 
fatalities/MW reported from the Buffalo Mountain Wind Energy Center, TN (from Table 3-2), 
and the estimated installed capacity (3,856 MW) = 44,999. The species group-specific annual 
maximum number of projected fatalities is the product of the maximum number of projected 
fatalities and the species group-specific proportional fatality rates (column 2).

tions. Estimating the fatalities for local populations based on projections 
for the year 2020 requires the assumption that several local populations 
are affected. On the assumption that the Mountaineer facility represents a 
typical development for the future (66 MW) in the region, and that a total 
of 2,158 to 3,856 MW of capacity will be installed by then, there would 
be 33 to 58 wind-energy facilities. Furthermore, the upper end of the range 
of projected fatalities for the two development scenarios would result in 
approximately 300 passerines killed per facility per year. Thus, if up to 5% 
of the birds killed locally are of the same species, one could expect that 
most local populations would suffer the loss of approximately 15 birds per 
year. Under the assumption that an individual species could be much more 
vulnerable than the average to collisions, and using the red-eyed vireo as an 
example, up to 35% of the birds killed locally could be of one species (105 
birds per year) and presumably be from one local population.

Local populations of raptors and vultures are much smaller than pas-
serine populations and thus potentially more at risk for population effects 
of fatalities from wind-energy generation. Using the same logic and data 
sources for raptors and vultures as were used for passerines, approximately 
9-23 individuals per year of these species are projected to be killed at each 
of these sites using the lowest and highest range of projected wind-energy 
development. Some of the birds would be resident and some migrant.

Based on currently available information on bat fatalities in the eastern 
United States, projected cumulative impacts using estimates of installed ca-
pacity for the Mid-Atlantic Highlands in the year 2020, along with support-
ing data, assumptions, and calculations, are in Table 3-7. Minimum and 
maximum estimates of installed capacity for this region range from 2,158 
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TABLE 3-7 Projected Annual Number of Bat Fatalities from Wind 
Turbines Expected in 2020. Based on Projections of Installed Capacity for 
This Region and Current Proportional Fatality Rates Available from the 
Eastern United States

Speciesb
Fatality 
Ratec

Projections Based on the 
NREL WinDS Model of 
Installed Capacitya

Minimumd Maximume

Hoary bat 0.289 9,542 17,899
Eastern red bat 0.344 11,358 21,306
Silver-haired bat 0.052 1,717 3,221
Eastern pipistrelle 0.185 6,108 11,458
Little brown myotis 0.087 2,873 5,388
Northern long-eared myotis 0.006 198 372
Big brown bat 0.025 825 1,548
Unknown/other 0.012 396 743
TOTAL 33,017 61,935

Fatality 
Ratec

Projections Based on 
the PJM Grid Operator 
Interconnection Queuef

Minimumg Maximumh

Hoary bat 0.289 17,050 31,983
Eastern red bat 0.344 20,295 38,069
Silver-haired bat 0.052 3,068 5,756
Eastern pipistrelle 0.185 10,914 20,473
Little brown myotis 0.087 5,133 9,628
Northern long-eared myotis 0.006 354 664
Big brown bat 0.025 1,475 2,767
Unknown/other 0.012 708 1,328
TOTAL 58,997 110,667

 aEstimated installed capacity of 2,158 MW based on National Renewable Energy Labora-
tory (NREL) WinDS Model for the Mid-Atlantic Highlands for the year 2020 (Table 3-5).
 bEastern red bats, hoary bats, and silver-haired bats are the only species in the eastern United 
States known to undertake long-distance migrations (Barbour and Davis 1969).
 cEstimated species-specific fatality rates are based on data collected in the eastern United 
States (Table 3-4).
 dMinimum projected number of fatalities in 2020 is based on the product of 15.3 bat fatalities/
MW/year reported from the Meyersdale Wind Energy Center, PA (from Table 3-4), and the 
 estimated installed capacity (2,158 MW) = 33,017. The species-specific annual minimum num-
ber of projected bat fatalities is the product of the species-specific fatality rates (column 2) and 
the minimum total number of fatalities (e.g., for the hoary bat, 0.289 * 33,017 = 9,542).
 eMaximum projected number of fatalities in 2020 is based on the product of 28.7 bat 
 fatalities/MW/year (average for 2003 and 2004) reported from the Mountaineer Wind Energy 
Center, WV (from Table 3-4), and the projected installed capacity (2,158 MW) = 61,935. The 

continued
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MW (based on the NREL WinDS model) to 3,856 MW (from the PJM 
Interconnection queue), as was the case for the bird-fatality projections.

These cumulative fatality projections for bats based on fatality rates 
determined for this region should be regarded as provisional (Table 3-4). 
Although some of the empirical data for this region were not collected 
consistently, the data summarized in Table 3-3 are the best available data 
for assessing cumulative impacts.

Based on estimates of installed capacity and the limitations and as-
sumptions regarding fatality rates noted above, the minimum and maxi-
mum projected fatalities of bats presented in Tables 3-4, 3-5, and 3-7 
would range from 33,017 to 61,935 per year based on the NREL’s WinDS 
model and 58,997 to 110,667 per year based on the PJM Interconnection 
queue. These projected cumulative impacts in 2020 based on the WinDS 
model and PJM Interconnection queue would cause annual fatalities of 
9,542 to 31,983 hoary bats, 11,358 to 38,069 eastern red bats, 1,717 to 
5,755 silver-haired bats, and 6,108 to 20,473 eastern pipistrelles in the mid-
 Atlantic region. These projections should be considered as hypotheses, until 
improved estimates (or enumerations) of installed capacity and bat fatalities 
become available for this region (Kunz et al. 2007).

No projections were made for the endangered Indiana bat, Rafinesque’s 
big-eared bat (Corynorhinus rafinesquii), or the regionally listed small-
footed myotis (Myotis leibii), because no fatalities for these three species 
have been reported at wind turbines in the Mid-Atlantic Highlands. This 
should not be interpreted as reflecting a judgment that no members of those 
species will be killed. It is possible that their behavior and distribution pre-

species-specific annual maximum number of projected bat fatalities is the product of the spe-
cies-specific fatality rates (column 2) and the total maximum number of fatalities.
 fEstimated installed capacity of 3,856 MW based on PJM (electricity grid operator intercon-
nection queue) for the Mid-Atlantic Highlands for the year 2020 (Table 3-5).
 gMinimum projected number of fatalities in 2020 is based on the product of 15.3 bat fatali-
ties/MW/year reported from the Meyersdale Wind Energy Center, PA (from Table 3-4), and 
the projected installed capacity (3,856 MW) = 58,997. The species-specific annual minimum 
number of projected bat fatalities is the product of the species-specific fatality rates (column 
2) and the total minimum projected number of fatalities.
 hMaximum projected number of fatalities in 2020 is based on the product of 28.7 bat fatali-
ties/MW/year (average of year 2003 and 2004) reported from the Mountaineer Wind Energy 
Center, WV (from Table 3-4), and the projected installed capacity (3,856 MW) = 110,667. The 
species-specific annual maximum number of projected bat fatalities is the product of the spe-
cies-specific fatality rates (column 2) and the total maximum projected number of fatalities.
SOURCE: Kunz et al. 2007.

TABLE 3-7 Continued
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vent them from coming into contact with turbines, or it is possible that their 
rarity has not yet led to a recorded fatality of any of those species.

Ecological Implications of Projected Cumulative Impacts

These projections of cumulative bat and bird fatalities for the Mid-
Atlantic Highlands by the year 2020 assume that bat and bird populations 
living in or migrating through the region each year would be constant. 
The latter assumption is likely to be violated given assorted caveats about 
expected inter-annual variability; however, given that we have presented 
both worst-case (maximum number of fatalities/year) and best-case (mini-
mum number of fatalities/year) scenarios, our projected fatality rates in 
the Mid-Atlantic Highlands bracket expected extremes. These projected 
fatalities can best be considered as hypotheses to be tested with future data 
on fatalities from the Mid-Atlantic Highlands and other regions where bird 
and bat fatalities have been reported, and by adjusting monitoring proto-
cols to minimize potentially confounding assumptions (Kunz et al. 2007).

A question that arises from these projections is whether they are of 
biological importance to bat and bird populations. The answer differs for 
birds and bats and for migratory and local populations. For birds, it is 
unlikely that this predicted level of fatalities would result in measurable 
impacts to migratory populations of most species. However, for rare species 
and local populations, the impacts, when combined with other sources of 
mortality such as large weather-related bird kills, could affect viability, and 
thereby affect overall risks to populations. A definitive conclusion on these 
predicted impacts requires more information on the demographics of rare 
and local populations of birds than is currently available.

For bats, the question draws attention to the almost complete lack 
of data for population estimates of any species considered here, either on 
a regional or continental scale (Kunz et al. 2007). A risk assessment of 
biological impacts typically requires knowledge of baseline populations. 
Nonetheless, the numbers of fatalities projected above for bats in the Mid-
Atlantic Highlands suggest that bat populations might be at risk, because 
they reflect fatality rates as high as or higher than fatality rates that have 
been reported for bats from other measurable anthropogenic sources (Kunz 
et al. 2007).

CONCLUSIONS AND RECOMMENDATIONS

Our understanding of the ecological effects of wind-energy develop-
ment in the Mid-Atlantic Highlands region and elsewhere is limited by 
minimal monitoring efforts at existing wind-energy facilities and by poor 
understanding of key aspects of species ecology, of causal mechanisms 
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underlying fatalities at wind-energy facilities, and of the reliability of our 
projections of fatalities at wind-energy facilities. This section contains the 
committee’s conclusions about the known and potential ecological effects 
of wind-energy projects, identification of information needs, and recom-
mendations for research and monitoring.

Ecological Effects of Wind-Energy Projects

• While research and monitoring studies admittedly are limited, a 
synthesis of the existing studies indicates that adverse effects of wind-
energy facilities on ecosystem structure and functioning have occurred. 
This knowledge should be used to guide decisions on planning, siting, and 
operation.

• Wind turbines cause fatalities of birds and bats through collision, 
most likely with the turbine blades.

• Species differ in their vulnerability to collision. The probability of 
fatality is most likely a function of abundance, local concentrations, and 
the behavioral characteristics of species.

• Migratory tree-roosting bat species appear to be most susceptible 
to direct impacts. To date, the highest fatality rates have been reported in 
the Mid-Atlantic Highlands, although recent evidence suggests that bats 
from grassland and agricultural landscapes may also experience high fatal-
ity rates. Migratory tree bats constitute over 78% of all fatalities reported 
at wind-energy facilities, and thus appear to be killed disproportionately to 
highly colonial species. To date, no endangered species have been reported 
being killed at existing wind-energy facilities, although only a few sites have 
been monitored. Increased risks are expected as more wind-energy facilities 
are developed. Risks of fatalities to bats in the southwestern United States, 
especially in Texas, where large wind-energy facilities exist and have been 
proposed, are largely unknown because data have not been reported for 
most of these facilities.

• Abundance interacts with behavior to influence exposure of breed-
ing passerines, raptors, and bats to the risk of collisions. Raptors appear to 
be the most vulnerable to collisions. On average raptors constitute 6% of 
the reported fatalities at wind-energy facilities, yet they are far less abun-
dant than most other groups of birds (e.g., passerines). By contrast, crows, 
ravens, and vultures are among the most common species seen flying within 
the rotor-swept area of turbines, yet they are seldom found during carcass 
surveys. Nocturnally migrating passerines are the most abundant species at 
most wind-energy facilities and are the most commonly reported fatalities. 
Nonetheless, fatalities among passerines vary more than can be explained 
by abundance alone.

• Species differ in the extent to which their fatalities are discovered 
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and publicized. Small birds and bats are more difficult to find than others 
during planned searches and incidentally. Large birds such as raptors are 
more easily seen, and are often more publicized because of their charismatic 
status and perceived importance in the environment.

• The location of wind-energy facilities on the landscape (e.g., ag-
ricultural lands, ridge tops, canyons, grasslands) influences bird and bat 
fatalities. Available evidence suggests that fatalities are positively correlated 
with bird abundance. Landscape features influence density by concentrat-
ing prey or through providing favorable conditions for other activities such 
as nesting, feeding, and flying (e.g., updrafts for raptor soaring and linear 
landscapes for bats).

• The characteristics (e.g., rotor-swept area, height, support struc-
ture, lighting, number of turbines) of wind-energy facilities may act syner-
gistically to cause bird and bat fatalities. Newer, larger turbines installed on 
monopoles may cause fewer bird fatalities per MW than the smaller, older, 
lattice-style turbines, but the ability to determine the significance of these 
characteristics is limited by sparse data; in addition, other factors such as 
the local and regional abundances of birds and bats and landscape varia-
tion confound understanding of the effects of turbine characteristics noted 
above.

• The lack of estimates of population sizes and other population 
parameters for birds and bats and the lack of multiyear studies at most 
existing wind-energy facilities make it difficult to draw general conclu-
sions about how wind turbines and population characteristics interact to 
influence mortality of birds and bats. In addition, lack of replication of 
studies among facilities and years makes it impossible to evaluate natural 
variability, in particular unusual episodic events, in relation to fatalities 
and to predict the potential for future population effects. It is essential that 
the potential for population effects be evaluated as wind-energy facilities 
become more numerous.

• Fatality rates of migratory tree bats appear to be high in some 
landscapes (e.g., forested ridge tops), although almost nothing is known 
about the population status of these species, and the biological significance 
of reported fatalities. Nonetheless, this lack of data on bat populations 
points to a critical need to evaluate the status of these and other species 
that may be at risk, especially as wind-energy facilities proliferate, and a 
need to evaluate where major cumulative impacts could be expected.

• The construction and maintenance of wind turbines and associated 
infrastructure (e.g., roads) alters ecosystem structure through vegetation 
clearing, soil disruption, and potential for erosion and noise.

• Based on similar types of construction and development, it is likely 
that wind-energy facilities will adversely alter ecosystems indirectly, espe-
cially through the following cumulative impacts:
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1. Forest clearing resulting from road construction, transmission 
lines leading to the grid, and turbine placements represents perhaps the 
most significant potential change through habitat loss and fragmenta-
tion for forest-dependent species. This impact is particularly important 
in the Mid-Atlantic Highlands, because wind-energy projects there all 
have been constructed or proposed in forested areas.

2. Changes in forest structure and the creation of openings may 
alter microclimate and increase the amount of forest edge.

3. Plants and animals throughout the ecosystem respond dif-
ferently to these changes, and particular attention should be paid to 
species listed under the ESA and species of concern (Appendix C) that 
are known to have narrow habitat requirements and whose niches are 
disproportionately altered.

Information Needs

Here we identify information needs related to understanding, pre-
dicting, and managing bird and bat fatalities and landscape and habitat 
alterations. For each of these categories we suggest important information 
needs that we judge should be given the highest priority for monitoring 
and research based on our collective understanding of the issues, weighed 
by tractability and best practices. The following recommendations are not 
meant to apply to every situation and should be modified given the char-
acteristics of the site being developed, the species of concern, the results 
of pilot studies, and the amount of information applicable to that site. If 
wind-energy development continues in a region, research and monitoring 
protocols should evolve as more becomes known.

Research is needed to develop mitigation approaches for existing facili-
ties and to aid in assessing risk at proposed facilities. The latter is particu-
larly important in landscapes where unusually high bird and bat fatalities 
have already been reported and in regions where facilities are planned 
where little is known about migration, foraging, and fatalities associated 
with wind-energy facilities (e.g., the Mid-Atlantic Highlands and the south-
western United States).

Following accepted scientific protocols, hypotheses should be devel-
oped to help address unanswered questions. Testing hypotheses promises 
to provide science-based answers that will help inform developers, deci-
sion makers, policy makers, and other stakeholders concerning actual and 
expected impacts of wind-energy development on bat and bird population 
and on landscapes and habitats of other animals that might be altered by 
construction.

Some of these information needs are beyond the scope of any individual 
developer (e.g., population status of affected species). Therefore, a collab-
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orative effort by industry and agencies to fund the necessary research to 
address these overarching questions should be initiated. Other information 
could be developed as part of the permitting process. Decision makers could 
require owners and developers to fund research and monitoring studies 
by qualified researchers at the proposed wind-energy facilities; developers 
and operators should provide full access (subject to safety and proprietary 
concerns) to researchers at existing wind-energy facilities. The research 
should be conducted openly and the protocols and results should be subject 
to peer review.

1. Follow established scientific principles in conducting monitoring 
studies and experiments.

2. Follow established research methods and metrics (summarized in 
Appendix C).

3. Evaluate the efficacy of tools needed to make reliable predictions 
that would assess measures to reduce the risk of fatalities (e.g., evaluate 
potential mitigation measures).

4. Develop new quantitative tools to predict fatalities at proposed and 
existing wind-energy facilities.

a. Develop estimates of exposure for use in evaluating fatalities 
and for estimating risk (e.g., radar studies at existing facilities 
in combination with fatality data to develop stronger risk-as-
sessment tools).

b. Improve tools and protocols that can discriminate migrating 
birds from migrating bats, operate in inclement weather, and 
provide cost-effective estimates of numbers and movements of 
flying birds and bats.

c. Develop models to predict risk based on geographic region, 
topography, season, weather, lunar cycles, and characteristics 
of different turbines.

d. Improve methods and metrics to determine the context of the 
number of fatalities related to the number of birds moving 
through the airspace (proportionality).

e. Identify potential biases associated with estimation of fatali-
ties, including necessary search effort (plot size, frequency of 
search, methods of searching), the probability that a carcass 
will be detected if present, and the probability that a carcass 
will be removed so that its detection probability is zero.

5. Encourage and conduct studies to support impact assessments.
a. Assess effects of changing technologies (e.g., larger turbines) 

on bird and bat fatalities.
b. Identify impacts of different types of lighting on bat and bird 

fatalities.
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c. Assess how different landscape features may affect bird and bat 
fatalities (mountain ridges, agriculture, grassland, canyons).

d. Assess how weather fronts influence bat and bird fatalities.
e. Identify bat and bird migratory patterns over space and time.
f. Determine whether migratory birds and bats adjust their mi-

gratory paths or exhibit other behaviors that may cause them 
to avoid turbines.

g. Determine whether fatalities from turbines reduce the breed-
ing or stopover density and reproductive success of birds and 
bats.

h. Conduct studies to identify methods of mitigating impacts of 
wind turbines on bats, birds, and other wildlife.

Hypothesis-Based Research on Bats

Knowledge about bat fatalities at wind-energy plants is very limited, 
mainly because the large number of bats killed has been recognized only 
recently. Eleven hypotheses are listed below, as examples, to help address 
how, when, where, and why bats are being killed at wind-energy facilities 
(Kunz et al. 2007). These hypotheses are not mutually exclusive, as several 
postulated factors might act synergistically to produce the high fatalities 
that have been reported.

• Linear-Corridor Hypothesis: Wind-energy facilities constructed 
along forested ridge tops create clearings with linear landscapes that are at-
tractive to bats. Bats frequently use these linear landscapes during migration 
and while commuting and foraging (Limpens and Kapteyn 1991; Verboom 
and Spoelstra 1999; Hensen 2004; Menzel et al. 2005a), and thus may be 
placed at increased risk of being killed (Dürr and Bach 2004).

• Roost-Attraction Hypothesis: Tree-roosting bats commonly seek 
roosts in tall trees (Pierson 1998; Kunz and Lumsden 2003; Barclay and 
Kurta 2007) and thus if wind turbines are perceived as potential roosts 
(Ahlén 2002, 2003; Hensen 2004), their presence could contribute to in-
creased risks of being killed when bats search for night roosts or during 
migratory stopovers.

• Landscape-Attraction Hypothesis: Modifications of landscapes 
needed to install wind-energy facilities, including the construction of wide 
power-access corridors and removal of trees to create clearings (usually 0.5-
2 ha) around each turbine site, create conditions favorable for insects on 
which bats feed (Lewis 1970; Grindal and Brigham 1998; Hensen 2004). 
Thus, bats that are attracted to and feed on insects in these altered land-
scapes may be at an increased risk of being killed by wind turbines.

• Low Wind-Velocity Hypothesis: Fatalities of aerial feeding and 
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migrating bats are highest on nights during periods of low wind velocity 
(Fiedler 2004; Hensen 2004; Arnett 2006), in part because flying insects 
are most active under these conditions (Ahlén 2002, 2003).

• Heat-Attraction Hypothesis: Flying insects are attracted to the heat 
produced by nacelles of wind turbines (Corten and Veldkamp 2001; Ahlén 
2002, 2003; Hensen 2004). As bats respond to high densities of flying in-
sects near wind turbines, they may be at increased risk of being struck by 
turbine blades.

• Acoustic-Attraction Hypothesis: Bats are attracted to audible and 
ultrasonic sound produced by wind turbines (Schmidt and Joermann 1986; 
Ahlén 2002, 2003). Sounds produced by the turbine generator and the 
swishing sounds of rotating turbine blades may attract bats, thus increasing 
risks of collision and fatality.

• Visual-Attraction Hypothesis: Insects flying at night are visually 
attracted to wind turbines (von Hensen 2004). Inasmuch as bats may feed 
on those insects, they become vulnerable to collisions with the turbine 
blades.

• Echolocation-Failure Hypothesis: Migrating and foraging bats fail 
to detect wind turbines by echolocation, or miscalculate rotor velocity 
(Ahlén 2002, 2003). If bats are unable to detect the moving turbine blades, 
they may be struck and killed directly.

• Electromagnetic-Field Disorientation Hypothesis: If bats have re-
ceptors sensitive to magnetic fields (Buchler and Wasilewski 1985), and 
wind turbines produce complex electromagnetic fields in the vicinity of the 
nacelle, the flight behavior of bats may be altered by these fields and thus 
increases their risk of being killed by rotating turbine blades.

• Decompression Hypothesis: Bats flying in the vicinity of turbines 
may experience rapid decompression (Dürr and Bach 2004; Hensen 2004). 
Rapid pressure change may cause internal injuries or disorientation, thus 
increasing risk of death.

• Thermal-In�ersion Hypothesis: The altitude at which bats migrate 
and/or feed may be influenced by thermal inversions, forcing them to the al-
titude of rotor-swept areas (Arnett 2005). The most likely impact of thermal 
inversions is to create dense fog in cool valleys, possibly concentrating both 
bats and insects on ridges, and thus encouraging bats to feed over the ridges 
on those nights, if for no other reason than to avoid the cool air and fog.

Research Recommendations

Research should focus on two general lines of inquiry, including meth-
odological research addressing improved tools and monitoring protocols 
as necessary, and hypothesis-driven research to provide information that 
will help inform developers, decision makers, policy makers, and other 
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stakeholders to deal with actual and expected impacts of wind-energy de-
velopment on populations and ecosystems.

At a national scale, it would be appropriate to identify multiyear 
research goals that place the impacts of wind-energy development into a 
broad environmental perspective. Research initiatives should be encour-
aged to identify biological impacts of wind-energy development, and com-
pare these impacts and risks with those of competing power-generating 
technologies.

Research should focus on regions and sites where existing and new in-
formation suggest the greatest potential for biologically significant adverse 
impacts on birds and bats at proposed and existing wind-energy facilities. 
For example, while current evidence suggests that bat fatalities have been 
the highest at wind-energy facilities in forested mounted ridge tops in the 
Mid-Atlantic Highlands, recent monitoring studies in agricultural land-
scape in the Midwest and at wind-energy facilities in southwestern Alberta, 
Canada, suggest that fatality rates of migratory tree bats may be as high 
as those reported for the Mid-Atlantic Highlands. We also expect that 
high bat fatalities are occurring or will occur in the southwestern United 
States, where large numbers of Brazilian free-tailed bats form maternity 
colonies (McCracken 2003), and where there is high bat-species richness 
(O’Shea and Bogan 2003). However, to date, no appropriately designed 
fatality surveys have been reported at wind-energy facilities in this region. 
Given the observed geographic variation in fatality rates of both birds and 
bats, research is needed to evaluate where the risks or fatalities are high so 
that similar areas can be avoided. Improved assessments, with a focus on 
evaluation of causes and cumulative impacts, should be an urgent research 
priority. Proceeding with large-scale development of wind-energy facilities 
before identifying risks likely threatens both bats and the public acceptance 
of wind energy as an environmentally friendly form of energy (Kunz et al. 
2007). Thus, the initial developments should be used as an opportunity 
to understand the risks before the full wind-energy potential of the Mid-
 Atlantic Highlands is developed.

The highest priority for avian habitat is the quantification and predic-
tion of habitat impacts, including loss because of the spatial demands of 
wind-energy facilities (e.g., roads and turbine pads) and displacement im-
pacts because of behavioral response or habitat degradation, particularly on 
forest-dwelling and shrub-steppe and grassland birds. In addition, the role 
of wind in large-scale fragmentation of habitat for species dependent on 
forests should be evaluated. Finally, the impact of habitat loss or modifica-
tion should be evaluated in terms of the potential for demographic impacts 
on ground-nesting birds.

Clearly defined pre- and post-construction studies are needed to inform 
decision makers about the feasibility of constructing a new project and 
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mitigating the adverse effects of existing facilities. The studies should be 
replicable and compared with other studies conducted in areas with similar 
topography and habitat. Where appropriate, pre- and post-construction 
studies should be conducted as recommended below.

• Pre-siting Studies
1. Conduct pre-siting studies that allow the comparison of 

 multiple sites when making decisions about where to develop wind 
energy.

2. Identify species of special concern and their habitat needs; 
these include species listed under the federal ESA, such as the West 
Virginia northern flying squirrel, as well as species listed by the appro-
priate state, such as the Allegheny woodrat.
• Pre-construction Studies

1. Conduct regional assessments to identify species of concern, 
including those vulnerable to direct impacts and those vulnerable to 
habitat loss.

2. Develop pre-construction estimates of potential biological sig-
nificance of fatalities based on estimated fatality rates and demograph-
ics of the species of concern.

3. Conduct multiyear studies when appropriate to assess daily, 
seasonal and interannual variability of bird and bat populations.

4. Establish species-specific abundance, periods of use (both sea-
sonally and within a day), and behavior in relation to proposed turbines 
placement locally, regionally, and nationally.

5. Identify habitat characteristics for birds, bats, and other ani-
mals, such as topography and types of vegetation at each proposed 
sites.
• Post-construction Studies

1. Conduct full-season, multiyear, post-construction studies where 
appropriate to assess variability of bird and bat fatalities.

2. Identify number, species composition, and timing of fatalities.
3. Estimate the biological significance of bird and bat fatalities.
4. Clarify the relationship of small-scale (e.g., habitat distur-

bance and species displacement) versus large-scale impacts (e.g., land-
scape alteration and fragmentation) of development on bird and bat 
populations.

5. Conduct experiments to test alternative mitigation procedures 
(strategic shutdowns, feathering, blade painting and other potential 
deterrents, and lighting) that could avoid or reduce current fatality 
rates—independent of a meta-analysis to assess biological significance 
and adverse cumulative impacts.
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• General
1. Develop predictive and risk-assessment models of potential 

cumulative impacts of proposed wind-energy facilities, based on moni-
toring studies and hypothesis-based research.

Summary

More information is needed on the characteristics of bird and bat fa-
talities at wind facilities in all regions of the county, and in particular areas 
that are relatively unstudied such as the Mid-Atlantic Highlands, the arid 
southwest, and coastal areas. Turbine characteristics, turbine siting, and 
abundance appear to be important factors in determining the risk of rap-
tor fatalities at wind-energy facilities. Compared to relatively high raptor 
fatalities at some older facilities in California, direct impacts of wind-energy 
development on passerines at the current level of development appear to 
be minimal. At current levels of development existing data suggest that 
new-generation turbines (e.g., fewer turbines mounted on monopoles with 
greater rotor-swept zones) may cause lower bird fatalities in agricultural 
and grassland areas than older smaller turbines have caused in California. 
Data on bird fatalities are absent for many existing wind-energy facilities, 
particularly in Texas and the southwestern United States. Additionally, 
new areas are being proposed for development where no previous data on 
bird and bat fatalities exist. It is important to assess impacts in existing 
and new areas to determine if trends are consistent with existing informa-
tion. In particular, only two short-term post-construction studies have been 
conducted in the Mid-Atlantic Highlands and any new facilities should be 
used as learning opportunities.

Additional information also is needed to characterize bat fatalities in 
all regions of the country where wind-energy development has occurred or 
where it is expected. Most wind-turbine-related bat fatalities in the United 
States have been of migratory species. To date, no fatalities of federally 
listed bat species have been documented, although as wind-energy devel-
opment increases geographically, some threatened and endangered species 
could be at risk. Among the studies that have been conducted, the highest 
bat fatality rates appear to occur episodically in late summer and early 
autumn during periods of relatively low wind speeds (< 6 m/sec), at times 
when wind-energy generation is low, especially following passing weather 
fronts. To date, few studies have evaluated fatalities during spring migration 
or during the summer maternity period. Moreover, among fatality surveys 
that have been conducted, few have consistently corrected results for ob-
server bias and scavenger removal, protocols that are needed to provide 
reliable data on fatalities. While current evidence suggests that the high-
est fatality rates are of migratory tree-roosting species along ridge tops in 
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eastern deciduous forests, recent evidence suggests that similar fatality rates 
may occur in some agricultural and grassland regions. Bats in other regions 
of the country that have high wind capacity and are currently undergoing 
rapid wind-energy development (e.g., southwestern United States), where 
some of the largest bat colonies in North America are known, may be at 
considerable risk from wind-energy development during both migratory 
and maternity periods. Projected development of wind-energy facilities 
throughout the United States should be evaluated for cumulative impacts 
on different species considered at risk.
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4

Impacts of Wind-Energy 
Development on Humans

INTRODUCTION

Although they have some unusual characteristics, such as visibility at 
a distance, wind-energy projects are not unique in their impacts on people. 
They share many characteristics with other projects—not only energy-
production projects but also landfills, waste incinerators, etc.—that create 
both benefits and burdens. In considering how to undertake local interac-
tions and how to temper negative socioeconomic impacts while enhancing 
benefits, much can be learned from past experiences with other potentially 
controversial issues.

One important lesson—and an important prelude to this chapter—is 
that concern about visual, auditory, and other impacts is a natural reac-
tion, especially when the source of the impacts is or will be close to one’s 
home. The project’s potential for negative impacts as well as benefits, and 
the fact that different people have different values as well as different levels 
of sensitivity, are important aspects of impact assessment.

This chapter addresses some key potential human impacts, positive 
and negative, of wind-energy projects on people in surrounding areas. The 
impacts discussed here include aesthetic impacts; impacts on cultural re-
sources such as historic and archeological sites and recreation sites; impacts 
on human health and well-being, specifically, from noise and from shadow 
flicker; economic and fiscal impacts; and the potential for electromagnetic 
interference with television and radio broadcasting, cellular phones, and 
radar.

The topics covered in this chapter do not represent an exhaustive list 
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of all possible human impacts from wind-energy projects. For example, 
we have not addressed potentially significant social impacts on community 
cohesion, sometimes exacerbated by differences in community make-up 
(e.g., differences in values and in amounts and sources of wealth between 
newcomers and long-time residents). Also not covered are psychological 
impacts—positive as well as negative—that can arise in confronting a con-
troversial project (Gramling and Freudenburg 1992; NRC 2003). We have 
not focused on these matters because they can vary greatly from one local 
region or project site to another; and also as a function of population den-
sity and local and regional economic, social, and economic conditions; and 
in other ways. As a result, it is very difficult to generalize about them. In 
addition, not covered in this chapter but discussed elsewhere in this report 
(see especially Chapter 2) are diffuse health and economic effects of wind-
energy projects. The topics covered in this chapter are, however, the chief 
local environmental impacts that have been recognized to date.

Thus far, there has been relatively little dispassionate analysis of the 
human impacts of wind-energy projects. Much that has been written has 
been from the vantage points of either proponents or opponents. There also 
are few data that have been systematically gathered on these impacts. In 
the absence of extensive data, this chapter is focused mainly on appropriate 
methods for analysis and assessment and on recommended practices in the 
face of uncertainty. Several of the methods discussed follow general prin-
ciples and practice in socioeconomic impact assessments conducted as part 
of environmental impact statements; nevertheless, the chapter is tailored 
to the potential local human impacts of wind-energy projects and to their 
predominantly rural settings.

Wind-energy projects, like other potentially controversial develop-
ments, vary in their social context and thus in their social complexity. In 
this chapter, comments and methodological recommendations are directed 
toward relatively complex wind-energy facilities such as those being pro-
posed for the Mid-Atlantic Highlands. While still applicable to smaller, 
less controversial installations, recommended methods should be simplified 
accordingly.

AESTHETIC IMPACTS

Aesthetics is often a primary reason for expressed concern about wind-
energy projects (Figure 4-1). Unfortunately, few regulatory review processes 
adequately address aesthetic issues, and far fewer address the unique aes-
thetic issues associated with wind-energy projects in a rational manner. 
This section begins by describing some of the aesthetic issues associated 
with wind-energy projects. It then discusses existing methods for iden-
tifying visual resources and evaluating visual impacts in general, and it 
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provides recommendations for adapting those methods to the assessment 
of visual impacts associated with wind-energy projects. Finally, the section 
briefly examines the potential for developing guidelines to protect scenic 
resources when planning for, siting, and evaluating prospective wind-energy 
projects.

Visual impacts are the focus of this discussion of aesthetic impacts, but 
noise is considered to the extent that it is related to the overall character 
of a particular landscape. Noise and shadow flicker are discussed further 
in this chapter, under the section addressing potential impacts on human 
health and well-being associated with wind-energy projects.

Aesthetic Issues

The essence of aesthetics is that humans experience their surroundings 
with multiple senses. We often have a strong attachment to place and an 
inherent tendency to protect our “nest.” Concern over changes in our per-
sonal landscapes is a universal phenomenon; it is not limited to the United 
States or to the present day. Public perceptions of wind-energy projects 
vary widely. To some, wind turbines appear visually pleasing, while others 
view them as intrusive industrial machines. Unlike some forms of develop-
ment (e.g., cell towers), there are many people who find wind turbines to 

FIGURE 4-1 View of Mountaineer Project from .5 mile. The project includes a 
total of 44 wind turbines.
SOURCE: Photograph by Jean Vissering.

4-1
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be beautiful. Nevertheless, even beautiful objects may not be desirable in 
one’s current surroundings. Research has shown strong support for wind 
energy generally but substantially less support for projects close to one’s 
home (Thayer and Hansen 1989; Wolsink 1990; Gipe 2002).

There are a number of reasons why proposed wind-energy projects 
evoke strong emotional reactions. Modern wind turbines are relatively 
new to the United States. Some of the early projects were built in remote 
areas, but increasingly, they are being built in or proposed for areas that 
are close to residential and recreational uses, and often in areas never be-
fore considered for industrial land uses. They must be sited where wind 
resources, transmission lines, and access exist; in some cases, particularly 
in the eastern United States, these sites are relatively high in elevation (e.g., 
mountain ridgelines) and highly visible. Some projects extend over fairly 
extensive land areas, though only small portions of the area are occupied 
by the turbines themselves. The turbines1 often are taller than any local 
zoning ordinance ever envisioned, and they are impossible to screen from 
view. The movement of the blades makes it more likely that they will draw 
attention (Thayer and Hanson 1988; Gipe 2002).

Federal Aviation Administration obstruction lighting (pulsing red or 
white lights at night) is another aesthetic issue, and one that may result in 
some of the greatest aesthetic concerns (Hecklau 2005). In addition, wind 
turbines may produce noise, and the movement of the blades can result in 
shadow flicker from certain vantage points. Both the noise and the shadow 
flicker can be aesthetically troubling for some people who live nearby. 
While less concern has been raised about other project infrastructure such 
as meteorological towers, roads, power lines, and substations along with 
their associated site clearing and regrading, these can also result in nega-
tive visual impacts. Finally, a lack of regulatory guidance and stakeholder 
participation can contribute to fears of cumulative impacts if numerous 
projects are within a single viewshed.

Based on the few studies that have been conducted, it appears that de-
spite low public acceptance during the project-proposal phase, acceptance 
levels generally have increased following construction (Thayer and Hanson 
1989; Wolsink 1990; Palmer 1997). It is possible to find communities that 
identify their local wind projects as tourist attractions. Part of the positive 
image many people hold is linked to wind energy’s “green image” and spe-

1 Currently (late 2006), the most common commercial turbines being installed in the United 
States are 1.5 MW machines, usually 65-80 meters tall to the center of the rotor with rotor 
diameters of around 70 meters. The material in this chapter applies to turbines of this size. 
At several sites in the United States, 2.5 MW turbines are being used but are not yet in wide-
spread use. 

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

144 ENVIRONMENTAL IMPACTS OF WIND-ENERGY PROJECTS

cifically to its potential for replacing CO2-emitting electricity sources, with 
the hopeful prospect of reducing air pollution and global warming.

When evaluating the visual impacts of wind-energy projects, the es-
sential question is not whether people will find them beautiful or not, but 
instead to what degree they may affect the important visual resources in the 
surrounding area. It is impossible to predict how any one individual will 
react to a wind-energy project. It is, however, possible to identify the visual 
character and scenic resources of a particular site and region. Evaluating 
the aesthetic impacts of wind-energy projects needs to focus on the rela-
tionship of the proposed project to the scenic landscape features of the site 
and its surrounding context. The factors that contribute to scenic quality 
can be identified and described with reasonable accuracy (Appleton 1975; 
Zube and Mills 1976; Litton 1979). This is especially true when viewing 
natural landscapes. Preferences are harder to predict for altered landscapes, 
although particular qualities of such landscapes have been identified in 
research of human preferences (Palmer 1983; Smardon et al. 1986). Nev-
ertheless, we know enough to develop meaningful processes for reviewing 
aesthetic impacts. Despite the tremendous importance of a wind-energy 
project’s aesthetic impacts, especially on nearby residents, this issue is too 
often inadequately addressed.

Current Information

There is a growing body of information concerning the aesthetic im-
pacts of wind-energy projects. The National Wind Coordinating Committee 
(NWCC) provides general outlines of aesthetic issues and some examples of 
local ordinances addressing wind-energy projects. The latter are very basic 
and do not address the broader issues of protecting particular landscape 
values. More comprehensive are the Proceedings of the NWCC Siting Tech-
nical Meeting (December 2005), which cover a range of relevant topics and 
provide a useful bibliography. The visual issues are addressed at length by 
Pasqualetti et al. (2002). While providing an excellent overview, that book 
predates the use of modern 1.5-3 MW turbines. And while it provides excel-
lent guidance for mitigating impacts, it does not address siting or landscape 
characteristics. Research on public perceptions of specific wind-energy 
projects is fairly common in Europe (both pre- and post-construction stud-
ies), but there are fewer examples in the United States (Stanton 2005). Of 
those in the United States, most are focused on western landscapes (Thayer 
and Hansen 1989), while few are focused on eastern landscapes, including 
wooded ridgelines. While such studies are useful in understanding pub-
lic reactions generally, visual impacts are largely site-specific (Pasqualetti 
2005). Other available resources include legal and regulatory guidelines 
for review of wind-energy projects. New York’s State Environmental Qual-
ity Review Act (SEQRA) is one of the more explicit in the eastern United 
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States in terms of specifying what applicants need to submit and what will 
be considered (NYSDEC 2005; NYSERDA 2005a). Maine’s Department of 
Environmental Protection adopted similar language in its environmental-
review process (MEDEP 2003). In addition, there are several visual resource 
methods used for identifying scenic landscapes and for addressing visual 
impacts. Some important ones are discussed below.

Visual Assessment Methods

Two complementary approaches have been used to identify scenic re-
sources and assess the impacts of proposed development projects. The first 
often is called a “professional approach” and relies on an individual or 
group with training in visual-resource and visual-impact assessment. These 
assessments rely on the research concerning human perceptions of land-
scapes (USFS 1979; Smardon et al. 1986) and on the adaptation of well-es-
tablished methods for evaluating scenic landscape quality and for assessing 
visual impacts on particular landscapes. The second approach involves an 
assessment of public perceptions, attitudes, and values concerning a pro-
posed project and its visual impacts on scenic resources. Landscapes are 
complex and imbued with cultural meaning that may not be understood by 
outside professionals. Techniques for assessing public perceptions, values, 
and attitudes include surveys, public meetings, interviews, and forums as 
well as examination of public documents identifying valued scenic resources 
(Smardon et al. 1986; Priestley 2006).

Among the best known and established methods for evaluating the 
scenic attributes of landscapes are the Visual Management System (USFS 
1974) and the later Scenery Management System (USFS 1995) established 
by the U.S. Forest Service (USFS). Similarly, the U.S. Bureau of Land Man-
agement (BLM) uses a method called Visual Impact Assessment. The USFS 
and the BLM assessment methods have been used and adapted by numer-
ous state and local agencies either for planning purposes (e.g., identifying 
scenic landscapes) or for assessing the impacts of proposed projects such as 
highways, ski areas, power plants, and forest harvesting (MADEM 1982; 
Smardon et al. 1986; RIDEM 1990).

While these methods are useful starting points, federal agencies such as 
the USFS usually go further in managing visual impacts on federal lands: 
they generally have plans in place that identify scenic values and set accept-
able thresholds for alterations to the landscape. Even with detailed plans, 
these methods often fall short of providing meaningful guidance for evalu-
ating the visual impacts of projects such as wind-energy facilities.

Most wind-energy projects are proposed on private land where there 
is far less guidance, especially with respect to evaluating aesthetic impacts. 
Many regulatory requirements adopted by states focus only on the tools for 
understanding the visibility of projects and fail to describe how visual im-
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pacts should be evaluated. In other words, most processes are not very suc-
cessful in addressing questions of what landscape or project characteristics 
would make a project aesthetically unacceptable or the impacts “undue.”

Below we outline a process for evaluating the conditions under which 
the aesthetic impacts of a proposed wind project might become unaccept-
able or “undue” in regulatory terms.

An Assessment Process for Evaluating the Visual 
Impacts of Wind-Energy Projects

The following steps summarize a process for moving from collect-
ing measurable and observable information about visibility and landscape 
characteristics to analyzing the significance and importance of the visual 
resources involved and the effects of the proposed project on the land-
scape character and scenic resources of the surrounding area. Finally and 
most important, this process helps to inform the regulatory process about 
whether a proposed project is acceptable as designed, potentially acceptable 
with appropriate mitigation techniques, or unacceptable. The steps outlined 
below are described in greater detail in Appendix D.

Project Description

All site alterations that will have potential visual impacts must be 
identified by the developer in detail. These should include the turbine char-
acteristics (height, rotor diameter, color, rated noise levels, proposed light-
ing) as well as the number of turbines and their locations; meteorological 
towers; roads; collector, distribution, and transmission lines; permanent and 
temporary storage “laydown” areas; substations; and any other structures 
associated with the project. In addition, all site clearings should be identi-
fied, including clearings for turbines, roads, power lines, substations, and 
laydown areas. All site regrading should be presented in sufficient detail to 
indicate the amount of cut and fill, locations, and clearing required. This 
information forms the basis for the visual assessment.

Project Visibility, Appearance, and Landscape Context

Viewshed mapping, photographic and virtual simulations, and field in-
ventories of views are useful tools for determining with reasonable accuracy 
the visibility of the proposed project and for describing the characteristics 
of the views as well as identifying distinctive features within views (see Ap-
pendix D for more detail). Viewshed maps show areas of potential project 
visibility based on digital-elevation modeling. The modeling also can be 
used to determine the number of turbines that would be visible from a par-
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ticular viewpoint. Actual visibility must be field-verified as trees, buildings, 
and other objects may restrict views. Field inventories also are necessary to 
document descriptive characteristics of the view. Inventories normally focus 
on areas of public use within a 10-mile radius of a project (Box 4-1). These 
include public roads, recreation areas, trails, wilderness and natural areas, 
historic sites, village centers, and other important scenic or cultural features 
identified in planning documents or in public meetings.

Photomontages or simulations provide critical project information for 
analysis. They should most usefully illustrate visually sensitive viewpoints 
and a range of perspectives and distances. They should also illustrate 
“worst-case” conditions to the greatest extent possible (clear weather and 
leaf-off conditions). Excellent software is available for creating simulations, 
but the technical requirements for accuracy should be clearly understood 
and specified (see Appendix D).

Identifying impacts from private residences can be more difficult with-
out entering private property. Viewshed mapping can identify potential 
visibility. Geographic Information System (GIS) data generally provide 
additional information concerning existing vegetation and structures along 
with their primary use (residence, camp, or business). Providing regular no-
tices to residents within a certain distance of the project can offer a means 
of learning more about visibility from private properties.

BOX 4-1 
Area of Assessment: 10-Mile Radius

The	size	of	the	area	for	analysis	may	vary	from	location	to	location	depending	on	
the	particular	geography	of	the	area	and	on	the	size	of	the	project	being	proposed.	
Modern	wind	turbines	of	1.5-3	MW	can	be	seen	in	the	landscape	from	20	miles	
away	or	more	 (barring	 topographic	or	vegetative	screening),	but	as	one	moves	
away	from	the	project	itself,	the	turbines	appear	smaller	and	smaller,	and	occupy	
an	 increasingly	small	part	of	 the	overall	 view.	The	most	significant	 impacts	are	
likely	to	occur	within	3	miles	of	the	project,	with	impacts	possible	from	sensitive	
viewing	areas	up	to	8	miles	from	the	project.	At	10	miles	away	the	project	is	less	
likely	 to	result	 in	significant	 impacts	unless	 it	 is	 located	 in	or	can	be	seen	from	
a	particularly	sensitive	site	or	the	project	is	in	an	area	that	might	be	considered	
a	regional	focal	point.	Thus,	a	10-mile	radius	provides	a	good	basis	for	analysis	
including	viewshed	mapping	and	field	assessment	for	current	turbines.	 In	some	
landscapes	a	15-mile	radius	may	be	preferred	if	highly	sensitive	viewpoints	occur	
at	these	distances,	the	overall	scale	of	the	project	warrants	a	broader	assessment,	
or	if	more	than	one	project	is	proposed	in	an	area.	In	the	western	United	States,	
landscape	scale	and	visibility	may	require	a	larger	area	of	assessment.
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Scenic Resource Values and Sensitivity Levels

Some landscapes are more visually sensitive than others due to such 
factors as numbers of viewers, viewer expectations, and identified scenic 
values. Processes exist for determining the relative visual quality of land-
scapes, the features that contribute to visual quality, and the sensitivity 
levels of particular landscape features and their uses. These are outlined 
in Appendix D and also can be found in methods used by the USFS Visual 
Management System (USFS 1974) and its later Scenery Management Sys-
tem (USFS 1995). Scenic resources values can also be determined in public 
planning documents and through public meetings.

Assessment of Visual Impacts

Visual impacts vary considerably depending on the particular char-
acteristics of the project and its landscape context. Visibility of a project 
is only one of many variables that should be examined. Significant visual 
impacts generally arise because of the combination of many factors such 
as proximity of views, sensitivity of views, duration of views, the presence 
of scenic resources of statewide or national significance, and the scale of 
the project in relation to its setting (see Appendix D). Some examples of 
potentially significant impacts might include the following:

• The project is located within a scenic context and is viewed in 
close proximity, for an extended duration (e.g., broad area or linear miles) 
from a highly sensitive use area, especially one for which the enjoyment of 
natural scenery is important, and that is an identified resource of statewide 
or national significance.

• The project is located on a landform that is an important focal 
point that is highly visible throughout the region.

• The project is of a scale that would dominate views throughout a 
region (or 10-mile assessment area) so that few other scenic natural views 
would be possible without including turbines.

Mitigation Techniques

A well-designed project will incorporate a number of techniques into 
the planning and design of the project to minimize visual impacts, including 
sensitive siting and ensuring that project infrastructure is well screened from 
view. Establishing “Best Practice” Guidelines can help ensure that mini-
mum standards are met before project permit applications are submitted. 
Nevertheless, a thorough review by interested parties may result in further 
adjustments. If the visual impacts are deemed unacceptable, additional 
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mitigation techniques can be explored (see Appendix D). In some cases, 
however, mitigation techniques may not solve inherent concerns, and the 
project may be found to have “undue aesthetic impacts.”

Determination of Unacceptable or Undue Aesthetic Impacts

Guidance on when projects may be found unacceptable tends to be 
lacking or inadequate in many review processes. The information gathered 
in the above process can inform this decision by providing a detailed under-
standing of the particular issues involved in the visual relationship between 
the project and its surrounding context. Appendix D provides questions 
that could help determine the degree of visual impact.

Among the factors to consider are:

• Has the applicant provided sufficient information with which to 
make a decision? These would include detailed information about the 
visibility of the proposed project and simulations (photomontages) from 
sensitive viewing areas. New York’s SEQRA process offers an example of 
clearly identifying the information required and the mitigation measures 
that need to be considered.

• Are scenic resources of local, statewide, or national significance 
located on or near the project site? Is the surrounding landscape unique in 
any way? What landscape characteristics are important to the experience 
and visual integrity of these scenic features?

• Would these scenic resources be significantly degraded by the con-
struction of the proposed project?

• Would the scale of the project interfere with the general enjoyment 
of scenic landscape features throughout the region? Would the project ap-
pear as a dominant feature throughout the region or study area?

• Has the applicant employed reasonable mitigation measures in the 
overall design and layout of the proposed project so that it fits reasonably 
well into the character of the area?

• Would the project violate a clear, written community standard in-
tended to protect the scenic or natural beauty of the area? Such standards 
can be developed at the community, county, region, or state level.

Guidelines for Protecting Scenic Resources

Planning and Siting Guidelines

Siting guidelines that prospectively identify suitable and unsuitable 
locations for wind-energy projects have been considered in many regions. 
Problems with such guidelines arise, however. Each site is visually different, 
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local attitudes toward wind-energy development vary, and a wind developer 
must grapple with several non-aesthetic factors in locating a potentially 
developable site (e.g., willing property lessors, adequate wind resources, 
access to transmission lines, and a market for the electricity generated). 
Several combined approaches may be the most feasible. As discussed in 
more detail in Chapter 5, they would include the following:

• State and regional guidance providing criteria concerning site con-
ditions that may be inherently suited or unsuited to wind development 
due to particular scenic values, and/or sensitivity levels that would raise 
concerns requiring additional detailed study. Policies regarding aesthetic 
conditions and wind development on state-owned lands would also be 
appropriate.

• Local and state planning documents that identify valuable scenic, 
recreational, and cultural assets. Defining particular landscape attributes or 
other public values that contribute to the resources is helpful when making 
decisions concerning proposed landscape development proposals.2 In addi-
tion, insofar as a “comprehensive plan” is voted on by the local governing 
body, the plan may provide guidance to a developer as an expression of the 
will of the community.

• Statewide policies that address the relationship between the devel-
opment of wind energy and the protection of valuable scenic resources.

Guidelines for Evaluating Cumulative Aesthetic Impacts

While wind-energy development is relatively new in the United States, 
the potential for cumulative aesthetic impacts resulting either from several 
new projects in a particular region or from expansion of existing projects is 
likely to become an issue that may need to be addressed at local, regional, 
and state levels. The following questions could help to evaluate the poten-
tial for undue cumulative aesthetic impacts:

2 Clear and reasonably objective guidance is more useful than vague statements such as “the 
ridgelines in our town are valuable to our rural character and no development is allowed.” A 
statement that identifies the resource(s), its particular valued attributes, and appropriate and 
inappropriate development characteristics provides a clear written community standard. State-
ments that exclude wind development are generally not appropriate unless clear reasons are 
provided for this exclusion. For example, “the Town of Jonesville is characterized by the Green 
Range, which is composed of numerous hills and ridges. Several of the hills stand out because 
of their distinct shapes, including Mount Grant, Morris Mountain, and Jones Peak. Mount 
Grant is also valued for a popular hiking trail and the spectacular views looking west…” Such 
statements provide helpful guidance in decision making. In other words, a project located 
on another ridge but out of the view from the summit of Mount Grant might be acceptable, 
whereas a wind project located on Mount Grant probably would not be.
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• Are projects at scales appropriate to the landscape context?
• Are turbine types and sizes uniform within the wind resource area 

and over time?
• How great is the offsite visibility of infrastructure?
• Have areas that are inappropriate for wind projects due to terrain 

or important scenic, cultural, or recreational values been identified and 
described?

• If the project is built as proposed, would each region retain unde-
veloped scenic vistas?

• Would any one region be unduly burdened with wind-energy 
projects?

Considerations for Improving the Evaluation of Aesthetics and 
Implementation of Projects

• Accurate and detailed information about the visual appearance 
of all aspects of a proposed project is extremely important. Incomplete or 
inaccurate information often results in public mistrust.

• Generally, an area of 10 miles surrounding the project site is ad-
equate for viewshed mapping and field assessment for turbines of a size 
currently used in the United States. In some landscapes, a 15- to 20-mile 
radius may be preferred, especially if highly sensitive viewpoints occur at 
these distances, the overall scale of the project warrants a broader assess-
ment, or more than one project is proposed in an area.

• In evaluating the aesthetic impacts of wind-energy projects, the 
discussion should focus not on whether people find wind-energy projects 
attractive but on the characteristics of the landscapes in which the projects 
will be located; the particular landscape features that contribute to scenic 
quality; the relative sensitivity of viewing areas; and the degree of degrada-
tion that would result to valued scenic resources, especially documented 
scenic values.

• Computerized viewshed analyses provide useful information about 
potential project visibility but are best used as the basis for conducting field 
investigations. Within forested areas, views are likely to be minimal at best. 
The software allows more detailed analysis of numbers of turbines that can 
be seen from any one point.

• Photomontages and photo simulations are essential tools in under-
standing project visibility, and appearance. Accurate representations involve 
exact technical requirements, such as precise camera focal lengths, Global 
Positioning System records of the photo location, and digital elevation 
(GIS-based) software. The technologies are changing, and it is important 
that simulations are accurately constructed (Stanton 2005). Local planning 
boards and the general public should be consulted in determining photo-
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montage locations. They should illustrate sensitive or scenic viewpoints as 
well as “worst-case” situations such good weather conditions and the most 
scenic perspectives.

• An independent assessment of visual impacts by trained profession-
als can provide more unbiased information than assessments provided on 
behalf of either developers or other interested and affected parties, and can 
provide useful comparisons with those assessments.

• Meaningful public involvement is essential, and standards for pro-
viding information and opportunities for involvement can be helpful (see 
also Chapter 5).

• Equally important are perceptions of clear benefits from wind-en-
ergy projects. Aesthetic perceptions are linked to our sense of general well-
being. This has to do both with financial or material benefits (contributions 
to local taxes, payments for use of property, offsets such as protection of 
open space) and with making a real difference in terms of reducing pollu-
tion and CO2 levels (Damborg 2002).

• Towns, counties, regions, and states can provide helpful guidance 
to developers and decision makers by identifying landscape resources of 
value. This process is particularly useful when it is part of formally adopted 
documents such as comprehensive land-use plans, but it can also be used 
for developing guidelines.

• Wind-energy projects will not necessarily conflict with areas of 
moderate to high scenic quality, and may even appear more attractive in 
these settings. Problems can arise when the setting is an important regional 
focal point, or when a project will be seen close to highly sensitive viewing 
areas where a natural or intact landscape is important.

• The potential for cumulative impacts either from the location of sev-
eral projects within a region, or from future expansions of existing projects, 
could become a problem. Cumulative impacts cannot be addressed at the 
project or local scale, and so a regional or statewide perspective is needed.

• Scale is relative. The apparent size of a wind turbine in relation 
to its surrounding is most relevant. Despite their large sizes, modern wind 
turbines can fit well in many landscapes. Vertical scale is likely to be an 
issue primarily if the turbines appear to overwhelm an important ridgeline, 
focal point, or cultural feature that appears diminished in prominence due 
to the relative height of the turbines.

• The number of turbines or horizontal scale of wind projects will 
be an important determination of reasonable fit within a region. A project 
that dominates views throughout a region is more likely to have aesthetic 
impacts judged unacceptable than one that permits other scenic or natural 
views to remain unimpaired throughout the region. If residences, especially 
those not directly benefiting from a proposed project, are surrounded by 
wind turbines, adverse aesthetic impacts are likely to be reported.
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• Visual clutter often is adversely perceived and commonly results 
from the combination of human-made elements in close association that are 
of differing shapes, colors, forms, patterns, or scales. Generally simple and 
uniform arrays or groupings of wind turbines are more visually appealing 
than mixed types and sizes. Screening of associated infrastructure also is 
important in reducing visual clutter.

• Turbines with rotating blades have been shown to be more visu-
ally appealing than those that are still. Maintenance or removal of poorly 
functioning turbines can be important.

• Turbine noise usually is most critical within a half-mile of a project. 
Efforts to reduce potential noise impacts on nearby residents therefore may 
be most important within that distance.

• Decommissioning wind-energy projects appropriately would be 
considered in initial permit approvals. While some wind-energy projects 
may have longer life spans than originally anticipated, provisions are needed 
for removal of site structures that no longer contribute to the project, and 
for site restoration. Funding provided in escrow for decommissioning is 
sometimes essential.

• Obstruction lighting required on objects more than 200 feet tall 
often is an extremely important aesthetic concern. Eliminating or reducing 
major lighting impacts merits a high priority.

CULTURAL IMPACTS

Recreation

Wind-energy facilities create both positive and negative recreational 
impacts. On the positive side, many wind-energy projects are listed as tour-
ist sights: some offer tours or provide information areas about the facility 
and wind energy in general; and several are considering incorporating visi-
tor centers. Some developers allow open access to project sites that may 
provide additional opportunities for hunting, hiking, snowmobiling, and 
other activities.

There are two types of potential negative impacts on recreational op-
portunities: direct and indirect. Direct impacts can result when existing 
recreational activities are either precluded or require rerouting around a 
wind-energy facility. Indirect impacts include aesthetic impacts (addressed 
above) that may affect the recreational experience. These impacts can occur 
when scenic or natural values are critical to the recreational experience.

Most wind projects to date have been located on or proposed for pri-
vate land. Policies vary regarding public use around wind turbines on both 
private and public lands. At project sites, access roads are often gated to 
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prevent public access along roads, but projects are not usually fenced from 
public use, although signage may discourage use.

Evaluating Recreational Impacts

• In most cases, recreational uses will be identified in state and local 
documents and often on maps, although there may be times when recre-
ational uses are only locally known. Some developers conduct recreation 
surveys to determine recreational uses in the study area and attitudes of 
users toward the development of wind-energy projects. Recreational con-
cerns and interests are often identified in informal meetings and at public 
hearings. The USFS ranks recreational facilities as shown in Table 4-1. This 
provides an example that may need to be adapted by states or local com-
munities in evaluating the impacts of wind-energy facilities.

Most aesthetic and recreational-assessment methods identify relative 
“sensitivity levels” of recreational uses related to factors such as the amount 
of use and the expectations of users. A high sensitivity level does not neces-
sarily mean that a wind-energy facility should not be visible, but instead is 
an indication that further study is needed. The USFS defines the following 
levels for evaluating impacts on USFS recreational experiences:

• Sensitivity Level 1 areas (highly sensitive areas) include all areas 
seen from primary travel routes, use areas, and water bodies where a mini-
mum of one-fourth of the forest visitors have a major concern for the scenic 
qualities. Areas specifically considered to be highly sensitive include roads 
providing access to highly sensitive recreation sites (i.e., sites where a natu-
ral environment, non-motorized use, and quiet are characteristic); National 
Scenic or Recreation Trails; heavily used seasonal trails through areas rec-
ognized as scenic attractions; significant recreational streams; water bodies 
with heavy fishing, boating, swimming, and other uses highly dependent on 
viewing scenery; wilderness and primitive areas; and observation sites along 
highly sensitive travelways.

TABLE 4-1 U.S. Forest Service Recreational Facilities Rankings

Primary Use Areas/Travel Routes Secondary Use Areas/Travel Routes

National importance Local importance
High use volume Low use volume
Long use duration Short use duration
Large size Small size

SOURCE: Adapted from Visual Management System (USFS 1974) and the later Scenery 
Management System (USFS 1995).
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• Sensitivity Level 2 areas (“moderately sensitive locations”) include 
roads and trails on National Forest recreation maps that are not Level 1 or 
Level 3 and water bodies receiving low to moderate use.

• Sensitivity Level 3 areas (least sensitive areas) include travelways 
constructed primarily for non-recreation purposes such as timber access 
roads and utility line clearings, and areas where uses primarily depend little 
on scenic viewing (e.g., hunting or gathering fuel wood, Christmas trees, or 
berries).

Historic, Sacred, and Archeological Sites

In analyzing impacts on historic, sacred, and archeological sites, the 
primary concern is that no permanent harm should be done that would af-
fect the integrity of the site. Archeological inventories are generally required 
in most states before construction can begin. Some Native American tribes 
have sacred sites that may not be known to outsiders. Direct impacts (actual 
removal or physical harm) to historic, sacred, or archeological sites can be 
easily avoided in most instances.

Some states and localities have designated certain landscapes as having 
particular historical significance. For example, a proposed wind project 
in Otsego County, New York, that would have been located within the 
Lindesay Patent Historic District was later withdrawn.3 Designation of a 
historic district provides a reasonable indication of historic value, unique-
ness, and public concern for the resource. Whether or not a wind-energy 
project would damage the resource may depend on the specific nature of 
the historic resources involved.

The indirect effects on the experience of a historic or sacred site or 
area resulting from either seeing or hearing a wind-energy project nearby 
are not as well documented. Most historic sites are assumed to be part of 
evolving landscape contexts. Concerns generally would arise only when 
specific aesthetic or landscape attributes of the surrounding area are iden-
tified in the documentation of the site’s historic value. A setting where a 
multisensory experience has been re-created, such as at Plimoth Plantation 
in Massachusetts, might also warrant consideration. There, the visitor ex-
pects not just to see pre-revolutionary structures but to actually experience 
life at the time of the early settlers. A recent and currently unresolved case 
in Vermont concerned a historic Civilian Conservation Corps bath-house 
that was documented as having been sited to take advantage of scenic views 
down a lake where a proposed wind-energy facility would be visible. Unlike 

3 The proposed Global Harvest Wind Project was later withdrawn. Another currently pro-
posed project would be visible from sensitive resources within a historic district, but a deter-
mination on that project has yet to be made. 
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housing developments, wind-energy projects cannot be screened from view, 
except behind intervening topography and vegetation. Such issues are likely 
to arise as wind projects are proposed in cultural landscapes, and guidance 
as to what constitutes an undue impact to historic or sacred sites and areas 
will be necessary.

Evaluating Impacts on Historic, Sacred, and Archeological Sites

Historic, sacred, and archeological sites and settings must be regarded 
as sensitive sites. In most states, key historic sites are well documented and 
rated regarding their local, state, or national significance. State Offices of 
Historic Preservation, along with local historical societies, provide detailed 
information on historic sites and properties, and usually are involved in 
the review of proposed wind-energy projects. State archaeologists generally 
recommend specific guidelines for archaeological surveys, depending on 
the site involved. Archeological and sacred sites may be less well known. 
Documentation of these sites is essential. Good descriptive documentation 
will identify the particular values involved and the extent to which the con-
text or setting contributes to the structure or landscape and in what way. 
 Generally, the documentation of historic sites offers useful guidance to the 
value of the surrounding landscape to the interpretation of the resource, 
although the final determination probably should be done by experts. Most 
states are only now beginning to develop methods for reviewing onsite and 
offsite impacts of wind-energy facilities on historic sites (e.g., Vermont 
 Division for Historic Preservation 2007). Siting wind-energy projects in the 
vicinity of identified and documented historic or sacred landscapes as well 
as historic, sacred, and archeological sites is likely to “raise red flags.” The 
impacts of viewing wind facilities from historic or sacred landscapes will 
require similar kinds of analyses to those noted in Appendix D for aesthetic 
impacts; however, additional guidance from relevant experts is needed in 
this area.

IMPACTS ON HUMAN HEALTH AND WELL-BEING

Wind-energy projects can have positive as well as negative impacts on 
human health and well-being. The positive impacts accrue mainly through 
improvements in air quality, as discussed previously in this report. These 
positive impacts (i.e., benefits) to health and well-being are diffuse; they 
are experienced by people living in areas where conventional methods of 
electricity generation are used less because wind energy can be substituted 
in the regional market.

In contrast, to the extent that wind-energy projects create negative im-
pacts on human health and well-being, the impacts are experienced mainly 
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by people living near wind turbines who are affected by noise and shadow 
flicker.

Noise

As with any machine involving moving parts, wind turbines generate 
noise during operation. Noise from wind turbines arises mainly from two 
sources: (1) mechanical noise caused by the gearbox and generator; and 
(2) aerodynamic noise caused by interaction of the turbine blades with the 
wind. As described below (see “Noise Levels”), noise of greatest concern 
can be generally classified as being of one of these three types: broadband, 
tonal, and low-frequency.

The perception of noise depends in part on the individual—on a per-
son’s hearing acuity and upon his or her subjective tolerance for or dislike 
of a particular type of noise. For example, a persistent “whoosh” might be 
a soothing sound to some people even as it annoys others. Nevertheless, it 
appears that subjective impressions of the noise from wind turbines are not 
totally idiosyncratic. A 1999 study (Kragh et al. 1999) included a labora-
tory technique for assessing the subjective unpleasantness of wind-turbine 
noise. Preliminary findings indicated that noise tonality and noise-fluc-
tuation strength were the parameters best correlated with unpleasantness 
(Kragh et al. 1999).

Broadband, tonal, and low-frequency noise have all been addressed to 
some degree in modern upwind horizontal wind turbines, and turbine tech-
nologies continue to improve in this regard. With regard to the design of a 
wind-energy project, one is generally interested in assessing whether the ad-
ditional noise generated by the wind turbines (relative to the ambient noise) 
might cause annoyance or a hazard to human health and well-being.

Noise impacts also can result from project construction and mainte-
nance. These are generally of relatively short duration and occurrence but 
can include equipment operation, blasting, and noise associated with traffic 
into and out of the facility. These are not addressed in detail in this sec-
tion. In the following, a brief review of wind-turbine noise and its impacts 
is presented along with suggested methods for assessing such impacts and 
mitigation measures.

Noise Levels

Noise from wind turbines, at the location of a receptor, is described 
in terms of sound pressure levels (relative to a reference value, typically 
2 × 10–5 Pa) and is typically expressed in dB(A), decibels corrected or 
A-weighted for sensitivity of the human ear. Note that there is a difference 
between sound power used to describe the source of sound and sound pres-
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sure used to describe the effect on a receptor. The sound power level from 
a single turbine is usually around 90-105 dB(A); such a turbine creates a 
sound pressure of 50-60 dB(A) at a distance of 40 meters (this is about the 
same level as conversational speech). Noise (sound-pressure) levels from an 
onshore wind project are typically in the 35-45 dB(A) range at a distance 
of about 300 meters (BWEA 2000; Burton et al. 2001). These are relatively 
low noise or sound-pressure levels compared with other common sources 
such as a busy office (~60 dB(A)), and with nighttime ambient noise levels 
in the countryside (~20-40 dB(A)). While turbine noise increases with wind 
speed, ambient noises—for example, due to the rustling of tree leaves—
 increase at a higher rate and can mask the turbine noise (BLM 2005a).

In addition to the amplitude of the noise emitted from turbines, its fre-
quency content is also important, as human perception of sounds is different 
at different frequencies. Broadband noise from a wind turbine typically is a 
“swishing” or “whooshing” sound resulting from a continuous distribution 
of sound pressures with frequencies above 100 Hz. Tonal noise typically is 
a “hum” or “pitch” occurring at distinct frequencies. Low-frequency noise 
(with frequencies below 100 Hz) includes “infrasound,” which is inaudible 
or barely audible sound at frequencies below 20 Hz.

Mechanical sounds from a turbine are emitted at “tonal” frequencies 
associated with the rotating machinery, while aerodynamic sounds are typi-
cally broadband in character. Mechanical noise is generated from rotating 
components in the nacelle, including the generator and gearbox, and to 
a lesser extent, cooling fans, pumps, compressors, and the yaw system. 
Aerodynamic noise, produced by the flow of air over blades, is created by 
blades interacting with eddies created by atmospheric inflow turbulence. 
This broadband aerodynamic noise is generally the dominant type of wind-
turbine noise, and it generally increases with tip speed. Both mechanical 
and aerodynamic noise often are loud enough to be heard by people.

With older downwind turbines, some infrasound also is emitted each 
time a rotor blade interacts with the disturbed wind behind the tower, but 
it is believed that the energy at these low frequencies is insufficient to pose 
a health hazard (BWEA 2005). Nevertheless, a recent study by van den Berg 
(2004, 2006) suggests that, especially at night during stable atmospheric 
conditions, low-frequency modulation (at around 4 Hz) of higher frequency 
swishing sounds is possible. Note that this is not infrasound, but van den 
Berg (2006) states that it is not known to what degree this modulated 
fluctuating sound causes annoyance and deterioration in sleep quality to 
people living nearby.

Low-frequency vibration and its effects on humans are not well un-
derstood. Sensitivity to such vibration resulting from wind-turbine noise is 
highly variable among humans. Although there are opposing views on the 
subject, it has recently been stated (Pierpont 2006) that “some people feel 
disturbing amounts of vibration or pulsation from wind turbines, and can 
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count in their bodies, especially their chests, the beats of the blades pass-
ing the towers, even when they can’t hear or see them.” More needs to be 
understood regarding the effects of low-frequency noise on humans.

Assessment

Guidelines for measuring noise produced by wind turbines are provided 
in the standard, IEC 61400-11: Acoustic Noise Measurement Techniques 
for Wind Turbines (IEC 2002), which specifies the instrumentation, meth-
ods, and locations for noise measurements. Wind-energy developers are 
required to meet local standards for acceptable sound levels; for example, 
in Germany, this level is 35 dB(A) for rural nighttime environments. Noise 
levels in the vicinity of wind-energy projects can be estimated during the 
design phase using available computational models (DWEA 2003a). Gener-
ally, noise levels are only computed at low wind speeds (7-8 m/s), because 
at higher speeds, noise produced by turbines can be (but is not always) 
masked by ambient noise.

Noise-emission measurements potentially are subject to problems, how-
ever. A 1999 study involving noise-measurement laboratories from seven 
European countries found, in measuring noise emission from the same 500 
kW wind turbine on a flat terrain, that while apparent sound power levels 
and wind speed dependence could be measured reasonably reliably, tonality 
measurements were much more variable (Kragh et al. 1999). In addition, 
methods for assessing noise levels produced by wind turbines located in 
various terrains, such as mountainous regions, need further development.

Mitigation Measures and Standards

Noise produced by wind turbines generally is not a major concern for 
humans beyond a half-mile or so because various measures to reduce noise 
have been implemented in the design of modern turbines. The mechanical 
sound emanating from rotating machinery can be controlled by sound-iso-
lating techniques. Furthermore, different types of wind turbines have differ-
ent noise characteristics. As mentioned earlier, modern upwind turbines are 
less noisy than downwind turbines. Variable-speed turbines (where rotor 
speeds are lower at low wind speeds) create less noise at lower wind speeds 
when ambient noise is also low, compared with constant-speed turbines. 
Direct-drive machines, which have no gearbox or high-speed mechanical 
components, are much quieter.

Acceptability standards for noise vary by nation, state, and locality. 
They can also vary depending on time of day—nighttime standards are 
generally stricter. In the United States, the U.S. Environmental Protec-
tion Agency only provides noise guidelines. Many state governments issue 
their own regulations (e.g., Oregon Department of Environmental Quality 
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2006), and local governments often enact noise ordinances. Standards of 
acceptability need to be understood in the context of ambient (background) 
noise resulting from all other nearby and distant sources.

Shadow Flicker

As the blades of a wind turbine rotate in sunny conditions, they cast 
moving shadows on the ground resulting in alternating changes in light 
intensity. This phenomenon is termed shadow flicker. Shadow flicker is 
different from a related strobe-like phenomenon that is caused by intermit-
tent chopping of the sunlight behind the rotating blades. Shadow flicker 
intensity is defined as the difference or variation in brightness at a given 
location in the presence and absence of a shadow. Shadow flicker can be 
a nuisance to nearby humans, and its effects need to be considered during 
the design of a wind-energy project.

In the United States, shadow flicker has not been identified as causing 
even a mild annoyance. In Northern Europe, on the other hand, because 
of the higher latitude and the lower angle of the sun, especially in winter, 
shadow flicker can be a problem of concern.

Assessment

Shadow flicker is a function of several factors, including the location 
of people relative to the turbine, the wind speed and direction, the diur-
nal variation of sunlight, the geographic latitude of the location, the local 
topography, and the presence of any obstructions (Nielsen 2003). Shadow 
flicker is not important at distant sites (for example, greater than 1,000 
feet from a turbine) except during the morning and evening when shadows 
are long. However, sunlight intensity is also lower during the morning and 
evening; this tends to reduce the effects of shadows and shadow flicker. The 
speed of shadow flicker increases with wind-turbine rotor speed.

Shadow flicker may be analytically modeled, and several software 
packages are commercially available for this purpose (e.g., WindPro and 
GH WindFarmer). An online tool for simple shadow calculations for flat 
topography is also available (DWEA 2003b). These software packages gen-
erally provide conservative results as they typically ignore the numerous in-
fluencing factors listed above and only consider a worst-case scenario (i.e., 
no shadow or full shadow). Inputs to a shadow-flicker model in WindPro, 
for example, include a description of the turbine and site, the topography, 
the joint wind speed and wind direction distribution, and an average or 
distribution of sunshine hours. Typical output results include the number 
of shadow-hours per year; these are often represented by iso-lines or con-
tours of equal annual shadow-hours on a topographical map. Daily and 
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annual shadow variations may also be a part of the result (DWEA 2003b). 
A typical result might indicate, for example, that a house 300 meters from 
a 600 kW wind turbine with a rotor diameter of 40 meters will be exposed 
to moving shadows for approximately 17-18 hours annually, out of a total 
of 8,760 hours in a year (Andersen 1999).

Impacts

Shadow flicker can be a nuisance to people living near a wind-energy 
project. It is sometimes difficult to work in a dwelling if there is shadow 
flicker on a window. In addition to its intensity, the frequency of the shadow 
flicker is of importance. Flicker frequency due to a turbine is on the order 
of the rotor frequency (i.e., 0.6-1.0 Hz), which is harmless to humans. Ac-
cording to the Epilepsy Foundation, only frequencies above 10 Hz are likely 
to cause epileptic seizures. (For reference, frequencies of strobe lights used 
in discotheques are higher than 3 Hz but lower than 10 Hz.) If a turbine is 
close to a highway, the movement of the large rotor blades and possible re-
sulting flicker can distract drivers. Irish guidelines, for example, recommend 
that turbines be set back from the road at least 300 meters (MSU 2004).

Mitigation Measures

Shadow flicker is not explicitly regulated. When a maximum number 
of hours of allowed shadow flicker per year is imposed for a neighbor’s 
property (such as 30 hours/year for one wind-energy project in Germany), 
this number refers to those hours when the property is actually used by the 
people there and when they are awake. Denmark has no legislation regard-
ing shadow flicker, but it is generally recommended that there be no more 
than 10 hours per year when flicker is experienced.

Even in the worst situations, shadow flicker only lasts for a short time 
each day—rarely more than half an hour. Moreover, flicker is observed 
only for a few weeks in the winter season. To avoid even limited periods 
of shadow flicker, a possible solution is to not run the turbines during this 
time. Obviously, another solution is to site the turbines such that their 
shadow paths avoid nearby residences.

Since tools for estimation of shadow flicker are readily available, such 
calculations are routinely done while planning a wind-energy project. One 
such study was performed for the Wild Horse project in the state of Wash-
ington (Nielsen 2003). Using results presented in the form of shadow flicker 
maps and distributions, one can determine suitable locations for wind 
turbines. Recently, tools have become available (GH WindFarmer) that not 
only compute shadow flicker in real time during turbine operation, but also 
convey information to the turbine control system to enable shutdown if the 

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

162 ENVIRONMENTAL IMPACTS OF WIND-ENERGY PROJECTS

shadow flicker at a particular location becomes particularly problematic. 
However, the committee is unaware if such real-time systems have been 
implemented at any specific wind-energy project.

LOCAL ECONOMIC AND FISCAL IMPACTS

Wind-energy projects can have a range of economic and fiscal impacts, 
both positive and negative. Some of those impacts are experienced at the 
national or regional level, as discussed in Chapter 2. These involve, for ex-
ample, tax credits and other monetary incentives to encourage wind-energy 
production, as well as effects of wind energy on regional energy pricing. In 
this section, the focus is on the local level: on private economic impacts, 
positive and negative, as well as on public revenues and costs.

Lease and Easement Arrangements

As discussed in Chapter 5, most of the onshore wind-energy projects in 
the United States have been sited on private land. Typically, the developer 
of a wind-energy project acquires rights to the use of land through negotia-
tions with landowners. Rarely is land purchased in fee simple; instead, the 
developer purchases leases or easements for a specified duration. While a 
uniform offer may be made to landowners, contract prices may be negoti-
ated individually and privately. The power of eminent domain is not avail-
able to non-government wind-energy developers.

Assessment

According to the American Wind Energy Association (AWEA 2006f), 
leasing arrangements can vary greatly, but a reasonable estimate for a lease 
payment to a landowner from a single utility-scale turbine is currently 
about $3,000 per year. Lease and easement arrangements can be a financial 
boon to landowners, providing a steady albeit modest income, but only if 
the financial and other contractual terms are fair.

A number of guides are now available for landowners who are consid-
ering either lease arrangements or granting easements for wind-energy proj-
ects. Some of these, such as the guides of the Wind Easement Work Group 
of Windustry, located in Minnesota, have been prepared by collaborations 
of wind-energy industry, government, and other partners (Nardi and Dan-
iels 2005a). This work group has provided extensive guidance addressing 
such questions as:

• How much of my land will be tied up and for how long?
• What land rights am I giving up? What activities can I continue?
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• How much will I be paid and how will I receive payments?
• Are the proposed payments adequate now and will they be ad-

equate in the future?
• Does the proposed method of payment or the agreement itself pres-

ent adverse tax consequences to me?
• Are there firm plans to develop my land, or is the developer just 

trying to tie it up?
• If payments are to be based on revenues generated by the wind tur-

bines, how much information is the developer willing to disclose concerning 
how the owners’ revenue will be determined?

• What rights is the developer able to later sell or transfer without 
my consent?

• Does the developer have adequate liability insurance?
• What are the developer’s termination rights?
• What are my termination rights?
• If the agreement is terminated either voluntarily or involuntarily, 

what happens to the wind-energy structures and related facilities on my 
land?

Policies to Protect the Parties Involved

In a companion document, Windustry’s Wind Easement Work Group 
issued a short set of best practices and policy recommendations regarding 
easements and leases (Nardi and Daniels 2005b). These included:

• Public disclosure of energy production from wind turbines: In 
order to facilitate transparency for production-based payments, increase 
public knowledge about the wind resource, and provide information to the 
state on the economic contribution of wind power.

• Public filing of lease documents and public disclosure of terms (or 
include a “no gag” clause): In order to reduce competition among neigh-
bors, encourage developers to give fair deals, and lower the possibility of a 
single holdout among landowners.

• Limiting easement periods to 30 years and option periods to � 
years: To avoid tying up either the landowners or the developer for unduly 
long periods.

Property Values

It has been claimed that wind-energy projects do not adversely affect 
property values (Associated Press 2006). In contrast, it has been asserted 
that “adverse impacts on environmental, scenic and property values are 
often overlooked” (Schleede 2003, p. 1).
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It is difficult to generalize about the effects of wind-energy projects on 
property values. A 2003 Renewable Energy Policy Project (REPP) study 
of the effect of wind development on property values found no statistical 
effects of changes in property values over time from wind-energy projects 
(Sterzinger et al. 2003). This study examined changes in property values 
within 5 miles of 10 wind-energy projects that came online between 1998 
and 2001, looking at the three-year period before and after each project 
came online and using a simple linear-regression analysis. The study found 
no major pre-post differences, and it also found no major differences when 
property-value changes in the 5-mile areas around the wind-energy projects 
were compared with selected “comparable communities.”

The REPP study, however, examined only a�erage price changes. The 
authors noted that “it would be desirable in future studies to expand the 
variables incorporated into the analysis and to refine the view shed in 
order to look at the relationship between property values and the precise 
distance from development” (Sterzinger et al. 2003, p. 3). A 2006 study 
(Hoen 2006) more closely examined the effects on property values between 
1996 and 2005 within 5 miles of a 20-turbine, 30-MW project in Madison 
County, New York. This study used a hedonic regression analysis method 
and found no measurable effects on property values, positive or negative, 
even on residences within a mile of the facility. In contrast, a 2005 analysis 
by the Power Plant Research Program of the Maryland Department of Nat-
ural Resources concerning a proposed wind energy facility—the Roth Rock 
facility in Garrett County, Maryland—concluded that the facility would 
have an uncertain impact on the property values of neighboring properties. 
It reached this conclusion after reviewing the 2003 REEP study as well as 
a 2004 study in the United Kingdom by the Royal Institution of Chartered 
Surveyors (RICS), which found negative impacts, especially on non-farm 
properties (RICS 2004), and after analyzing the property-value impacts of 
the Allegheny Heights (Clipper) wind-energy project located north of the 
Roth Rock project and permitted in 2003 (MDDNR 2006).

Property values are affected by many variables. Thus, empirically iso-
lating the impacts of one variable (a wind-energy project) is extremely dif-
ficult unless one or more turbines are located close to a specific property, 
and even then, there may be confounding factors. Forecasts of property 
values in prospective host areas that are based on comparisons with exist-
ing host areas are of questionable validity, especially if there are significant 
differences between the areas.

Assessment

Despite the difficulty of reaching widely generalizable conclusions about 
the effects of wind-energy projects on property values, it is possible to theo-
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rize about important variables. The discussion of aesthetic impacts earlier 
in this chapter is relevant. On the one hand, to the extent that a property 
is valuable for a purpose incompatible with wind-energy projects, such as 
to experience life in a remote and relatively untouched area, a view that 
includes a wind-energy project—especially one with many turbines—may 
detract from property values. On the other hand, to the extent that the 
wind-energy project contributes to the prosperity of an area, it may help to 
bring in amenities and so may enhance property values.

Because wind installations in the United States are a relatively recent 
phenomenon and are only now beginning to burgeon, the long-term effects 
of wind-energy projects on property values also are difficult to assess. While 
property values may be initially affected by a wind-energy project, the effect 
may diminish as the project becomes an accepted part of the landscape. On 
the other hand, the effects on local and regional property values of a few 
projects with 20 to 50 turbines may be quite different from the effects of 
numerous projects with 100 to 200 turbines.

Mitigation Measures

When siting facilities that provide a public benefit but may be unde-
sirable as neighbors, one mitigation measure that has been explored, for 
example, with waste facilities, is to provide property-value guarantees to 
property owners within a specified distance from the facility when they 
want to sell their properties (Zeiss and Atwater 1989; Smith and Kun-
reuther 2001). An issue in this arrangement is the fair level of the guaran-
teed selling price, as adjusted over time by an inflation factor.

Employment and Secondary Economic Effects

A wind-energy project is a source of jobs throughout its life cycle: for 
parts manufacturers and for researchers seeking to improve wind-turbine 
performance; for workers who transport and construct wind turbines and 
related infrastructure; for workers employed in the operation and main-
tenance of turbines, transmission lines, etc.; and for workers involved in 
project decommissioning. The number, skill and pay level, and location of 
the jobs will vary depending upon the scale, location, and stage of the proj-
ect. Some of the jobs may be in the area that will host the wind turbines; 
some may be in a manufacturing plant several states away. At all locations, 
in addition to direct employment impacts, employment may be indirectly 
fostered through secondary economic effects, including indirect impacts 
(e.g., changes in inter-industry purchasing patterns) and induced impacts 
(e.g., changes in household spending patterns).

In addition, however, it is conceivable that a wind-energy project will 
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have some adverse impacts on the economy of its host area. While it has 
been argued that wind-energy facilities can be a tourist attraction (AusWEA 
2004), it also has been argued that wind projects are seen by people as un-
desirable in national forest areas (Grady 2004) and can damage tourism in 
areas of high scenic beauty (Schleede 2003). It is also possible that, while 
one or a few wind-energy facilities may be a tourist attraction, a prolifera-
tion may have the reverse effect.

Assessment

According to the AWEA’s “Wind Energy and Economic Development: 
Building Sustainable Jobs and Communities,” the European Wind Energy 
Association has estimated that in total, every MW of installed wind capac-
ity directly and indirectly creates about 60 person-years of employment and 
15 to 19 jobs. The fact sheet notes that the rate of job creation will decline 
as the industry grows and is able to take advantage of economies of scale 
(AWEA 2006f).

Of greatest interest at the local level, however, are not these totals but 
rather the jobs that become available to local or regional workers because 
of a wind-energy project in their vicinity. These jobs are likely to involve 
site preparation and facility construction during the project start-up period; 
skeleton crews for facility, grounds, and transmission line maintenance 
during facility operation typically about 20 years; and crews to perform 
decommissioning and site restoration work when the facility is closed.

The size of crews will vary depending upon the project scale, site char-
acteristics, etc., but estimates of the number of employees, pay scales, skill 
requirements, and duration of employment can be made with reasonable 
accuracy. The secondary effects of wind-energy projects on the economy 
(both positive and negative) are much harder to estimate. On the one hand, 
a wind-energy project may increase the need for service sector businesses 
and jobs (gas stations, motels, restaurants, etc.). On the other hand, it may 
deter economic growth that would otherwise occur in the area (e.g., second 
homes, recreational facilities, and related amenities).

To estimate the secondary effects of a wind-energy project on a region’s 
economy, the region first must be geographically defined. Changes in its 
economic activity generally are then measured in terms of changes in either 
(1) employment, including part-time and seasonal employment; (2) regional 
income, i.e., the sum of worker wages and salaries plus business income and 
profits; or (3) changes in sales or spending. A regional economic multiplier 
may be used to estimate the secondary economic effects of new money flow-
ing into the region. In conducting the impact analysis, the aim is to estimate 
the changes that would occur if the project is built versus if it is not built 
(not just the before/after changes).

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

IMPACTS OF WIND-ENERGY DEVELOPMENT ON HUMANS 16�

While regional economic models have been available for some time, 
they generally are not well suited to assessing the secondary economic 
impacts of a single project on a small region or area. Recently, however, 
an economic model was developed specifically to estimate the economic 
benefits from a new wind-energy facility. This model, which was developed 
for the National Renewable Energy Laboratory (NREL), is called JEDI 
(Jobs and Economic Development Impacts). JEDI is an input-output model 
that calculates the direct, indirect, and induced economic benefits from 
new wind-energy facilities. (A new JEDI model, JEDI II, estimates the local 
economic benefits from new coal and natural gas facilities as well.) JEDI II 
uses input data such as the size of the project, its plant-construction cost, 
the length of the construction period, and fixed and variable operation and 
maintenance costs to estimate impacts (direct, indirect, and induced) in 
terms of jobs, wage and salary income, and output (economic activity) both 
during the construction period and during the operating years (Goldberg 
et al. 2004).

Models such as JEDI can improve understanding of the economic im-
pacts of new energy facilities, especially when those impacts are considered 
at the macro level. Similarly, assessments of the actual economic impacts 
of wind-energy facilities, in addition to forecasts of economic impacts, can 
improve our collective understanding of the economic benefits of wind-en-
ergy facilities and how those benefits are distributed. Surveying 13 studies 
of economic impacts (actual and forecast) of wind facilities on rural econo-
mies, one NREL report concluded that these facilities have a large direct 
impact on the economies of rural communities, especially those with few 
other supporting industries; however, such communities also see greater 
“leakage” of secondary economic effects to outside areas. In addition, the 
report concluded that the number of local construction and operations 
jobs created by the facility depends on the skills locally available (Pedden 
2006).

More studies are needed of the economic impacts of wind facilities, 
both actual and estimated. The NWCC (2001) provides these guidelines for 
assessing the economic development impacts of wind energy:

• The audience for the study and the objectives to be pursued should 
receive primary consideration.

• The assumptions and scenarios used to analyze economic develop-
ment impacts should be clearly stated.

• The model used to calculate impacts should use regional economic 
input data. The data should be representative of the study region (country, 
state, county, reservation, or multiple states and counties).

• Both the potential positive and negative (i.e., displacement) eco-
nomic impacts of wind-energy development should be considered.
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• The evaluation should consider the ownership, equity and sources 
of capital, and markets for the project for their relative impacts on the local 
community, reservation, state, region, or county.

• The evaluation should consider the timing and scale of the project 
in relation to other wind-energy development in the state, region, or coun-
try. Pioneering projects in new areas face economic considerations different 
from those of incremental projects in mature wind-resource areas.

• The evaluation should distinguish between short-term and long-
term impacts.

• The evaluation should consider relative impacts on the economy at 
a level appropriate to the scope of the study.

• For both wind development and the displaced alternative, the 
evaluation should consider how new labor, material, and services would be 
supplied.

These guidelines are apt but demanding. From the perspective of the 
local affected area, it may be best to focus on the jobs that will be directly 
created by the project—what skills they require, what their pay levels are, 
what their duration will be, and what the company’s hiring practices are—
as well as on reasonably anticipated effects—positive and negative—on the 
local economy.

Employment Commitments

A developer seeking to be favorably received by a host area may ex-
plore with local officials the possibility of a commitment to give hiring 
preferences to local workers. As Pedden (2006) noted in a report on the 
economic impacts of wind facilities in rural communities, “some local gov-
ernments offer incentives to developers in return for the developer agreeing 
to hire local labor.”

Public Revenues and Costs

Like other industries, a wind-energy project generates tax dollars for 
the local government. According to the AWEA,“Wind Energy and Eco-
nomic Development: Building Sustainable Jobs and Communities” (AWEA 
2006f):

• Alameda County, in California, collected $725,000 in property 
taxes in 1998 from wind-turbine installations valued at $66 million.

• 240 MW of wind capacity installed in Iowa in 1998 and 1999 
produced $2 million annually in tax payments to counties and school 
districts.
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• The director of economic development in Lake Benton, Minnesota, 
said that each 100 MW of wind development generates about $1 million 
annually in property-tax revenue.

In addition, as with the private economy, the wind-energy project may 
indirectly generate taxes for the local government. However, as discussed 
above with regard to the private economy, an assessment of fiscal benefits 
in the form of tax revenue should be based on changes that would occur if 
the project was built versus if it was not built. The project may encourage 
some forms of economic development that generate taxes, but it may deter 
others.

A wind-energy facility also may entail public costs. Some of these, such 
as improvements of local public roads accessing the facility, will be obvious. 
Others, such as improved community services that may be expected in the 
wake of the development, will be indirect and less obvious. Taken together, 
the costs to a small, rural government have the potential to be significant.

Fiscal Commitments

The developer and the local government should have a clear mutual 
understanding of both the basis for tax revenues and what public expendi-
tures are expected to make the project possible.

ELECTROMAGNETIC INTERFERENCE

Through electromagnetic interference (EMI), wind-energy projects con-
ceivably can have negative impacts on various types of signals important 
to human activities: television, radio, microwave/radio fixed links, cellular 
phones, and radar.

EMI is electromagnetic (EM) disturbance that interrupts, obstructs, 
or otherwise degrades or limits the effective performance of electronics or 
electrical equipment. It can be induced intentionally, as in some forms of 
electronic warfare, or unintentionally, as a result of spurious emissions and 
responses and intermodulation products. In relation to wind turbines, two 
issues are relevant: (1) possible passive interference of the wind turbines 
with existing radio or TV stations, and (2) possible electromagnetic emis-
sions produced by the turbines.

There are several ways in which electromagnetic waves can deviate 
from their intended straight-line communication paths. These include:

• Blocking the path with an obstacle, thus creating a “shadow” or 
area where the intended EM wave will not occur. To a large extent, the 
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“blocking” depends on the size of the obstacle as a function of the wave-
length of the electromagnetic wave.

• Refraction of the EM wave. Refraction is the turning or bending of 
any wave, such as a light or sound wave, when it passes from one medium 
into another with different refractive properties.

In the context of wind-energy projects, EMI often is discussed in rela-
tion to the following telecommunications facilities:

• Television broadcast transmissions (approx 50 MHz-1 GHz)
• Radio broadcast transmissions (approx 1.5 MHz [AM] and 100 

MHz [FM])
• Microwave/radio “fixed links” (approx 3-60 GHz)
• Mobile phones (approx 1 or 2 GHz)
• Radar

Television

The main form of interference to TV transmission caused by wind-
energy projects is the scattering and reflection of signals by the turbines, 
mainly the blades. In relation to the components that make up a wind tur-
bine, the tower and nacelle have very little effect on reception (i.e., only a 
small amount of blocking, reflection, and diffraction occurs). This is backed 
up by laboratory measurements that show that the tower introduces only 
a small, localized (up to approximately 100 m) attenuation of the signal 
(Buckley and Knight Merz 2005).

The British Broadcasting Corporation has issued recommendations 
based on a simple concept for calculating the geometry associated with 
reflected signals from wind turbines and how directional receiving aerials 
can provide rejection of the unwanted signals (BBC 2006).

Typical mitigation requirements include:

• Re-orientation of existing aerials to an alternative transmitter
• Supply of directional aerials to mildly affected properties
• Switch to supply of cable or satellite television (subject to parallel 

broadcast of terrestrial channels)
• Installation of a new repeater station in a location where interfer-

ence can be avoided (this is more complex for digital but also less likely to 
be required for digital television)
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Radio

Available literature indicates that effects of wind projects on both 
Amplitude Modulated (AM) and Frequency Modulated (FM) radio trans-
mission systems are considered to be negligible and only apply at very 
small distances from the wind turbine (i.e., within tens of meters). For AM 
transmissions, this is due to low broadcast frequencies and long (100+ me-
ter) signal wavelengths, which makes distortion difficult even for very large 
wind turbines. For FM transmissions, this is due to the fact that ordinary 
FM receivers are susceptible to noise interference only while operating in 
the threshold regions relative to signal-to-noise ratios. Thus, a distorted 
audio signal may be superimposed on the desired sound close to a wind 
turbine, potentially causing interference, only if the primary FM signal is 
weak.

Fixed Radio Links

Fixed radio links, also known as point-to-point links, are by definition 
a focused radio transmission directed at a specific receiver. Fixed links are 
not intended to be picked up by any receivers other than those at which 
they are directed. They typically rely on the use of a parabolic reflector 
antenna (like satellite dishes) to transmit a direct narrow beam of radio 
waves to a receiving antenna. A direct line of sight is required between the 
transmitter and receiver, and any obstructions within the line of sight may 
degrade the performance or result in the loss of the link.

A wind turbine may degrade the performance of a fixed link, not only 
if it is within the line of sight of the link but also if it is within a certain 
lateral distance of the link, known as the “Fresnel Zone.”

Cellular Phones

Mobile-phone reception depends greatly on the position of the mobile 
receiver. Therefore, the movement of the receiver and the topography—in-
cluding both natural and unnatural obstacles—have a major impact on the 
quality of the signal. The mere movement of the receiver can ensure that 
wind turbines will have a very minimal effect, if any, on communication 
quality.

Radar

The potential for interference of wind turbines with radar is only 
partially understood. If there is such interference, it would primarily af-
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fect military and civilian air-traffic control. In addition, National Weather 
Service weather radars might be affected.

Two recent reports treated the problems in some detail. The first is a 
report by the U.S. Department of Defense to the U.S. Congressional Defense 
Committees (DOD 2006). The second is a British report on the impacts of 
wind-energy projects on aviation radar (Poupart 2003).

The DOD report concludes that “[w]ind farms located within radar line 
of sight of air defense radar have the potential to degrade the ability of the 
radar to perform its intended function. The magnitude of the impact will 
depend upon the number and locations of the turbines. Should the impact 
prove sufficient to degrade the ability of the radar to unambiguously detect 
objects of interest by primary radar alone this will negatively influence the 
ability of U.S. military forces to defend the nation.” It concludes further 
that “[t]he Department has initiated research and development efforts to 
develop additional mitigation approaches that in the future could enable 
wind turbines to be within radar line of sight of air defense radars without 
impacting their performance.”

The U.K. report focused on the development and validation of a com-
puter model that can be used to predict the radar reflection characteristics, 
which are a function of the complex interaction between radar energy and 
turbines. These effects are described by the Radar Cross Section (RCS). The 
report concludes that the model enables a much more detailed quantifica-
tion of the complex interaction between wind turbines and radar systems 
than was previously available. Among the findings are:

• Wind-turbine towers and nacelles can be designed to have a small 
RCS.

• Blade RCS returns can be effectively controlled only through the 
use of absorbing materials (stealth technology).

• The key factors influencing the effect of wind-energy facilities 
on radar are spacing of wind turbines within a facility, which needs to 
be considered in the context of the radar cross-range and down-range 
resolutions.

• No optimal layout or format can be prescribed, because each wind-
energy facility will have its own specific requirements that depend on many 
factors.

The report concludes that the model has a large potential for further 
use, such as the following:

• It can generate the detailed data required for sophisticated initial 
screening of potential facility sites.

• It can support the development of mitigation and solutions, in-

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

IMPACTS OF WIND-ENERGY DEVELOPMENT ON HUMANS 1�3

cluding siting optimization, control of wind-turbine RCS, and the develop-
ment of enhanced radar filters that are able to remove returns from wind 
turbines.

• It is clear that as of late 2006, the interference of wind turbines 
with radars is a problem as yet unsolved. Research and larger-scale inves-
tigations are currently under way in several countries; they may eventually 
lead to standardization and certification procedures.

CONCLUSIONS AND RECOMMENDATIONS

Aesthetic Impacts

Wind-energy facilities often are highly visible. Responses to proposed 
wind projects based on aesthetics are among the most common reasons for 
strong reactions to them. Reactions to the alteration of places that contrib-
ute to the beauty of our surroundings are natural and should be acknowl-
edged. Excellent methods exist for identifying the scenic resource values of 
a site and its surroundings, and they should be the basis for visual impact 
assessments of proposed projects. Tools are available for understanding 
project visibility and appearance as well as the landscape characteristics 
that contribute to scenic quality. Lists of potential mitigation measures are 
also readily available. Nevertheless, the difficult step of determining under 
what circumstances and why a project may be found to have undue visual 
impacts is still poorly handled by many reviewing boards. The reasons in-
clude a lack of understanding of visual methods for landscape analysis and 
a lack of clear guidelines for decision making.

Current Best Practices

Information concerning best practices in the United States is found 
through the NWCC and its sponsored proceedings and links. Europe and 
Canada generally have done a more thorough job in providing definitive 
best-practice guidelines. The integration of local, regional, and national 
planning and review efforts in those countries contributes to the success 
of their review processes. Funding in those nations for planning and more 
extensive surveys of public perceptions of wind energy is also far ahead of 
that in the United States. Here, standards for best practices are evolving as 
communities and states recognize the need for a more systematic approach 
to evaluating visual impacts. There is considerable variability in the review 
of proposed projects.
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Information Needs

Processes for evaluating the aesthetic impacts of wind-energy projects 
should be developed with a better understanding of the aesthetic prin-
ciples that influence people’s experience of scenery. Comparative studies are 
needed of wind-energy projects that have relatively widespread acceptance 
of their aesthetic impacts and those that do not. These studies could provide 
useful information about a range of factors that contribute to acceptability 
within different landscape types. These studies should take into account 
that sites and projects vary dramatically in the types of scenic resources 
involved; the proximity and sensitivity of views; and the particular project 
characteristics, including scale.

The tradeoffs between placing wind-energy projects close to population 
centers where they are closer to electricity users but visible to more people, 
and placing them in remote areas where they are less visible but where the 
wilderness, remote, and undeveloped qualities of the landscape may hold 
value need discussion as well as a clear understanding of the tradeoffs 
involved. These issues need to be addressed broadly, not only singling out 
aesthetic concerns.

Impacts on Recreational, Historic, Sacred, and Archeological Sites

Wind-energy projects can be compatible with many recreational activi-
ties, but concerns may arise when they are close to recreational activities for 
which the enjoyment of natural scenery is an important part of the experi-
ence. Historic, sacred, and archeological resources can be harmed by direct 
impacts that affect the integrity of the resource or future opportunities 
for research and appreciation. The experience of certain historic or sacred 
sites or landscapes can also be indirectly affected by wind-energy projects, 
especially if particular qualities of the surrounding landscape have been 
documented as important to the experience, interpretation, and significance 
of the proximate historic or sacred site. Greater clarity is needed about 
how such situations should be evaluated. For example, the importance and 
special qualities of the experience must be assessed within the context of the 
relative visibility and prominence of the proposed wind-energy project.

Current Best Practices

Useful methods exist for evaluating both the relative sensitivity of 
recreational areas and recreational users, and for determining valuable 
scenic resources. Siting to avoid impacts on highly sensitive recreational 
uses, and project design to mitigate both direct and indirect impacts can be 
important. Mitigation techniques can include relocation of project design 
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elements, relocation of recreational activities (such as a trail), and enhance-
ment of existing recreational activities.

State Historic Preservation Offices (SHPOs) generally identify all known 
historic sites of state and national significance. Local historical societies or 
comprehensive plans may identify additional sites of local significance. 
The SHPO typically requires a Class II survey to determine the existence 
of unknown resources in areas where such surveys are lacking. Guidelines 
for evaluating direct impacts on historic sites and structures often are avail-
able, and many states require archeological surveys for certain sites. Few 
guidelines currently exist, however, for evaluating indirect impacts of wind-
energy projects on historic or sacred sites and landscapes.

Information Needs

• Research examining the perceptions of recreational users toward 
wind-energy projects that are located near dispersed and concentrated 
recreational activities would provide useful data for decision makers. How-
ever, aesthetic impacts are very site-specific, so the results of such research 
likely will be able to guide site-specific assessments but not substitute for 
them.

• Guidelines are needed concerning distances at which recreational 
activities can occur safely around wind turbines.

• Policy makers and decision makers need better guidance from his-
toric-preservation experts and others concerning the methods for evaluating 
the effects of wind-energy projects on historic, sacred, and archeological 
resources.

Noise and Shadow Flicker

Noise can be monitored by various measurement techniques. However, 
an important issue to consider, especially when studying noise, is that its 
perception and the degree to which it is considered objectionable depend 
on individuals exposed to it.

Shadow flicker caused by wind turbines can be an annoyance, and its 
effects need to be considered during the design of a wind-energy project. In 
the United States, shadow flicker has not been identified as even a mild an-
noyance. In Northern Europe, because of the higher latitude and the lower 
angle of the sun, especially in winter, shadow flicker has, in some cases, 
been noted as a cause for concern.
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Best (or Good) Practices

Good practices for dealing with the potential impacts of noise from a 
wind-energy project could include the following:

• Analysis of the noise should be made based on the operating char-
acteristics of the specific wind turbines, the terrain in which the project will 
be located, and the distance to nearby residences.

• Pre-construction noise surveys should be conducted to determine 
pre-project background noise levels and to determine later on what, if any, 
changes the wind project brought about.

• If regulatory threshold levels of noise are in place, a minimum 
distance between any of the wind turbines in the project and the nearest 
residence should be maintained so as to reduce the sound to the prescribed 
threshold.

• To have a process for resolving potential noise complaints, a tele-
phone number should be provided through which a permitting agency can 
be notified of any noise concern by any member of the public. Then, agency 
staff can work with the project owner and concerned citizens to resolve 
the issue. This process can also include a technical assessment of the noise 
complaint to ensure its legitimacy.

Shadow flicker is reasonably well understood. With a little careful 
planning and the use of available software, the potential for shadow flicker 
can be assessed at any site, and appropriate strategies can be adopted to 
minimize the time when it might be an annoyance to residents nearby.

Information Needs

Recent research studies regarding noise from wind-energy projects sug-
gest that the industry standards (such as the IEC 61400-11 guidelines) for 
assessing and documenting noise levels emitted may not be adequate for 
nighttime conditions and projects in mountainous terrain. This work on 
understanding the effect of atmospheric stability conditions and on site-
specific terrain conditions and their effects on noise needs to be accounted 
for in noise standards. In addition, studies on human sensitivity to very low 
frequencies are recommended.

Computational tools have become available that not only compute 
shadow flicker in real time during turbine operation, but also convey in-
formation to the turbine-control system to allow shutdown if the shadow 
flicker at a particular location becomes particularly problematic. Hence, 
the development and implementation of a real-time system at a wind-en-
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ergy project to take such actions when shadow flicker is indicated might 
be useful.

Local Economic and Fiscal Impacts

When assessing the economic and fiscal impacts of a wind-energy proj-
ect, the main issues that arise include (1) fair treatment of both landowners 
who lease land for the project and other affected but uncompensated own-
ers and occupants; (2) a fine-grained understanding of how wind-energy 
facilities may affect property values; (3) a realistic appraisal of the net eco-
nomic effects of the wind-energy facility, during its construction and over 
its lifetime; and (4) a similarly realistic assessment of the revenues the local 
government can expect and the costs it will have to assume.

Current Best Practices

The guidelines referred to in the text—of Windustry, regarding leasing 
and easement arrangements; and of the NWCC, regarding assessments 
of economic development impacts of wind power—contain good advice 
and are examples of current standards for best practices. In addition, best 
practices include:

• Gathering as much “hard” information as possible: the terms of the 
lease and easement arrangements; the type, pay scale, and duration of jobs 
that are likely to be generated for local workers; the taxes that the project 
will directly generate; and the known public costs that it will entail.

• Qualitatively taking into account other, less tangible economic 
factors: opportunity costs that may arise from the project; the duration 
of benefits from the project; and the likelihood of an uneven distribution 
of benefits (e.g., one landowner may realize income by leasing land for a 
turbine while another may be within close range of the turbine but receive 
no income).

• Adopting guarantees and mitigation measures that are tailored to 
the facility, the surrounding community members, and the local government 
and are fair to all involved.

Information Needs

Large wind-energy facilities are fairly new in the United States. Many 
current analyses of their economic impacts are fueled by enthusiasm or 
skepticism. There is a need for systematic collection and analysis of eco-
nomic data on a facility-by-facility and region-by-region basis. These data 
should take into account the type of facility, including the number of tur-
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bines at the facility and elsewhere in the region. The data should cover the 
following types of information:

• Leasing arrangements
• Jobs directly created (including skill and pay levels, duration, hiring 

policies)
• Local government revenue and costs
• Economic mitigation and enhancement measures

More studies also are needed of public attitudes toward specific wind-
energy facilities and how they affect economic behavior (e.g., property 
values, tourism, new residential development). To allow for cross-facility 
and longitudinal comparisons, the methods of data collection and analysis 
used in these studies should be replicable.

Electromagnetic Interference

With the exception of radar, the main EMI effects of wind-energy 
 projects are well understood. Wind turbines have the potential to cause 
interference to television broadcasts, while the audio parts of TV broad-
casts are less susceptible to interference. The data available are adequate 
to predict interference effects and areas and to minimize interference at the 
planning stage or propose suitable mitigation requirements.

Information Needs

Regarding radar, more research is needed to understand the conditions 
under which wind turbines can interfere with radar systems and to develop 
appropriate mitigation measures.

In addition, while EMI is not an issue in all countries (e.g., it is not 
an issue in Denmark), EMI issues should be given sufficient coverage in 
environmental impact statements and assessments to provide adequate 
evaluation of wind-energy project applications.

GENERAL CONCLUSIONS AND RECOMMENDATIONS

Well-established methods are available for assessing the positive and 
negative impacts of wind-energy projects on humans; these methods en-
able better-informed and more-enlightened decision making by regulators, 
developers, and the public. They include systematic methods for assessing 
aesthetic impacts, which often are among the most-vocalized concerns ex-
pressed about wind-energy projects.
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Because relatively little research has been done on the human impacts 
of wind-energy projects, when wind-energy projects are undertaken, rou-
tine documentation should be made of processes for local interactions and 
impacts that arise during the lifetime of the project, from proposal through 
decommissioning. Such documentation will facilitate future research and 
therefore help future siting decisions to be made.

The impacts discussed in this chapter should be taken within the con-
text of both the environmental impacts discussed in Chapter 3 and the 
broader contextual analysis of wind energy—including its electricity pro-
duction benefits and limitations—presented in Chapter 2. Moreover, the 
conclusions and recommendations presented by topic here should not be 
taken in isolation; instead, they should be treated as part of a process. 
Chapter 5 elaborates on processes for planning and evaluating wind-energy 
projects and for public involvement in these processes.

Finally, the text of this chapter describes many specific questions to be 
asked and issues to be considered in assessing various aspects of the effects 
of wind-energy projects on humans, especially concerning aesthetic impacts, 
and those questions and issues should be covered in assessments and regula-
tory reviews of wind-energy projects.
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5

Planning for and Regulating 
Wind-Energy Development

The purpose of this chapter is to describe the current status of plan-
ning and regulation for wind energy in the United States, with an emphasis 
on the Mid-Atlantic Highlands, and then critique current efforts with an 
eye to where they might be improved. To accomplish this purpose, we 
reviewed guidelines intended to direct planning and regulation of wind-
energy development as well as regulatory frameworks in use at varying 
geographic scales. To enhance our interpretation of wind-energy planning 
and regulation in the United States, we drew on the experiences of other 
countries with longer histories of wind-energy development and different 
traditions of land-use planning and development regulation. We focused on 
onshore wind energy, although many elements of planning and regulation 
that influence onshore wind-energy developments apply to offshore instal-
lations as well.

As with other human endeavors that engage both private and public 
resources, wind-energy development is influenced by an interconnected, but 
not necessarily well-integrated, suite of policy, planning, and regulatory 
tools. “Policy” can be broadly defined to encompass a variety of goals, 
tools, and practices—some codified through laws; some less formally speci-
fied. (For a discussion of traditional and new policy tools, see, e.g., NRC 
2002.) Policies encompass, but are not limited to, planning and regulation. 
Policy tools related to wind energy, including national and regional goals, 
tax incentives, and subsidies, have been discussed in Chapter 2, so we 
concentrate on planning and regulation here. “Planning”—whether legally 
mandated or not—is a process that typically involves establishing goals; 
assessing resources and constraints, as well as likely future conditions; and 
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then developing and refining options. “Regulation,” as understood within a 
legal framework, typically consists of methods and standards to implement 
laws. Regulation is created and carried out by public agencies charged with 
this responsibility by law. The scope of agency discretion in establishing and 
administering regulations depends largely upon whether the law is highly 
detailed or more general.

The chapter begins with a review of guidelines that have been devel-
oped to direct wind-energy planning and/or regulation. Some of these have 
been promulgated by governmental or non-governmental organizations 
concerned with limited aspects of wind energy, such as the guidelines for 
reducing wildlife impacts developed by the U.S. Fish and Wildlife Service 
(USFWS 2003). Some are more comprehensive in scope, such as those 
developed by the National Wind Coordinating Committee (NWCC 2002). 
We also consider guidelines developed by states to direct wind-energy 
development toward areas judged most suitable and to assist local govern-
ments in carrying out their regulatory responsibilities with respect to wind 
energy. Then we review regulation of wind-energy development via federal 
laws, including development on federal lands, in situations where there is a 
federal nexus by reason of federal funding or permitting, and where there 
is no such nexus. Next we review regulation of wind-energy development 
at the state and local levels by concentrating on recurring themes: the locus 
of regulatory authority (state, local, or a combination thereof); the locus of 
review for environmental effects; information required for review; public 
participation in the review; and balancing positive and negative effects of 
wind-energy development. In these sections we also report on the interac-
tion between planning and regulation, although that interaction is generally 
less well developed in the United States than in some of the other countries 
we examined. Then we critique what we have learned about regulation of 
wind energy by examining some of the tensions in regulation, for example 
between local and broader-level interests and between flexibility and pre-
dictability of regulatory processes. Finally, we present a set of recommen-
dations for improving wind-energy planning and regulation in the United 
States.

GUIDELINES FOR WIND-ENERGY PLANNING AND REGULATION

In the United States and, notably, in other nations with considerable 
wind-energy experience, governmental and non-governmental organiza-
tions working at various geographic scales have adopted guidelines to help 
those developing wind-energy projects and those regulating wind-energy 
development to meet a mix of public and private interests in a complex, and 
often controversial, technical environment. Here we review U.S. guidelines 
for different jurisdictional levels (e.g., state, local), for different environ-
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mental components (e.g., wildlife), and for the different purposes of guiding 
planning versus guiding regulatory review. We also draw on the experience 
of other countries where guidelines for wind-energy development have a 
longer history.

Some guidelines are for proactive planning of wind-energy develop-
ment. “Planning” is an ambiguous term, however. Within the context of 
wind-energy development, it can refer to highly structured processes that 
carry considerable legal weight and result in identifying certain areas as 
suitable for wind turbines (as in the Denmark example below). Alterna-
tively, it can refer to loosely structured processes that are largely advisory 
and result in criteria for evaluating the favorable and unfavorable attributes 
of prospective sites (as in the Berkshire example below). In addition, plan-
ning for wind-energy development may take a broad view of the incremen-
tal impacts of multiple wind-energy projects in a region, or it may take a 
narrow view and focus primarily on a single project. And, geographic scales 
for planning range from the national to the local level.

Other guidelines focus on regulation. They prescribe for regulatory 
authorities reviewing wind-energy developments what procedures should 
be followed, what kinds of information should be examined, and what 
criteria should be used to make permitting decisions. Many guidelines 
mingle the two functions of planning and project-specific regulatory review. 
In practice, planning guidelines that suggest where and how wind-energy 
development should be done may become criteria for regulatory permitting 
decisions if projects inconsistent with planning guidelines are rejected.

The United States is in the early stages of learning how to plan for and 
regulate wind energy. The experiences of other countries, where debates 
over wind energy have been going on for much longer, can be instructive for 
bringing U.S. frameworks to maturity. For example, Britain and Australia 
have dealt with controversies about wind-energy development by working 
with stakeholder groups, including opponents of wind energy, to develop 
“Best Practice Guidelines” (BWEA 1994; AusWEA 2002). BWEA (British 
Wind Energy Association) and AusWEA (Australian Wind Energy Associa-
tion) were convinced that “they needed to become more transparent and 
more engaged with the public than any other industry” (Gipe 2003). In 
Ireland, the Minister of the Environment, Heritage and Local Government 
released an extensive “Planning Guidelines” document on wind energy in 
June 2006 (DEHLG 2006). This document advises local authorities on 
planning for wind energy in order to ensure consistency throughout the 
country in identifying suitable locations and in reviewing applications for 
wind-energy projects. Not only are these guidelines prescriptive—that is, 
they express procedures and approaches that should be taken—but they 
also are linked to other government policies.
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A prescriptive national approach is less likely in the United States, 
where each state is governed by different laws and policies regarding the 
regulation of wind-energy projects, but the comprehensive approaches used 
in other countries could be adopted at the state level. The highly structured 
approach of Denmark, for example (see Box 5-1), could be informative for 
states wishing to develop integrated frameworks to plan for and regulate 
wind-energy development. We note, however, that Denmark is smaller and 
more homogeneous than many U.S. states, has a much stronger tradition of 
central planning of land use, and has many wind projects owned by local 
cooperatives, rather than private developers.

National Wind Coordinating Committee Guidelines

The NWCC was established in 1994 as a collaboration among rep-
resentatives of wind equipment suppliers and developers, green power 
marketers, electric utilities, state utility commissions, federal agencies, and 
environmental organizations. Its permitting handbooks propose guidelines 
for how wind-energy developments should be reviewed. In 2002, the Siting 
Subcommittee of the NWCC revised its Permitting of Wind Energy Facili-
ties: A Handbook, originally issued in 1998 (NWCC 2002). Intended for 
those involved in evaluating wind-energy projects, the handbook describes 
the five typical phases of permitting processes for energy facilities, including 
wind turbines and transmission facilities:

(1) Pre-Application: This phase occurs before the permit application is 
filed, during which the developer meets with the permitting agency(ies) and 
others immediately affected, such as nearby landowners, and local agen-
cies. This phase may be mandatory or voluntary, and it may involve public 
notice and/or public meetings.

(2) Application re�iew: This phase begins when the permit application 
is filed. Its activities, required documents, and public involvement require-
ments depend upon the application review process, as does its duration. In 
some cases, agencies may be required to reach a decision within a specified 
period.

(3) Decision making: In this phase, the lead agency determines not 
only whether to allow the project but also whether to impose measures 
constraining the project’s construction, operation, monitoring, and decom-
missioning. During this phase, public hearings are likely to be required.

(4) Administrati�e appeals and judicial re�iew: Appeals of permit de-
cisions may be made to the decision maker, to the administrative review 
board, or to the courts.

(5) Permit compliance: This phase extends through the project’s life-
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BOX 5-1 
Planning for Wind-Energy Development in Denmark

	 Until	the	beginning	of	the	1990s,	the	approach	in	Denmark	(like	the	U.S.	approach	
today)	 was:	 “Find	 yourself	 a	 site,	 and	 then	 apply	 for	 permission	 to	 erect	 your	 wind	
turbine(s)”	 (DWEA	 2004).	 This	 laissez-faire	 approach	 changed	 in	 the	 early	 1990s,	
when	 Denmark’s	 third	 energy	 plan—Energy	 2000—was	 put	 forward.	 It	 included	 the	
goal	of	1,500	MW	of	installed	wind	energy	by	2005.	In	1994,	an	executive	order,	the	
“Wind	Turbine	Circular,”	made	cities	responsible	for	planning	for	wind	turbines,	including	
looking	for	appropriate	sites.	In	1999,	with	a	new	Wind	Turbine	Circular,	the	planning	
responsibility	 was	 redirected	 to	 county	 (amt)	 authorities.	These	 county-level	 efforts,	
and	corresponding	local	efforts,	target	areas	considered	suitable	for	wind	farms.	The	
original	goal	of	1,500	MW	nationally	was	met	several	years	before	the	2005	deadline.	In	
2002,	the	Danish	government	indicated	that	further	onshore	wind-energy	development	
would	not	be	encouraged	but	that	offshore	wind-energy	development	would	be	allowed.	
Denmark’s	success	in	installing	so	much	wind-energy	capacity	has	been	attributed	to	
numerous	factors	including	(1)	the	relatively	small	size	of	wind	projects	(1-30	turbines),	
(2)	cooperative	ownership	of	many	wind	projects	with	direct	benefits	to	local	citizens,	
and	(3)	comprehensive	planning	and	review	in	which	 localities	directly	participate	(J.	
Lemming,	RISØ,	personal	communication	2006; Nielsen	2002).

Regulatory Review Within a Planning Context

	 In	Denmark,	planning	for	land-based	wind	development	is	linked	to	the	regulatory	
review	process.	The	centerpiece	of	the	review	process	is	a	mandatory	environmental	
impact	assessment	(EIA)	(if	a	project	involves	more	than	three	wind	turbines	or	wind	
turbines	 over	 80	 meters	 in	 height).	 The	 regional	 planning	 authority—typically,	 the	
county—is	responsible	for	initiating	the	EIA	and	ensuring	its	quality.	The	EIA	is	a	joint	
effort	 of	 the	 developer,	 the	 developer’s	 consultants,	 and	 the	 county.	 The	 EIA	 must	
describe	 the	project	and	establish	 that	 the	site	 is	appropriate	 from	a	wind	 resource	
standpoint.	The	site	is	further	described,	including	working	areas	and	roads	to	be	used	
during	 construction.	 Alternative	 sites	 must	 be	 investigated,	 as	 well	 as	 the	 no-build	
alternative,	and	the	developer	must	substantiate	why	the	proposed	site	is	preferred.

	 The	EIA	must	describe	the	landscape	surrounding	the	site,	with	emphasis	on	any-
thing	that	may	be	affected	during	the	construction	or	operation	phases	of	the	project.	
Protected	species	of	 flora	and	 fauna	 require	special	 consideration,	as	do	birds	pro-
tected	under	international	agreements.	Any	adverse	effects	on	water	reserves	must	be	
noted.	If	the	project	is	to	be	located	outside	areas	previously	designated	for	wind	farms,	
conflicts	over	the	use	of	land	(e.g.,	because	of	protected	species,	arable	land,	scenic	
resources)	must	be	given	special	attention.	The	EIA	also	should	assess	the	project’s	
positive	environmental	impacts	(e.g.,	reduced	CO2,	NOx,	and	SO2.
	 Standards	 have	 been	 set	 for	 evaluating	 impacts	 on	 the	 human	 environment.	 No	
turbine	may	be	sited	closer	to	the	nearest	residence	than	a	distance	of	four	times	the	
height	of	the	turbine.	The	EIA	must	address	adverse	noise	and	visual	impacts,	including	
cumulative	impacts	from	multiple	turbines	within	a	radius	of	1	to	2	km.	The	noise	level	
from	the	wind	turbine(s)	must	be	estimated,	using	a	protocol	described	 in	 the	Noise	
Declaration	(a	national-level	regulation).	The	EIA	must	describe	how	far	shadows	from	
the	turbines	will	reach	at	all	times	of	year,	and	the	layout	of	the	turbines	in	relation	to	
major	 landscape	 features	 must	 be	 described.	 Possible	 adverse	 effects	 on	 property	
values,	tourism,	and	other	commercial	activities	in	the	vicinity	should	be	described.
	 Prior	 to	preparation	of	 the	EIA	and	 the	planning	documents,	 the	project	must	be	
publicized	for	at	least	four	weeks,	with	opportunities	for	private	citizens	and	organiza-
tions	to	submit	suggestions	and	comments.	These	submissions	must	be	included	when	
preparing	 the	EIA.	Following	completion	of	 the	EIA	and	 the	planning	documents	 (or	
their	amendments),	this	material	must	be	publicized	for	at	least	eight	weeks,	after	which	
a	public	hearing	is	held	where	suggestions	or	objections	are	again	gathered.	Following	
the	final	decision	on	the	project,	anyone	who	has	submitted	objections	to	the	project	
must	receive	a	written	answer	to	the	objections.
	 When	 the	 EIA	 is	 completed,	 authorities	 at	 the	 county	 and	 local	 levels	 formulate	
amendments	to	their	wind-energy	plans,	using	the	EIA	as	a	common	point	of	reference.	
During	the	subsequent	public	comment	period,	the	state	can	veto	the	project	(this	is	a	
national-level	decision)	but	must	substantiate	why	it	is	exercising	its	veto	power.	After	
public	hearings,	the	plans	are	presented	to	county	and	local	political	bodies	(the	county	
council	and	the	city	council).	The	county	council	or	city	council	may	approve	or	reject	
the	project.	Construction	begins	only	if	the	project	has	been	approved	(Ringkøbing	Amt,	
Møller	og	Grønborg,	and	Carl	Bro	2002).

time. It may include monitoring, inspection, addressing local complaints 
during the project’s operation, as well as following up on requirements for 
closure and decommissioning.

These five phases are included in the handbook as descriptions of what 
typically happens (given a great deal of variation among states), not as 
recommendations of what should happen. However, the authors of the 
handbook suggest eight principles that should be followed when structuring 
a permit review process:
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BOX 5-1 
Planning for Wind-Energy Development in Denmark

	 Until	the	beginning	of	the	1990s,	the	approach	in	Denmark	(like	the	U.S.	approach	
today)	 was:	 “Find	 yourself	 a	 site,	 and	 then	 apply	 for	 permission	 to	 erect	 your	 wind	
turbine(s)”	 (DWEA	 2004).	 This	 laissez-faire	 approach	 changed	 in	 the	 early	 1990s,	
when	 Denmark’s	 third	 energy	 plan—Energy	 2000—was	 put	 forward.	 It	 included	 the	
goal	of	1,500	MW	of	installed	wind	energy	by	2005.	In	1994,	an	executive	order,	the	
“Wind	Turbine	Circular,”	made	cities	responsible	for	planning	for	wind	turbines,	including	
looking	for	appropriate	sites.	In	1999,	with	a	new	Wind	Turbine	Circular,	the	planning	
responsibility	 was	 redirected	 to	 county	 (amt)	 authorities.	These	 county-level	 efforts,	
and	corresponding	local	efforts,	target	areas	considered	suitable	for	wind	farms.	The	
original	goal	of	1,500	MW	nationally	was	met	several	years	before	the	2005	deadline.	In	
2002,	the	Danish	government	indicated	that	further	onshore	wind-energy	development	
would	not	be	encouraged	but	that	offshore	wind-energy	development	would	be	allowed.	
Denmark’s	success	in	installing	so	much	wind-energy	capacity	has	been	attributed	to	
numerous	factors	including	(1)	the	relatively	small	size	of	wind	projects	(1-30	turbines),	
(2)	cooperative	ownership	of	many	wind	projects	with	direct	benefits	to	local	citizens,	
and	(3)	comprehensive	planning	and	review	in	which	 localities	directly	participate	(J.	
Lemming,	RISØ,	personal	communication	2006; Nielsen	2002).

Regulatory Review Within a Planning Context

	 In	Denmark,	planning	for	land-based	wind	development	is	linked	to	the	regulatory	
review	process.	The	centerpiece	of	the	review	process	is	a	mandatory	environmental	
impact	assessment	(EIA)	(if	a	project	involves	more	than	three	wind	turbines	or	wind	
turbines	 over	 80	 meters	 in	 height).	 The	 regional	 planning	 authority—typically,	 the	
county—is	responsible	for	initiating	the	EIA	and	ensuring	its	quality.	The	EIA	is	a	joint	
effort	 of	 the	 developer,	 the	 developer’s	 consultants,	 and	 the	 county.	 The	 EIA	 must	
describe	 the	project	and	establish	 that	 the	site	 is	appropriate	 from	a	wind	 resource	
standpoint.	The	site	is	further	described,	including	working	areas	and	roads	to	be	used	
during	 construction.	 Alternative	 sites	 must	 be	 investigated,	 as	 well	 as	 the	 no-build	
alternative,	and	the	developer	must	substantiate	why	the	proposed	site	is	preferred.

	 The	EIA	must	describe	the	landscape	surrounding	the	site,	with	emphasis	on	any-
thing	that	may	be	affected	during	the	construction	or	operation	phases	of	the	project.	
Protected	species	of	 flora	and	 fauna	 require	special	 consideration,	as	do	birds	pro-
tected	under	international	agreements.	Any	adverse	effects	on	water	reserves	must	be	
noted.	If	the	project	is	to	be	located	outside	areas	previously	designated	for	wind	farms,	
conflicts	over	the	use	of	land	(e.g.,	because	of	protected	species,	arable	land,	scenic	
resources)	must	be	given	special	attention.	The	EIA	also	should	assess	the	project’s	
positive	environmental	impacts	(e.g.,	reduced	CO2,	NOx,	and	SO2.
	 Standards	 have	 been	 set	 for	 evaluating	 impacts	 on	 the	 human	 environment.	 No	
turbine	may	be	sited	closer	to	the	nearest	residence	than	a	distance	of	four	times	the	
height	of	the	turbine.	The	EIA	must	address	adverse	noise	and	visual	impacts,	including	
cumulative	impacts	from	multiple	turbines	within	a	radius	of	1	to	2	km.	The	noise	level	
from	the	wind	turbine(s)	must	be	estimated,	using	a	protocol	described	 in	 the	Noise	
Declaration	(a	national-level	regulation).	The	EIA	must	describe	how	far	shadows	from	
the	turbines	will	reach	at	all	times	of	year,	and	the	layout	of	the	turbines	in	relation	to	
major	 landscape	 features	 must	 be	 described.	 Possible	 adverse	 effects	 on	 property	
values,	tourism,	and	other	commercial	activities	in	the	vicinity	should	be	described.
	 Prior	 to	preparation	of	 the	EIA	and	 the	planning	documents,	 the	project	must	be	
publicized	for	at	least	four	weeks,	with	opportunities	for	private	citizens	and	organiza-
tions	to	submit	suggestions	and	comments.	These	submissions	must	be	included	when	
preparing	 the	EIA.	Following	completion	of	 the	EIA	and	 the	planning	documents	 (or	
their	amendments),	this	material	must	be	publicized	for	at	least	eight	weeks,	after	which	
a	public	hearing	is	held	where	suggestions	or	objections	are	again	gathered.	Following	
the	final	decision	on	the	project,	anyone	who	has	submitted	objections	to	the	project	
must	receive	a	written	answer	to	the	objections.
	 When	 the	 EIA	 is	 completed,	 authorities	 at	 the	 county	 and	 local	 levels	 formulate	
amendments	to	their	wind-energy	plans,	using	the	EIA	as	a	common	point	of	reference.	
During	the	subsequent	public	comment	period,	the	state	can	veto	the	project	(this	is	a	
national-level	decision)	but	must	substantiate	why	it	is	exercising	its	veto	power.	After	
public	hearings,	the	plans	are	presented	to	county	and	local	political	bodies	(the	county	
council	and	the	city	council).	The	county	council	or	city	council	may	approve	or	reject	
the	project.	Construction	begins	only	if	the	project	has	been	approved	(Ringkøbing	Amt,	
Møller	og	Grønborg,	and	Carl	Bro	2002).

• Significant public in�ol�ement: Including early and meaningful 
information and opportunities for involvement.

• An issue-oriented process: One which focuses the decision on issues 
that can be dealt with “in a factual and logical manner” (NWCC 2002, 
p. 16).

• Clear decision criteria: As well as clear specification of factors that 
must be considered and minimum requirements that must be met.

• Coordinated permitting process: Including both horizontal coordi-
nation among various agencies and vertical coordination between state and 
local decision makers.
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• Reasonable time frames: In part to provide the developer with 
known points for providing information, making changes, and receiving a 
decision.

• Ad�ance planning: In particular, early communication on the part 
of the developers and the permitting agencies.

• Timely administrati�e and judicial re�iew: Including addressing 
issues such as who has standing to initiate a review and time limits within 
which reviews must be initiated.

• Acti�e compliance monitoring: Including specifying reports that 
must be submitted and establishing site inspection timetables, non-compli-
ance penalties, a complaint resolution process, etc.

Federal Government Guidelines

Concerns about the effects of wind-energy projects on bird and bat 
mortality, in combination with federal laws protecting some wildlife spe-
cies, led the U.S. Fish and Wildlife Service (USFWS) to provide interim 
guidelines for evaluating wildlife impacts (technical aspects of which are 
reviewed in Chapter 3). We know of no other federal-level guidelines ad-
dressing the review of wind-energy projects on private land. However, the 
Federal Aviation Administration (FAA) reviews all structures 200 feet or 
taller for compliance with aviation-safety guidelines. There have not been 
uniform standards until fairly recently (see Box 5-2). Both the Bureau of 
Land Management (BLM) and the U.S. Forest Service (USFS) provide guid-
ance for the review of wind-energy projects on lands under their jurisdic-
tions. These are described below under federal regulatory approaches to 
wind energy.

U.S. Fish and Wildlife Service Interim Guidelines

On May 13, 2003, the USFWS released “Interim Guidance on Avoid-
ing and Minimizing Wildlife Impacts from Wind Turbines” (USFWS 2003). 
Adherence to the guidelines is voluntary, as the guidelines note:

. . . the wind industry is rapidly expanding into habitats and regions that 
have not been well studied. The Service therefore suggests a precaution-
ary approach to site selection and development and will employ this 
approach in making recommendations and assessing impacts of wind-
energy developments. We encourage the wind-energy industry to follow 
these guidelines and, in cooperation with the Service, to conduct scientific 
research to provide additional information on the impacts of wind-energy 
development on wildlife. We further encourage the industry to look for op-
portunities to promote bird and other wildlife conservation when planning 
wind-energy facilities (e.g., voluntary habitat acquisition or conservation 
easements) (USFWS 2003, emphasis added).
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BOX 5-2 
Federal Aviation Agency (FAA) Obstruction Lighting Guidelines

To	determine	lighting	requirements,	each	site	and	obstruction	is	reviewed	by	the	
FAA	for	particular	safety	concerns,	such	as	distance	from	nearby	airports.	Nega-
tive	effects	of	required	lighting	on	night-flying	birds	and	bats,	and	sometimes	also	
on	people	near	wind-energy	projects,	have	prompted	revisions	of	 initial	 lighting	
standards	for	wind	turbines.	A	recent	study	conducted	by	the	FAA	Office	of	Avia-
tion	Research	resulted	 in	 recommendations	 for	obstruction	 lighting	 that	consid-
erably	 reduced	 earlier	 lighting	 guidelines	 (Patterson	 2005).	The	 following	 chart	
summarizes	the	former	and	current	guidelines,	though	individual	site	requirements	
may	vary.	Source	of	current	guidelines:	FAA	(2007).

Former	FAA	Guidelines Current	FAA	Guidelines

•	 Lights	mounted	on	the	nacelle	of	
every	turbine
•	 Two	flashing	or	pulsed	light	
fixtures	for	night	lighting
•	 Two	flashing	white	light	fixtures	
during	daytime
•	 Flashing	can	be	synchronous	or	
random	

•	 Lights	needed	only	to	mark	periphery	
(ends	or	edges)	of	project	or	cluster;	with	
maximum	lighting	distance	of	a	half-mile;	
highest	turbines	must	also	be	lit.
•	 Single	red	flashing	or	pulsing	light	
fixture	at	night.
•	 White	strobe	lights	may	be	used	but	
not	in	conjunction	with	red	lights	(one	or	
the	other)
•	 Flashing	must	be	synchronous	(all	at	
the	same	time)
•	 No	daytime	lighting	required	as	long	
as	turbines	are	a	white	color	(not	gray).
•	 Preferred	light	is	a	red	flashing	
(L-864)	with	minimum	light	intensity	of	
2000	candelas.
•	 Lights	should	be	mounted	above	the	
nacelle	height	for	visibility	(hub	may	
obscure)
•	 Turbine	locations	should	be	noted	on	
aviation	maps.

The guidelines include recommendations regarding:

• A two-step site evaluation protocol (first, identify and evaluate 
reference sites—i.e., high-quality wildlife areas; second, evaluate potential 
development sites to determine risk to wildlife and rank sites against each 
other using the highest-ranking reference site as a standard).

• Site development (e.g., placement and configuration of turbines, de-
velopment of infrastructure, planning for habitat restoration); and turbine 
design and operation (USFWS 2003).
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The guidelines direct wind-energy development away from concen-
trations of birds and bats and toward fragmented or degraded habitat 
(rather than areas of intact and healthy wildlife habitat). The guidelines 
also address some desirable features of regulatory review processes, such 
as recommending multiyear, multiseason pre-construction studies of wild-
life use at proposed project sites; multiyear, multiseason post-construction 
studies to monitor wind-project impacts; and involvement of independent 
wildlife agency specialists in development and implementation of pre- and 
post-construction studies. The guidelines were circulated to the public with 
a request for review and the Service recently announced the development of 
a Federal Advisory Committee Act-compliant collaborative effort to revise 
the guidelines based on public comment.

State and Regional Guidelines

Several states with wind resources have developed guidelines for siting 
and/or permitting wind-energy projects. This has been particularly true 
for states where review occurs at the local level, since the projects may be 
complex and very different from the kinds of projects most local governing 
bodies are used to addressing. The NWCC Guidelines (NWCC 2002) ap-
pear to have provided a useful template for states, with basic information 
that can be adapted to the particular needs and conditions of states that 
have wind potential. Below we describe a few of these to illustrate the types 
of provisions that state guidelines may include.

Kansas’s wind-energy guidelines were adapted from the NWCC Guide-
lines and are intended to assist local communities in regulating land use for 
wind-energy projects. The guidelines recognize landscape features that are 
important in Kansas. Under “Land Use Guidelines,” (KSREWG 2003, p. 3) 
native tallgrass prairie landscapes are singled out as having particular value, 
especially where they remain unfragmented. Cumulative impacts are noted 
because there is intense interest in wind-energy development in certain 
areas of the state. Kansas includes guidelines on “Socioeconomic, Public 
Service and Infrastructure,” as well as on public interaction (KSREWG 
2003, p. 6).

South Dakota also adapted NWCC permitting guidelines (SDGFP 
2005). In sections concerning “natural and biological resources,” South 
Dakota’s guidelines call attention to areas of the state that have been iden-
tified as potential sites for wind-energy development, but are considered 
“unique/rare in South Dakota” (SDGFP 2005, p. 1). Developers are urged 
to use environmental experts to make an early evaluation of the biological 
setting and to communicate with agency, university, and environmental 
organizations. They are warned that “if a proposed turbine site has a large 
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potential for biological conflicts and an alternative site is eventually deemed 
appropriate, the time and expense of detailed wind resource evaluation 
work may be lost” (SDGFP 2005, p. 3). In sections on “visual resources,” 
developers are told to inform stakeholders about what to expect from a 
wind-energy project, target areas already modified by human activities, 
and be prepared to make tradeoffs and coordinate planning across juris-
dictions and with all stakeholders. Under “socioeconomic, public services, 
and infrastructure,” developers are admonished not to take advantage of 
municipalities that lack zoning or permitting processes for wind-energy 
development.

Wisconsin’s guidelines (WIDNR 2004) focus on natural resource issues 
with minimal guidance in other areas. The guidelines direct wind-energy 
development away from wildlife areas, migration corridors, current or 
proposed major state ecosystem acquisition and restoration projects, state 
and local parks and recreation areas, active landfills (because they attract 
birds), wetlands, wooded corridors, major tourist/scenic areas, and airports 
and landing strips clear zones. USFWS guidelines are cited as models for 
pre-construction studies, with two years of post-construction monitoring 
recommended for the first wind-energy projects in a particular area.

In contrast with guidelines focused exclusively on wildlife issues, some 
guidelines reflect a much more comprehensive approach. As illustrated in 
the accompanying box (Box 5-3), the wind-energy siting guidelines devel-
oped by the Berkshire Regional Planning Commission in Massachusetts are 
multifaceted and proactive, as is an assessment methodology prepared by 
the Appalachian Mountain Club for wind energy in the Berkshires (BRPC 
2004; Publicover 2004).

Regulatory review processes could possibly use such a method to evalu-
ate proposed wind-energy projects to see if they met a threshold for suit-
ability. Similar procedures have been proposed for other states, such as 
Virginia, where Boone et al. (2005) proposed a land-classification database 
for use in screening out sites that are likely to be deemed unsuitable for 
wind-energy development, such as designated wilderness areas or concen-
trations of birds or bats.

Guidelines Directed Toward Local Regulation

In some cases, the guidelines that states have developed are intended to 
serve as models for local ordinances and local-level review processes. The 
“Michigan Siting Guidelines for Wind Energy Systems” (MIDLEG 2005) 
is a model zoning ordinance for local governments, although it notes that 
“the Energy Office, DLEG (Department of Labor and Economic Growth) 
has no authority to issue regulations related to siting wind energy systems” 
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BOX 5-3 
Guidelines for Planning and Regulatory Review of Wind 

Energy in the Berkshires, Massachusetts

	 Perhaps	 as	 a	 result	 of	 interest	 in	 wind-energy	 project	 development	 in	 the	
	Massachusetts	Berkshire	 region,	 the	Berkshire	Regional	Planning	Commission	
developed	“Wind	Power	Siting	Guidelines”	(BRPC	2004).	Most	of	these	guidelines	
refer	 to	 desired	 features	 of	 application	 and	 regulatory	 review	 procedures.	 For	
example,	the	guidelines	direct	that	viewshed	analyses	should	be	done	“with	the	
most	accurate	elevation	data	available	from	the	state	using	a	GIS	such	as	ArcGIS	
Spatial	Analyst	or	3D	Analyst”	(BRPC	2004,	p.	1)	and	that	“important	cultural	loca-
tions,	Shakespeare	&	Company,	and	Hancock	Shaker	Village	should	be	located	
on	 the	map	 to	determine	 if	 they	will	be	 impacted	by	 the	visibility	of	 the	 turbine	
development”	(pp.	1-2).	There	are	also	safety	guidelines,	such	as	“Existing	homes	
are	not	within	potential	safety	impact	areas	from	ice	or	blade	throw	or	tower	failure”	
(p.	2).
	 The	commission	also	asked	the	state	of	Massachusetts	to	become	involved	in	
wind-energy	development	to	provide	“state-wide	siting	guidelines	for	the	develop-
ment	of	wind	power	facilities”	(p.	3)	and	“financial	assistance	to	municipalities	with	
areas	conducive	to	wind-energy	development	to	develop	adequate	local	land	use	
regulations	for	wind	energy	facilities”	(p.	4).	The	commission	suggested	that	com-
munities	hosting	wind-energy	projects	should	require	that	applicants	pay	for	con-
sultants	to	assist	the	municipality	in	evaluating	the	possible	and	negative	impacts	
of	 a	 proposed	 project	 and	 in	 establishing	 beneficial	 agreements	 for	 municipal	
revenue	generation.
	 Also	working	in	the	Berkshires,	the	Appalachian	Mountain	Club	(AMC)	devel-
oped	“A	Methodology	for	Assessing	Conflicts	Between	Windpower	Development	
and	Other	Land	Uses”	(Publicover	2004).	This	document	considers	various	eco-
logical	and	sociocultural	characteristics	 that	make	sites	appropriate	or	 inappro-
priate	for	wind-energy	projects,	beyond	engineering	or	economic	considerations.	
Beginning	with	Geographic	Information	System	(GIS)	layers	identifying	wind	sites	
of	Class	4	and	above,	 the	AMC	methodology	overlaid	known	ecological,	 recre-
ational,	and	scenic	resources	onto	the	wind	map.	Resource	data	were	assigned	
“conflict	ratings”	that	included	importance	of	a	resource	(local,	state,	federal	sig-
nificance),	proximity	to	the	site,	and	size	of	the	area.	These	data	can	be	examined	
with	different	subjective	weightings	on	ecological	and	social	 factors	 to	see	how	
they	might	affect	an	overall	site	suitability	rating.	A	trial	application	of	this	method	
of	analysis	suggested	that	certain	sites	had	far	fewer	conflicts	than	others,	but	the	
authors	cautioned	that	many	variables	that	could	be	important	to	siting	decisions	
were	not	included	in	the	study.

(MIDLEG 2005, p. 1). Pennsylvania also has produced a model zoning 
ordinance for local communities (Lycoming County 2005), discussed below 
in the analysis of state and local regulatory review. Both the Michigan and 
Pennsylvania models are very basic in their requirements, with little detail 
about information required or how it will be judged.
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REGULATION OF WIND-ENERGY DEVELOPMENT

In this section we move from guidelines for planning and regulating 
wind-energy development to a review of regulatory frameworks that have 
been put in place at different jurisdictional levels and for different land 
ownerships. First, we review federal regulation of wind energy: most nar-
rowly, federal regulation of wind-energy development on federal lands; then 
federal regulation of wind-energy development that has a federal “nexus” 
via federal funding or permitting; then, most broadly, federal regulation of 
wind-energy development regardless of land ownership.

To better understand regulation of wind-energy development, we re-
view regulatory frameworks for a number of states. Because the focus of 
this document is the Mid-Atlantic Highlands, we include all four states in 
this region (Pennsylvania, Maryland, Virginia, and West Virginia). These 
four states vary in the intensity of their review processes, thus giving a pic-
ture of the range of regulatory oversight in the United States today. We also 
review wind-energy regulation for states outside the Mid-Atlantic High-
lands, choosing some from northeastern states that share many landscape, 
social, and wind-energy characteristics with the Mid-Atlantic Highlands, 
and some from contrasting landscapes.

In reviewing regulatory frameworks at all levels, we emphasize regu-
lations that are likely to be particularly salient for wind-energy projects, 
and especially regulations that are likely to affect wind development in the 
Mid-Atlantic Highlands region. We give rather little attention to regulations 
that apply equally to any type of construction or industrial operation, wind 
energy or other.

Federal Regulation of Wind Energy

Federal Regulation of Wind-Energy Development on Federal Lands

As of mid-2005, all of the wind-energy facilities erected on federal 
lands were in the western United States on land managed by the BLM; 
they included about 500 MW of installed wind-energy capacity under 
right-of-way authorizations (GAO 2005). At that time, the BLM developed 
its Final Programmatic Environmental Impact Statement on Wind Energy 
Development (BLM 2005a) in order to expedite wind-energy develop-
ment in response to National Energy Policy recommendations. The Wind 
 Energy Development Program, which is to be implemented on BLM land 
in 11 western states, establishes policies and best-management practices 
addressing impacts to natural and cultural resources (BLM 2005b).

As of mid-2006, other federal land management agencies such as the 
USFS had not developed general policies regarding wind-energy develop-
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ment and were reviewing proposals on a case-by-case basis. No wind-
 energy projects currently exist on USFS lands but two were under review 
as of mid-2006,1 one in southern Vermont in the Green Mountain National 
Forest and another in Michigan in the Huron Manistee National Forest. 
National Forests operate under the guidance of Land and Resource Man-
agement Plans, which form the basis for review of all proposed actions. 
Recent updates of Forest Land and Resource Management Plans address 
wind-energy projects. In most cases a project would require a “special use 
authorization” (Patton-Mallory 2006). If an application is accepted, the 
project undergoes National Environmental Policy Act (1969) (NEPA) re-
view (see next section), but the process will vary depending on the agencies 
and states involved.

Section 388 of the Energy Policy Act of 2005 gave the U.S. Depart-
ment of the Interior’s Minerals Management Service (MMS) responsibility 
for reviewing offshore wind-energy development proposals that occur on 
the outer continental shelf. As of the fall of 2006, the MMS was drafting a 
programmatic environmental impact statement (EIS) for renewable energies 
on the outer continental shelf. No offshore wind-energy project was opera-
tional or even under construction in the United States at the end of 2006.

Federal Regulation of Wind-Energy Projects with a Federal “Nexus”

Wind-energy developments are subject to the NEPA if they are consid-
ered “federal actions” because a federal agency is conducting an activity, 
permitting it, or providing funds for it. (Another potential federal “nexus” 
for wind energy—the federal production-tax credit for renewable energy 
facilities [see Chapter 2]—does not trigger review under the NEPA.) The 
Council on Environmental Quality has promulgated regulations that in-
clude provisions for establishing categorical exclusions from NEPA require-
ments (NEPA Task Force 2003). Otherwise, the NEPA requires that federal 
agencies prepare an environmental assessment or, if significant impacts are 
anticipated, the much more extensive EIS. An EIS must describe the pro-
posed action and provide an analysis of its impacts as well as alternatives 
to that action, and it must include public involvement in the EIS process. If 
an EIS is undertaken, socioeconomic impacts must be analyzed as part of 
the EIS. Otherwise, socioeconomic/cultural impacts of wind-energy projects 
are given little explicit attention at the federal level. Wind-energy projects 
on BLM land are under a programmatic EIS, as described above (BLM 
2005a).

1 Based on interview with Robert Bair of the Green Mountain National Forest Service, 
2006.
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Federal Regulation of Wind-Energy Development in General

Federal regulation of wind-energy facilities is minimal if the facility 
does not receive federal funding or require a federal permit; this is the situ-
ation for most energy development in the United States. The Federal Energy 
Regulatory Commission (FERC) regulates the interstate transmission of 
electricity, oil, and natural gas, but it does not regulate the construction 
of individual electricity-generation (except for non-federal hydropower), 
transmission, or distribution facilities (FERC 2005).

Apart from the FAA guidelines, the threat of enforcement of envi-
ronmental laws protecting birds and bats is the main federal constraint 
on wind-energy facilities not on federal lands, because—as discussed in 
Chapter 3—bird and bat fatalities have been observed at a number of 
existing facilities. The Migratory Bird Treaty Act applies to all migratory 
birds native to the United States, Canada, and Mexico; this includes many 
species that use the Mid-Atlantic Highlands, including for migration. The 
Bald and Golden Eagle Protection Act (16 U.S.C. §§ 668a-d, last amended 
in 1978) protects two raptor species. Bald eagles nest in isolated parts of 
the Mid-Atlantic Highlands whereas golden eagles are mainly migrants or 
winter residents, although a few may nest in the region (Hall 1983). Per-
mits to “take” species protected under the Migratory Bird Treaty Act (16 
U.S.C. §§ 703-712) and to take golden eagles under the Bald and Golden 
Eagle Act can be issued by the USFWS in very limited circumstances. The 
Endangered Species Act (ESA) (7 U.S.C. 136; 16 U.S.C. 460 et seq. [1973]), 
protects species that have been listed as being in imminent danger of ex-
tinction throughout all or a significant portion of their range (endangered) 
or those that are likely to become endangered without appropriate human 
intervention (threatened). There are federally listed species from many taxa 
in the Mid-Atlantic Highlands, some of which may be affected by wind-
energy projects (Chapter 3). The ESA also protects habitat designated as 
“critical” to the survival of listed species. Non-critical habitat is protected 
indirectly in that if habitat destruction would lead to the direct take of an 
individual of the protected species, destruction of the habitat would be a 
violation of the ESA. In this situation the species is receiving the protection, 
not the habitat. Thus, the ESA provisions could affect wind-energy develop-
ment not only via mortality of birds and bats due to collisions with wind 
turbines, but also via mortality or habitat loss for endangered or threatened 
species due to construction and operation of wind-energy facilities. The 
ESA does allow incidental taking of a protected species (i.e., taking that is 
incidental to an otherwise legal activity) if a permit has been granted by the 
USFWS. This provision has been applied to a wind-energy development via 
incidental take permits that have been approved as part of the Habitat Con-
servation Plan submitted during the permitting process for the Kaheawa 
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Pastures Wind Energy Generation Facility on Maui (HIDLNR 2006). The 
USFWS is responsible for implementation and enforcement of these three 
laws. Violations are identified in several ways, including receiving citizen 
complaints and self-reporting by individuals or industry. Although the 
USFWS investigates the “take” of protected species, the government, as of 
mid-2005, had not prosecuted industry, including wind-energy companies, 
for most violations of wildlife laws (GAO 2005).

Like other construction and operation activities, wind-energy projects 
are subject to federal regulations protecting surface waters and wetlands, 
such as the Clean Water Act. If a project disturbs one acre or more, or is 
part of a larger project disturbing one acre or more, the project developer 
must comply with National Pollutant Discharge Elimination System (NP-
DES) requirements. Compliance involves preparing a Storm Water Pollu-
tion Prevention Plan in order to obtain an NPDES permit, which is issued 
by the state’s environmental regulatory agency. Section 404 of the Clean 
Water Act may also apply if the waters of the United States are potentially 
affected. Before construction begins, the developer also must ensure that 
the requirements of various federal laws and regulations protecting historic 
and archeological resources are met. Provisions such as these apply to all 
types of construction, not just wind energy, and we will not consider them 
in any detail here.

State and Local Regulation of Wind-Energy Development

Most regulatory review of wind-energy development takes place at the 
state or local level, or some combination of them, and most energy develop-
ment has been on private land, although a few states have anticipated that 
wind-energy projects could be proposed for state-owned land. In reviewing 
state and local regulatory frameworks, the committee found it difficult to 
be sure that we understood these frameworks and their implementation 
accurately. There are several reasons for our uncertainty:

• The written regulations themselves are often complex and some-
times apparently contradictory.

• Aspects of their implementation are often discretionary, making it 
hard to summarize the true effects of the written regulations.

• Regulation of wind-energy development is new for most jurisdic-
tions, so both the regulations themselves and the procedures for imple-
menting them are evolving and precedents are being set gradually through 
experience.

Because of the rapidly changing nature of regulation of wind-energy 
development, the committee examined records from several recent wind-
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energy proposals to see how the regulatory process is working in practice, 
as well as reviewing the regulations themselves.

State-Owned Lands

Some states have developed policies with regard to the use of state-
owned lands for wind-energy development. The Pennsylvania Department 
of Conservation and Natural Resources has completed draft criteria for 
siting wind-energy projects and a GIS screening tool to guide consideration 
of the appropriateness of commercial-scale wind-energy development on a 
small portion of state forestlands (PADCNR 2006).

The state of Vermont has decided that commercial wind-energy devel-
opment is not an appropriate use for state-owned lands, but that small-
scale individual turbines would be appropriate for powering state facilities 
(VTANR 2004).

Privately Owned Lands

All of the federal regulations described in the previous section as apply-
ing to wind-energy developments or other construction activities, regardless 
of ownership or funding, apply in addition to the state and local regula-
tions discussed here. In some cases, there are state and local regulations 
that parallel federal requirements. Many states have their own regulations 
for endangered species, water quality, and so forth. In the Mid-Atlantic 
Highlands, Pennsylvania, Maryland, and Virginia have state laws protecting 
various animals and plants (Musgrave and Stein 1993); West Virginia does 
not (WVDNR 2003). States assemble their own lists of species protected 
under these laws and may include species not listed at the federal level.

Also, most wind-energy projects undergo some type of local review 
through local zoning and related ordinances. These local ordinances will 
not be discussed in detail, unless they are the only level of review or when 
the local provisions are particularly salient for wind-energy projects (e.g., 
noise or height ordinances). State and local regulations that govern con-
struction and development projects typically apply to wind-energy projects 
as well.

Rather than summarize the regulatory process for particular state or 
local jurisdictions, we concentrate on several recurring themes, some of 
which came to our attention during public presentations to our committee 
and some of which we identified as we examined the regulations for numer-
ous states and municipalities. These themes are: (1) the locus of regulatory 
review (state, local, or mixed); (2) separation or integration of utility and 
environmental issues in the review process; (3) the information required for 
review; (4) the procedures for public participation in the review process; 
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and (5) balancing the positive and negative effects of wind-energy develop-
ment. In the following sections, we describe these themes using examples 
from the Mid-Atlantic Highlands states and elsewhere. Then we critique 
and interpret some of the same themes, along with some others, in order to 
identify potential improvements to regulatory processes.

Locus of Regulatory Authority: State, Local, Mixed

Regulatory review of wind-energy development varies considerably. It 
tends to follow one of three patterns: (1) all projects are handled entirely at 
the state level, (2) larger projects are handled at the state level and smaller 
projects at the local level (with the size cutoff varying among states), or (3) 
all projects are handled primarily at the local level. Many states have some 
state-level permitting of electrical generation facilities, especially transmis-
sion lines. Three of the four states in the Mid-Atlantic Highlands have state 
utility commissions that oversee proposals for electricity generation and 
transmission. In Virginia, siting (or expanding) a wind-energy facility falls 
under State Corporation Commission regulation of electric generation fa-
cilities (VASCC 2006a). In Maryland, the Public Service Commission must 
approve construction of electricity-generating facilities and all overhead 
electric transmission lines of more than 69 kV (MDPSC 1997). In May 
2005, West Virginia finalized specific provisions pertaining to wind-en-
ergy facilities in its Public Service Commission procedures (WVPSC 2005). 
Other states are in the process of incorporating specific language concerning 
wind-energy projects into regulatory rules and guidelines.

In addition to systems for permitting construction and operation of 
electricity-generating facilities and transmission lines, approvals are often 
required to connect wind-generated electricity to regional transmission 
grids, such as the PJM Interconnect in the Mid-Atlantic Highlands. (The 
PJM Interconnect covers central and eastern Pennsylvania, virtually all of 
New Jersey, Delaware, western Maryland, and Washington, D.C. A new 
control area called PJM West is now covered by PJM Interconnect and 
covers the northern two-thirds of West Virginia, portions of western and 
central Pennsylvania, western Maryland, and small areas of southeastern 
Ohio [Bartholomew et al. 2006]).

In some cases, the developer must obtain a variety of state permits be-
fore final review by a local planning or governing body. Sometimes the state 
regulatory authority coordinates or consolidates these permits. The Oregon 
Office of Energy encourages developers of smaller wind-energy facilities to 
obtain permits through the Energy Facility Siting Council rather than deal-
ing separately with the variety of state and local permits otherwise required. 
They argue that at the state-level siting process there is “a defined set of 
objective standards,” while “local-level siting is subject to local procedures 
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and ordinances that vary from county to county and city to city” (White 
2002, p. 4). In addition, the Oregon Energy Office states, “Most local land 
use ordinances address energy facility siting in a superficial way, if they ad-
dress it at all. It may not be clear what standards the local jurisdiction will 
apply in deciding whether or to issue a conditional use permit” (p. 4). It 
notes that “most planning departments around the state have no experience 
siting large electric generating facilities” (White 2002, p. 5).

Local governments (counties and towns or cities) regulate wind-energy 
development via local ordinances that apply to any construction proposal. 
Local regulations, such as zoning of land uses, rights-of-way, building 
permits, and height restrictions, may constrain wind-energy development. 
In Virginia, for example, the following local permits were required for the 
proposed Highlands New Wind Development: (a) a conditional-use permit 
from the County Board of Supervisors (conditions on height, setback, light-
ing, color, fencing, screening, signs, operations, erosion control, decommis-
sioning, bonding); (b) a building permit from Highland County; and (c) a 
site plan approved by the Highland County Technical Review Committee 
(VASCC 2005).

In Pennsylvania, local regulations constitute the only review, and 
county governments that issue zoning recommendations and permits for 
land development and subdivision plans are the regulatory authorities. 
The Pennsylvania Wind Working Group (which included representatives of 
the Pennsylvania Department of Environmental Protection, the Clean Air 
Council, municipal governments, environmental advocacy organizations, 
and wind-energy companies) has developed a model ordinance to help 
local governments carry out this responsibility. The Pennsylvania model 
ordinance contains no environmental provisions except during decommis-
sioning, when re-seeding after grading is required. It does provide guidance 
on visual appearance of wind turbines and related infrastructure, sound 
levels, shadow flicker, minimum property setbacks, interference with com-
munications devices, protection of public roads, liability insurance, decom-
missioning, and dispute resolution. The model ordinance contains language 
about waivers of the provisions of the ordinance (PAWWG 2006).

As another example, Manitowoc County, Wisconsin, has developed an 
ordinance regulating large wind-energy projects, defined as projects with 
more than 100 kW capacity or a total height of more than 170 feet (Kirby 
Mountain 2006). This ordinance puts limits on noise (less than or equal to 
5 dB(A) above the ambient level at any point on neighboring property). It 
restricts wind-energy development to areas zoned “agricultural” and puts 
a one-quarter-mile buffer around any area that is zoned C1-Conservancy 
or NA-Natural Area or within one-quarter mile of any state or county 
forest, hunting area, lake access, natural area, or park. It requires setbacks 
of towers from neighboring properties and from public roads and power 
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lines. Other requirements include minimum lighting needed to satisfy FAA 
guidelines, uniform design for towers within one mile, and steps to reduce 
shadow flicker at occupied structures on neighboring property.

Locus of Review of Environmental Impacts

Another source of variation in wind-energy regulation among different 
states is how the review of environmental impacts takes place (here, we are 
treating “environmental” broadly, to include sociocultural effects, as well 
as effects on the non-human environment). In some states, environmental 
permitting of wind-energy projects—including their biological, aesthetic, 
historic, air quality, and water quality considerations—is under the aegis 
of the public-utility regulatory authority. In other states, this function is 
performed by another state agency or by a regional or local body. Most 
wind-energy projects do not have a federal nexus that triggers NEPA review 
(see above), but some states have their own environmental-review processes 
that may come into play when wind-energy developments are proposed. 
New York and California both have State Environmental Quality Review 
processes (e.g., NYSERDA 2005a) that trigger required EISs in certain cir-
cumstances. In New York, for example, the Department of Environmental 
Conservation classifies actions as Type I (likely to have significant impact, 
EIS required), or Type II (only local permits required), or Unlisted (may fall 
into either category). Projects that are 100 feet or taller in an area without 
zoning regulations that alter an area 10 acres or larger trigger an EIS pro-
cess; most commercial wind-energy projects would fall in this category.

In many states, the state utilities commission is charged with the au-
thority to weigh environmental impacts, along with other factors, in de-
ciding whether to permit a wind-energy facility to be built and operated, 
but with provisions for input from other state and federal agencies more 
knowledgeable about the environment. In Virginia, the Department of 
Environmental Quality coordinates the environmental review of electric-
ity-generation facilities and may be responsible for issuing certain permits, 
such as an Erosion and Sedimentation Control Plan or a section 401 
permit from the State Water Control Board. It coordinates input from the 
Departments of Game and Inland Fisheries, Conservation and Recreation, 
Historic Resources, Transportation and Mines, Minerals and Energy, and 
the Virginia Marine Resources Commission. However, the Virginia State 
Corporation Commission (SCC) has the ultimate responsibility for review-
ing and issuing construction permits for wind-energy facilities and other 
electricity-generating units (VASCC 2006a). In West Virginia, the Division 
of Natural Resources may become involved if permits related to impacts on 
endangered and threatened species are required (WVPSC 2005). In Mary-
land, the Department of Natural Resources (DNR) Power Plant Research 
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Program is responsible for coordinating the review of proposed energy 
facilities and transmission lines with other units within the DNR as well as 
with other state agencies (MDDNR 2006).

The manner in which environmental information is presented to state 
regulatory authorities varies as well. In West Virginia, input from the Divi-
sion of Natural Resources and from the USFWS is presented during the 
public comment period, which would seem to give it less “weight” than if 
it were presented in a separate stage of the review process. However, the 
West Virginia process also requires the applicant to file an affidavit listing 
any permits required by federal or state wildlife authorities due to antici-
pated impacts on wildlife (WVPSC 2005). In Vermont, where regulatory 
review of energy facilities is a quasi-judicial process, the Vermont Agency 
Natural Resources is automatically a party in the case and makes recom-
mendations during hearings on wildlife studies and other natural resource 
issues (VTANR 2006).

It is not always clear what roles the environmental agencies will play 
in permitting decisions. In Virginia, the Department of Game and Inland 
Fisheries (DGIF) coordinates evaluation of effects of proposed projects on 
wildlife. Although generally supportive of alternative energy sources, in-
cluding wind, the DGIF voiced substantive concerns about possible effects 
on birds and bats from the proposed Highland New Wind Development in 
Highland County to the Virginia SCC. The DGIF asked that the developer 
provide additional wildlife information and visual analysis, referring to the 
USFWS guidelines as a standard for wildlife studies that should be pro-
vided. The DGIF later wrote to the SCC that the proposed project presents 
unacceptable risks to wildlife, given that it lacks pre- and post-construction 
studies of birds, bats, and some other species groups requested by the DGIF, 
and that it lacks binding requirements for mitigation of adverse effects on 
wildlife populations. This is strong language from the DGIF, but authority 
to decide what requirements or conditions to impose on the developer re-
mains with the Virginia SCC (Virginia State Corporation Commission, Case 
No. PUE-2005-00101, Hearing Examiner’s Ruling, July 11, 2006).

Information Required for Review

Regulatory authorities are charged with weighing a complex mix of 
environmental, socioeconomic, and cultural factors in deciding whether to 
permit wind-energy development. Even states that have only local review of 
wind-energy projects, such as Pennsylvania, prescribe a long list of factors 
for which the applicant should provide information to the review process 
(e.g., Lycoming County 2005). Generally, little direction is provided about 
what and how much information to provide, which leads to a wide variance 
in the amount and quality of information provided by industry for different 
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projects. Some states are developing clearer standards through accumulated 
practice. West Virginia’s recent additions to its utilities review process to 
address wind-energy development are unusual in prescribing the duration 
and time of year for studies on birds and bats near proposed wind-energy 
projects (GAO 2005, p. 31). In some states, pre-hearing conferences are 
used to identify the types and extent of information that should be provided 
by the applicant. As illustrated by the Highland New Wind Development 
case in Virginia (VASCC 2006b), regulatory authorities, other agencies, 
and parties can request additional information if there appear to be gaps 
or insufficient information on which to make a decision.

The burden of proof for compliance with regulatory criteria rests al-
most entirely with the applicant, who usually delegates responsibility for 
demonstrating compliance to contractors with specialized knowledge. In 
some cases, regulatory authorities have staff that can provide additional in-
formation and review the application for accuracy. In some instances, regu-
latory authorities may hire independent experts, sometimes at the expense 
of the developer. In general, it is up to the applicant to provide sufficient 
information that a decision can be reached, but up to the opposing parties 
to demonstrate why the standards for acceptance have not been reached.

Public Participation in the Review

It is a well-accepted democratic principle that those whose well-being 
may be affected by decisions should have a chance to provide input to 
regulatory processes (see discussion above regarding eight principles for 
wind-energy regulation, also NWCC 2002). Participation (other than by 
the applicant and the decision-making authority) is important for secur-
ing additional technical expertise, giving a voice to those who might be 
affected, and conveying information about public values that the decision 
makers need to carry out the balancing act that the decision procedures 
require. However, the manner in which input is received varies greatly at 
all phases of participation. In cases where a proposal for wind-energy de-
velopment triggers an environmental impact process, whether a NEPA or 
a state process, as in New York, requirements for public participation may 
be spelled out as part of the environmental review procedure, although this 
participation is often late in the process. Elsewhere, requirements for public 
participation are part of the utilities-review procedure.

The first prerequisite for public participation is that the relevant “pub-
lics” should be informed of proposed wind-energy developments. Some 
state regulations spell out in great detail who should receive notice (and 
who should give notice) via what media and at what point in the applica-
tion process. Sometimes the requirements differ according to the size of the 
proposed project. Some regulatory processes require notification to selected 
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state, federal, and local government agencies, in addition to adjoining prop-
erty owners and the general public.

There may be different categories of participation, depending partly on 
the type of decision process followed in a particular jurisdiction. The most 
common include an information meeting, in which the developer provides 
information to the public and answers questions about the project; a site 
visit, to which both regulators and the public are invited and which may 
include visits to points from which the project would be visible; a public 
hearing, during which members of the public can provide comments (usu-
ally written comments also are accepted over a designated period of time); 
and participation in the hearing process. On the less formal end of the spec-
trum, developers and local and regional governments often organize forums 
for discussing either specific projects or issues of wind-energy development 
generally. More formally, in contested cases affected parties can apply for 
“intervener” status. In Vermont, participants become interveners by dem-
onstrating that they will be materially affected by the project. Interveners 
often include abutting property owners, town or county governments (e.g., 
planning commissions), as well as public interest groups, environmental 
organizations, and business groups that can demonstrate that they have 
a substantive interest in the outcome, are not adequately represented by 
another party in the case, and would not unduly delay the proceedings. 
In states like Vermont where quasi-judicial rules apply to the hearing pro-
cess, interveners receive all mailings concerning written testimony, design 
changes, etc. They are entitled to present their own witnesses and to cross-
examine witnesses (VTPSB 2006).

In all the processes the committee reviewed, input from participants 
is advisory to the decision authorities. When agencies or other governing 
bodies that hold permitting responsibilities could refuse to issue a permit 
required for construction or operation to begin (e.g., local construction 
permit), they also function as decision authorities. In other instances, their 
input to the overall decision authority is advisory and is weighed along 
with other inputs.

Some jurisdictions, both state and local, have formal processes to 
receive protests from those who disagree with decisions to permit wind-
energy development. Decisions may be appealed to a higher board or 
the state supreme court. Those who can demonstrate that they have been 
harmed by wind-energy development may be able to seek damages. Those 
who are concerned about effects on public resources, such as wildlife or 
cultural resources, may be able to request modifications of the wind-energy 
installation or of operating procedures to mitigate harm to these resources, 
especially if they are in violation of specific provisions of a permit. There 
may also be processes by which the public can provide notice to public of-
ficials if a permit violation has been observed.
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Although all the required participation processes we reviewed fall into 
the more passive, one-way communication end of the participatory spec-
trum (e.g., officials informing the public or officials receiving input from the 
public), it appears that both applicants and decision authorities are some-
times taking the initiative to convene more active participatory processes 
with multiway communication among applicant, decision authorities, other 
government entities, and affected individuals and organizations. Indeed, the 
permitting guidelines developed by the NWCC urge proponents of wind 
energy to begin working with affected communities well before submitting 
formal applications in order to reduce the likelihood of crippling public 
opposition later in the process (NWCC 2002). In other countries, such as 
Britain, Australia, and Denmark, early negotiation with affected communi-
ties and likely opponents of wind-energy developments has been identified 
as essential to eventual success in siting wind-generation facilities (BWEA 
1994; AusWEA 2002; Ringkøbing Amt, Møller og Grønborg, and Carl Bro 
2002). In Germany a government program designed to provide incentives 
for public acceptance of wind projects gave residents the right to become 
investors in local wind-energy projects with direct benefits to their own 
electric bills (Hoppe-Kilpper and Steinhauser 2002).

In addition to participation as an element of regulatory review, partici-
pation in proactive planning for wind-energy development is another part of 
the public-participation spectrum. At least in theory, comprehensive plans 
form the basis for zoning ordinances and may inform regulatory processes 
at the state or local level, especially when there is clear language concerning 
particular resources and land uses. Some states, such as Oregon, require 
towns to develop comprehensive plans (White 2002). Wind-energy plans 
have been critical for siting wind-energy projects in Denmark, as described 
earlier (Ringkøbing Amt, Møller og Grønborg, and Carl Bro 2002). Public 
participation at the planning stage helps ensure that the values important 
to stakeholders and general citizens are reflected in the comprehensive plans 
that seek to guide wind-energy development.

Balancing Pluses and Minuses

Once regulatory authorities receive information on environmental ef-
fects, costs, and technical specifications for proposed wind-energy develop-
ments, they are charged to decide whether to allow the development to go 
forward, and with what, if any, conditions to ameliorate negative effects. 
Directions for this complex weighing of pluses and minuses of using wind 
energy are scant and generally limited to general statements about “balanc-
ing” interests and acting “in the public good,” resulting in a holistic balanc-
ing of positive and negative impacts of the proposed development, rather 
than a decision based on clearly stated decision criteria. Often, the direction 
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to regulators appears to presume approval unless serious difficulties with 
the proposed development become evident. In Virginia, an applicant must 
show the effects of the facility on the reliability of electric service and the 
effects on the environment and on economic development, and why the 
construction and operation of the facility would not be contrary to the pub-
lic interest (VASCC 2006a). In Vermont, the Public Services Board weighs 
overall public benefits (need, reliability, economic benefit) against impacts 
to the natural and cultural environment (VTPSB 2003). In West Virginia, 
the utilities commission is directed to balance the public interest, the general 
interest of the state and local economy, and the interests of the applicant 
(WVPSC 2006a). In some cases the general public good inherent in provid-
ing electricity may be judged to outweigh some level of other impacts. This 
weighing of public good against impacts can be informed by review criteria; 
by evidence presented; by state energy plans or policy, if they exist; or by 
precedent. The state may apply conditions to minimize adverse impacts on 
the environment, including scenic and cultural resources. The applicant can 
be required to mitigate adverse impacts involving views, noise, traffic, etc.

Some states have articulated standards for making wind-energy regula-
tory decisions (e.g., State of Oregon 2006). However, specific criteria for 
different elements of the regulatory review, such as assessment of environ-
mental effects, often are lacking. In Maryland, applicants are required to 
comply with environmental regulations, and conditions may be imposed 
to mitigate adverse impacts on environmental and cultural resources, but 
what constitutes compliance and what may be required for mitigation are 
open to interpretation in particular cases. Maryland’s Wind Power Techni-
cal Advisory Group, a non-regulatory body from the Power Plant Research 
Program, has recommended standards for siting, operating, and monitoring 
wind-energy projects to minimize negative effects on birds and bats (MD 
Windpower TAG 2006). Sometimes more specific criteria are found in case 
law rather than in statutes. Vermont, for example, developed a much more 
detailed process known as the “Quechee Analysis” for analyzing visual 
impacts as part of case history, which has become an integral part of the 
regulatory criteria (Vissering 2001). Maine has developed guidance for 
review of development within the Unincorporated Territories (Maine Land 
Use Regulatory Commission 1997), but it has not been updated to address 
some of the specific attributes of wind-energy projects. The best processes 
provide a detailed framework that asks critical questions, along with a 
framework for determining how the outcome should be judged.

The same lack of definite criteria applies to post-construction opera-
tion, although some jurisdictions are working on specific monitoring crite-
ria. In Virginia, the DGIF supports setting a threshold for implementation 
of mitigation measures if more than 1.8 bats or 3.5 birds are killed per 
turbine per year. Research is currently being conducted on new technologies 
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for deterrents or mechanisms that reduce mortality of bats and birds. As 
these mitigation measures become available, the DGIF recommends their 
pre- and post-construction implementation in consultation with natural-
resources agencies (VADEQ 2006).

A Critique of Planning and Regulatory Review

Wind energy is a recent addition to the energy mix in most areas, and 
regulation of wind-energy development is evolving rapidly. Our review of 
current regulatory practices captures only a snapshot of a changing land-
scape. Regulatory authorities, wind-energy developers, affected citizens, 
and non-governmental organizations promoting and opposing wind-energy 
projects are learning as they go. In this section we move beyond simply 
describing the current status of planning and regulation of wind-energy 
development to evaluating the merits and deficiencies of current processes 
and suggesting where and how they might be improved. We call attention 
to some cross-cutting themes affecting regulatory review of wind-energy 
development: (1) the interactions among choosing the locus of review, bal-
ancing competing goals, and facilitating public participation; (2) the merits 
of flexible versus more rigidly specified review processes; (3) cumulative 
effects of wind-energy development; (4) long-term accountability for both 
positive and negative effects of wind-energy development; and (5) assistance 
to improve the quality of decisions about wind-energy development.

Interaction of Locus of Review, Balancing of Interests, and Public 
Participation

In analyzing different types of regulatory processes, the committee 
found variation ranging from reviews conducted almost entirely at the state 
level to those conducted almost entirely at the local level. Choosing a level 
for reviewing wind-energy development is likely to imply some correspond-
ing consequences for the balance of competing interests and for the struc-
ture and content of public participation in decisions. These corresponding 
consequences may not be intentional and the connection to level of review 
not explicit. Several states seem to be moving toward state-level review, 
perhaps because of concerns about potentially inequitable decisions in dif-
ferent locations and the inexperience inherent in local review. Oregon, for 
example, encourages developers to select state rather than local review by 
offering a more streamlined process at the state level (White 2002). Review 
at a scale larger than local allows implementation of a rational power-gen-
eration network with oversight of potential cumulative impacts.

Putting utility regulation at the state rather than local level implies that 
there is a public interest that is broader in scale, and greater in importance, 
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than strictly local interests. If the preceding is true, then environmental and 
societal costs of wind-energy development, evaluated at site-specific, local, 
and regional scales, must be weighed against public benefits that might be 
realized at the state level or beyond. Some states have examined this tension 
between local and broader interests quite explicitly. For example, Vermont 
created a Commission on Wind Energy Regulatory Policy in 2004 to recom-
mend changes to the current regulatory process (Vermont Commission on 
Wind Energy Regulatory Policy 2004). One issue of concern was whether 
wind-energy projects should be reviewed under the State’s Public Service 
Board, which reviews all public-utility projects, or whether review should 
be made under the more localized District Environmental Commissions, 
which focus on land use. That report represents a thoughtful and deliber-
ate consideration of the implications of level of review for how local versus 
broader-scale interests are to be weighed in decisions about wind-energy 
development. The Vermont analysis confirmed the choice of a state-level 
review process, where public interest on a broad scale is weighed against 
possibly adverse effects at the local level, but it also recommended increased 
protection for local interests during the process through aggressive public 
notification and public participation.

One of those increased protections concerns the manner of public par-
ticipation in the review process, another arena where choosing the level of 
review may implicitly determine who has standing as a participant in the 
review process and how they can participate. Where review is strictly local, 
broader interests may have less opportunity to be heard. These broader 
interests may include people beyond the wind-energy development site who 
would like to receive the benefits of wind energy, and regional or national 
organizations advocating the protection of wildlife and humans from pos-
sibly harmful effects of wind-energy development. Some more-formally 
constituted participatory processes, such as quasi-judicial hearings, specify 
how individuals or organizations may petition for an enhanced status. 
For example, they can be designated “interveners,” which entitles them to 
privileges such as cross-examining experts and receiving copies of all filings 
in a contested case. The Vermont Commission on Wind Energy Regulatory 
Policy made numerous recommendations concerning public participation 
in the regulatory process, addressing issues such as advance notice to com-
munities and affected individuals prior to filing, the number and timing of 
public hearings, the definition of “affected communities,” and information 
and assistance to increase public understanding of and participation in the 
regulatory process.

Another matter that may be affected by level of review is equity with 
respect to socioeconomic class, race, or ethnicity of citizens living near 
wind-energy facilities who are most susceptible to local adverse effects. 
Environmental-justice issues most often are raised where locally contro-

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

206 ENVIRONMENTAL IMPACTS OF WIND-ENERGY PROJECTS

versial facilities are sited disproportionately in low-income or otherwise 
politically weak neighborhoods, where citizens may lack educational and 
political resources to represent their own interests effectively. Here, level of 
review may cut both ways: developers might take advantage of strictly local 
review to site facilities where oversight is weak, or state-level review might 
consistently place the interests of the larger public ahead of the interests of 
a politically weak local population. These concerns may be less likely to 
arise for wind-energy facilities than for other types of locally controversial 
facilities, because the technical requirements for successful wind-energy de-
velopment constrain the location of facilities so tightly (at least on land).

Both developers and regulatory authorities can take the initiative to 
foster public participation in wind-energy development, rather than stop-
ping at the minimum needed to satisfy regulatory requirements. Local and 
state governments can invite public participation in proactive planning for 
wind-energy development to learn how stakeholder groups and the general 
citizenry view opportunities and obstacles. Developers could meet with ad-
joining landowners, community groups, and environmental organizations 
during the pre-application phase to hear concerns about a proposed project, 
giving them the opportunity to make changes that decrease the likelihood 
of public opposition. To prepare for this involvement, developers may 
benefit from providing descriptions of the proposed project and rationale 
for selecting the proposed site rather than an alternative for the public to 
review. Regulatory authorities can solicit public participation beyond re-
quired public notices and public hearings to bring local knowledge about 
environmental and cultural resources into the decision-making process and 
to satisfy procedural justice concerns for representation of those affected 
by regulatory decisions.

Optimizing Flexibility, Rigor, and Predictability of Regulatory Review

Processes for reviewing wind-energy proposals vary in the formality of 
the process and in the degree to which timelines and decision criteria are 
specified in advance. There are tradeoffs between the predictability and 
rigor that may be achieved with processes that are more formal and more 
clearly specified, and the flexibility and adaptability that may be achieved 
with processes that are less formal and less clearly specified. For example, 
many review processes specify a timeline for various stages of the review 
(e.g., submission of technical information, notification to affected publics) 
or specify a deadline for the regulatory authority to respond to the request 
for permission to construct a facility. Having specific timelines and dead-
lines protects developers, regulators, and the public from the extended 
uncertainty that might accompany a drawn-out review process. However, 
one notable characteristic of wind-energy proposals is that they vary enor-
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mously in the complexity of potential effects. This complexity suggests that 
a more-flexible timeline would allow both complex and simple projects to 
meet common standards for quality of information submitted and quality 
of evaluation of that material by regulators and the public. In Vermont, 
rather than specifying the same deadline for all utility proposals, state stat-
utes require the utilities board to set timelines for each proposal based on its 
complexity; once set, all the parties to the review are held to the timelines 
(Vermont Commission on Wind Energy Regulatory Policy 2004).

In evaluating current regulatory-review processes, the committee was 
struck by the minimal guidance offered about the kind and amount of 
information that should be provided for review; the degree of adverse or 
beneficial effects of proposed developments that should be considered criti-
cal for approving or disapproving a proposed project; and how competing 
costs and benefits of a proposed project should be weighed, either with 
regard to that single proposal or in comparison with likely alternatives if 
that project is not built. This lack of guidance leaves a lot to the discretion 
of regulatory authorities and the other agencies that review elements of 
the proposed project, making both developers and the public vulnerable to 
inconsistent requirements among proposed projects and among potential 
locations. It also has limited our knowledge of the impacts of wind-energy 
development on human and natural resources. As regulatory authorities ac-
cumulate experience with wind-energy proposals, conventions are develop-
ing for how much pre-project study of bird and bat activity should be done 
or what level of bird or bat mortality at operating wind-energy projects will 
be considered cause for remedial action, as Virginia DGIF has done in rec-
ommending limits for bird and bat mortality in comments on the proposed 
New Highland Wind Development (VADEQ 2006). Nevertheless, there is 
still something to be said for letting the context of a particular wind-energy 
proposal set the requirements for information and the thresholds for regu-
latory decisions, as the Vermont process does for setting the timeline for 
review. Such flexibility could optimize the expenditure of both private and 
public resources on information collection and review by focusing on the 
particular elements most likely to be troublesome for a particular project. 
However, this degree of flexibility requires a great deal of trust in the judg-
ment of the regulatory authority by developers and the public.

Proactive planning for wind-energy development at state and local 
levels could give valuable direction to regulatory review by articulating 
public values that might be affected by projects (e.g., local aesthetic values 
or socioeconomic concerns, such as effects on tourism). These values, as 
translated into planning guidelines and local zoning ordinances, help set 
standards for regulatory review.

There are advantages and disadvantages to giving regulators more 
direction on how to weigh competing costs and benefits of proposed wind-
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energy projects to make decisions that advance “the public good,” as is 
required of many regulatory authorities. Having thresholds of positive 
or negative effects may make regulatory decisions easier to defend from 
criticism, but specification of such thresholds can inhibit regulators from 
weighing a complex suite of factors to make a combined index of how 
much a particular project advances the public good. Tools from multicri-
teria decision making (e.g., Hammond et al. 2002) can help structure this 
process by representing preferences for possible outcomes and weighting 
various decision criteria in numerical form. However, the assessment of 
those weights and preferences are expressions of value, raising the critical 
question of whose values should inform decisions about the public good. 
Some argue that citizens have authorized regulatory bodies, such as utilities 
commissions, to represent public values taken as a whole. Others argue that 
only through participatory processes, including negotiation of regulatory 
rules, or through overtly political processes, such as public forums, can the 
diverse values of different constituencies be expressed. Public involvement 
in areas affected by wind-energy proposals is one mechanism for eliciting 
that diversity of values, but the complex task of combining them into a 
single decision remains with the regulatory authority.

There are, similarly, pros and cons to more versus less formal review 
processes. On the formal end of the spectrum, quasi-judicial processes have 
such merits as producing written records of deliberations, prescribing who 
can speak in what capacities during hearings, providing opportunities to 
cross-examine expert witnesses and challenge evidence, and requiring au-
thorities to respond to public comments to indicate how an issue has been 
addressed. These merits are, to some extent, offset by constraints on who 
may qualify to participate in hearings and what roles they can play. In ad-
dition, more formal processes, although providing a basis for appeal when 
parties question a decision, may solidify conflicting views and inhibit the 
more creative give-and-take that can sometimes help resolve contentious 
issues.

Assuring Long-Term Project-Permit Compliance

Post-construction monitoring for compliance with permit conditions is 
a critical part of the regulatory process. It is needed to ensure that projects 
are built according to approved plans and that required post-construc-
tion studies and mitigation measures are being carried out properly. Full 
access to project sites is needed for those charged with conducting stud-
ies or monitoring activities. Access has been problematic in the past. For 
example, access to the Mountaineer Project in West Virginia to conduct 
studies of bird and bat fatalities was discontinued by the project owner (E. 
Arnett, Bat Conservation International, personal communication 2005). 
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The application for the proposed Jack Mountain/Liberty Gap project was 
dismissed without prejudice (i.e., the application could be resubmitted) by 
the West Virginia Public Service Commission because the applicant refused 
to allow access to the property for hydrological studies (WVPSC 2006b). 
Well-defined processes for addressing post-construction monitoring and 
potential permit violations are needed at both local and state levels. Pub-
lic confidence in facility compliance would be enhanced if site operators 
designated an accessible contact person who could respond to inquiries or 
complaints. In addition to monitoring for adverse environmental effects, 
including adverse socioeconomic effects, documenting the energy benefits of 
wind-energy facilities over the lifespan of the installation also is important. 
For this purpose, data on electricity generated, which must be reported 
monthly to the Department of Energy’s Energy Information Agency for 
electricity-generating plants of 1 MW or greater, should be more easily ac-
cessible by the public than they currently are on the agency’s web site. To 
ensure long-term compliance with monitoring, mitigation, and reporting 
requirements, commitments made by the initial site developer should be 
passed to subsequent operators of the site, including those responsible for 
maintaining, refurbishing, or re-powering during the project’s lifetime, and 
decommissioning after its lifetime. To ensure transparency, state public-ser-
vice commissions, with the corresponding state environmental or natural-
resources offices, could evaluate pre- and post-construction monitoring as 
part of the permitting process.

Proactive Planning and Evaluation of Cumulative Effects

The positive and negative cumulative effects of wind-energy develop-
ment across space and over time generally receive little attention in cur-
rent regulatory-review processes, although developers have sometimes been 
asked to provide information about cumulative effects (e.g., Highland New 
Wind Development in Virginia [VADEQ 2006]). As the Vermont Com-
mission on Wind Energy Regulatory Policy (2004) noted, broader review 
may facilitate better consideration of cumulative effects than strictly lo-
cal review. In addition, wind turbines can be large in relation to natural 
landscape features, extending their effects (e.g., visual impact) beyond the 
boundaries of the municipality where the turbine itself is located. Broader 
review would capture effects that extend beyond local jurisdictions.

Consideration of cumulative effects would be facilitated by more proac-
tive planning for wind-energy development at scales ranging from national 
to regional between or within states. Resistance to centralized planning and 
devotion to private-property rights and individual autonomy in the United 
States may rule out the type of integrated planning and regulation that 
northern European countries and Australia have pursued. Nevertheless, 
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there is room in the United States for better integration of these functions 
to the benefit of wind-energy developers and for protection of the public 
good. It is a waste of private and public resources when developers invest 
in projects that cannot be sited successfully. Planning at state and local 
levels works with regulatory review to direct wind-energy development 
to locations and site designs that minimize adverse effects. Clear planning 
documents set the stage for predictable and defensible review actions.

There often are thresholds for project or turbine size, below which reg-
ulatory scrutiny either is not required or is much reduced. If several small 
projects are installed in a small area, their effects could accumulate without 
the benefit of regulatory review. For example, several individual businesses 
or farms may install small turbines, on the order of 40 kW. Although a 
single turbine meeting relevant construction and zoning requirements might 
have little effect on local wildlife, aesthetics, and cultural resources, several 
of them might have significant effects, but they would not be regulated. This 
is a gap in current regulatory policy.

Improving the Quality of Review

Evaluating the merits and drawbacks of wind-energy proposals strains 
the resources of regulatory authorities in state utilities commissions and 
even more in local governments. Although experience is accumulating, wind 
energy still is new and unfamiliar. Local decision authorities are unlikely 
to learn by experience very rapidly because they see relatively few wind-
energy proposals. Regulatory guidelines, both from nationwide efforts (e.g., 
NWCC 2002) and state-level efforts (e.g., KSREWG 2003; KSEC 2004), 
are one form of assistance to state and local decision makers. Many states, 
including California, Colorado, Maryland, Pennsylvania, New York, and 
states in the Great Lakes Region, have sponsored or established wind-en-
ergy working groups, bringing together stakeholders such as environmental 
groups, industry, academia, and state agencies to set goals and guidelines 
for wind-energy development. In some states, efforts such as Maryland’s 
Wind Power Technical Advisory Group help fill technical gaps at the local 
level (MD Windpower TAG 2006). In Vermont, the state utilities board 
can hire independent experts at the expense of the developer to assist the 
state in its review (Vermont Commission on Wind Energy Regulatory Policy 
2004). Similar assistance would be even more beneficial to local decision 
makers.

FRAMEWORK FOR REVIEWING WIND-ENERGY PROPOSALS

Part of the committee’s charge was to develop an analytical framework 
for reviewing environmental and socioeconomic effects of wind-energy 
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proposals. Ideally, this framework would (1) detail not only the types of 
effects to be considered, but also how those effects are to be evaluated 
as desirable or undesirable and how positive and negative effects are to 
be weighed in an overall assessment of a particular proposal; (2) address 
wind-energy development across a range of spatial and temporal scales; (3) 
integrate technical information on wind-energy effects with expressions of 
relevant public values; and (4) enable comparisons of wind-energy projects 
with other forms of electricity production. We have stopped short of this 
ideal for several reasons.

Although in theory it seems sensible to weigh the comparative environ-
mental performance of different electricity sources, in practice the generally 
piecemeal nature of U.S. policy making and regulation offers few oppor-
tunities for such comparisons. Energy policies (expressed through such 
means as tax credits and other financial incentives) usually are the result of 
considering particular energy sources by themselves rather than the result 
of weighing the advantages and disadvantages of different energy sources. 
Regulatory review of energy facilities almost always is a yes/no judgment 
on a single proposal (perhaps with modifications or conditions imposed), 
not a comparative judgment of the merits of different energy sources, sites, 
or facility designs. There is little planning that addresses particular mixes of 
energy sources, particular sites for wind-energy development, or particular 
designs for wind-energy facilities. Even if such planning were done, it would 
have limited impact on proposed wind-energy facilities and their approval, 
because proposals usually arise one at a time. The review of individual 
proposals usually is quite limited in scope, both temporally and spatially, 
with little opportunity for a full life-cycle analysis or for consideration of 
effects that accumulate across space and time.

In addition, the U.S. system, with its private ownership of most energy 
facilities and with its prevailing emphasis on markets as the best arbiters of 
balancing the costs and benefits of energy projects, offers few opportuni-
ties for thorough public deliberation on the full spectrum of positive and 
negative effects of a particular energy facility. At present, if a proposed 
project meets regulatory requirements (which generally do not include a 
comprehensive balancing of positive and negative effects), it usually must 
be approved. Setting regulatory thresholds (e.g., for noise, number of birds 
killed, visibility) implies that some tradeoffs among costs and benefits are 
addressed, but even if the tradeoffs are addressed, it usually is not in a 
transparent and comprehensive way. Instead, these implicit tradeoffs evolve 
more or less invisibly as projects are proposed, reviewed, modified, and 
implemented. Eventually, this evolution may result in changes to regulatory 
processes and standards, but even then, the weighing of tradeoffs does not 
necessarily become transparent.

There is, moreover, currently no social consensus on how the advan-

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

212 ENVIRONMENTAL IMPACTS OF WIND-ENERGY PROJECTS

tages and disadvantages of wind-energy projects should be traded off or 
whose value systems should prevail in making such judgments. Instead, 
these decisions usually take place through a combination of citizen partici-
pation, political advocacy, and regulatory decision making. As discussed 
earlier in this chapter, both predictable but also more rigid regulatory-
review procedures, and less predictable but also more flexible procedures, 
have their advantages. In addition, maintaining the flexibility to tailor the 
intensity of regulatory review to the complexity and controversy associated 
with particular wind-energy proposals makes more efficient use of society’s 
resources than a “one size fits all” process that does not provide opportuni-
ties for exceptions.

For all of these reasons, we focus our efforts on incrementally improv-
ing the way wind-energy decisions are made today. We offer an evalua-
tion guide that aids vertical coordination of regulatory review by various 
levels of government and helps to ensure that regulatory reviews are well 
grounded procedurally and evaluate the many facets of the human and non-
human environment that may be affected by wind-energy development.

Coordinating Levels of Governmental Responsibility

To assist those responsible for planning and regulating wind-energy 
development and to facilitate the coordination of their work, we suggest 
using a two-dimensional matrix of jurisdictional levels and areas of respon-
sibility. Jurisdictional levels range in scale from international (occasionally) 
and national to regional, state, and local. Areas of responsibility include 
formulation and execution of policy, planning, and public relations; legal 
and regulatory activities; and impact evaluation. In Figure 5-1, these two 
dimensions are displayed as a matrix.

The details of how this matrix is filled out will vary from state to state, 
and to a lesser extent, from project to project. Nonetheless, using the matrix 
and considering each of its cells will help to ensure that important elements 
of governmental responsibilities have not been overlooked and that review 
efforts are well coordinated across geographic areas and jurisdictional 
levels. Once the respective responsibilities of the various jurisdictions are 
clearly identified and articulated, a checklist of questions like those in 
Box 5-4 below can serve as a template for evaluation.

Evaluation Guide

The evaluation guide presented here represents a step toward a real-
istic, workable framework for reviewing proposed and evaluating existing 
wind-energy projects. If this guide is followed and adequately documented, 
the results will provide a basis not only for evaluating an individual wind-
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energy project, but also for comparing two or more proposed projects 
and for undertaking an assessment of cumulative effects of existing and 
proposed facilities. In addition, following this guide may facilitate rational 
documentation of the most important areas for research.

The guide first addresses procedural considerations—policy, planning, 
and public relations—and relevant laws and regulations. It then addresses 
the main potential effects of wind-energy facilities, organizing them into six 
categories drawn from Chapters 3 and 4: (1) impacts on the environment, 
(2) impacts on human health and well-being, (3) aesthetic impacts, (4) 
cultural impacts, (5) economic and fiscal impacts, and (6) electromagnetic 
interference. A seventh cross-cutting category concerning cumulative im-
pacts is added. All these potential effects should be considered also in light 
of the benefits of any proposed project, including environmental benefits. 
The guide (Box 5-4) is presented as sets of questions to aid evaluation at 
various jurisdictional levels.

CONCLUSIONS AND RECOMMENDATIONS

The committee concludes that a country as large and as geographically 
diverse as the United States, and as wedded to political plurality and private 
enterprise, is unlikely to plan for wind energy at a national scale in the same 
way as some other countries are doing. Nevertheless, national-level energy 
policies (implemented through mechanisms such as incentives, subsidies, 
research agendas, and federal regulations and guidelines) to enhance the 
benefits of wind energy while minimizing negative impacts would help in 
planning and regulating wind-energy development at smaller scales. Uncer-
tainty about what policy tools will be in force hampers proactive planning 
for wind development. More specific conclusions and recommendations 
follow.

Federal Regional/State Local

Policy,	Planning,	and	Public	Relations
Legal	and	Regulatory
Evaluation	of	Impacts
	 Environmental
	 Human	Health	and	Well-Being	
	 Aesthetic
	 Cultural
	 Economic	and	Fiscal
	 Electromagnetic	Interference

FIGURE 5-1 Matrix for organizing review of wind-energy projects
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BOX 5-4 
Guide for Evaluating Wind-Energy Projects

Policy, Planning, and Public Relations

1.	 Are	the	relevant	energy	policies	and	planning	processes	clearly	defined	at	all	jurisdic-
tional	levels,	and	are	they	coordinated	and	aligned	among	federal,	state,	and	local	levels?	
Are	national-level	energy	policies	available	and	being	used?	Are	well-reasoned	planning	
documents	available	to	make	regulatory-review	actions	predictable	and	defensible?
2.	 Have	mechanisms	been	established	to	provide	necessary	information	to	interested	
and	affected	parties,	and	to	seek	meaningful	 input	from	them	as	wind-energy	projects	
are	planned	and	implemented?	Are	developers	required	to	provide	early	notification	of	
their	intent	to	develop	wind	energy?
3.	 Are	 procedures—including	 policies	 and	 regulations—in	 place	 for	 evaluating	 the	
impacts	of	wind-energy	projects	that	cross	jurisdictional	boundaries,	especially	for	those	
that	involve	more	than	one	state?
4.	 Is	 guidance	 available	 to	 developers,	 regulators,	 and	 the	 public	 about	 what	 kinds	
of	 information	 are	 needed	 for	 review,	 what	 degrees	 of	 adverse	 and	 beneficial	 effects	
of	 proposed	 wind-energy	 developments	 should	 be	 considered	 critical	 in	 evaluating	 a	
proposed	project,	and	how	competing	costs	and	benefits	of	a	proposed	project	should	
be	weighed	with	regard	to	that	proposal	only,	or	by	comparison	with	likely	alternatives?	
Are	there	mechanisms	in	place	through	which	interested	parties	can	obtain	the	pertinent	
available	information?
5.	 Are	 regional	 planning	 documents	 available	 that	 provide	 guidance	 on	 the	 quality	
of	wind	resources,	capacity	of	 transmission	options,	potential	markets,	major	areas	of	
concern,	and	tradeoffs	that	should	be	considered?

Legal and Regulatory Considerations

1.	 Are	 wind-energy	 guidelines	 and	 regulations	 issued	 by	 different	 federal	 agencies	
compatible,	are	 those	guidelines	and	 regulations	aligned	with	other	 federal	 regulating	
rules	and	regulations,	and	do	the	guidelines	and	regulations	follow	acceptable	scientific	
principles	when	establishing	data	requirements?
2.	 Does	the	review	process	include	steps	that	explicitly	address	the	cumulative	impacts	
of	wind-energy	projects	over	space	and	time;	that	is,	by	reviewing	each	new	project	in	
the	context	of	other	existing	and	planned	projects	in	the	region?

Evaluation of Impacts

General

1.	 Are	the	biological,	aesthetic,	cultural,	and	socioeconomic	attributes	of	the	region	suf-
ficiently	well	known	to	allow	an	accurate	assessment	of	the	environmental	impacts	of	the	
wind-energy	project,	and	to	distinguish	among	the	potential	sites	considered	during	the	
site-selection	process?	Are	there	species,	habitats,	recreational	areas,	or	cultural	sites	
of	special	interest	or	concern	that	will	be	affected	by	the	project?	How	will	this	descrip-
tive	 information	be	collected,	who	will	 judge	 its	quality	and	reliability,	and	how	will	 the	
information	be	shared	with	stakeholders?	Are	there	key	gaps	in	the	needed	information	
that	should	be	addressed	with	further	research	before	a	project	is	approved	or	to	guide	
the	operation	of	an	approved	project?

Environmental Impacts

1.	 What	environmental	mitigation	measures	will	be	taken	and	how	will	their	effective-
ness	be	measured?	Are	there	any	legal	requirements	for	such	measures	(e.g.,	habitat	
conservation	plans)?	Are	any	listed	species	at	risk	from	the	proposed	facility?
2.	 How	and	by	whom	will	the	environmental	impacts	be	evaluated	once	the	project	is	in	
operation?	If	these	evaluations	indicate	needed	changes	in	the	operation	of	the	facility,	
how	will	such	a	decision	be	made	and	how	will	their	implementation	be	assured?
3.	 What	 pre-siting	 studies	 for	 site	 selection	 and	 pre-construction	 studies	 for	 impact	
assessment	and	mitigation	planning	are	required?
4.	 What	post-construction	studies,	with	appropriate	controls,	are	required	to	evaluate	
impacts,	modify	mitigation	if	needed,	and	improve	future	planning?

Impacts on Human Health and Well-Being

1.	 Have	pre-construction	noise	surveys	been	conducted	to	determine	the	background	
noise	levels?	Will	technical	assessments	of	the	operational	noise	levels	be	conducted?	Is	
there	an	established	process	to	resolve	complaints	from	the	operation	of	the	turbines?
2.	 Is	 there	a	process	 in	place	 to	address	complaints	of	shadow	flicker	and	does	 the	
operator	use	the	best	software	programs	to	minimize	any	flicker?

Aesthetic Impacts

1.	 Has	 the	project	planning	 involved	professional	assessment	of	 potential	 visual	 im-
pacts,	 using	 established	 techniques	 such	 as	 those	 recommended	 by	 the	 U.S.	 Forest	
Service	or	U.S.	Bureau	of	Land	Management?
2.	 How	have	the	public	and	the	locally	affected	inhabitants	been	involved	in	evaluating	
the	potential	aesthetic	and	visual	impacts?

Cultural Impacts

1.	 Has	there	been	expert	consideration	of	the	possible	impacts	of	the	project	on	recre-
ational	opportunities	and	on	historical,	sacred,	and	archeological	sites?

Economic and Fiscal Impacts

1.	 Have	the	direct	economic	impacts	of	the	project	been	accurately	evaluated,	including	
the	types	and	pay	scales	of	the	jobs	produced	during	the	construction	and	operational	
phases,	the	taxes	that	will	be	produced,	and	costs	to	the	public?
2.	 Has	 there	been	a	careful	explication	of	 the	 indirect	economic	costs	and	benefits,	
including	opportunity	costs	and	the	distribution	of	monetary	and	non-monetary	benefits	
and	costs?
3.	 Are	the	guarantees	and	mitigation	measures	designed	to	fit	the	project	and	address	
the	interests	of	the	community	members	and	the	local	jurisdictions?

Electromagnetic Interference

1.	 Has	 the	 developer	 assessed	 the	 possibility	 of	 radio,	 television,	 and	 radar	
interference?

Cumulative Effects

1.	 How	will	cumulative	effects	be	assessed,	and	what	will	be	included	in	that	assess-
ment	 (i.e.,	 the	effects	only	of	other	wind-energy	 installations,	or	of	all	other	electricity	
generators,	 or	of	 all	 other	anthropogenic	 impacts	on	 the	area)?	Have	 the	spatial	 and	
temporal	scales	of	the	cumulative-effects	assessment	been	specified?
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BOX 5-4 
Guide for Evaluating Wind-Energy Projects

Policy, Planning, and Public Relations

1.	 Are	the	relevant	energy	policies	and	planning	processes	clearly	defined	at	all	jurisdic-
tional	levels,	and	are	they	coordinated	and	aligned	among	federal,	state,	and	local	levels?	
Are	national-level	energy	policies	available	and	being	used?	Are	well-reasoned	planning	
documents	available	to	make	regulatory-review	actions	predictable	and	defensible?
2.	 Have	mechanisms	been	established	to	provide	necessary	information	to	interested	
and	affected	parties,	and	to	seek	meaningful	 input	from	them	as	wind-energy	projects	
are	planned	and	implemented?	Are	developers	required	to	provide	early	notification	of	
their	intent	to	develop	wind	energy?
3.	 Are	 procedures—including	 policies	 and	 regulations—in	 place	 for	 evaluating	 the	
impacts	of	wind-energy	projects	that	cross	jurisdictional	boundaries,	especially	for	those	
that	involve	more	than	one	state?
4.	 Is	 guidance	 available	 to	 developers,	 regulators,	 and	 the	 public	 about	 what	 kinds	
of	 information	 are	 needed	 for	 review,	 what	 degrees	 of	 adverse	 and	 beneficial	 effects	
of	 proposed	 wind-energy	 developments	 should	 be	 considered	 critical	 in	 evaluating	 a	
proposed	project,	and	how	competing	costs	and	benefits	of	a	proposed	project	should	
be	weighed	with	regard	to	that	proposal	only,	or	by	comparison	with	likely	alternatives?	
Are	there	mechanisms	in	place	through	which	interested	parties	can	obtain	the	pertinent	
available	information?
5.	 Are	 regional	 planning	 documents	 available	 that	 provide	 guidance	 on	 the	 quality	
of	wind	resources,	capacity	of	 transmission	options,	potential	markets,	major	areas	of	
concern,	and	tradeoffs	that	should	be	considered?

Legal and Regulatory Considerations

1.	 Are	 wind-energy	 guidelines	 and	 regulations	 issued	 by	 different	 federal	 agencies	
compatible,	are	 those	guidelines	and	 regulations	aligned	with	other	 federal	 regulating	
rules	and	regulations,	and	do	the	guidelines	and	regulations	follow	acceptable	scientific	
principles	when	establishing	data	requirements?
2.	 Does	the	review	process	include	steps	that	explicitly	address	the	cumulative	impacts	
of	wind-energy	projects	over	space	and	time;	that	is,	by	reviewing	each	new	project	in	
the	context	of	other	existing	and	planned	projects	in	the	region?

Evaluation of Impacts

General

1.	 Are	the	biological,	aesthetic,	cultural,	and	socioeconomic	attributes	of	the	region	suf-
ficiently	well	known	to	allow	an	accurate	assessment	of	the	environmental	impacts	of	the	
wind-energy	project,	and	to	distinguish	among	the	potential	sites	considered	during	the	
site-selection	process?	Are	there	species,	habitats,	recreational	areas,	or	cultural	sites	
of	special	interest	or	concern	that	will	be	affected	by	the	project?	How	will	this	descrip-
tive	 information	be	collected,	who	will	 judge	 its	quality	and	reliability,	and	how	will	 the	
information	be	shared	with	stakeholders?	Are	there	key	gaps	in	the	needed	information	
that	should	be	addressed	with	further	research	before	a	project	is	approved	or	to	guide	
the	operation	of	an	approved	project?

Environmental Impacts

1.	 What	environmental	mitigation	measures	will	be	taken	and	how	will	their	effective-
ness	be	measured?	Are	there	any	legal	requirements	for	such	measures	(e.g.,	habitat	
conservation	plans)?	Are	any	listed	species	at	risk	from	the	proposed	facility?
2.	 How	and	by	whom	will	the	environmental	impacts	be	evaluated	once	the	project	is	in	
operation?	If	these	evaluations	indicate	needed	changes	in	the	operation	of	the	facility,	
how	will	such	a	decision	be	made	and	how	will	their	implementation	be	assured?
3.	 What	 pre-siting	 studies	 for	 site	 selection	 and	 pre-construction	 studies	 for	 impact	
assessment	and	mitigation	planning	are	required?
4.	 What	post-construction	studies,	with	appropriate	controls,	are	required	to	evaluate	
impacts,	modify	mitigation	if	needed,	and	improve	future	planning?

Impacts on Human Health and Well-Being

1.	 Have	pre-construction	noise	surveys	been	conducted	to	determine	the	background	
noise	levels?	Will	technical	assessments	of	the	operational	noise	levels	be	conducted?	Is	
there	an	established	process	to	resolve	complaints	from	the	operation	of	the	turbines?
2.	 Is	 there	a	process	 in	place	 to	address	complaints	of	shadow	flicker	and	does	 the	
operator	use	the	best	software	programs	to	minimize	any	flicker?

Aesthetic Impacts

1.	 Has	 the	project	planning	 involved	professional	assessment	of	 potential	 visual	 im-
pacts,	 using	 established	 techniques	 such	 as	 those	 recommended	 by	 the	 U.S.	 Forest	
Service	or	U.S.	Bureau	of	Land	Management?
2.	 How	have	the	public	and	the	locally	affected	inhabitants	been	involved	in	evaluating	
the	potential	aesthetic	and	visual	impacts?

Cultural Impacts

1.	 Has	there	been	expert	consideration	of	the	possible	impacts	of	the	project	on	recre-
ational	opportunities	and	on	historical,	sacred,	and	archeological	sites?

Economic and Fiscal Impacts

1.	 Have	the	direct	economic	impacts	of	the	project	been	accurately	evaluated,	including	
the	types	and	pay	scales	of	the	jobs	produced	during	the	construction	and	operational	
phases,	the	taxes	that	will	be	produced,	and	costs	to	the	public?
2.	 Has	 there	been	a	careful	explication	of	 the	 indirect	economic	costs	and	benefits,	
including	opportunity	costs	and	the	distribution	of	monetary	and	non-monetary	benefits	
and	costs?
3.	 Are	the	guarantees	and	mitigation	measures	designed	to	fit	the	project	and	address	
the	interests	of	the	community	members	and	the	local	jurisdictions?

Electromagnetic Interference

1.	 Has	 the	 developer	 assessed	 the	 possibility	 of	 radio,	 television,	 and	 radar	
interference?

Cumulative Effects

1.	 How	will	cumulative	effects	be	assessed,	and	what	will	be	included	in	that	assess-
ment	 (i.e.,	 the	effects	only	of	other	wind-energy	 installations,	or	of	all	other	electricity	
generators,	 or	of	 all	 other	anthropogenic	 impacts	on	 the	area)?	Have	 the	spatial	 and	
temporal	scales	of	the	cumulative-effects	assessment	been	specified?
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Conclusion

Because wind energy is new to many state and local governments, the 
quality of decisions to permit wind-energy developments is uneven in many 
respects.

Recommendation

Guidance on planning for wind energy and on data requirements and 
on procedures for reviewing wind-energy proposals should be developed. 
In addition, technical assistance with gathering and interpreting informa-
tion needed for decision making should be provided. This guidance and 
technical assistance, conducted at appropriate jurisdictional levels, could 
be developed by working groups composed of wind-energy developers, 
non-governmental organizations with diverse views of wind-energy devel-
opment, and local, state, and federal government agencies.

Conclusion

There is little anticipatory planning for wind-energy projects, and it is 
not clear whether mechanisms currently exist that could incorporate such 
planning in regulatory decisions even if such planning occurred.

Recommendation

Regulatory reviews of individual wind-energy projects should be pre-
ceded by coordinated, anticipatory planning whenever possible. Such plan-
ning for wind-energy development coordinated with regulatory review of 
wind-energy proposals would benefit developers, regulators, and the public 
because it would prompt developers to focus proposals on locations and site 
designs most likely to be successful. This planning could be implemented 
at scales ranging from state and regional levels to local levels. Anticipa-
tory planning for wind-energy development also would help researchers 
target their efforts where they will be most informative for future wind-
development decisions.

Conclusion

Choosing the level of regulatory authority for reviewing wind-energy 
proposals carries corresponding implications for how the following issues 
are addressed:

• Cumulative effects of wind-energy development.
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• Balancing negative and positive environmental and socioeconomic 
impacts of wind energy.

• Incorporating public opinions into the review process.

Recommendation

In choosing the levels of regulatory review of wind-energy projects, 
agencies should review the implication of those choices to all three issues 
listed above. Decisions about the level of regulatory review should include 
procedures for ameliorating the disadvantages of a particular choice (e.g., 
enhancing opportunities for local participation in state-level reviews).

Conclusion

Well-specified, formal procedures for regulatory review enhance pre-
dictability, consistency, and accountability for all parties to wind-energy 
development. However, flexibility and informality also have advantages, 
such as matching the time and effort expended on review to the complexity 
and controversy associated with a particular proposal; tailoring decision 
criteria to the ecological and social contexts of a particular proposal; and 
fostering creative interactions among developers, regulators, and the public 
to find solutions to wind-energy dilemmas.

Recommendation

When consideration is given to formalizing review procedures and 
specifying thresholds for decision criteria, this consideration should include 
attention to ways of retaining the advantages of more flexible procedures.

Conclusion

Using an evaluation guide to organize regulatory review processes—
such as the guide we have provided here—can help achieve comprehen-
sive and consistent regulation, coordinated across jurisdictional levels and 
across types of effects.

Recommendation

Regulatory agencies should adopt and routinely use an evaluation guide 
in their reviews of wind-energy projects. The guide should be available to 
developers and the public.
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Conclusion

The environmental benefits of wind energy, mainly reductions in atmo-
spheric pollutants, are enjoyed at wide spatial scales, while the environmen-
tal costs, mainly aesthetic impacts and ecological impacts such as increased 
mortality of birds and bats, occur at much smaller spatial scales. There are 
similar, if less dramatic, disparities in the scales of occurrence of economic 
and other societal benefits and costs. The disparities in scale, while not 
unique to wind energy, complicate the evaluation of tradeoffs.

Recommendation

Representatives of federal, state, and local governments should work 
with wind-energy developers, non-governmental organizations, and other 
interest groups and experts to develop guidelines for addressing tradeoffs 
between benefits and costs of wind-energy generation of electricity that 
 occur at widely different scales, including life-cycle effects.
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Department and served on the faculty of the Department of Statistics at 
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received a Ph.D. in Zoology from the University of Wyoming.

Jean Vissering is a landscape architect who has presented and written 
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concerned with the direct environmental effects of coal extraction. He rep-
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the Alleghany Highlands where wind-energy projects are being developed. 
Within the Appalachian ecosystems, Dr. Whitmore has conducted extensive 
field research in the habitat types that are involved in wind-energy develop-
ment. He is an Elected Member of the American Ornithologists Union, as 
well as a member of the Cooper Ornithological Society, the Wilson Orni-
thological Society, and the Society of Field Ornithologists. He received a 
Ph.D. in Zoology from Brigham Young University.
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Emission Rates for Electrical Generation

TABLE B-1 Annual Emission Rates for Electrical Generating Units 
(lb/MWh)

Data Set Geographic Area Period
Generation 
Type CO2 NOx SO2

eGrid 2000a

 USA 50 U.S. states 2000 System average 1,392 3.0 6.0
 MAH States MD, PA, VA, WV, DC 2000 System average 1,426 3.5 9.7
 USA 50 U.S. states 2000 Coal 2,188 4.8 10.9
 MAH States MD, PA, VA, WV, DC 2000 Coal 2,053 5.0 14.1
 USA 50 U.S. states 2000 Natural gas 1,187 1.7 0.3
 MAH States MD, PA, VA, WV, DC 2000 Natural gas 878 1.0 0.3
BLM EISb Western U.S. Pre-1991 Coal 2,860 15.4 15.4
BLM EISb Western U.S. Pre-2001 Natural gas 1,200 0.0 1.3
PJM 2005c PJM grid system 2005 System average 1,292 2.6 8.5
RSG-ERT SIPd MD, PA, WV, VA Pre-2003 Coal 2,113 5.7 17.7
RSG-ERT VAe VA, WV 2004 Primarily coal 2,037 3.9 5.3
ISO-NEf

 2000 New England 2000 Marginal units 1,488 1.9 6.2
 2004 New England 2004 Marginal units 1,102 0.5 2.0
 2000 New England 2000 System average 913 1.1 3.9
 2005 New England 2004 System average 876 0.8 2.3
OTCg

 NY NY 2002 System average 810 1.2 2.7
 NE New England 2002 System average 1,000 1.1 3.3
 PJM PJM grid system 2002 System average 1,180 2.3 8.0
NESCAUMh

 Greenpoint NY 1999 System average 944 1.5 4.4
 Exelon PJM grid system 1998 System average 1,199 2.8 9.0

 aeGRID 2006.
 bBLM 2005a.
 cPJM 2006b.
 dHathaway et al. 2005.
 eHigh and Hathaway 2006.
 fISO New England Inc. 2006.
 gKeith et al. 2002.
 hNESCAUM 2002.
NOTE: The committee has not assessed the uncertainty associated with the numbers 
presented.
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TABLE B-2 Wind Resource Database: Standard Version, May 2005a

State Data Sourceb State Data Sourceb

Arizona N/TWS 2003 Nebraska N/TWS 2005
Alabama PNL 1987 New Hampshire N/TWS 2002
Arkansas PNL 1987 New Jersey N/TWS 2003
California N/TWS 2003 New Mexico N/TWS 2003
Colorado N/TWS 2003 New York PNL 1987
Connecticut N/TWS 2002 North Carolina N/TWS 2003
Delaware N/TWS 2003 North Dakota NREL 2000
Florida PNL 1987 Ohio N/TWS 2004
Georgia PNL 1987 Oklahoma PNL 1987
Idaho N/TWS 2002 Oregon N/TWS 2002
Illinois NREL 2001 Pennsylvania N/TWS 2003
Indiana N/TWS 2004 Rhode Island N/TWS 2002
Iowa PNL 1987 South Carolina PNL 1987
Kansas PNL 1987 South Dakota NREL 2000
Kentucky PNL 1987 Tennessee PNL 1987
Louisiana PNL 1987 Texas PNL 1987 
Maine N/TWS 2002 NREL 2000
Maryland N/TWS 2003 Vermont N/TWS 2002
Massachusetts N/TWS 2002 Virginia N/TWS 2003
Michigan N/TWS 2005 Washington N/TWS 2002 
Minnesota PNL 1987 West Virginia N/TWS 2003
Mississippi PNL 1987 Wisconsin PNL 1987
Missouri N/TWS 2004 Wyoming N/TWS 2002
Montana N/TWS 2002

 aData source and exclusion criteria for U.S. wind potential map coverage provided on 
March 16, 2006, by National Renewable Energy Laboratory, Golden, CO.
 bYrSource: Yr = Year validated (1987 to present); Source = PNL, NREL, or N/TWS (NREL 
with AWS TrueWind).
NOTE: PNL data resolution is 1/4 degree of latitude by 1/3 degree of longitude; each cell has 
a terrain exposure percent (5% for ridgecrest to 90% for plains) to define base resource area 
in each cell. Ridgecrest areas have 10% of the area assigned to the next higher power class. 
NREL data were generated with the WRAMS model and do not account for surface rough-
ness. Resolution is 1 km. Texas includes the Texas mesas study area updated by NREL using 
WRAMS. N/TWS data was generated by AWS TrueWind and validated by NREL. Resolution 
is 400 m for the northwest states (WA, OR, ID, MT, and WY) and 200 m everywhere else. 
These data consider surface roughness in their estimates.
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TABLE B-3 Wind Resource Exclusion Database:a Criteria for Defining 
Available Windy Landb

Criteria Data/Comments

Environmental
  (2) 100% exclusion of National Park 

Service and Fish and Wildlife Service 
managed lands.

USGS Federal and Indian Lands shapefile, 
Jan. 2005.

  (3) 100% exclusion of federal lands 
designated as park, wilderness, 
wilderness study area, national 
monument, national battlefield, 
recreation area, national conservation 
area, wildlife refuge, wildlife area, wild 
and scenic river, or inventoried roadless 
area.

USGS Federal and Indian Lands shapefile, 
Jan. 2005.

  (4) 100% exclusion of state and private 
lands equivalent to criteria 2 and 3, 
where GIS data are available.

State/GAP land stewardship data management 
status 1, from Conservation Biology Institute 
Protected Lands database, 2004.

  (8) 50% exclusion of remaining USDA 
Forest Service (FS) lands (incl. National 
Grasslands).

USGS Federal and Indian Lands shapefile, 
Jan. 2005.

  (9) 50% exclusion of remaining Dept. 
of Defense lands.

USGS Federal and Indian Lands shapefile, 
Jan. 2005.

  (10) 50% exclusion of state forest land, 
where GIS data is available.

State/GAP land stewardship data management 
status 2, from Conservation Biology Institute 
Protected Lands database, 2004.

Land Use
  (5) 100% exclusion of airfields, urban, 

wetland, and water areas.
USGS North America Land Use Land Cover 
(LULC), version 2.0, 1993; ESRI airports and 
airfields (2003).

  (11) 50% exclusion of non-ridgecrest 
forest.c

Ridgecrest areas defined using a terrain 
definition script, overlaid with USGS LULC 
data screened for the forest categories.

Other
  (1) Exclude areas of slope > 20%. Derived from elevation data used in the wind 

resource model.

  (6) 100% exclude 3 km surrounding 
criteria 2-5 (except water).

Merged datasets and buffer 3 km.

  (7) Exclude resource areas that do not 
meet a density of 5 km2 of class 3 or 
better resource within the surrounding 
100 km2 area.

Focalsum function of class 3+ areas (not 
applied to 1987 PNL resource data).

 aStandard Version, last revised Jan. 2004.
 bNumbered in the order they are applied.
 c50% exclusions are not cumulative. If an area is non-ridgecrest forest on FS land, it is just 
excluded at the 50% level one time.
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Methods and Metrics for 
Wildlife Studies

A wide range of methods are available for assessing the ecological in-
fluences of wind-energy and aspects of the ecology and behavior of species 
that may be affected by wind-energy facilities; most of them are reviewed 
here. For additional information on methods readers are referred to syn-
theses presented in Anderson et al. (1999), Braun (2005), and Kunz and 
Parsons (in press).

Key Variables and Monitoring Methods

Researchers have only begun to investigate the ecological impacts of 
wind-energy facilities, especially impacts on bats. The possibility of large 
cumulative impacts on bat populations has not previously been considered 
in siting plans and wind-energy development in the United States, and thus 
research and monitoring studies are needed to develop predictive models of 
cumulative effects and to inform decision makers. Understanding of impacts 
on birds also is limited because of the lack of replication of studies at exist-
ing wind-energy facilities, the lack of information in some regions of the 
country, and inadequate evaluation of predicted impacts following facility 
construction and operation.

Bat fatalities at wind turbines have been reported at nearly every wind-
energy facility where post-construction surveys have been conducted, yet 
few of these studies have included more than one year of monitoring, and of 
these none monitored fatalities consistently from spring migration through 
fall migration at any single site. Moreover, only four studies prior to that of 
Arnett (2005) used fresh bat carcasses to assess searcher efficiency and/or 
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conducted scavenger-removal experiments to correct estimates for potential 
biases.

Study Design

The most important element in designing a study is deciding on the 
study objective. Once the study objective is determined, other essential is-
sues include the following:

• The area of interest,
• Time period of interest,
• Species of interest,
• Potentially confounding variables,
• The time and budget available for the required studies, and
• The magnitude of the impact being evaluated.

The following is a general discussion of methods, metrics, and study 
design for achieving objectives commonly addressed in the study of wildlife 
impacts from wind-energy development. For a more detailed discussion of 
this topic, readers are referred to Green (1979), Underwood (1994), An-
derson et al. (1999), Manly (2001), and Morrison et al. (2001). There is no 
fundamental difference between monitoring and research, but a commonly 
used criterion for distinguishing them is the duration of study. Monitor-
ing schemes are essentially repeated surveys (Manly 2001) and are usually 
designed to detect changes and trends in the variable of interest. Because 
considerations in study design are essentially the same for both monitoring 
and observational studies, no effort will be made to further discriminate 
between the two.

Reliable study designs available for environmental impact assessments 
are limited. The before-after/control impact (BACI) design is commonly 
used in observational studies (e.g., Stewart-Oaten 1986) and has been 
considered the optimal impact-study design by Green (1979). As the name 
implies, this type of study involves the collection of data in the assessment 
area and a similar (control) area both before and after an impact occurs 
(Morrison et al. 2001). An effect typically is measured as a change in the 
difference between estimates of a variable for the control and an assessment 
area following an impact. Confidence intervals can increase the reliability 
of an impact estimate when data from more than one control area are 
available (Underwood 1994). Ideally, control areas should be randomly 
selected from a population of similar sites (Manly 2001). Study areas within 
the assessment and control area may be matched to reduce the natural 
variation common in impact studies (Skalski and Robson 1992), although 
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characteristics of study sites may change in longer-term studies, and thus 
matching may be unreliable.

When data are lacking before an impact, the control-impact design 
may be used. This type of study differs from the BACI design only in the 
lack of pre-impact data. As in the BACI design, if a significant difference is 
attributed to the impact of a perturbation the assumption is that nothing 
else could cause a change of that magnitude (Manly 2001). Before-after 
designs can be used when data from a control area cannot be obtained. A 
change immediately following an impact is assumed to be a result of the 
impact and not from some other cause. In the absence of data from control 
areas, the attribution of cause may be difficult to support, unless the impact 
is large and easily attributable to the cause. For example, a decline in bird 
abundance following the construction of a wind-energy facility might be 
attributed to the facility by finding large numbers of bird carcasses killed 
by turbines. In the absence of strong corroborative evidence, attributing the 
change in abundance to the wind-energy plant may be difficult to defend.

The impact-gradient design may be used for quantifying impacts in 
relatively small assessment areas with homogeneous environments (An-
derson et al. 1999; Manly 2001). With this design, an effect is assumed if 
it appears to be reduced as the distance increases from the source of the 
impact (Manly 2001). The most important assumption made when using 
the impact-gradient design is that the environment is homogeneous. Ho-
mogeneity is relatively uncommon in the environment and the analysis of 
data resulting from this study design should take spatial correlation into 
account (Manly 2001). For example, wind turbines are typically placed 
on the windiest sites available in a wind-resource area, such as ridge tops. 
Thus, moderating environmental conditions as a function of distance from 
the turbines may create subtle differences in the characteristics of the sites 
that could mask impacts.

Morrison et al. (2001) suggested improving observational studies by 
using several general approaches to study design that can increase precision 
without requiring increased replication. Their suggestions include:

• Vary sampling effort (or apply treatments) within homogenous 
groups of experimental units (blocking).

• Measure non-treatment factors (co-variates) and use analysis of 
covariance when analyzing the response to a treatment to consider the 
added influence of variables having a measurable influence on the depen-
dent variable.

• Refine experimental techniques, including greater sampling preci-
sion within experimental units (Cochran and Cox 1957; Cox 1958).

Mensurative studies involve making measurements of uncontrolled 
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events at one or more points in space or time with space and time be-
ing the only experimental variable or treatment (Morrison et al. 2001). 
Mensurative studies are most convincing when the impacts are large and 
it is difficult or impossible to attribute the impact to some other cause. 
Nevertheless, mensurative studies often are conducted because there is no 
alternative, and they give more information than no study at all (Manly 
2001). A study of impact should not rely on a single response variable, 
but should use the strongest design possible and accumulate all available 
evidence in a weight-of-evidence approach (Anderson et al. 1999) when 
evaluating the existence and magnitude of an impact. Table C-1, taken 
from Anderson et al. (1999), provides a decision matrix for selecting the 
appropriate impact-study design.

Methods for Estimating Abundance

Estimating abundance of species at proposed and existing wind-energy 
sites can be important in assessing the ecological impacts of wind-energy fa-
cilities. This section reviews several methods that are appropriate for assess-
ing fatalities and effects of habitat alterations on populations of bats and 
birds. Direct impacts are fatalities resulting from collisions with wind-tur-
bine blades or turbine monopoles while animals are in flight. Direct impacts 
may alter sex and age ratios, densities of resident or migratory populations, 
and survivorship and reproductive success. Indirect impacts include animal, 
plant, or ecosystem responses to habitat alteration caused by wind-energy 
facilities; they may include altered foraging behavior, breeding activities, 
migratory patterns, and demographics. Anderson et al. (1999) provided a 
detailed discussion of methods and metrics for the study of impacts on birds 
caused by wind-energy development. While many of these methods and 
metrics were developed for birds, an improved summary for methods and 
metrics useful in the study of bats and nocturnally active birds is included 
in this appendix; a complementary document also is being developed by the 
National Wind Coordinating Committee (Kunz et al. in press b).

Abundance of some animals can be determined from a census or es-
timated using line-transect sampling, point-counts, quadrat sampling, and 
other techniques (Buckland et al. 2001, 2004; Manly 2001; Morrison 
et al. 2001). Abundance also can be estimated through indirect approaches 
such as mark-resight and capture-mark-recapture estimation (Skalski and 
Robson 1992; Amstrup et al. 2005), catch-per-unit-effort (Laake 1992), 
survival analysis (Riggs and Pollock 1992), and change-in-ratio methods 
(Udevitz and Pollock 1992).

Censusing wildlife in designated areas or estimating absolute abundance 
is generally difficult, expensive, and time consuming. Impact-assessment 
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TABLE C-1 Study-Design Decision Matrix for Observational Studies

Design Options

 Study Conditions
Recommended 
Design

Study 
Conditions

Potential 
Design 
Modification

  Pre-impact data possible
  Reference area indicated

 BACI
 BACI

  Matching of 
study sites on 
assessment 
and reference 
areas possible

  Matched 
pair, design 
with BACI

  Pre-impact data not possible
  Reference area indicated

 Impact-reference
 Impact-reference

  Matching of 
study sites on 
assessment 
and reference 
areas possible

  Matched 
pair, design 
with impact-
reference

  Pre-impact data possible
  Reference area not indicated

 Before-after

   Small homogenous area of 
potential impact

 Impact-gradienta

Sampling Plan Options
 Sampling Plan Recommended Use
  Haphazard/judgment sampling  Preliminary reconnaissance
  Probability-based sampling:
   Simple random sampling   Homogenous area with respect to impact 

indicators and covariates
   Stratified random sampling   Strata well defined and relatively permanent, and 

study of short duration
   Systematic sampling   Heterogeneous area with respect to impact 

indicators and covariates, and study of long 
duration

Parameters to Measure
 Parameter Empirical Description
  Abundance/relative use   Use per unit area and/or per unit time as an 

indexb

  Mortality   Carcasses per unit area and/or per unit time
  Reproduction   Young per breeding pair of adults
  Habitat use   Use as a function of availability
  Covariates   Vegetation, topography, structure, distance, 

species, weather, season, etc.

 aImpact-gradient design can be used in conjunction with BACI, impact reference, and before-
after designs.
 bCan be summarized by activity/behavior for evaluation of risk.
SOURCE: Anderson et al. 1999. Reprinted with permission; copyright 1999, National Wind 
Coordinating Committee.
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studies often estimate animal use as a surrogate for abundance. Animal 
use can be estimated by a variety of methods such as counting the animals 
detected from a given set of observation points, the amount of time spent by 
individual animals within a survey plot, the number of animals seen moving 
past a particular point, the number of targets passing through a radar beam, 
the number of targets within altitude bands, the number of nests present in 
a given area, the number of animals trapped or netted, the number of calls 
detected, or the amount of sign (e.g., tracks or scat) recorded within sample 
plots. Counts are expressed as the number of observations per unit area, 
per unit time, or both. Estimates of use allow comparisons among defined 
time periods and areas (Anderson et al. 1999; Hayes and Loeb 2007; Kunz 
et al. in press a). Comparison of indices such as animal use among studies 
or sites requires that indices be estimated using similar protocols.

Estimates of use also can assist in the interpretation of fatality data. 
For example, if two wind-energy facilities are being compared based on 
fatalities alone, the facility with the greater number of fatalities might be 
considered to have the greater impact. However, if the facility with more 
fatalities also has much greater use by the species being killed, then the 
greater use must be taken into account in any comparison. For example, at 
a minimum, estimation of use should include the intensity of activity, flight 
paths, flight heights, and the behavior of the animals of interest.

Monitoring productivity and survivorship may be an alternative to 
the direct estimation of fatalities and abundance when looking at the cu-
mulative effects of wind-energy development on wildlife populations. The 
Monitoring Avian Productivity and Survivorship (MAPS) program was 
designed to accurately assess changes in bird productivity and survivorship 
in response to environmental changes (DeSante et al. 2001). The MAPS 
program provides annual and regional indices of post-fledging productiv-
ity from the number and proportion of young birds captured, annual and 
regional estimates of adult survivorship, recruitment in the adult popula-
tion, and adult population size from capture-recapture data on adult birds. 
At the local level, Hunt (2002) used radiotelemetry data on golden eagles 
in the Altamont Pass Wind Resources Area (APWRA) to estimate the 
population’s annual growth rate, which was used to evaluate the effect of 
wind-energy production on fatalities.

This type of study often can provide more information about the 
mechanisms of impact than simply evaluating fatalities. For example, while 
Hunt (2002) concluded that the population of golden eagles had charac-
teristics of a growing population, the confidence intervals around the point 
estimate of positive growth rate included zero, thus making it impossible 
to verify whether the population was growing or declining. Hunt (2002) 
concluded that golden eagle territories were consistently occupied and a 
sufficient number of non-territorial (floater) eagles existed to re-populate 
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vacant territories, suggesting a relatively healthy population. Nevertheless, 
the relatively high fatalities attributable to the wind-energy facilities re-
sulted in a population without sufficient floaters to ensure stability, making 
the population susceptible to future declines should fatalities increase for 
any reason. It also was clear from Hunt’s study that the targeted group of 
eagles was part of a larger population. Thus, the APWRA may represent a 
mortality sink for the regional population of golden eagles. Certainly, at the 
current level of eagle fatalities in the APWRA (Smallwood and Thelander 
2004, 2005), the viability of the eagle population depends on adequate im-
migration from surrounding areas.

The detection, identification, and counting of diurnally active organ-
isms in the lower atmosphere is rather straightforward, despite the lack of 
standard protocols for making daytime observations at planned or exist-
ing wind-energy facilities. The situation at night is more difficult. Several 
methods for detecting, identifying, and counting birds, bats, and insects 
in the atmosphere at night have been developed (Hayes and Loeb 2007; 
Kunz et al. in press a). Table C-2 (modified from Larkin 2005a) provides a 
summary of current technology with respect to the detection range of the 
equipment, the ability to identify the type of animal, the ability to provide 
information on passage rates or density estimates, measurement of the al-
titude of a target, and cost of the equipment.

When confirmation of the age, sex, and reproductive condition of a 
species in an area of interest is desirable (as may often be the case during 
pre-siting and pre-construction surveys), capture is required. Information 
on species identity, sex, age, and reproductive condition can also be assessed 
from bats and birds killed by wind turbines. Remote sensing (e.g., radar) 
can provide information needed to assess risks to bats and birds at larger 
spatial and temporal scales.

In many cases, using a combination of approaches will be of value as no 
single method can be used for unambiguously assessing natural populations 
or the effects of wind turbines on biotic communities. Each approach has its 
own strengths, limitations, and biases. Investigators should understand the 
limitations, applicability, and operational considerations of each method 
before deploying them in the field. Local field guides and taxonomic keys 
for species identification are essential tools for investigators if they wish to 
identify the species composition at each locality and the identity of animals 
that are captured or killed. Use of mitochondrial- and nuclear-DNA se-
quence data that can be derived by extractions from feathers, hair, and skin 
of carcasses killed by wind turbines offers the potential for estimating popu-
lation size of birds and bats (e.g., Waits 2004; Kunz et al. in press a; N.B. 
Simmons, American Museum of Natural History, personal communication 
2006). Moreover, similar DNA-sequence data may be needed to verify the 
identity of some closely related or cryptic species (e.g., Myotis species). In 
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TABLE C-2 Remote-Sensing Tools for Detecting, Tracking, and 
Quantifying Flying Birds, Bats, and Insects

Equipment Range Identificationa Passage Rates Height Information Cost

Small marine radar 30 m-6 km with proper 
siting of unit

+ Bird bats vs. insects
– Birds vs. bats straight flight: 
unknown

Good to excellent Unmodified marine 
radar antenna in vertical 
surveillance: yes
Parabolic antenna: yes

Specialized, expensive if done 
correctly

Large Doppler 
surveillance radar 
(NWS)

10-200 km + Can discriminate targets by speed if 
winds are known
+ Waterfowl & raptors vs. other birds 
& bats
+ Insects slower than songbirds

Good in the infrequent 
cases where a radar siting 
happens to be opportune

Very coarse with poor low 
altitude coverage

Data are cheap; skilled labor 
for analysis

Thermal infrared Depends on equipment and 
cost: $75,000 US unit can 
detect birds at 3 km

Size but not species
+ Discriminates birds, insects and 
foraging bats
– Migrating birds & bats

Excellent when altitude of 
target is known

Coarse when calibrated 
with vertically pointing 
radar and then used alone

Expensive if high-quality 
equipment used

Image intensifier Good equipment: small 
birds at 400 m
cheap equipment: shorter 
range

– Cheap equipment: poor
+ Good equipment: better
+ Discriminate birds, bats vs. insects 
nearby

Yes Same as last Rather expensive if high-
quality equipment used

Ceilometer-spotlight < 400 m – Poor for small targets
– Insects can sometimes be confused 
with birds & bats

Yes but light may affect 
flying animals

Same as last Inexpensive but labor-intensive

Moon watching Observer-dependent + Skilled observers can identify many 
types of birds and discriminate birds 
from bats
+ Insect contamination rare, butterflies 
& moths can be identified

2 days before and 2 days 
after full moon and with no 
cloud cover

Very crude A good telescope of at 
least 20× is required; 
labor-intensive

Radio tracking 0-2 km Perfect Poor Crude High

Audio microphones 
for birds

400 m, depends on ambient 
noise

+ Some nocturnal songbird species
+ Data include no insects

Only some species call 
and quantification is 
assumption-ridden

Microphones:
 Single: no
 Arrays: possible

Recording equipment 
inexpensive, analysis expensive

Ultrasound 
microphones for 
bats

< 30 m, depends on 
humidity

-? Bats may or may not emit sounds
+ If they do, may be species-specific

No, only presence/absence; 
too many unknowns at 
present state of knowledge

Some; depends on 
microphones and placement

Moderate costs

 a+ indicates capability; – indicates a lack of capability
SOURCE: Modified from Larkin 2005a. Modified table reprinted with permission; copyright 
2005, Wildlife Society.

addition, voucher specimens of killed animals should be collected and de-
posited in recognized museum collections for future reference.

An overview of how different equipment and approaches are being 
used in studies associated with proposed and existing wind-energy facili-
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TABLE C-2 Remote-Sensing Tools for Detecting, Tracking, and 
Quantifying Flying Birds, Bats, and Insects

Equipment Range Identificationa Passage Rates Height Information Cost

Small marine radar 30 m-6 km with proper 
siting of unit

+ Bird bats vs. insects
– Birds vs. bats straight flight: 
unknown

Good to excellent Unmodified marine 
radar antenna in vertical 
surveillance: yes
Parabolic antenna: yes

Specialized, expensive if done 
correctly

Large Doppler 
surveillance radar 
(NWS)

10-200 km + Can discriminate targets by speed if 
winds are known
+ Waterfowl & raptors vs. other birds 
& bats
+ Insects slower than songbirds

Good in the infrequent 
cases where a radar siting 
happens to be opportune

Very coarse with poor low 
altitude coverage

Data are cheap; skilled labor 
for analysis

Thermal infrared Depends on equipment and 
cost: $75,000 US unit can 
detect birds at 3 km

Size but not species
+ Discriminates birds, insects and 
foraging bats
– Migrating birds & bats

Excellent when altitude of 
target is known

Coarse when calibrated 
with vertically pointing 
radar and then used alone

Expensive if high-quality 
equipment used

Image intensifier Good equipment: small 
birds at 400 m
cheap equipment: shorter 
range

– Cheap equipment: poor
+ Good equipment: better
+ Discriminate birds, bats vs. insects 
nearby

Yes Same as last Rather expensive if high-
quality equipment used

Ceilometer-spotlight < 400 m – Poor for small targets
– Insects can sometimes be confused 
with birds & bats

Yes but light may affect 
flying animals

Same as last Inexpensive but labor-intensive

Moon watching Observer-dependent + Skilled observers can identify many 
types of birds and discriminate birds 
from bats
+ Insect contamination rare, butterflies 
& moths can be identified

2 days before and 2 days 
after full moon and with no 
cloud cover

Very crude A good telescope of at 
least 20× is required; 
labor-intensive

Radio tracking 0-2 km Perfect Poor Crude High

Audio microphones 
for birds

400 m, depends on ambient 
noise

+ Some nocturnal songbird species
+ Data include no insects

Only some species call 
and quantification is 
assumption-ridden

Microphones:
 Single: no
 Arrays: possible

Recording equipment 
inexpensive, analysis expensive

Ultrasound 
microphones for 
bats

< 30 m, depends on 
humidity

-? Bats may or may not emit sounds
+ If they do, may be species-specific

No, only presence/absence; 
too many unknowns at 
present state of knowledge

Some; depends on 
microphones and placement

Moderate costs

 a+ indicates capability; – indicates a lack of capability
SOURCE: Modified from Larkin 2005a. Modified table reprinted with permission; copyright 
2005, Wildlife Society.

ties, including both remote sensing (including passive acoustic recording, 
ultrasonic bat detectors, radar, moon-watching, ceilometer, reflectance in-
frared imaging, thermal infrared imaging, and radiotelemetry) and capture 
approaches are presented later in this appendix.
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Estimating Abundance Using Molecular Markers

Estimates of population size, population structure, genetic diversity, 
and effective population size are important parameters for assessing life his-
tories of natural populations and for managing endangered and threatened 
species at risk (Dinsmore and Johnson 2005; Lancia et al. 2005). Estimates 
of these parameters for both resident and migrating birds and bats are 
needed to better understand how populations are likely to respond to natu-
rally occurring perturbations and to anthropogenic factors such as global 
climate change, deforestation, and habitat alteration. Wind-energy develop-
ment, along with other anthropogenic factors, may have adverse effects on 
some animal populations by directly causing fatalities and indirectly alter-
ing critical nesting, roosting, and foraging habitats. To adequately assess 
whether fatalities or altered habitats are of biological significance to resi-
dent and migrating birds and bats, knowledge of baseline population levels, 
population structure, and genetic diversity is needed. These parameters 
can be expected to differ among species, which will be subject to different 
risks from local and regional environmental factors. For example, species 
represented by large populations, large genetic diversity, and little spatial 
breeding structure are likely to be less affected by anthropogenic factors 
than species represented by small populations, low genetic diversity, and 
strong spatial breeding structure (Avise 1992, 2004).

Rare and elusive species may be at greatest risk from anthropogenic 
changes (Thompson et al. 1998). An important challenge for population 
ecologists has been applying traditional census methods to rare and elusive 
species (Thompson et al. 1998). For example, for bats, few statistically de-
fensible estimates of population size have been published—and this is espe-
cially the case for migratory tree-roosting species (O’Shea and Bogan 2003; 
O’Shea et al. 2003, 2004). Historically, population estimates of birds and 
bats have been derived using a variety of methods, including direct counts, 
point counts, and other estimating procedures such as capture-mark-re-
capture methods, photographic sampling, probability sampling, maximum 
likelihood models, and Bayesian methods (Bibby et al. 2000; Braun 2005; 
Kunz et al. in press a). Direct counts often are not practical, especially for 
nocturnally active bird and bat species, in part because these animals typi-
cally are small, cryptic, or otherwise difficult to census visually using most 
existing methods, either during daily or nightly emergences from roosts, or 
during migratory or foraging flights. Relatively recent approaches have been 
developed to use capture-mark-recapture models where some or all of the 
assumptions are relaxed; however, these approaches also have limitations in 
that a proportion of the originally marked individuals must be recaptured. 
More recently, capture-mark-recapture models have been used to estimate 
population sizes derived using non-invasive genetic sampling (Waits 2004). 
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For example, using this approach, Puechmaille and Petit (2007) compared 
estimates of colony sizes of the lesser horseshoe bat (Rhinolophus hippo-
sideros) using DNA extracted from feces with independent estimates based 
on visual counts conducted during nightly emergence flights. Their results 
indicate that analysis of DNA extracted from feces can provide accurate 
estimates of colony size.

Large populations accumulate more genetic diversity and retain this 
diversity longer than do small populations. At the DNA level, these pro-
cesses have predictable effects on both levels of genetic diversity and how 
this diversity is distributed among individuals within populations. Because 
these effects are predictable, it is possible to estimate long-term effective 
population size based solely on observed patterns of DNA diversity. If a 
population changes in size, predictable effects on patterns of diversity occur, 
and these effects are proportional to that change. Thus, significant declines 
in population size through time can be documented, although there is some 
time lag between changes in population size and observable effects on ge-
netic diversity. A conceptual description of the “coalescent” process that 
results in these effects is provided below. Those interested in more detailed 
descriptions and applications are referred to Roman and Palumbi (2003), 
Avise (2004), Russell et al. (2005), and references cited therein.

The variation at any particular gene in a population can be illustrated 
as a topology (“gene tree”) reflecting the historical relationships or ge-
nealogy of the gene copies found in different individuals. The number of 
mutations (i.e., nucleotide substitutions) separating these variable DNA se-
quences is a function of the demographic history of the population. Because 
mutations accumulate through time, sequences that diverged longer ago will 
be separated by a larger number of mutations than those that diverged more 
recently. If a historically large population remains large, its gene trees will 
have many “branches” of varying lengths that reflect the accumulation and 
retention of older and younger mutations. If a large population is reduced 
in size, its gene tree will be “pruned.” That is, genes reflecting both long 
and short branches will be lost, with the result of less overall diversity. 
Short branches also will be proportionately fewer in the reduced population 
because fewer mutations occur, and older ones are less likely to be retained 
simply because of the smaller population size. Correspondingly, if a popu-
lation that was historically small expands in size, its gene tree will consist 
mostly of short branches reflecting the increased occurrence and retention 
of more recent mutations.

Estimates of population size based on gene diversity have been applied 
to a variety of animals to investigate patterns of change caused by climatic 
change or human intervention. For example, the historical population sizes 
of humpback and fin whales prior to hunting by humans were estimated 
at approximately 240,000 and 360,000 whales, respectively, contrasted to 
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modern population sizes of 10,000 and 56,000 individuals (Roman and 
Palumbi 2003). The historical estimate of the effective population size of 
grey wolves prior to human settlement of North America was approxi-
mately 5,000,000, as compared to the current estimate of 173,000 (Vilà 
et al. 1999). The critically endangered Morro Bay kangaroo rat apparently 
never had an effective population size greater than about 13,000 (Matocq 
and Villablanca 2001). For bats, coalescent analysis indicates an expansion 
of migratory populations of Brazilian free-tailed approximately 3,000 years 
ago, a date that corresponds with the development of a wetter climate and 
increased insect availability (Russell et al. 2005; Russell and McCracken 
2006). This was apparently followed by an approximately 16-fold decline in 
estimated population size in more recent times (Russell et al. 2005; Russell 
and McCracken 2006), perhaps as a consequence of human activity.

For the lesser long-nosed bat (Leptonycteris curasoae yerbabuenae), the 
most recent current estimate of effective population size was 159,000 indi-
viduals (Wilkinson and Fleming 1996), although no estimate of historical 
effective population sizes is available for comparison. These and other esti-
mates of effective population size reflect the current distributional range of 
a given species. However, data from censuses of local populations also need 
to be considered when evaluating impacts of anthropogenic factors. For 
example, current colony sizes of the Brazilian free-tailed bats, determined 
using thermal infrared-imaging and computer-vision technologies (approxi-
mately 400,000), are important biological units that deserve special atten-
tion (Frank et al. 2003) apart from estimates of effective population size.

Migratory tree-roosting bats are especially challenging to census, largely 
because they are solitary and roost in foliage (eastern red bats, western red 
bats, and hoary bats) or tree cavities (silver-haired bats). Instead of using 
traditional marking methods, molecular markers could be used to estimate 
population sizes after identifying individuals from the DNA obtained non-
invasively from samples of feces, hair, or skin tissue. As with traditional 
methods, the reliability of population estimates based on molecular meth-
ods depends on certain assumptions. For example, population size can be 
under- or overestimated if scoring errors are made when the alleles of het-
erozygous individuals are not amplified during a positive polymerase chain 
reaction (PCR), or PCR-generated alleles create a slippage artifact during 
the first cycles of the reaction (Waits and Leberg 2000). Errors of this type 
can be corrected by repeating the process of genotyping and comparing 
genotypes to each other (Paetkau 2003).

It is important to understand the extent of population-level structuring, 
because it may differ markedly among species. For example, population-
genetic studies on Brazilian free-tailed bats show high genetic diversity 
and little population structuring (Russell and McCracken 2006), whereas 
other species, such as the lesser long-nosed bat, show relatively low genetic 
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diversity and high population structuring. The implications of these and 
other studies using molecular markers (Avise 1992, 2004) are that differ-
ent species are subject to different risks from anthropogenic influences, 
and should be studied to assess whether a given species is more or less at 
risk from changing environments. Sex ratios, effective population size, and 
genetic diversity are intimately related. Changes in sex ratios in populations 
cause changes in effective population size, and when effective population 
size decreases, populations tend to lose genetic diversity.

Researchers charged with collecting samples of dead and moribund 
bats at wind-energy facilities can provide valuable data for advancing 
knowledge about local and migratory populations by recording the date, 
location, species, sex, age, reproductive condition, and standard external 
measurements for each individual recovered.

Collecting hair samples from bats and feathers from birds also is use-
ful for analysis of the geographic origin of migrants and residents based on 
stable-isotope analysis. Ideally, data for stable-isotope analyses should be 
collected for all species found at each location. When necessary, representa-
tive specimens—and especially unidentifiable carcasses—should be collected 
in their entirety and deposited as voucher specimens with active scientists 
associated with natural-history museums. Data derived from feathers of 
birds and hair and wing biopsies from bats killed by wind turbines also of-
fers the potential for identifying closely related or cryptic species (e.g., Myo-
tis species). Collaborations with researchers affiliated with natural-history 
museums and other research laboratories equipped for genetic and stable 
isotope analysis are important. In the United States, the American Museum 
of Natural History, New York, serves as a repository for all carcasses and 
tissues collected from dead bats and birds collected from beneath wind 
turbines, and the Conservation Genetics Research Center at the University 
of California at Los Angeles serves as a repository for feather samples for 
genetic analysis.

Types of Studies: Strengths and Limitations of Different Approaches

Pre-siting Studies

Wind-energy developers spend much time and effort evaluating poten-
tial sites prior to investing in developing a particular site (macro-siting). 
Once a site is selected for development, evaluations are made in an effort 
to plan how best to develop the site (micro-siting) to optimize electricity 
production (Anderson et al. 2002). Macro- and micro-siting decisions are 
extremely important in minimizing the potential impacts of wind-energy 
facilities on wildlife and other natural resources.

Pre-siting studies will provide more information if they evaluate likely 
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impacts relative to other potentially developable sites, as well as evaluat-
ing impacts from an absolute perspective. Studies to address this question 
are usually short-term and do not qualify as either monitoring or research. 
They may vary from relatively simple reconnaissance surveys for species 
and habitat presence or absence to more sophisticated baseline studies and 
impact and risk assessments.

The elements of a reconnaissance survey for the purpose of comparing 
sites should include determination of the wildlife species known to use the 
area based on existing data and literature, the possible presence of species 
of concern (e.g., federal and state protected species), the presence of habitat 
that potentially supports species of concern, unique habitat features (e.g., 
old-growth forest, raptor-nesting sites), and wildlife concerns important to 
state and federal management agencies. A survey of existing information 
on wildlife in the area being considered for possible development, one or 
more seasonally appropriate site visits to examine habitat characteristics for 
potential occurrence of wildlife species of interest, and visits with knowl-
edgeable agency professionals and local experts all provide valuable sources 
of information. Beyond the simple ranking of relative importance of each 
area to wildlife, pre-siting evaluation also should consider the potential for 
impacts to occur if a wind-energy facility is constructed on a particular site, 
and possible cumulative impacts, placed in the context of other sites being 
developed or proposed. The U.S. Fish and Wildlife Service (USFWS 2003) 
published Interim Voluntary Guidelines that recommend the development 
of a Potential Impact Index (PII). Although these guidelines still are under 
review, they describe the PII as a two-step process:

• “Identify and evaluate reference sites within the general geographic 
area of Wind Resource Areas (WRA) being considered for development of 
a facility. Reference sites are areas where wind development would result 
in the maximum negative impact on wildlife, resulting in a high PII score. 
Reference sites are used to determine the comparative risks of developing 
other potential sites.

• Evaluate potential development sites to determine risk to wildlife, 
and rank sites against each other using the highest-ranking reference site as 
a standard. While high-ranking sites are generally less desirable for wind 
development, a high rank does not necessarily preclude development of a 
site, nor does a low rank automatically eliminate the need to conduct pre-
development assessments of wildlife use and impact potential.”

The reference-area concept described for the PII emphasizes the value 
of a highly diverse site, such as a wetland or a woodland complex within 
a grassland community, or a mosaic of grasslands and forests, rather than 
comparing similar areas. This approach places a relatively high value on 
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species diversity and does not consider whether the species present are at 
high risk from impact. For example, the approach increases the possibility 
that areas with a single important species, such as a grassland area with 
relatively low species diversity but important habitat for a species at risk 
or of special concern, might actually appear to be a good site for wind-en-
ergy development when compared to an area with higher species diversity. 
Furthermore, the definition of the reference area by the person developing 
the PII score is highly subjective.

An alternative paradigm for selecting reference areas is to identify those 
that are similar to the one being proposed for development. If the objec-
tive is to predict potential impacts, the reference area or areas should be in 
similar habitats with comparable wildlife communities where wind-energy 
facilities already exist. If the objective is to combine pre-development as-
sessments with post-development surveys to estimate possible project im-
pact, then a reference area without a wind-energy facility and similar to the 
area proposed for development should be chosen for comparison.

Potential impacts resulting from perturbations are often evaluated using 
a general framework called “Ecological Risk Assessment” (ERA), defined 
by the U.S. Environmental Protection Agency (EPA 1992) as a “process that 
evaluates the likelihood that adverse ecological effects may occur or are 
occurring as a result of exposure to one or more stressors.” The primary 
difference between impact prediction and an ERA is in the estimation of 
some likelihood (or probability) of an impact occurring in an ERA, rather 
than an estimation of the actual impact.

The most difficult aspect of either impact or risk assessment is deter-
mination of exposure, i.e., an estimate of the number of individuals that 
are exposed to collisions with turbines. Young et al. (2004) estimated 
the number of potential bird fatalities that would occur at the proposed 
Mount Storm Wind Power Project in Grant County, West Virginia. They 
calculated the potential fatalities using estimates of nocturnal bird-passage 
rates obtained from X-band marine radar surveys and the dimensions of 
the proposed wind-energy facility at the Mount Storm site, and estimates 
of bird fatalities at the nearby Mountaineer wind-energy facility (Kerns 
and Kerlinger 2004). Rather than estimate the number of fatalities at a 
site, the ERA approach estimates the probability that an individual bird or 
bat would be killed. The appeal of the ERA paradigm is that it provides a 
structure for focusing scientific principles and critical thinking toward the 
goal of effective environmental management, and integrating the views of 
diverse stakeholders (EPA 1992). ERA is used by a variety of regulatory 
agencies, scientists, and industries for environmental decisions (e.g., NRC 
1994, 2004; Suter et al. 2000; Efroymson and Suter 2001).

Collecting sufficient data to estimate exposure to wind turbines is 
problematic for nocturnal migrating passerines and resident and migrating 
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bats. Tucker (1996) and Podolsky (2003) modeled risk of bird collisions 
with a wind turbine, based on the characteristics of the turbines (e.g., ro-
tor rpm) and the birds (e.g., flight speeds). However, these models do not 
incorporate behavior (e.g., avoidance or attraction), an important factor in 
risk assessment, and are of questionable value in estimating actual fatal-
ity rates (Chamberlain et al. 2006). More-sophisticated risk models that 
include turbine and wind-energy-facility characteristics, the environment 
(e.g., wind, weather), and some surrogate for bird and bat behavior (e.g., 
flight heights, species presence or absence) are necessary. As with all models, 
theoretical estimates must be compared to more-deterministic models that 
are based on empirical data on bird and bat use and fatality rates.

Pre-construction Studies

Pre-construction studies might evaluate a proposed site or sites for 
potential impacts of developing wind energy, evaluate a selected site to de-
termine the least environmentally damaging development plan, and predict 
impacts or risk associated with the development of a particular site for 
wind energy. Both impact and risk assessments are possible with empirical 
data on exposure and impact, if certain assumptions are made. In addition, 
either assessment can be used in a comparison of two or more sites. Both 
approaches for characterizing a site would be improved with additional 
empirical data on exposure (i.e., abundance of animals at risk of collision) 
and response (e.g., fatalities, injuries, displacement) from similar sites. 
Frequently, in impact- and risk-assessment studies, an index of abundance 
is used, rather than an estimate of absolute abundance. When indices of 
abundance are used to compare multiple sites, it is essential that the indices 
be estimated using similar methods and metrics across sites.

Siting a wind-energy facility and individual turbines within a wind-re-
source area to minimize impacts to wildlife requires knowledge of species 
presence, relative abundance, behavior, and habitat. Anderson et al. (1999) 
suggested that pre-permitting studies that result in the collection of empiri-
cal data are useful in the following situations:

• A site for a wind-energy facility is selected but the distribution of 
turbines and turbine strings has not been determined and turbine siting 
could be influenced by information on potential risk to bird species.

• The decision to construct a wind-energy facility has been made, but 
development will proceed in phases based on assessment of impacts of con-
struction and operation of the initial phase (i.e., adaptive management).

• Other studies or credible information on bird use and habitat sug-
gest that impacts are likely.
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The importance of micro-siting studies is important for a variety of 
species, and is illustrated by several bird studies at existing wind-energy 
facilities. Orloff and Flannery (1992) concluded that raptor fatalities at 
the APWRA were higher for turbine strings near canyons and at turbines 
that were at the ends of rows. Smallwood and Thelander (2004, 2005) 
concluded that fatalities were related to turbine-site characteristics and the 
position of turbines within a turbine string. The implication of both stud-
ies is that turbine-siting decisions during the construction of a wind-energy 
facility could be important. Pre-construction studies identified areas of high 
raptor use at the Foote Creek Rim site in Wyoming, a flat-topped mesa with 
a very distinct rim edge. Approximately 85% of the estimated use of this 
site by raptors occurred within 50 m of the edge of the rim. These high-use 
areas were avoided by the wind-energy developer when turbines were sited. 
Anecdotally, the BLM (1995) considered the abundance of golden eagles at 
the Foote Creek Rim area prior to construction to be similar to that at the 
APWRA in California. Based on the assumption of similar densities, the 
BLM predicted fatality rates for the Foote Creek area similar to the AP-
WRA, or approximately two golden eagle fatalities per year (BLM 1995). 
However, over a three-year period, 133 turbines were searched for fatali-
ties, for a total of 202 turbine search years, resulting in the finding of only 
one dead golden eagle (Young et al. 2003c). Micro-siting of turbines may 
partially explain why fatalities of golden eagles were lower than predicted 
at Foote Creek Rim.

Species presence, relative abundance, behavior, and habitat use are 
determined through sample surveys (Kempthorne 1966), also referred to 
as observational studies (NRC 1985). The objective of these studies at pro-
posed wind-energy facilities is usually an estimate of parameters necessary 
to describe the group of animals occurring on the proposed site, such as 
density and habitat use.

Because these studies are restricted to a single site, their strict statistical 
inference is restricted to the study site and the protocol used for collecting 
data, although these studies can provide some valuable insights applicable 
to other areas. Nonetheless, design principles for best practices, such as 
randomization of sample-collection locations, replication of sampling, and 
the use of measures to control or reduce experimental errors are essential 
to ensure rigorous results (Cox 1958; Cochran 1977; Anderson et al. 
1999; Manly 2001). For these types of studies, precision can be increased 
by refinement of the experimental techniques, including greater sampling 
precision within experimental units; and improved experimental design, 
including stratification and measurements of non-treatment factors (co-
 variates) that can potentially influence the outcome of the survey (Cox 
1958; Cochran 1977).
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Post-construction Studies

Post-construction studies should focus on determination of impacts 
and evaluation of actual risk versus predicted risk, evaluation of causal 
mechanisms of impact, evaluation of mitigation and reclamation measures, 
and evaluation of the ecological or biological significance of the impacts. A 
relatively small number of post-construction studies of wind-energy facili-
ties have been conducted. With a few exceptions, post-construction studies 
at new wind-energy facilities have estimated use and fatalities of birds and 
bats, or fatalities alone (Erickson et al. 2001, 2003a,b, 2004; Howe et al. 
2002; Johnson et al. 2002, 2003a,b; Nicholson 2003; Young et al. 2003a, 
2005; Kerns and Kerlinger 2004; Koford et al. 2004; Arnett 2005; Arnett 
et al. in press; Paul Kerlinger, Curry and Kerlinger, LLC, personal com-
munication 2002). Studies estimating raptor use and bird fatalities have 
also occurred at older wind-energy facilities in California (McCrary et al. 
1986; Orloff and Flannery 1992; Howell 1997; Thelander and Rugge 2000; 
Anderson et al. 2004, 2005; Smallwood and Thelander 2004), primarily 
focused on raptors. Hunt (2002) conducted a demographic study of the 
golden eagle population at the APWRA and evaluated its viability in the 
face of fatalities, primarily from collisions with wind turbines. Responses to 
wind-energy facilities also have been evaluated for elk (Walter et al. 2004), 
pronghorns (Johnson et al. 2000a), and grassland birds (Leddy et al. 1999; 
Johnson et al. 2000b; Erickson et al. 2004).

The approach to estimating fatalities depends on the study objectives 
(Larkin et al. unpublished material 20071). Fatalities may be estimated 
so that comparisons can be made to other facilities. For this objective, 
similar protocols would be important. Alternatively, it may be important 
to determine the circumstances associated with each fatality (e.g., weather 
conditions) and thus more-frequent searches would be required (Larkin 
et al. unpublished material 2007). Frequently, the objective of the study 
is to estimate the absolute number of fatalities with acceptable precision. 
In such cases, the protocol should minimize measurement error. The basic 
components of a fatality-monitoring study are carcass searches of study 
plots, trials to estimate how effectively searchers detect carcasses, and tri-
als to estimate how quickly scavengers remove carcasses. Potential biases 
associated with fatality-monitoring studies include use of inappropriate 
surrogates for bat and bird carcasses, inadequate effort in terms of search 
interval and search intensity, poorly sized search plots, lack of spatial and 
temporal replication, and lack of an estimate of background fatalities. 

1 Larkin, R.P., B. Cooper, W.P. Erickson, J.P. Hayes, J. Horn, G. Jones, T.H. Kunz, D.S. 
Reynolds, and M.D. Strickland. Unpublished material. 2007. Ecological impacts of the wind 
power industry on bats; methods and research protocols.
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The estimation procedure for fatalities is important and one approach is 
described later in this appendix.

Post-construction surveys at wind-energy facilities in the United States 
have provided relatively little information on the extent of bat fatalities. To 
date, only 6 of 13 fatality-monitoring efforts have explicitly included bats 
in their protocols. These efforts vary significantly in landscape conditions, 
sampling intervals and periods, search methods, and sampling protocols. 
Potential sources of bias include sample frequency, removal of carcasses 
by scavengers, and search efficiencies. Sampling intervals in these studies 
have been relatively infrequent (e.g., 7-30 days), and even fewer studies 
have been designed to assess expected bias resulting from the removal of 
carcasses by scavengers. In fact, only five surveys used bat carcasses to cor-
rect for observer bias (Arnett 2005). Most studies designed to estimate bat 
fatalities used small bird carcasses as surrogates of bats to assess searcher 
efficiency and scavenger removal, largely because dead birds were available 
(Erickson et al. 2002). In one study, frozen bird carcasses were removed 
at significantly lower rates than frozen and fresh bat carcasses (Kerns and 
 Kerlinger 2004). Other surveys only covered part of the expected autumn 
migration period and failed to include the period of summer residency 
(Kunz et al. 2007). None of the studies have successfully estimated bat 
abundance at the wind-energy facilities. As a result, estimating risk to indi-
vidual bats is not possible at present.

To fully interpret bird and bat fatalities it is essential that the number 
of individuals exposed to collision with turbines be known. To understand 
the implications of the fatalities it also is important to relate the fatalities 
to the demographics of the affected populations.

Evaluation of Causal Mechanisms of Impact

Studies to elucidate the causal mechanisms of impact are typically 
conducted in an effort to identify possible mitigation measures (Kunz et al. 
2007). Impact-reduction studies can vary from relatively simple observa-
tional studies, such as bat observations using thermal infrared imaging 
(Horn and Arnett 2005; Horn et al. in press) and bird- and bat-fatality 
studies (Arnett 2005; Johnson 2005; Arnett et al. in press), to more-com-
plex experiments, such as the work by Hodos (2003), who evaluated bird 
visual acuity related to potential color schemes for turbine blades.

When studies are designed properly, the ultimate determination of 
statistical power is sample size. Replication to increase precision can be 
expensive. Manly (2001) and Morrison et al. (2001) provide a good general 
discussion of design and analysis when conducting observational and quasi-
experimental studies. The study designs discussed above for impact assess-
ment are also the preferred designs for quasi-experiments. Anderson et al. 
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(1999) suggested modifying the BACI design by applying the treatment and 
control in the first year to the selected subset of turbines and switching the 
treatment and control turbines the second year, sometimes referred to as a 
crossover experiment.

Most statistical texts provide a description of how to design and ana-
lyze classical experiments (e.g., Underwood 1997). Krebs (1989) notes that 
“every manipulative ecological field experiment must have a contempora-
neous control…, randomize where possible…, and, because of the need 
for replication, utilize at least two controls and two experimental areas 
or units.” While classical experiments have limited statistical inference 
and are practically impossible when studying wind-energy developments, 
several quasi-experiments have been conducted at wind-energy facilities 
(e.g., Leddy et al. 1999; Johnson et al. 2000b; Young et al. 2003b). While 
quasi-experiments improve the confidence in the causal mechanism, the 
determination of the causal mechanism still requires professional judgment, 
illustrating the need for a weight-of-evidence approach when investigating 
the impacts of wind-energy development.

Spatial Component of Impacts

Assessments of impacts of wind-energy facilities typically focus on 
bird and bat fatalities. Direct habitat loss often is considered relatively 
minor for wind-energy facilities and is restricted to roads, turbine pads, 
and construction areas. Habitat loss also is relatively easy to measure using 
aerial photography, satellite imagery, and GIS. Until recently, impacts on 
bird habitat were considered the primary impact of wind-energy facilities 
in Europe (Winkelman 1985, 1990, 1992a,b, 1995). However, impacts on 
bats also are being documented (UNEP/EUROBATS 2006). Displacement 
is the greatest concern for most wildlife species and is very difficult to 
quantify. The cumulative impacts of habitat loss and displacement caused 
by turbines, roads, and other construction in an area can potentially lead 
to landscape fragmentation and loss of suitable habitat for wildlife.

Habitat use may be measured by direct observation (e.g., Young et al. 
2003b) or with radiotelemetry (Hunt 2002). Habitat use is most meaning-
ful when it is considered in relation to habitat availability. Manly et al. 
(1993) provided a unified statistical theory for the analysis of use versus 
availability (resource-selection statistics). The theory and application of 
resource-selection studies were updated by Manly et al. (2002). Sawyer 
et al. (2006) used resource-selection study design and analysis to estimate 
the displacement effect of a gas-field development on mule deer in western 
Wyoming. This method has considerable potential for addressing concerns 
regarding displacement and habitat fragmentation associated with wind-
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energy development (e.g., prairie grouse and large mammals, including 
black bear).

Impacts and Actual Risk Versus Predicted Risk

Risk is the likelihood (probability) that “adverse ecological effects may 
occur or are occurring as a result of exposure to one or more stressors” 
(EPA 1992; Weed 2007). A simple model of risk requires the following 
(Kaplan and Garrick 1981):

• An existing or planned action leading to the potential of an adverse 
environmental outcome;

• A qualitative or quantitative statement about the probability of the 
adverse outcome occurring; and

• A statement about the consequences or advisability of the action.

Pre-siting studies of wind-energy facilities typically incorporate (1) and 
(3) to estimate potential impacts, but not in the form of a probability state-
ment as in (2) above. Recently, a more-formal risk assessment was attempted 
at the Chautauqua Wind Power site in Chautauqua County, New York 
(Chautauqua Windpower, LLC et al. 2004). Impact and risk predictions 
should be evaluated to allow improved decision making, reduction of ad-
verse ecological effects at existing facilities, and evaluation of the effective-
ness of mitigation measures. Predictions of impact and risk require both an 
estimate of exposure, or the number of organisms that have the potential 
to suffer impacts, and an estimate of the adverse consequences. In the case 
of wind-energy production, those adverse consequences for wildlife include 
mortality, displacement, and habitat loss, and the resulting effect on sur-
vival and reproduction. Use of DNA markers for estimating demographic 
 parameters and effective population size of birds and bats promises to pro-
vide past and current abundance at local, regional, and continental scales.

Post-construction studies designed to detect impacts and to evaluate 
pre-project predictions of risk can generally be considered impact-assess-
ment studies as described by Manly (2001). The studies typically are not 
true experiments, but instead are observational or “mensurative” studies 
designed to make sure that the data are properly collected to address re-
search questions and hypotheses and to make them amenable to statistical 
analyses (Anderson et al. 1999; NRC 1994). Additionally, mathematical 
and statistical models can be important in assessing the significance of 
estimated impacts. It is common for design/data-based and model-based 
studies to be conducted in tandem, resulting in inferences based on a num-
ber of interrelated arguments. Hunt (2002) illustrates this approach where 
radiotelemetry data on golden eagle abundance and survival were used to 
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construct a demographic model of the group of birds using the APWRA in 
an effort to evaluate the significance of estimated eagle fatalities.

Mensurative studies have limited statistical inference because they are 
not true experiments, and thus must include randomization, replication, 
and controls (Manly 2001). Most mensurative studies of wildlife lack one 
or more of these conditions and are referred to as quasi-experiments (Manly 
2001). Nonetheless, mensurative studies are essentially the only approach 
available for impact assessment.

Wind-energy facilities are not scattered randomly over the landscape. 
They are not even constructed at random within all of the known windy 
locations. Thus, extrapolation of study results from one site to another is 
strictly subjective (Gilbert 1987), although confidence can improve in these 
subjective extrapolations if the studies are conducted using similar methods 
and metrics in areas with similar ecological conditions.

Social and medical sciences often use meta-analysis (Hedges and Olkin 
1985; Hedges 1986) as a statistical approach for analyzing results from 
several independent studies that are all concerned with the same issue. The 
purpose of meta-analysis is to provide researchers with a statistical tool to 
summarize, synthesize, and evaluate independent research studies in order 
to reach general conclusions (Adams et al. 1997). The troublesome aspect 
of meta-analysis is that combining different studies requires assumptions 
about a variety of potentially important issues such as publication bias 
(the tendency of journals to favor publication of studies with statistically 
significant results), non-independence among studies, and the quality of 
studies (Adams et al. 1997). Given the necessary assumptions, a conser-
vative approach to the use of meta-analysis in ecological studies may be 
prudent. Adams et al. (1997) suggested a non-parametric approach using 
re-sampling methods (Manly 1991) when combining individual studies that 
violate necessary assumptions of standard parametric statistics.

Mensurative studies have limitations even when the desire to extrapo-
late is limited to the specific area of study. For example, a study may indi-
cate that bird fatalities are much higher in one part of a wind-energy facility 
and the assumption may be that there are specific conditions at that site that 
may contribute to the difference. Similarly, bird abundance may be declin-
ing in the area surrounding a wind-energy facility when compared to a ref-
erence area, presumably because the facility is there. However, conclusions 
on causation are based on assumptions and judgment (Manly 2001).

METHODS AND METRICS FOR BIRD AND BAT STUDIES

This section provides information on the methods for assessing both 
direct and indirect impacts of wind-energy facilities on bats and birds. The 
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general nature of impacts on birds and bats is similar to that discussed for 
wildlife earlier in this appendix.

The methods discussed below include observational, remote-sensing 
(including passive acoustic recording of bird calls, ultrasonic detection 
of bat calls, radar-imaging, moon-watching, ceilometry, night-vision ob-
servations, reflectance-infrared imaging, thermal-infrared imaging, radio-
telemetry), and capture protocols.

Comprehensive accounts of every North American bird species are 
available through the Birds of North America project (Cornell Laboratory 
of Ornithology 2005). This type of information is also often available 
through regional field guides for birds and bats that usually provide over-
views of what species are known to occur and when they can be expected 
to occur in an area. Site-specific information can sometimes be obtained 
from local naturalists, scientists, or published reports, but is rarely at high 
enough resolution to inform estimations of potential impacts at a specific 
site. By far the greatest factor of uncertainty, and thus the present limit-
ing factor in any estimate of potential interaction between birds and bats 
and wind-energy facilities, is natural variation in animal behavior, such 
as migratory movements, sound production, foraging habits, and mating 
behavior. Although one could conclude that such variation is so great and 
so complicated as to make it impossible to enumerate precise numbers of 
any species at any time, one must be careful not to confuse different spatial 
and temporal scales of analysis. There are several available methods, both 
traditional and emerging, for detecting, recognizing, and estimating num-
bers of birds and bats at given localities. When such methods are integrated 
with a well-designed sampling strategy, they can allow effective evaluation 
of the presence and numbers of species present or moving through a par-
ticular area.

Methods for Detection, Identification, and Estimating 
Activity of Flying Animals at Night

Methods of detecting nocturnal flying animals are discussed in Chap-
ter 3. What follows is an overview of the traditional and emerging methods 
and metrics for detecting, recognizing birds and bats, with particular at-
tention to how they are being used in studies associated with planned and 
existing wind-energy facilities.

Passive Acoustic Detection of Birds and Bats

Birds, bats, and insects produce sounds for communicating, and a wide 
variety of bats produce high-pitched sounds in the ultrasonic frequency 
band (above the range of human hearing) for navigating and finding food. 
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Most of the sounds, especially from birds, are audible, and there is a long 
history of detecting and recognizing birds by listening for their species-spe-
cific calls and songs. Today, as a result of the intense and dedicated efforts 
of many amateurs and scientists, the songs of all North American birds and 
a significant number of their calls are documented and available (Old Bird, 
Inc. 2005; Macaulay Library 2006), and from Evans and O’Brien (2002). A 
subset of calls of particular importance in this report is produced by birds at 
night during migration. These calls are referred to as nocturnal flight calls. 
Discovery of bat echolocation signals emerged in the early 1960s with the 
advent of ultrasonic-detection devices (Griffin 2004). Validated libraries of 
calls for most North American bat species are available online (SonoBat 
2005; Batcalls.org 2006).

Passive-acoustic detection can determine presence, not absence, of a 
species. Once a call is produced and available for detection, there is a sec-
ondary level of uncertainty related to the probability of detecting the call 
once it has been produced. Thus, the overall probability of acoustically 
detecting a night migrant is the product of the probability of the bird’s 
or bat’s producing a call and the probability of detecting that call once it 
has been produced. By far the greatest source of uncertainty is the calling 
behavior of individual animals. The rate of calling by birds varies consider-
ably throughout the night and is influenced by a variety of factors such as 
topography, weather condition, time of night, and time of year. The specific 
relationships between all the factors and flight-calling behavior are not well 
understood.

The probability of detecting a call once it is produced depends on its 
strength, the conditions for sound transmission between the bird or bat and 
a receiving system (e.g., microphone or microphone array), the bird’s dis-
tance from the receiving system, and the detection capabilities of the receiv-
ing system. There is little information on strengths of sound produced by 
nocturnal migrants, although there are several valuable models for predict-
ing sound transmission through the atmosphere (typically stated as trans-
mission loss) (Larom et al. 1997; Larom 2002). Detection capabilities vary 
tremendously, depending on the use of baffles or horns, the quality of the 
microphone electronics, the application of multiple microphones, and the 
sophistication of the software analysis. Most passive-acoustic applications 
have been relatively simple and have not taken advantage of detection gains 
that can be achieved using microphone arrays combined with advanced 
signal-processing methods. There is a cost-benefit tradeoff between using a 
relatively simple method (e.g., for birds a single FET [field-effect transistor] 
microphone at the base of a flowerpot baffle) that can be installed at modest 
cost (less than $30 per site) and a more elaborate method (e.g., an array of 
16 microphones coupled with mechanical horns) that can cost an order of 
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magnitude more; but the elaborate method has a 30 dB greater gain than 
the simple method and covers ten times the volume of sky.

Simple methods can provide a determination of species presence for 
known call types (or species-group presence for call types associated with 
a species group, for example thrushes), the time of occurrence of each call, 
the number of occurrences (counts), and estimates of passage rates (in 
calls per unit time). More complex methods offer additional benefits. For 
example, with a sparsely distributed array of at least four simple micro-
phones, one can locate the position of a calling bird in 3D space (Fristrup 
and Dhondt 2001). D.K. Mellinger (Oregon State University, unpublished 
material) analyzed data on nocturnal flight calls and applied a Doppler 
algorithm to compute the velocity and direction of nocturnal migrants and 
to better estimate the number of calls per bird per unit time. The more 
microphones used in an array and the greater their spatial distribution, the 
greater the spatial coverage and altitudinal resolution. Estimates of location 
resolution (range and bearing error) as a function of microphone number 
and spacing are fairly straightforward. Thus, a metric relating system cost 
to level of analysis, as measured by spatial coverage and resolution, could 
be developed.

Recording and Analyzing Audible Bird Calls
More than 200 passerine birds are known to produce audible calls in 

flight during night migration (Ball 1952; Graber and Cochran 1959). These 
flight calls often can be used for identification of bird species, and most 
species produce them in the early morning hours after descending to the 
ground after migrating throughout the night (Evans and O’Brien 2002). By 
careful observations and recordings, experts also can visually identify dif-
ferent species while recording their flight calls. The calls of approximately 
150 species in the United States have now been validated to either species 
(e.g., warblers) or a species complex (e.g., thrushes) (Evans 1994; Evans 
and Mellinger 1999; Evans and Rosenberg 1999; Evans and O’Brien 2002; 
Farnsworth 2005; Farnsworth and Lovette 2005). With the availability 
of these acoustic “type specimens,” the flight calls of most species of pas-
serine birds can now be identified acoustically. For nocturnally migrating 
birds, the best available evidence suggests that the number of calls detected 
per unit time is highly variable and not a good predictor of passage rate 
(Howe et al. 2002; Farnsworth et al. 2004). Thus, acoustic monitoring is an 
excellent method for verifying the presence of birds that primarily migrate 
at night and produce species-specific flight calls, but not for estimating the 
relative numbers of species, individuals, or passage rates. It will require fur-
ther research that carefully integrates and compares passive acoustics with 
other methods (e.g., radar, visual survey) to adequately define the benefits 
and limitations of acoustic monitoring.
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The functions of flight calls are not well understood, but they usually 
are assumed to serve to maintain flock cohesion (Hamilton 1962) or main-
tain spacing (Graber 1968). Farnsworth and Lovette (2005) analyzed song 
and flight-call characteristics of 33 species of wood-warblers to test the hy-
potheses that the acoustic characteristics produced by these birds were pre-
dictable from body size or bill length, but found no statistically significant 
relationship. They concluded that body size and bill length have not been 
important factors in the evolution of flight calls, and suggest that different 
ecological and atmospheric properties, such as sound transmission, might 
be more important in the selection of these calls. If flight calls have been 
selected to be optimized for maximum communication range, given the 
physiological constraints of flight, this should influence the detection range 
of flight calls and thus be an important factor when designing an acoustic 
monitoring project. At present, there have been no thorough studies quan-
tifying the strengths and transmission characteristics of flight calls.

Since the mid-1990s, a few studies have used various technologies to 
detect the occurrence of flight calls, identify migrating species, and record 
the number of calls per unit time (Evans and Mellinger 1999). Some of these 
studies have been associated with the development or monitoring of wind-
energy facilities. Overall, the type of equipment used to record flight calls 
of birds and in the sampling strategies used has been highly variable. This 
lack of consistency makes it difficult to compare, evaluate, and combine 
the results of various studies to ascertain the effectiveness and efficiency of 
passive-acoustic monitoring of birds.

Recording and Analyzing Ultrasonic Bat Calls
Ultrasonic-recording devices were first developed to evaluate the struc-

ture of echolocation calls of bats that navigate and feed on insects in the 
laboratory (Griffin 1958; Griffin et al. 1960). These devices first became 
available on a limited basis for field use in the 1960s (Griffin 2004), but 
they were not really suitable for field studies. Griffin (1958) provided an 
early summary of what had been learned from the earliest recordings of 
echolocation calls in the laboratory (see also Griffin 2004). Enormous 
strides have been made in the development and use of ultrasonic detectors 
for recording echolocation calls of bats in both the laboratory and field 
(Barclay and Brigham 2004; Thomas et al. 2004), and the development of 
specialized software for analyzing these calls (Britzke 2004; Corben 2004; 
Jones et al. 2004; Limpens and McCracken 2004; Parsons and Obrist 2004; 
Swezicak 2004).

From the mid-1970s until the present, several types of bat detector have 
become available (Ahlén 2004; Limpens and McCracken 2004; Pettersson 
2004). In the 1980s the development of several commercial products made 
it possible for these devices to be deployed for assessing general activity 
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levels, monitoring activity of bats in different habitats, and for educating 
the public (Fenton 2000, 2004). In the 1990s advances in circuit design, 
the sensitivity of microphones to ultrasound, and storage and analytical 
software made it possible to record and store the full range of call structures 
in the field, and in many situations identify bats to species (Corben 2004; 
Limpens and McCracken 2004; Pettersson 2004). For some species it may 
even be possible to discriminate sex and age (Siemers et al. 2005).

Types of Ultrasonic Bat Detectors
The ultrasonic calls of bats are transmitted through the air, captured by 

a special microphone in a bat detector, and transmitted as an audible sound 
or as a voltage signal to a built-in speaker, tape recorder, or computer. The 
most common types of bat detectors are known as heterodyning, frequency 
division, and time expansion—each based on unique circuitry and types of 
microphone. Each type of detector has its own advantages and disadvan-
tages. Commercially available detectors may have one or sometimes two or 
three separate conversion systems (Pettersson 2004).

Heterodyning detectors are designed to detect a narrow range of fre-
quencies, typically a bandwidth of about 10 kHz. A tuning control on the 
detector is used to center the frequency range for transformation, so that if 
the detector is set at 40 kHz, it will record frequencies between 35 and 45 
kHz. Heterodyne detectors are highly sensitive to bat echolocation calls, 
making it possible to detect and record relatively weak signals. Echoloca-
tion calls of bats that are transformed in a heterodyne detector may sound 
or appear different depending on the frequency to which the detector is 
tuned. The narrow bandwidth of a heterodyne detector means that only 
bats producing sounds within that frequency range will be detected.

Frequency-division detectors transform the entire ultrasonic range of 
signals (e.g., broadband) to a fixed fraction of the original signal. For 
example, a given ultrasonic frequency may be transformed or reduced to 
some fixed fraction of the original frequency. Frequency-division detectors 
are less sensitive than heterodyne detectors, making it difficult to detect 
weak signals. However, the transformed signal of a frequency-division de-
tector contains more information than a heterodyne detector. Nonetheless, 
with frequency-division detectors, the signal is first converted into a square 
wave, and thus amplitude information is lost. Moreover, if the original 
call is composed of a fundamental frequency and one or more harmonics, 
typically only the fundamental frequency will be transformed. Some of the 
more advanced frequency-division detectors also process amplitude infor-
mation based on the fundamental frequency of the original signal. If the 
amplitude is retained, then pulse duration and other temporal parameters 
can be measured (Ahlén 2004; Pettersson 2004).

A time-expansion detector records the original high-frequency signals 
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and then plays back the original signal at a slower rate, while retaining vir-
tually all of the original characteristics. Thus, the resulting signal is longer 
and the frequency will be lower than the original signal. With time-expan-
sion detectors, the signal is digitized and a portion of it is stored in digital 
memory, from which it can be replayed at one-tenth the original speed. 
Thus, an important advantage of time-expansion signals is that the original 
signal is stretched out, making it possible to detect details of the call. Most 
time-expansion detectors also include a built-in heterodyne system (Ahlén 
2004; Pettersson 2004).

One of the disadvantages of frequency-division detectors is their lack 
of sensitivity. By contrast, an important advantage of frequency-division 
detectors is their inherent stability, which makes them more robust for 
long-term field use than either heterodyne or time-expansion detectors. In 
general, the circuitry of heterodyne and time-expansion detectors is more 
complex, including critical timing elements that can affect the accuracy 
of the signal detected and recorded. Frequency-division detectors provide 
the most robust technology and are the most cost-effective for monitoring 
purposes and for characterizing bat echolocation calls in field conditions. 
One of the advantages of the time-expansion circuitry is that sounds can 
be recorded at high speed and played back at slower speeds for detailed 
analysis. Another advantage of time-expansion detectors is that the stor-
age medium is digital and the recordings can be played back immediately. 
An obvious disadvantage of time-expansion method is that sounds are not 
recorded in real time. The greatest advantage of time-expansion systems 
is that the signals are stored in memory and can be played back for more 
in-depth analyses, including power spectra, spectrograms, pulse length, 
interpulse interval, etc. (Pettersson 2004).

A Case Study of Bats
In a recent investigation conducted at the proposed Maple Ridge Wind 

Project in upstate New York, Reynolds (2006) deployed a spatial array of 
frequency-division ultrasonic detectors (Anabat Model version 6.2) con-
nected to a CF-SCAIM data-storage unit (Titley Electronics), each housed 
within a waterproof storage box with a 12 V deep-cycle battery. These de-
tectors were used to sample 35 different sites each for a single night in the 
period from June 23 through July 5, 2004. Each detector was mounted on 
a 1.5-m pole, with the microphone pointing toward the ground to prevent 
the condensation of moisture on the microphone. Echolocation calls pro-
duced by the bats were reflected toward the microphone using a 10 × 10 cm 
Lexan plate positioned at 45 degrees from the horizontal (Reynolds 2006). 
The Anabat microphones that were used in this study have the potential to 
detect approaching bats at a distance up to 11.6 m, with a potential sam-
pling cone of 2,542 m3 (Larson and Hayes 2000). Actual field tests reported 
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by Reynolds (2006), however, revealed that the microphones that he used 
could consistently detect ultrasonic signals up to 22 m distant. Nonethe-
less, this limited detection range makes it difficult to record calls made by 
bats in the rotor-swept area of industrial-scale wind turbines using single 
microphones. The application of beam-forming arrays of microphones 
would significantly increase detection range and provide monitoring within 
the swept area of turbines.

Spatial data were statistically analyzed by comparing the number of 
bat passes recorded during three four-hour periods each night. The results, 
although limited spatially and temporally, show that bats were most fre-
quently recorded in the vicinity of ponds, with different temporal patterns 
of activity exhibited by the four “species” detected. Myotis species (most 
likely M. lucifugus and M. septentrionalis), which accounted for 95.7% of 
all recorded calls, were active throughout the night. By contrast, big brown 
bat and silver-haired bat calls (Eptesicus/Lasionycteris), which could not be 
distinguished, were recorded most frequently in the early hours of the night. 
Only 1% of the activity was represented by tree-roosting eastern red and 
hoary bats (Lasiurus borealis and L. cinereus).

To further assess possible migratory behavior, Reynolds (2006) used the 
same bat detectors for spatial analysis from April 10 to June 22, 2004, at 
two locations at the New York project site. Frequency-division bat detectors 
were deployed as two vertical arrays on meteorological towers at each of 
two sites, with one detector at each site positioned at “ground” level (ca. 
7 m) and the others positioned at approximately 15 and 50 m above the 
ground. Analysis of data recorded from the vertical array of ultrasonic de-
tectors revealed that significantly more activity was recorded at 50 m above 
the ground than at 15 and 7 m (Reynolds 2006). Moreover, the results sup-
port the hypothesis that migratory behavior of bats is episodic.

More calls from Eptesicus/Lasionycteris were recorded in middle to late 
spring, although there was no evident seasonal pattern in the calls recorded 
from Myotis during this limited period. From these data, Reynolds (2006) 
concluded that migratory activity was the highest on the warmest days with 
low wind speeds. The results are consistent with reports of fatality data at 
the Mountaineer Wind-Energy Center, Tucker County, West Virginia and 
Meyersdale Wind-Energy Center, Pennsylvania, where the highest fatalities 
occurred on warm nights with low wind speed (Arnett 2005). Data from 
Reynolds (2006) suggest that accurate estimates of migratory behavior will 
require long-term acoustic monitoring, using both horizontal and vertical 
arrays of ultrasonic bat detectors. The few recordings made of eastern red 
and hoary bats (species that have experienced the highest fatality rates at 
these sites) suggested to Reynolds (2006) that these bats were not common 
in the study region or, at least that they could not be detected from the 
deployment heights of the bat detectors. The absence of a call does not 
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imply absence of bats, only that the call may not have been detected. These 
observations are consistent with Gruver’s (2002) study in Wyoming, which 
reported that hoary bats experienced the highest fatality rate, yet were sel-
dom detected by bat detectors. To adequately assess risks to both resident 
and migratory bats, ultrasonic bat detectors should be deployed to monitor 
flight activity within the rotor-swept area of a wind turbine and with the 
capacity to detect bats flying from different directions. Clearly, additional 
studies are needed to better detect migratory tree bats, as they seldom ap-
pear in acoustic data but are consistently present in fatality samples. In 
fact, they account for 68% of all bat fatalities recorded at North American 
wind-energy facilities to date.

Recently, D.S. Reynolds of North East Ecological Services (personal 
communication 2006) developed a design that consists of a cluster of four 
ultrasonic detectors attached to meteorological towers with each detector 
aligned in each of the four cardinal directions (Figure C-1). With this ap-
proach, it may be possible to establish the dominant direction of migra-
tory bats that fly within the range of the detectors. More important, few 
studies to date have used ultrasonic detectors to reliably detect bats flying 
within the rotor-swept area. Thus, even if bats are active at the height of 
the rotor-swept area, existing technology cannot detect bats flying in this 
zone. Moreover, with the increasing size of turbines being developed and 
installed, deployment of ultrasonic detectors on the turbines cannot provide 

FIGURE C-1 Model of a vertical array of ultrasonic bat detectors for assessing 
nightly foraging and migratory activity of echolocating bats from ground level to 
the height of a turbine nacelle. Bat detectors are affixed to meteorological towers.
SOURCE: D.S. Reynolds 2006, modified figure printed with permission; copyright 
2006, Journal of Wildlife Management.

C-1
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information on the activity of some species within the range of detection, 
because there is no practical way to install ultrasonic detectors in the rotor-
swept area. Instead, they need to be mounted on meteorological towers at 
comparable heights to the rotor-swept zone to access both migratory and 
foraging behavior of bats where they are most at risk at wind-energy facili-
ties. However, use of blimps and kites, to which ultrasonic microphones can 
be attached (Menzel et al. 2005b), holds considerable promise for extending 
the ranges of detection above the forest canopy and into the range of the 
rotor-swept area of modern wind turbines.

Strengths and Limitations of Ultrasonic Bat Detectors
Some investigators have wondered whether insectivorous bat species 

do not echolocate when they migrate, which would render them unable 
to detect the presence of turbines or moving blades, resulting in collisions. 
However, a study conducted in Minnesota (Johnson et al. 2004) suggests 
that migrating bats do echolocate, at least while feeding in the vicinity of 
wind turbines. Summer resident species in the Mid-Atlantic Highlands and 
other regions of the United States (e.g., species of Myotis, Eptesicus, and 
Pipistrellus) as well as insectivorous species (species of Lasiurus, Lasionyc-
teris, and Tadarida) rely on echolocation while foraging. Moreover, Larkin 
(2006) suggested that because the energetic cost of echolocation is so low 
(see Speakman and Racey 1991), it is unlikely that bats would forego echo-
location during migration. However, even if these bats do echolocate and 
feed near wind turbines, it is possible that they emit cries too infrequently 
and detection distances are too limited in range to protect them from en-
countering a rapidly moving rotor blade (Kunz et al. 2007). Also, given the 
limited range of detection of most ultrasonic detectors (< 30 m), it is quite 
likely that some migrating bats would have been missed when detectors 
were deployed at ground level.

Ultrasonic detectors for recording echolocation calls of bats have several 
limitations. Different models of detectors may have different microphones 
and ranges of detection, and even the same models can have different sen-
sitivities, sometimes making it difficult to compare results from one detec-
tor to another (Larson and Hayes 2000; Limpens and McCracken 2004). 
In addition, these devices are not the “silver bullet” that some users have 
expected or promoted, as they have limited detection ranges (typically less 
than 25 m) and cannot be used unambiguously to identify all species pres-
ent in a given area, owing largely to the similarity of calls of some closely 
related species (e.g., little brown myotis, Myotis lucifugus, and Indiana bat, 
M. sodalis), the presence of cryptic species (e.g., Jones and Barlow 2004) 
and the variation among individual bats associated with both habitat and 
geographic location (Barclay and Brigham 2004; Gannon and Sherwin 
2004).
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Bat detectors offer alternatives to more traditional methods, such as 
mist-netting and harp-trapping,2 to determine the presence of many insec-
tivorous bat species, especially in environments and in situations where 
it is not possible to capture them or make direct observations (e.g., open 
areas near wind turbines and above tree canopies). Bat detectors represent 
only one of a number of tools available to researchers for investigating 
the foraging, commuting, and migratory behavior of insectivorous bats 
(Kunz 2004). Ultrasonic detectors have their inherent biases associated 
with limits of detection, uncertainty of discriminating certain species based 
on call signatures, and the inability to discriminate individuals by sex, 
age, and reproductive condition (Barclay and Brigham 2004). However, a 
recent study suggests that it may be possible to distinguish sex and age of 
some bat species based on their echolocation call structures (Siemers et al. 
2005). These situations place limits on the applicability of these devices for 
assessing the full extent of bat activities near wind turbines. Live capture 
and other methods (see below) are needed to gain a full understanding of 
which bat species are present in an area for assessing potential impacts in 
pre-siting surveys and pre-construction monitoring in the vicinity of wind-
energy facilities.

The importance of direct observations, in concert with recordings of 
echolocation calls, is essential for gaining a full understanding of how insec-
tivorous bats are killed by wind turbines. Recordings of echolocation calls 
synchronized with multiflash, 3D photography or videography, thermal 
infrared imaging, and tracking radar can also provide additional insight 
into the behavior and echolocation call structure associated directly with 
prey capture (Kalko 2004; Horn and Arnett 2005) and responses to novel 
objects in their environment, such as wind turbines.

Some of the most promising research on migration, commuting, and 
foraging behavior of insectivorous bats could result from continuous re-
cordings at sites proposed for development of wind-energy facilities. Use 
of ultrasonic bat detectors for assessing composition of local assemblages 
in the vicinity of proposed or constructed wind-energy facilities could pro-
vide valuable information, but accomplishing these goals requires reliable 
species identification (Barclay and Brigham 2004; Gannon and Sherwin 
2004). Unfortunately, many studies that have used ultrasonic bat detectors 
have been hampered by inappropriate sample design, and uncertainties 
regarding species identity (Hayes 1997, 2000, 2003). These uncertainties 
and protocols must be addressed if ultrasonic detectors are to provide use-

2 A harp trap is a free-standing device consisting of a rectangular frame within which two or 
more banks of monofilament lines are strung. Bats fly through the first bank of lines but are 
stopped by the second and fall into a bag attached to the bottom of the frame and can then 
be removed for examination (Kunz et al. in press a).
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ful information on species composition at wind-energy facilities and other 
areas of interest. Recent developments using time-expanded recordings of 
search calls produced by echolocating bats hold promise for improving the 
identification of species (e.g., Preatoni et al. 2005; Siemers et al. 2005).

An exhaustive analysis of empirical data using different bat detectors is 
probably beyond the scope of most projects. Instead, investigators should 
try to obtain data that would provide first-order understanding of basic 
questions, such as:

• Over what volume of air space can reliable detection occur?
• How do characteristics of calls affect detection?
• How does this detection volume change with local conditions?

In cases where multiple sensors are being used to compute direction to 
or from the location of a calling animal, calibration should determine:

• The directional, 2D, and/or 3D resolution of the system as a func-
tion of bearing and range to the source;

• The directional, 2D, and/or 3D resolution of the system as a func-
tion of source-center frequency, bandwidth, and time-bandwidth product.

Array performance in the plane of the array can be assessed by project-
ing sounds with known acoustic characteristics from known x-y positions. 
Assessing array performance as a function of altitude is more of a challenge 
since one needs to have an acoustic source at various altitudes above the 
ground at various declinations from the array. No one, to our knowledge, 
has performed such a test. It could be conducted by deploying an array on 
or near a tall tower and placing controlled sources at various elevations on 
the tower.

Until comprehensive field studies involving acoustic calibrations are 
completed, it is difficult to develop reliable estimates of the costs and 
benefits of each method. Ideally, an acoustic calibration in the field would 
involve deployment of many sensors in a variety of geometries to spatially 
oversample, to obtain high-resolution location data, and to increase detec-
tion probability. During the post-processing phase, one could then sub-
sample to determine the tradeoffs between detection probability, location 
accuracy, and processing complexity all as a function of call characteristics 
and environmental variables. A comprehensive field investigation would 
involve an integrated approach that combines multiple modalities including 
acoustics, radar, thermal imaging, and visual methods. Ideally one would 
do this with controlled objects moving in 3D space through the sampling 
region. Given the difficulty of that task, one could simultaneously use 
various methods so that at certain times each was operating blind and in-
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dependently, and coordinate all methods and follow a prescribed protocol 
for sharing information to optimize detection and recognition within the 
largest space possible. This type of cross-validation would greatly improve 
the present state of knowledge by providing information on, for example, 
types of radar returns coincident with acoustic species-specific identifica-
tion, acoustic locations associated with radar returns, and the proportion 
of radar targets that are bats.

The benefits of using different methods similarly could be evaluated us-
ing standardized metrics and their performances compared to the optimum 
as predicted by a model. Such an approach has been used successfully to 
predict potential impacts from anthropogenic noise and evaluate the ef-
ficacy of different animal-detection schemes in the marine environment. 
In most cases, an integrated approach using a combination of methods is 
preferred, because no single method can unambiguously assess the behavior 
of animals in natural populations, let alone measure the effects of wind 
turbines on a biotic community. Investigators should understand the limita-
tions, applicability, and operational considerations of each method before 
deploying them in the field. Researchers responsible for evaluating a par-
ticular monitoring project should have some way of gauging its likelihood 
of success, its optimal expected benefits, and certainly whether the proposed 
effort has the statistical power to address the key issues of concern.

At present, some of the potential benefits from the application of 
passive-acoustic monitoring techniques for birds and bats have been dem-
onstrated, but the actual benefits have not been rigorously field tested, 
calibrated, or fully quantified. Birds and bats produce sounds for various 
reasons, and the assumption is that one can take advantage of their natu-
ral behaviors to monitor their presence relative to wind-energy facilities. 
Technology can be applied to record, detect, and in some cases identify a 
significant portion of bird and bat species that are resident or occur sea-
sonally as migrants through wind-energy facility areas. However, little is 
known about how to interpret counts of call detections for actual passage 
rates. Acoustic technologies exist, and a few pilot projects have demon-
strated that they can be applied to characterize the 3D distributions of 
calling birds as they move through a wind-energy facility (Jacques Whitford 
Limited 2005). There often is considerable natural variability in the density, 
spatial distribution, and seasonal occurrence of bird and bat species in the 
vicinity of wind-energy facilities. However, there is no ideal way to predict 
or compensate for such variability with much spatial or temporal accuracy 
other than to conduct site-specific monitoring.

Challenges and Recommendations
Factors that limit the application of passive-acoustic technologies in-

clude the cost of the equipment and the time, level of expertise, and signal-
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processing software required to analyze the data. Significant advances in 
hardware and software development have occurred in the past few years, 
and rates of improvements are expected to increase. In the hardware do-
main, there are several versions of low-powered, autonomous acoustic 
recorders that can be deployed as stand-alone units, and at least one ver-
sion where units can be deployed in an array configuration. Such units can 
operate continuously in remote areas for months at a time and some can 
collect acoustic data in frequency ranges appropriate for birds and bats. 
In the software domain, extensible sound-analysis software packages are 
becoming available that allow automatic detection and 3D localization and 
batch processing. However, most bioacoustical technologies have not been 
rigorously calibrated in the field or systematically compared with other 
methods to help estimate biases in the data.

In cases where single, audible and ultrasonic sensors are being used to 
detect birds or bats, calibration should determine:

• The absolute sensitivity of the recording electronics as a function of 
frequency. This can be accomplished in the laboratory prior to field work 
and can be used to predict the detection volume as a function of frequency 
in the ideal context of an acoustic free-field with spherical spreading;

• The empirical sensitivity of the recording unit as a function of fre-
quency, source location, and environmental conditions. Sensor performance 
should be verified in the field by projecting sounds of separate frequencies 
from known positions specified or known environmental conditions (e.g., 
wind speed, humidity, and temperature). Such data can be used to derive an 
empirical transmission-loss function that can be used to predict the detec-
tion volume under a variety of typical field conditions.

Using Radar to Detect, Monitor, and Quantify the Movements of Bats, 
Birds, and Insects in the Atmosphere

More than 60 years ago the British discovered that birds were respon-
sible for some of the puzzling radar echoes dubbed “angels” (Lack and 
Varley 1945; Buss 1946). Subsequently, radar has proven to be a useful 
tool for the detection, monitoring, and quantification of the movements 
of organisms in the atmosphere. Radar can be used to investigate the 
movements of birds (Eastwood 1967; Gauthreaux 1970; Richardson 1979; 
Kerlinger 1982; Kerlinger and Gauthreaux 1985; Vaughn 1985; Bruderer 
1997a,b), bats (Williams et al. 1973), and insects (Riley et al. 1983) in 
the atmosphere during the day, or at night including small (1-10 km of a 
tracking or marine radar), intermediate (10-200 km or the surveillance area 
of a single weather radar), and large spatial scales (continent-wide radar 
network surveillance).
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Radar has been valuable not only for descriptive studies of daily and 
seasonal movements of flying animals, but technically has also been used 
to answer important questions related to orientation, aerodynamics, and 
habitat selection of migrants. During the past two decades, radar has been 
increasingly used in risk-assessment studies related to projects that could 
potentially impact species that are migratory, endangered, threatened, or 
of special concern (Cooper 1996; Gauthreaux and Belser 2003a, 2005; 
Larkin 2005b).

Tracking Radar
Small tracking radars can detect individual targets within a range of a 

100+ m to 4-6 km, and large tracking radars used by the National Aero-
nautics and Space Administration (NASA), can detect and track individual 
bird-sized targets for tens of kilometers and a bumblebee out to a range 
of 10 km. Tracking radar “locks on” a target and follows the subsequent 
movements of the target in 3D space as long as another target does not 
 enter the beam at the same range. If this happens, the radar may switch 
targets and track the new target. This is a serious problem when many tar-
gets are present. Although tracking radar can provide detailed information 
on the flight paths of individual targets as well as information on wing-beat 
patterns (Renevey 1981), the very narrow beam limits simultaneous sam-
pling of several targets.

Small military-surplus tracking radars have been used to monitor the 
movements of individual birds (Bruderer and Steidinger 1972; Griffin 1972; 
Able 1977; Larkin and Frase 1988; Bruderer et al. 1995; Bäckman and 
Alerstam 2003) and insects (Larkin 1991) within a range of a few kilome-
ters, although these units often require regular maintenance and parts are 
difficult to find. Birds and insects have also been tracked with large track-
ing radars (SPANDAR) used to track deep-space probes by NASA at the 
Wallops Island, Virginia facility (Glover et al. 1966, Williams et al. 1972, 
Demong and Emlen 1978). At present there is only one published study of 
bat movements recorded by tracking radar (Bruderer and Popa-Lisseanu 
2005), although R.P. Larkin (Illinois Natural History Survey, personal 
communication 2005) has used his tracking radar unit based at the Illinois 
Natural History Survey to follow bats (Myotis lucifugus).

Marine Radar
Most of the small, mobile radars used in wildlife and entomological 

studies to date have been 5 to 60 kW marine-surveillance radars of 3- or 
10-cm wavelengths. Many are commercial off-the-shelf units that are used 
without modification. In typical horizontal surveillance mode, the marine-
radar antenna samples a large airspace (20-25°) in the vertical and much 
less (1.0-2.3°) in the horizontal. Because of the broad vertical coverage of 
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the radar beam, measuring the altitude of targets is impossible in horizontal 
surveillance mode. To address this limitation, the radar can be tilted 90° so 
that the sweep of the antenna is vertical. In this mode accurate measure-
ments of target altitude are possible without echoes from ground clutter. 
Some investigators have used a single unit for both horizontal and vertical 
surveillance (Harmata et al. 2003), whereas others have used two radars, 
one for horizontal and one for vertical surveillance (Harmata et al. 1999).

Another approach uses a second radar with either a non-rotating 
 parabolic dish that can be positioned at any elevation angle between hori-
zontal and vertical (Gauthreaux 1985a,b) or a non-rotating parabolic dish 
that is directed vertically and is mounted on top of the transmitter/receiver 
unit (Cooper et al. 1991). It also is possible to replace the open-array 
 antenna with a rotating, parabolic antenna that projects a narrow, conical 
(e.g., 2.5-4.0°) beam (Gauthreaux and Belser 2003a). When the conical 
beam is elevated in the horizontal surveillance mode, the altitude of an 
echo is a trigonometric function of the range of the echo and the angle of 
antenna tilt.

Each of the above configurations has advantages and disadvantages. 
The open-array antenna samples a greater air space, but this reduces the 
range of detection and the altitude of a target in the vertical scan cannot be 
linked to the track of a target in the horizontal scan. The parabolic antenna 
samples a smaller volume of atmosphere but has a greater detection range 
and three-dimensional information on each target can be measured.

When tuned properly, high-resolution marine radars with parabolic 
antennas can readily detect small flocks of birds out to 6 km from the radar 
(Gauthreaux and Belser 2003a) and insects out to 1.5-2.5 km (Riley 1989). 
Low-powered marine radar can detect individual birds within a range of 
2-3 km and flocks of birds out to 10 km, and a 25 kW marine radar with 
an open-array antenna can detect small passerines out to a range of 800-
1,000 m, and European thrushes (Turdus spp.) can be detected by 10 and 
12 kW units at the same range (Desholm et al. 2004). With 25 kW 3-cm-
wavelength radar in clear weather, the range at which an 800 g duck can be 
detected has been computed to be 2.19 km for short-pulse and 3.2 km for 
long-pulse radars; with 60 kW 10-cm-wavelength radar in clear weather, 
a 500 g pigeon-like target can be detected at 3.97 km for short-pulse and 
5.5 km for long-pulse radar (Desholm et al. 2004). Cooper et al. (1991, 
2004a) noted that 12 kW radar with an open-array antenna can routinely 
detect flocks of waterfowl out to 5.6 km, individual hawks out to 2.3 km, 
and single, small passerines out to 1.2 km.

Based on simultaneous visual and vertical radar observations during 
the day, when birds are flying high and near the visual limits of observers, 
observers noted that fewer than half of the birds were detected by radar 
(Harmata et al. 1999). In a European study, about 40% of the birds fly-
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ing below 50 m were missed by marine radar, but when birds were flying 
above 50 m, only 8% went undetected by the radar (Knust et al. 2003). 
Moreover, low-flying birds often were obscured by the ground-clutter pat-
tern of the radar display. On short pulse lengths, minimum detectable range 
can be as close as 20-30 m, and range discrimination depends on the pulse 
length used.

Several technical limitations affect the quality of quantitative data gath-
ered by marine radar. The aspect of the target relative to the radar beam 
affects the amount of energy reflected back to the radar receiver. Head-on 
and tail-on detections have significantly smaller radar cross-sections than 
broadside detections. In addition, a radar’s beam width is defined as the 
angle where the energy of the beam is reduced by one-half (or -3 dB) of the 
maximum at the center of the beam. If one of two identical targets at the 
same range occurs at the very edge of the radar beam and the other is posi-
tioned at the center of the beam, then the target at the edge of the beam will 
produce a weaker echo than the one at the center of the beam. Similarly, 
a strong target outside the “beam” can be detected as a weak target. The 
problem is amplified when using wide-beam (20-25°) radar, because of the 
rapid power loss with range.

The following factors are known to affect the performance of marine-
surveillance radars and influence the results obtained from different radar 
studies of bird, bat, and insect movements:

• Pulse length and corresponding pulse repetition frequencies.
• Transmitter power (e.g., 5, 10, 25, 50, or 60 kW).
• Sea clutter and rain clutter settings.
• Tuning of the receiver.
• Antenna rotation speed.
• Antenna beam characteristics.
• Range setting.
• Beam-brilliance setting.
• Gain setting.
• Frequency or wavelength.

When impact assessment studies use different brands of surveillance radar, 
and the above factors are not the same, the results are not likely to be 
quantitatively comparable. Without some form of operational standards 
this problem will persist. Moreover, not all marine radars detect biological 
targets equally (J. Kube, Institut für Angewandte Ökologie, personal com-
munication 2005). It is essential that calibration of the unit be performed 
before studies are begun, and the calibrations be conducted periodically 
during the study. This can be done with a radar reflector of standard cross-
section. The reflector can be lifted by balloon or kite at a fixed range from 
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the radar, and the characteristics of the echo produced by the reflector 
target compared to some reference standard.

The transmitter power of the marine radar should be as high as pos-
sible (25 kW or greater), because long pulse lengths enhance detectability 
but suffer a loss of resolution, and short pulse lengths increase resolution 
with a loss of detectability. The greater the transmitter power the greater 
the cost, but 50 kW radar operating on short pulse will produce superior 
results in an assessment study over a 10kW unit operating on short pulse. 
Marine radars can be purchased in either of two wavelengths—3 cm (X-
band) or 10 cm (S-band)—and there is considerable debate among users of 
these two radar types regarding which one is best. Both have been used to 
study bird movements aloft, but no published study has compared them at 
the same location and under similar weather conditions. It is well known 
that precipitation attenuates 3 cm wavelengths considerably more than it 
does 10 cm signals, and as a result, precipitation will greatly decrease the 
chances of a 3 cm radar’s detecting targets beyond a shower. Irrespective 
of wavelength, small target detection within an area of heavy precipitation 
is not likely.

A comparison of small radar systems that currently are being used 
to study bird movements can be found in Desholm et al. (2004) and in 
MacKinnon (2006). The former reference examines the performance of 
marine-surveillance radars used to study bird and bat movement in the 
vicinity of wind turbines and includes a discussion of the characteristics of 
an ideal bird/bat detecting radar. The latter is a compilation of information 
on small radars used to detect, monitor, and quantify bird movements that 
pose a threat to aircraft and includes information on recent developments 
in digital processing of marine-radar detections of biological targets in the 
atmosphere (e.g., Nohara et al. 2005).

The methods of collecting and processing marine-radar data differ 
among studies. In some cases, investigators extract the echo data from the 
radar display (or a digital image of the display) manually (Figure C-2A) 
and then perform analyses to compute descriptive statistics of migration 
direction and passage rate. In other cases commercial radars with digital 
processors gather raw radar data from the receiver and then use proprietary 
algorithms to process the data. The algorithms reduce ground clutter and 
the processed data from targets are reported out either in a spreadsheet 
format with information on target track (direction and velocity), reflectiv-
ity, and size or as plots (Figure C-2B). Hundreds of targets can be tracked 
at once, but as the number of targets increases, so does the possibility of 
tracking errors, because the tracking algorithms may switch between nearby 
targets. Manual data extraction is labor-intensive and time-consuming and 
there is always the possibility of some bias in manual extraction of the data. 
Automatic digital processing is extremely fast and eliminates the possibility 
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FIGURE C-2 (A) A frame from a Furuno 2155-BB radar with a parabolic dish 
(4° beam width) elevated 30° above the horizontal. Most of the echoes are from 
migrating birds and bats flying toward NNE. The yellow echoes show the position 
when the image was generated and the blue trails show past positions of the echoes. 
The large echo coming in from ENE is a helicopter. (B) An image generated from 
digitally processed data from same radar system showing tracks (green) and current 
position and heading (red symbols).
SOURCE: Sidney Gauthreaux, Clemson University.
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of such bias, but the processing algorithms must be carefully evaluated to 
exclude the possibility that systematic biases are not introduced into the 
algorithms by the developer (e.g., algorithms requiring a certain number of 
detections before tracking begins and consequently excluding fast targets 
that produce less than the required number of detections). There is clearly 
a need to carefully ground-truth the reports of data from digitally processed 
radar return, but no published studies have done so.

The identification of birds, bats, and insects and determination of the 
number of targets per echo on marine radars can be problematical. The 
echo information returned to a radar receiver from birds and bats in the 
atmosphere makes it nearly impossible to discriminate echoes from bats and 
echoes from similarly sized birds, and this is particularly true for migrating 
bats and birds engaged in linear flight. Foraging bats may produce irregular 
echo movement patterns, but similar echo movement patterns may be pro-
duced by nocturnally foraging birds (nighthawks). Because of the inability 
to discriminate between radar reflections from birds and bats, investigators 
typically refer to the sources of echoes in radar studies as “targets.” One 
generally cannot discriminate an individual target from a tight cluster of 
targets, because a single large target may produce the same echo as a tight 
group of smaller targets. If one knows the speed and direction of the wind 
at the altitude where a target is detected, the airspeed of the target can be 
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calculated, and this information can be used to assign targets to categories 
based on flight speed (Harmata et al. 1999). Similarly, the flight behavior 
of a target may offer clues to its identity (e.g., very irregular flight path of 
a foraging bat, circling of a raptor in a thermal). Claims of target identifica-
tion based on size of target (number of pixels) are likely incorrect. When 
echo characteristics of hundreds of known targets have been analyzed sta-
tistically, the relationship is not significant (O. Hüppop, Institut für Vogel-
forschung Vogelwarte Helgoland, personal communication 2006). Thus far, 
the best studies have employed simultaneous visual observations (Newman 
and Lowery 1959) and thermal imaging (Gauthreaux and Livingston 2006) 
during the daylight hours and moon-watching (Lowery 1951), ceilometry, 
image intensification (Gauthreaux 1969; Able and Gauthreaux 1975; Pliss-
ner et al. 2006), and thermal-imaging (Gauthreaux and Livingston 2006) 
observations at night (Horn et al. in press).

Marine Radar Studies at Eastern Wind-Energy Projects: Case Studies
Cooper et al. (2004a) studied spring bird-migration concurrently with 

radar and direct visual observations for about 4 hours per day and with 
radar observations alone for about 5 hours per night from April 15 through 
May 15, 2003, at the site of the proposed Chautauqua Wind-Energy Facility 
in western New York. The radar was an X-band Furuno Model FR-1510 
MKIII with a peak power of 12 kW and a 2-m-long open array (T-bar) an-
tenna that produces a horizontal-beam width of 1.23° and a vertical-beam 
width of 25° (± ~10° side lobe). Pulse lengths used were 0.07 and 0.5 sec.

The mean flight direction of targets observed with radar at night was 
029° ± 40° and mean passage rates were 395 ± 69 targets km–1h–1, signifi-
cantly higher than the daytime rate of 79 ± 13 targets km–1h–1. The mean 
flight altitude during the daytime was 372 ± 6 m above ground level (agl); 
the mean nocturnal flight altitude was 528 ± 3 m agl. The mean percentage 
of all targets flying below 125 m agl, a height that could bring them into 
contact with wind-turbine blades, was 17.2% during the day and 3.8% at 
night.

Cooper et al. (2004b) also conducted a radar study of nocturnal migra-
tion at the proposed Chautauqua facility site from September 2 through 
October 10, 2003. Sampling occurred for about 6 hours per night during 
30 nights within the 40-day study period. The radar equipment and surveil-
lance protocols were the same as described in Cooper et al. (2004a). The 
mean flight direction of birds and bats was toward the SSW (199° ± 58°). 
The mean (± SE) fall passage rate was 238 ± 48 targets km–1h–1 and ranged 
from nightly rates of 10 to 905 targets km–1h–1 with higher rates after mid-
September. The mean altitude of flights in fall was 532 ± 3 m agl.

Mabee et al. (2004) presented the results of a radar study of nocturnal 
bird and bat migration at the site of the proposed Mt. Storm wind-power 
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 facility in northeastern West Virginia from September 3 through October 17, 
2003 for approximately 6 hours per night on 45 nights. Vehicle-mounted 
radars (X-band Furuno Model FR-1510 MKIII) monitored five locations 
within the proposed site. Horizontal surveillance covered a 1.5-km radius 
and vertical surveillance covered altitudes up to about 1.5 km. The mean 
flight direction of targets detected by radar was toward 184° ± 1°, and the 
night-to-night passage rates varied from 8 to 852 targets km–1h–1 with a 
mean rate of 241 ± 33 targets km–1h–1 at the central study site and a mean 
of 199 targets km–1h–1 for all the fall sample sites in the project area. The 
authors found variation in passage rates among some ridge sites (e.g., cen-
tral and southern sites) and between ridge and off-ridge sites (e.g., central 
and western sites) but did not find that nocturnal migrants concentrated 
along the Allegheny Front. The general direction of migration over the site 
was toward the southwest. According to the authors, “of 1,733 targets at 
the central station that could be tracked as they approached the primary 
ridgeline long enough to determine a response to the ridgeline, 5.3% of 
targets approached and turned greater than 10° before crossing or turned 
and did not cross the ridge, 49.7% approached and crossed the ridge, and 
45% did not approach the ridge.” The mean altitude of flight measured 
with vertically scanning radar was 410 ± 2 m agl, but night-to-night mean 
altitudes were highly variable as were the hour-to-hour flight altitudes dur-
ing the night. Migration at lower altitudes occurred later in the evening. 
The mean passage rate for the 13% of the targets that flew below 125 m 
agl was 36.3 targets km–1h–1.

Marine-radar and night-vision studies of bird and bat migration be-
tween August 16 and October 14, 2005, at two sites in the proposed 
Highland New Wind Development area in the Allegheny Mountains of 
western Virginia found a mean nocturnal passage rate of 385 ± 55 targets 
km–1h–1 with a range among nights between 9 and 2,762 targets km–1h–1 
(Plissner et al. 2006). The study found no differences in passage rates, flight 
altitudes, or observed proportions of targets between the two survey sites. 
These passage rates are among the highest measured at eastern U.S. wind-
energy development sites where similar equipment and methods have been 
used. The mean flight direction of targets observed on the marine radar was 
SSW (204°). For the entire fall season, the mean nocturnal flight altitude 
measured with vertical radar was 442 ± 3 m agl. The mean altitude of flight 
varied from 211 to 721 m agl, and during autumn 11.5% of targets flew 
at an altitude of 125 m agl or below.

In a recent review of radar studies at proposed and existing wind-en-
ergy projects in the United States, Young and Erickson (2006) indicated that 
the mean passage rates of targets (targets km–1hr–1) in the east (21 studies) 
was similar in spring and fall (258 vs. 247, respectively). Their analysis 
also showed that the mean height of flights was 409 m agl in spring and 
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470 m agl in fall, and 14% of the targets were below 125 m agl in the 
spring and 6.5% were below 125 m agl in the fall. Mean flight directions 
were toward the NNE (31°) in spring and toward the SSW (193°) in the 
fall. The passage rate of birds and bats during spring and fall migration 
periods is greater in the east than that measured in the central and west-
ern United States, and in general the passage rates are greater in autumn 
than in the spring, with Chautauqua, New York being a notable exception 
(Table C-3). The altitudinal distribution of targets detected by radar covers 
several hundreds of meters agl, and relatively few of these targets fly below 
125-127 m agl in the potential strike zones of wind turbines (Table C-4). 
The strike zone is typically defined as the area swept by the turbine, but it 
is possible that some birds and bats collide with the supporting monopole 
below the rotor-swept area due to turbulence. It is also possible that birds 
flying higher than the zone could descend if attracted by warning lights on 
the turbines, but Kerlinger and Kerns (2003) found that birds were not 
attracted to FAA-recommended lighting on wind turbines (Johnson et al. 
2002). Marine-surveillance radar does not detect low-flying birds and bats 

TABLE C-3 Mean Nocturnal Passage Rates (targets km–1 hr–1) in Spring 
and Fall for Different Regions of the United States

Location Spring (year) Fall (year) Reference

Eastern U.S.
 Chautauqua, NY 395 (2003) 238 (2003) Cooper et al. (2004a,b, 2005b)
 Copenhagen, NY 170 242 Cooper and Mabee (2000)
 Wethersfield, NY 62 180 Cooper and Mabee (2000)
 Carthage, NY 225 Cooper et al. (1995a,b)
 Mt. Storm, WV 54-241 (2003) Mabee et al. (2004)
 Nantucket Sound, MA 53 (2000) 135 (2000) Curry and Kerlinger LLC and 

ESS Group (2004)
 New England, ME 71 (1994) 478 (1994) Northrop, Devine, and Tarbell, 

Inc. (1995a,b)
 Highland, VA 385 (2005) Plissner et al. (2006)

Central U.S.
 Thief River-W, MN 63 83 Day and Byrne (1989, 1990)
 Thief River-E, MN 43 108 Day and Byrne (1989, 1990)
 Buffalo Ridge, MN 93 (1997) 98 (1996) Hawrot and Hanowski (1997)
 Amhurst-S, SD 83 40 Cooper et al. (2004c)
 Amhurst-N, SD 23 27 Cooper et al. (2004c)

Western U.S.
 Vansycle, OR 48 (2001) 26 (2001) Mabee and Cooper (2002, 2004)
 Hatch Grade, OR 45 (2001) 22 (2001) Mabee and Cooper (2004)
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TABLE C-4 Percentage of Radar Echoes Flying Between Ground Clutter 
and 125-127 m Above Ground Level

Location Spring Fall Reference

Nantucket Sound, MA 21.8 7.7 Curry and Kerlinger LLC and ESS Group 
(2004)

New York 3.8 4 Cooper et al. (2004a,b,c)
West Virginia 16 Mabee et al. (2004)
Virginia 11.5 Plissner et al. (2006)
Oregon 15 6 Mabee & Cooper (2002, 2004)

SOURCES: Cooper et al. (2004c); Curry & Kerlinger LLC and ESS Group (2004).

(less than 30 m agl), because of the recovery time of the radar and because 
ground clutter echoes obscure targets flying at very low altitudes. The tun-
ing of the sensitivity-time control (STC) curve also is critically important, 
because high STC settings for short ranges will make detection of close-in 
targets more difficult.

Weather-Sur�eillance Radar (WSR-88D or NEXRAD)
The Weather-Surveillance Radar-1988, Doppler (WSR-88D) is the 

backbone of the national network of weather radars in the United States 
operated by the National Weather Service (NWS) in the National Oceanic 
and Atmospheric Administration (NOAA) of the Department of Com-
merce, the Department of Defense (units at military bases), and non-conti-
nental-United States (CONUS) Department of Transportation sites (Crum 
and Alberty 1993; Crum et al. 1993; Klazura and Imy 1993). There are 155 
WSR-88D radars in the United States, including the Territory of Guam and 
the Commonwealth of Puerto Rico.

These powerful and sensitive S-band Doppler weather-surveillance ra-
dars (also known as NEXRAD for next generation radar) have a 1.0° beam, 
and when the beam is tilted 0.5° above the horizontal, the radar can detect 
concentrations of biological targets out to a range of 240 km and intense 
precipitation at a maximum range of 460 km. The WSR-88D detects the 
intensity of reflected energy from objects in the atmosphere as well as the 
Doppler shifts of returned frequencies from moving targets, and the latter 
information can be used to calculate radial velocities of the moving objects 
relative to the radar station. NEXRAD radar is extremely sensitive and 
can detect birds, bats, and concentrations of insects in precipitation mode. 
When there is no precipitation detected, the radar operates in “clear-air 
mode” and samples the same volume of air space more slowly, making it 
possible to detect the reflected energy from very small objects such as insects 
and even dust and smoke particles.
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NOAA and the National Climatic Data Center (NCDC) in Asheville, 
North Carolina, have archived data from each WSR-88D station since 1995, 
although there are several gaps in the archived records. Level II archived 
data contain the three basic moments from the radar: reflectivity, radial 
velocity, and spectrum width (Figures C-3A-3C). Level III archived data 
contain derived products such as base reflectivity, base velocity, vertical-
wind profile, echo tops—products that are very useful for biological studies. 
These archived data are freely accessible from the NCDC. Data from one 
or more stations can be integrated to support analysis of nightly behavior, 
seasonal trends, and population shifts of bats and birds at local, regional, 
and national scales.

The antenna of the WSR-88D is computer-controlled and repetitively 
scans the atmosphere through a sequence of predefined elevation angles, 
antenna rotation rates, and pulse characteristics (volume coverage patterns 
or VCP) depending on the radar’s mode of operation. Two operational 
modes exist—a precipitation mode and a clear-air mode—and selection of 
an operational mode is closely related to the detected coverage of precipita-
tion. Precipitation mode has four VCPs (11, 12, 21, and 121) and clear-air 
mode has two VCPs (31 and 32) (Table 4-1 in the Federal Meteorological 
Handbook No. 11, 2006). VCP 21 is the standard precipitation mode and 
is typically used when precipitation is first detected. VCP 11 provides better 
vertical sampling of weather echoes close to the antenna than VCP 21 and 
is usually preferred in situations where convective precipitation is within 
120 km of the antenna. VCP 12 has the same number of elevation angles 
as VCP 11 but denser vertical sampling at lower-elevation angles. VCP 121 
has the same elevation angles as VCP 21, but it has more scans and lessens 
the range and velocity aliasing (producing a false frequency with the correct 
one—the Doppler Dilemma). In the clear-air mode of operation, VCP 31 
uses a 4.7 µsec pulse length and VCP 32 uses a 1.57 µsec pulse length. The 
longer pulse length of VCP 31 provides greater sensitivity, and the display 
threshold is reduced to detect minute amounts of energy returning from 
weak reflectors in the atmosphere (e.g., refractive index gradients, cloud 
droplets, dust and smoke particles, and pollen grains). Each operational 
mode is also associated with a product generation list (Table 4-2 in the 
Federal Meteorological Handbook No. 11, 2006), and additional charac-
teristics of the WSR-88D can be found in that handbook (OFCM 2006).

WSR-88D digital-base data (Level II) from the signal processor of the 
Radar Product Generator (RPG) are recorded at all NWS and several se-
lect CONUS DOD WSR-88D sites on 8-mm magnetic tape and sent to the 
NCDC for archiving and dissemination. Other data include information on 
synchronization, calibration, date, time, antenna position, and operational 
mode. From these base data, additional computer processing generates a set 
of pre-determined products known as Level III data as defined in Federal 
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FIGURE C-3 (A) Base reflectivity image from WSR-88D Level II data showing the 
night during the fall of 2005 with the highest density of bird migration (ca. 1,800 
birds km–3) over northwestern Florida. North is at the top and east is to the right 
in this and following figures. (B) Base-velocity image from WSR-88D Level II data 
showing the radial velocity of targets displayed in Figure C-3A. Greens indicate 
movement toward the radar and reds are moving away.
SOURCE: Sidney Gauthreaux, Clemson University.

C-3a

COLOR

C-3b

COLOR

FIGURE C-3 (C) Spectrum width display from WSR-88D Level II data that cor-
responds to displays in Figures C-3A and B.
SOURCE: Sidney Gauthreaux, Clemson University.
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Meteorological Handbook No. 11, Part A. Level III products are recorded 
at 155 of the 159 worldwide sites, and sent to NCDC for permanent 
storage.

The archive of digital data from the WSR-88D is stored on the NCDC 
Robotic Mass Storage System, commonly known as the Hierarchical Data 
Storage System (HDSS). WSR-88D data may be downloaded at no cost 
from NCDC, and they are available from 1991 to one day from present 
and are easily accessible with the NEXRAD Inventory Search tool. This tool 
can be used to view the data for completeness and to download data. The 
requested data are ready for use with the NCDC Java NEXRAD Viewer 
and Data Exporter. Each order may contain up to 24 hours of data at a time 
for a single site. The data may also be ordered from the NCDC HDSS Ac-
cess System (HAS) web page. This is a better option for users needing large 
amounts of data in a compressed-archive format. Up to a week of data for 
multiple sites may be ordered. Downloaded radar data from NCDC are in 
a unique digital binary format. Special software must be used to visualize 
the data. Several free visualization and analysis products are available for 
download at the NCDC web site (NCDC 2006).
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Detection of Biological Targets on the WSR-88D
Aerial biological targets are readily detected by the WSR-88D, and sev-

eral investigators have detailed its use for studying bird migration (Gauth-
reaux and Belser 1998, 1999, 2003b; Diehl and Larkin 2005), bird roosts 
(Russell and Gauthreaux 1998; Russell et al. 1998), bat colonies (Mc-
Cracken 1996; McCracken and Westbrook 2002), and concentrations of 
insects aloft (Westbrook and Wolf 1998). The WSR-88D can be used to 
quantify the amount of bird migration aloft (Gauthreaux and Belser 1998, 
1999; Black and Donaldson 1999) and it has been used to study regional 
patterns of migration (e.g., Great Lake Region [Diehl et al. 2003]). Detailed 
methods of analyzing Level III data from the WSR-88D can be found in 
Gauthreaux and Belser (2003b).

WSR-88D technology has made it possible to characterize and quantify 
the nightly behavior of some bat species as they disperse nightly from their 
roosts to forage at high altitudes. For example, in the southwestern United 
States, Brazilian free-tailed bats (Tadarida brasiliensis) form enormous colo-
nies that disperse nightly, as far as 70 km from their daily refuges. The first 
observation of expanding ring-like formations at WSR-57 radar installa-
tions in Texas was confirmed as bats flying at high altitudes (Williams et al. 
1973). To quantify both direction and speed of nightly dispersal from the 
selected colonies, the density of bat reflectivity can be quantified. WSR-88D 
radar images taken at weather-monitoring stations in south-central Texas 
have been used by Horn (2007) to estimate colony size and patterns of 
nightly dispersal of Brazilian free-tailed bats from cave and bridge roosts re-
motely (Figure C-4). To accomplish this, a mosaic radar image is produced 
from different weather stations by translating reflectivity from radial to a 
geo-referenced grid format, and then filtered to remove weather activity and 
enhance the visibility of the biological activity. Spatiotemporal statistics are 
used to describe rates of dispersion, duration of foraging bouts, direction 
vectors for movements of foraging groups, activity centers where foraging 
may occur, and summary measures of overall activity from the reflectance 
data. Computer-vision algorithms provide the framework for spatial depen-
dence and for calculating the probability of transition from one reflectivity 
level to another (Horn 2007).

While WSR-88D technology may have limited applicability for assess-
ing impacts of wind-energy facilities on birds and bats at many locations 
because it cannot detect low-flying targets, it offers a powerful tool for 
quantifying nightly dispersal and migratory activity of bat species that form 
large cave- and bridge-roosting colonies and disperse over the landscape 
within the range of radar coverage, especially where wind-energy facilities 
have been and are being developed in Oklahoma, Texas, and New Mexico, 
where there are large colonies of Brazilian free-tailed bats (Horn 2007). 
Similarly WSR-88D analysis of bird-migration patterns and bird-roost 
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FIGURE C-4 NEXRAD, WSR-88D Doppler radar images of Brazilian free-tailed 
bats dispersing nightly from selected cave and bridge roosts in south-central 
Texas.
SOURCE: Kunz 2004; National Oceanic and Atmospheric Administration, Na-
tional Weather Service.

C-4

Color

locations in the general area of a planned wind-energy facility can help in 
the initial assessment of aerial bird activity at alternate development sites. 
Data from WSR-88D sites around the country have been archived for more 
than a decade and therefore could provide opportunities to assess annual 
variations in bird migration over large areas.

Within 60 km of the radar, WSR-88D can be used to delimit important 
migration stopover areas by measuring the density of birds (birds km–3) in 
the beam as they begin a migratory movement (exodus). Within minutes of 
the onset of nocturnal migration, the distribution and density of echoes in 
the radar beam can provide information on geographical ground sources of 
the migrants (migration stopover areas), and satellite imagery can be used 
to identify the topography and habitat type that characterizes these areas 
(Gauthreaux and Belser 2003a). At a larger spatial scale (that of the surveil-
lance area of a single Doppler weather radar, out to 240 km), this approach 
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can also be used to quantify the density of birds and to delimit locations of 
post-breeding, nocturnal roost sites of birds such as purple martins (Progne 
subis) and other species. Martins flying toward the roost late in the day 
generally fly low, often under radar coverage. However, when they depart 
the roost near dawn (Figure C-5) they fly higher and can be easily detected 
by Doppler radar (Russell et al. 1998; Russell and Gauthreaux 1998). At a 
continental scale, the national network of WSR-88D radars can be used to 
measure the direction and quantity of bird migration over the United States 
on an hourly basis at different altitudes dependent on distance from the 
radar (Gauthreaux et al. 2003). This ability is significant because it provides 
a means of monitoring the seasonal and annual variation in the patterns of 
migration at different altitudes for different geographical regions and the 
nation as a whole.

Although the WSR-88D is highly beneficial for the study of bird mi-
gration, it does have limitations with respect to its use in environmental 

FIGURE C-5 Base reflectivity display of the Atlanta, GA (KFFC) WSR-88D show-
ing the exodus of purple martins from roost sites near sunrise at 10:58 UTC on 
July 23, 2001.
SOURCE: National Oceanic and Atmospheric Administration.C-5

Color
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risk assessment studies of wind-energy development. The pulse lengths of 
the radar are relatively long and the resolution of the data is rather coarse. 
The maximum resolution of the WSR-88D for reflectivity measurements 
and for Level III radial velocity measurements at 240 km range is 1° × 1 
km. For Level III velocity data at 60 km range and for Level II velocity and 
spectrum-width data, the maximum resolution is 1° × 250 m. The lowest 
tilt of the WSR-88D antenna averages 0.5° above the horizontal, and over 
most of the surveillance coverage the base of the beam is too high to detect 
low-flying birds and bats. The beam width of the WSR-88D is 1°, and at a 
distance of 30 km the beam is 262 m wide. This eliminates the possibility 
of precise altitudinal measurements of targets.

Thus far, relatively few pre-construction studies at proposed wind-
 energy development sites have used WSR-88D data for a general assess-
ment of migration volume over the site, but an analysis of these data can 
be valuable for assessing the temporal and spatial variability of daily (bird) 
and nightly (bats) dispersal and seasonal migration over the general area 
where wind-energy facilities are being considered proposed. WSR-88D data 
have been used to assess migration density during pre-construction studies 
at the proposed Mt. Storm Wind Power Site in northeastern West Virginia 
(Mabee et al. 2004). This study found no strong correlations between 
radar migration-passage rates measured with marine radar and NEXRAD 
reflectivity values (representing bird densities) during 25 nights of com-
parable data. The authors acknowledge that the WSR-88D station near 
Pittsburgh, Pennsylvania—170 km distant—is the closest to Mt. Storm. At 
such a distance, the effective coverage area of the lowest scan (0.5° above 
horizontal) of the WSR-88D overshoots most of the migration layer and 
does not allow for a direct comparison of the migration density recorded 
by both radar systems. Despite this shortcoming, mean flight directions of 
migrants recorded by both systems were correlated.

Because the radar pulse volumes of the WSR-88D are large, a given 
pulse volume often includes birds, bats, and insects, and one must use the 
mean airspeeds of targets to discriminate between slow-flying insects, forag-
ing bats, and faster-flying migrating birds and bats (Gauthreaux and Belser 
2003b). There is a need to compare migration-passage rates measured with 
marine radars and migration-traffic rates measured with thermal imagers 
and vertically pointing, fixed-beam radars and the WSR-88D. Larkin et al. 
(2002) related the number of flight calls from a nocturnally migrating bird, 
the dickcissel (Spiza americana), to displays of bird-migration density on 
the WSR-88D and concluded that the two measures were highly correlated. 
In contrast, Farnsworth et al. (2004) found a weak correlation between 
the number of flight calls per night and the maximum density of bird mi-
gration displayed on the WSR-88D, but the hour-to-hour pattern of flight 
calls during the night was not correlated with the hour-to-hour changes 
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in the density of migration displayed on the radar. This is not surprising 
because the frequency of flight calling by birds increases when the sky is 
overcast and the cloud ceiling low. Likewise, flight calls of birds increase 
dramatically during foggy, misty conditions. The WSR-88D was designed 
as a weather radar and was not intended to be used by biologists to study 
biological targets in the atmosphere. Despite its limitations, the WSR-88D 
has proven to be of great value for studying the distribution and abundance 
of biological targets in the atmosphere and different aspects of their flight 
behavior (e.g., foraging, roosting, daily [birds], and nightly [bats] dispersal 
and migration) over large geographical areas.

Moon-Watching, Ceilometer, Thermal Imaging, and Chemiluminescent 
Tags

Moon-Watching
One of the first techniques developed to observe bird migration at night 

was moon-watching (Lowery 1951; Lowery and Newman 1955). By direct-
ing a telescope of sufficient power (20-30×) toward the disc within two 
days of the full moon during periods of migration, it is possible to observe 
silhouettes of birds and bats (and an occasional insect) as they pass before 
the illuminated disc of the moon. By following clearly defined methods for 
making observations and analyzing data (Nisbet 1959, 1963a,b), one can 
quantify the magnitude of migration (migration-traffic rate) passing over an 
area, and an experienced observer can easily distinguish between birds and 
bats and even identify some birds to family. The migration-traffic rate (as 
originally defined by Lowery 1951) is the number of birds crossing a mile 
of front per hour up to 1 mile in altitude. A shortcoming of the technique 
is its limitation to the five-day periods from two days before to two days 
after full moon without an obscuring cloud cover.

Ceilometry
The need to visually investigate the overhead passage of nocturnal 

migration when no moon is visible prompted the development of addi-
tional techniques. Howell et al. (1954) and Graber and Hassler (1962) 
demonstrated that migrating birds could be observed with powerful light 
beams, and in 1965 and 1966, S. Gauthreaux made observations with 
10× binoculars and a 20× telescope of nocturnal migration at fixed-beam 
ceilometers operated by the NWS at Lake Charles and at New Orleans, 
Louisiana. Fixed-beam ceilometers are intense, narrow light beams of al-
most a million candlepower. Although these instruments killed many birds 
during inclement weather (Gauthreaux and Belser 2006), observations of 
Gauthreaux showed that during fair weather very few birds were affected 
by the light; most flew through the beam without hesitation or deviation 
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in direction. No kills of migrants were recorded at either of the ceilometers 
during a two-year study.

Because fixed-beam ceilometers at airport weather stations were rapidly 
being replaced by rotating-beam devices that were unsuitable for migra-
tion studies, Gauthreaux (1969) constructed and tested a small, portable 
ceilometer for visual studies of nocturnal migration. The apparatus was in-
expensive and easily constructed. Gauthreaux’s (1969) portable ceilometer 
is best suited for studies of bird migration below 760 m, and the technique 
can be used to compute quantitative estimates of nocturnal migration-
traffic rates (Able and Gauthreaux 1975; Gauthreaux 1980). Ceilometers 
have been used to quantify nocturnal bird migration in many different 
locations within the United States (e.g., Maine [Northrop et al. 1995a,b], 
New Hampshire [Williams et al. 2001], Vermont [Kerlinger 2002], North 
Dakota [Avery et al. 1976], California [McCrary et al. 1983]). The use of 
an image intensifier instead of binoculars or a telescope greatly enhances 
the detection of targets as they pass through the vertical light beam. An ap-
proach similar to this was used by Plissner et al. (2006), who made visual 
observations with Generation III night-vision goggles with a 1× eyepiece 
(Model ATN-PVS7, American Technologies Network Corporation) during 
nighttime radar sampling to determine relative numbers and proportions of 
birds and bats flying at altitudes at or below 150 m agl, the approximate 
maximal distance that passerines and bats could be distinguished. They 
used two 3-million-candlepower spotlights with infrared lens filters to il-
luminate targets flying overhead. The filters help prevent insects, birds, and 
bats from being attracted to the lights. They mounted a “fixed” spotlight 
on a tripod with the beam oriented vertically, and used a second, handheld 
light to track and identify targets flying through the fixed spotlight’s beam. 
During the study between August 16 and September 29, 2005, they found 
the proportions of birds and bats below maximal turbine height to be 88% 
and 12%, respectively.

Thermal Infrared Imaging
Although the ceilometer’s vertically pointing narrow beam of light did 

not appear to influence migrating birds or bats during fair weather, there 
was still concern that the light could possibly influence flight behavior. 
To address this problem the use of thermal infrared imaging cameras to 
monitor bird and bat movements aloft was explored. One of the advantages 
of thermal imaging over natural or artificial illumination is that thermal 
infrared cameras can detect warm objects independent of any visible or 
infrared light source (Hill and Clayton 1985). Thermal infrared cameras are 
designed to detect heat emitted by objects as long as they are warmer than 
the background, and thus these devices can be used at night and during the 
day (Figure C-6). A drawback to the widespread use of thermal imaging 
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FIGURE C-6 Thermal infrared image of foraging Brazilian free-tailed bats in south-
central Texas.
SOURCE: Thomas Kunz, Boston University.

C-6
cameras for monitoring movements of birds, bats, and insects is the cost of 
the units. A single camera can range from $60,000-$120,000 depending on 
specifications (e.g., resolution and sensitivity) and lenses.

Thermal infrared imaging has been compared with other techniques 
(moon-watching and tracking radar) for detecting and monitoring aerial 
bird movements (Liechti et al. 1995), and the results suggest that a long-
range thermal imaging unit (LORIS, IRTV-445L, Inframetrics) with a 1.45° 
telephoto lens could detect nearly 100% of the small passerines within 
3000 m. The same unit has been used in southern Sweden to study fall 
bird migration (Zehnder and Karlsson 2001; Zehnder et al. 2001) and in 
Africa on the edge of the Sahara to study nocturnal bird migration across 
the desert (Liechti et al. 2003).

Thermal imaging has also been used to monitor bird movements near 
wind turbines (Winkelman 1992b; Desholm 2003). A thermal-imaging cam-
era (UA 9053, Philips Usfa) with three different lenses was used to observe 
the flight behavior of nocturnal songbird migrants as they flew through 
land-based turbines in Holland (Winkelman 1992c). A 15° lens could detect 
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passerines out to a distance of 50-250 m and a pigeon out to 250-300 m. A 
5° lens could detect a pigeon out to 600 m and a 3° lens could detect a duck 
out to 3 km. A long-wave (7-15 µm) thermal-imaging camera (Thermovi-
sion IRMV 320V, FLIR Systems 2000) was used for automatic detection of 
avian collisions at offshore wind-energy facilities by Desholm (2003). This 
device can be triggered automatically when a target is detected and can be 
aimed remotely (Desholm et al. 2004). Vertically pointing thermal-imaging 
cameras and fixed-beam radars were combined to monitor aerial bird, bat, 
and insect movements (Gauthreaux and Livingston 2006). The thermal 
imager and radar data are combined into a single video image (Figure C-7) 
and stored on digital video tape for analysis. This approach produced quan-
titative measures of migration-traffic rate for any combination of altitudinal 
bands, and the technique is useful for distinguishing birds from insects and 
foraging bats (Gauthreaux and Livingston 2006).

FIGURE C-7 Split video screen showing the vertical radar beam (left) and the field 
of view of the thermal imager (right). An arrow indicates the echo of a bird in the 
radar beam. The other marks in the radar beam are range marks over 463 m. The 
track of the bird as a thermal image is brighter when wings are open and duller 
when wings are closed. The target in this image is flying toward the southwest. 
SOURCE: Sidney Gauthreaux, Clemson University.
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Thermal infrared imaging has proven valuable for censusing roost sites 
for the presence and seasonal activity of bats near proposed or developed 
wind-energy facilities, as well as for observing their flight activity (com-
muting, foraging, and migratory activity) in the vicinity of wind turbines 
(Desholm 2003; Horn and Arnett 2005; Horn et al. in press). Coupled with 
portable computers, thermal images of flying bats, birds, and insects can be 
recorded and analyzed, making it possible to quantify flight trajectories as 
well as the relative densities of these animals in different landscapes.

Thermal infrared cameras were used at the Mountaineer Wind Energy 
Center in 2004 (Horn and Arnett 2005; Horn et al. in press) to investigate 
whether, when, where, and how bats were killed by the wind turbines. 
Three FLIR S-60 infrared thermal cameras were positioned at one of 44 
wind turbines where the highest fatalities of bats were observed in 2003. 
Each camera was positioned to record images at overlapping locations that 
spanned the upper region of the monopole, the nacelle, and most of the 
rotor-swept zone (Figure C-8). The thermal images recorded in this study 
clearly indicated that bats were killed by direct contact with moving turbine 
blades. Additionally, the images showed some bats flying in the vicinity of 

FIGURE C-8 Configuration of thermal infrared cameras (FLIR S-60) used to record 
the flight behavior of bats in the rotor-swept zone at a wind turbine at the Moun-
taineer Wind-Energy Center, Tucker County, West Virginia.
SOURCE: Horn et al. in press. C-8
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moving rotor blades, as if the bats were “inspecting” or being attracted to 
the blades, possibly by insects that also were in the vicinity of the rotors. 
Other images suggest that some bats may have followed the tips of the tur-
bine blades, or were possibly caught in the blade-tip vortices (Figure C-9).

Because large numbers of insects accumulate on the surfaces of turbine 
blades at some localities (Corten and Veldkamp 2001), it is possible that 
insects may be attracted to the turbines. If so, wind turbines may be creat-
ing patches of aerial insects that bats feed on, a topic that needs additional 
research. Observations made with thermal-imaging cameras have recorded 
bats interacting with moving and stationary turbine rotors in various ways, 
and thus, images derived from thermal infrared cameras can provide valu-
able information on how bats interact with wind turbines and insects at 
these sites. Additional information of this type will be critical for identifying 
possible ways to mitigate the high fatality rates that have been observed and 
reported at various wind-energy facilities.

Thermal infrared-imaging cameras also can provide accurate and reli-
able census information about bats that roost in caves and similar struc-
tures, from which they emerge at dusk (Sabol and Hudson 1995; Frank 

FIGURE C-9 Thermal infrared images of bats in the rotor-swept zone of a wind 
turbine at the Mountaineer Wind-Energy Center, Tucker County, West Virginia.
SOURCE: Adapted from Horn et al. in press.

C-9
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et al. 2003; Betke et al. in press; Kunz et al. in press a). This type of infor-
mation could be critical for assessing the long-term and cumulative impacts 
on bat colonies in the vicinity of proposed and developed wind-energy 
facilities. Recent developments of computer vision and tracking algorithms 
have advanced the ability to automatically census bats that roost in large 
colonies (Figure C-10) and also to record flight trajectories of foraging and 
migrating bats (Kunz 2004; Horn and Arnett 2005; Betke et al. in press; 
Horn et al. in press; Kunz et al. in press a).

Chemiluminescent Light Tags
Chemiluminescent light tags (Cyalume®, Cyalume Light Technologies 

2006) also offer potential for observing the flight behavior of bats, includ-
ing those flying in the vicinity of proposed and operational wind-energy 
facilities. Buchler (1976) and Buchler and Childs (1981) used chemilumines-
cent light tags to observe the dispersal, commuting, and foraging behavior 
of selected North American insectivorous bats. Other investigators (e.g., 
LaVal and LaVal 1980; Aldridge and Rautenbach 1987) also have used this 
technique with the greatest success rates when observations were made in 
open areas, in flyways, and along forest edges. Buchler and Childs (1981) 

FIGURE C-10 Sequence showing thermal infrared image of Brazilian free-tailed 
bats emerging from Davis Blowout Cave in south-central Texas. “Left”: image as 
detected with Merlin mid thermal infrared camera; “Middle”: same image as in 
“Left” to which an automated detection algorithm was applied—identifying cen-
troids; and “Right”: same image as “Left” and “Middle”, but with the automatic 
tracking algorithm applied.
SOURCE: Kunz et al. in press a.

C-10
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observed the dispersal of light-tagged E. fuscus and postulated that indi-
viduals navigated to feeding grounds by following acoustic cues produced 
by calling frogs and stridulating insects. Use of chemiluminescent light 
tags may offer opportunities to observe the behavior of bats in response 
to sounds produced by moving wind-turbine blades or to insects that may 
be attracted to these structures. Light tags also have been used successfully 
to follow known individuals while their echolocation calls are monitored 
using ultrasonic detectors, and thus can be used to validate species-specific 
calls and therefore used to identity calling bats. The greatest limiting factor 
of using light tags to investigate flight behavior of bats is that they often 
quickly disappear from view, especially in heavily forested areas, and in 
some instances are difficult to distinguish from fireflies.

Radiotelemetry

Radiotelemetry has primarily been used to assess the roosting habits, 
foraging behavior, and home ranges of bats and birds, and less for assessing 
migratory behavior. The most comprehensive radiotelemetry study of birds 
associated with a wind-energy facility was Hunt’s (2002) four-year study of 
golden eagles at the APWRA. Hunt used telemetry to evaluate spatial and 
temporal use and to estimate reproduction and fatalities of a local popula-
tion of golden eagles in northern California, and to relate these population 
parameters to impacts from the wind-energy facilities within the APWRA. 
Radiotelemetry generally has not been used to investigate migratory be-
havior of small bats and birds, largely because the detection ranges of 
most small transmitters are limited to a few kilometers. Nonetheless, some 
investigators have successfully used fixed-wing aircraft to follow dispersal 
movements of the endangered Indiana bats (Myotis sodalis) over consider-
able distances (C.W. Butchkoski, Pennsylvania Game Commission, personal 
communication 2006; J. Chenger, Bat Conservation and Management Inc., 
personal communication 2006; A. Hicks, New York Department of Envi-
ronmental Conservation, personal communication 2006). The latter studies 
have shown that Indiana bats do fly along and actually cross over ridge tops 
in the eastern United States. Radiotracking by satellite telemetry currently 
is feasible only for birds and bats that are able to carry radiotransmitters 
weighing in excess of 10 g (Spencer et al. 1991; Eby 1991; Millspaugh 
and Marzliff 2001; Fleming and Eby 2003; Tidemann and Nelson 2004). 
In contrast, because of their small size, bat species from the Mid-Atlantic 
Highlands generally cannot carry transmitters heavier than 0.5 to 1.0 g 
and maintain normal flight behavior. Recent developments using satellite 
tracking of small vertebrates hold considerable promise for tracking small 
(~30 g) bats and birds (M. Wikelski, Princeton University, personal com-
munication 2006).
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Stable lsotopes and Genetic Markers

Stable isotopes used to assess geographic variation in patterns of pre-
cipitation and the unique stable-isotope signatures that are transferred from 
precipitation to biological primary producers (plants) and ultimately to 
consumers (herbivores and carnivores) have provided new tools for under-
standing migration of birds and bats (e.g., Chamberlain et al. 1997; Kelly 
and Finch 1998; Marra et al. 1998; Hobson 1999; Hobson and Wassenaar 
2001; Bowen and Wilkinson 2002; Rubenstein et al. 2002; Rubenstein and 
Hobson 2004), and genetic data (Berthold 1991; Clegg et al. 2003; Royle 
and Rubenstein 2004; Kelly et al. 2005). Stable-isotope techniques have 
been used mostly to associate breeding areas (where molt to new plum-
age or hair growth or replacement occurs) to migratory stopover areas 
and wintering areas. The resolution of the signatures is rather crude with 
respect to latitude and longitude so that it may not be possible to precisely 
discriminate source areas within a small geographical region. However, as 
geographical distance increases so does the reliability of the isotope signa-
ture. Stable-isotope signatures are also sensitive to elevation; thus altitudi-
nal migration may be confounded with latitudinal migration.

Analysis of stable isotopes shows promise in differentiating migratory 
status. Kelly et al. (2002) used stable isotopes of hydrogen contained in 
feathers to estimate hydrogen stable-isotope ratios (dD) of feathers from 
breeding, migrating, and wintering Wilson’s warblers (Wilsonia pusilla). 
They found that feathers from museum specimens collected throughout the 
western portion of the breeding range indicate that dD values were signifi-
cantly and negatively related to latitude of collection, which is an indication 
that dD values provide a good descriptor of the latitude at which breeding 
occurs. They also found by analyzing feathers collected on the wintering 
grounds that the hydrogen isotope ratio was significantly positively related 
to wintering latitude. Gannes et al. (1997) pointed out the importance of 
identifying assumptions inherent in stable-isotope analysis and called for 
laboratory experiments to validate the method. Advances in genetic analysis 
also show promise in determining the population and geographical origin 
of individual birds (Webster et al. 2002), and may assist in identifying the 
origin of bird and bat fatalities at wind-energy facilities.

Mitochondrial and nuclear DNA markers have provided valuable for 
determining source populations of animals that move long distances. They 
could make it possible to identify geographic origin of bats and birds killed 
at wind-energy facilities if investigators collected hair samples from bats 
and feather samples from birds, and compared the isotope signatures and 
genetic markers on a geographic scale. This kind of information could aid 
in determining whether bats and birds killed at wind-energy facilities were 
residents or migrants. Moreover, established DNA sequences for different 
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species can aid in the identification of birds and bats (or parts thereof) from 
the carcass remains of individuals found during fatality searches.

CAPTURE TECHNIQUES

Capture methods are invaluable for assessing and confirming the pres-
ence of a species, although it may not be possible or practical to capture all 
species in an area. Some forage and migrate well above the practical limits 
of capture, although many species fly closer to ground level or forage over 
water or within the subcanopy of forests. While capture may be challeng-
ing for many nocturnal species, captures of migrating passerines are more 
likely during stopovers. Correct identification of species present in the area 
of interest is essential for assessing potential risks of wind-energy facilities 
to different species. For bats and migratory birds, this usually requires that 
live or dead animals be available for study.

Methods and equipment used to capture live bats have been thoroughly 
described (Greenhall and Paradiso 1968; Tuttle 1976; Kunz and Kurta 
1988; Kunz et al. 1996a; Kunz et al. in press a). Methods for assessing 
colony size, demographics, and population status of bat species are in 
O’Shea and Bogan (2003) and Kunz and Parsons (in press) and methods 
for landbirds are in Sutherland et al. (2004). Many of the methods used 
to capture birds and bats are similar, albeit with some differences. If bats 
are to be captured at roost sites to assess the species present in the vicinity 
of wind-energy facilities, or to monitor changes in colony size, harp traps 
are preferable to mist nets (Kunz et al. in press a). Most important, efforts 
should be made to minimize disturbance to bat colonies. No single capture 
method is suitable for all bat species, although mist nets and harp traps are 
the most commonly used devices for capturing these animals while in flight 
because they are relatively easily deployed and can be used in a variety of 
situations.

A mist net consists of a nylon mesh supported by a variable number 
of taut, horizontal threads, or shelf strings. Bats and birds are captured 
after they become entangled in the mesh of the nets. Mist nets are avail-
able from manufacturers in different colors and sizes. For nighttime netting 
black is the preferred color. They may be set as single net at ground level or 
stacked on top of one another to form a canopy net (Figure C-11). Simple 
canopy nets can be modified by restringing horizontal nets (Munn 1991; 
Rinehart and Kunz 2001). Ground-level nets are generally most practical 
to deploy, but are biased against species or individuals that do not fly close 
to the ground. Use of elevated canopy nets can provide researchers access 
to the aerial space where some bats and birds may commute and forage, 
although even with canopy nets erected into or suspended in the subcanopy, 
elevated nets are not suitable for capturing species that typically fly above 
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FIGURE C-11 Multiple stacked horizontal mist nets used for capturing bats and 
birds from ground level into the forest subcanopy.
SOURCE: Hodgkison et al. 2002. Reprinted with permission; copyright 2002, 
Global Canopy Programme.

C-11
the canopy. In these situations, other tools such as ultrasonic detectors and 
audible sound recordings may be more appropriate.

During pre-construction surveys where the local bat fauna and pos-
sible colony sizes are unknown, harp-trapping may be used successfully at 
expected or potential commuting, foraging, drinking, and roosting sites. 
Prior assessment of local topography, habitat structure (foliage density), 
and visual or acoustic surveys often can facilitate the selection of a potential 
capture site and the appropriate deployment of mist nets and harp traps.

VISUAL ESTIMATES OF OCCURRENCE AND USE

The most common approach to estimate species occurrence and rela-
tive abundance of diurnally active bird species is through visual observa-
tion (Ralph et al. 1993; Bibby et al. 2000). Quantification of abundance 
is achieved by sampling an area of interest, usually using line-transect 
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(Burnham et al. 1980) or point-count (Reynolds et al. 1980) sampling. The 
opportunity to estimate species-specific abundance and behavior is a valu-
able asset of visual-estimation methods. While this discussion is focused on 
visual surveys, the theory and application of line-transect and point-count 
sampling is well suited to nocturnal surveys using radar and other survey 
methods.

Line-transect sampling is typically applied with a line randomly or sys-
tematically located on a baseline as the basic sampling unit, and is extended 
across the study region (Morrison et al. 2001). Objects on either side of the 
line are recorded based on some rule of inclusion. Line-transect sampling, 
where an effort is made to count all organisms within a certain distance, is 
equivalent to a belt transect (or rectangular plot). When surveys are com-
pleted according to a standard protocol, without correction for detection 
bias, the counts can be considered an index of abundance (e.g., Conroy 
et al. 1988). Line-transect counts are most often considered incomplete 
when used to estimate absolute abundance, because objects are always 
missed and the probability of detection must be estimated. The theory and 
application of this sampling method have received much attention in the 
scientific literature (e.g., Burnham et al. 1980; Buckland et al. 1993; Manly 
et al. 1996; Quang and Becker 1996, 1997; Beavers and Ramsey 1998). 
Line transects are commonly used in bird surveys and are best suited to 
grassland and shrub-steppe landscapes.

Counts from a variable circular plot often are applied as a variation of 
the line-transect sampling method for estimating the number of birds in an 
area (Reynolds et al. 1980). The variable circular plot is more useful than 
the line transect in dense vegetation and rough terrain, where attention may 
be diverted from the survey and toward simply negotiating the transect line 
(Morrison et al. 2001). One major advantage of the circular plot is that the 
observer can allow the subjects of the counts to become accustomed to the 
observer. In breeding-bird surveys (Reynolds et al. 1980), observers wait 
several minutes after their arrival at a point before counts begin. Stationary 
surveys also allow the observer to use both visual and auditory senses to de-
tect birds. Program DISTANCE (Laake et al. 1993) can be used to estimate 
densities from circular-plot data (see also Rosenstock et al. 2002). Johnson 
et al. (2000b) described the use of circular plots in the estimate of relative 
abundance of songbirds from small plots (i.e., 100-m radius) and large 
birds from larger plots (i.e., 0.8 km) in pre-project studies at the proposed 
Buffalo Ridge wind-energy facility in southwestern Minnesota.

Estimates of Fatalities

Fatalities are typically estimated from carcasses located on standardized 
search plots at turbines, turbine strings, meteorological towers, and refer-
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ence areas. Search plots at wind-energy facilities may take many shapes 
from circular to rectangular and typically contain one or more turbines, 
depending on the spacing of individual turbines. Plot boundaries are delin-
eated at a minimum distance from the turbines, usually based on the size of 
the turbine. Plots most often are circular or elliptical and are centered on the 
turbine or turbine string, with the edge of the plot from 30 to 100 m from 
the nearest turbine. Studies conducted at wind-energy facilities in Oregon 
(Erickson et al. 2000, 2003b), Minnesota (Johnson et al. 2003a), Wyoming 
(Young et al. 2003b), and Washington (Erickson et al. 2003a) found most 
dead bats (more than 80%) within one half the maximum distance from the 
tip height to the ground from the monopole of the turbine. Arnett (2005) 
found that 93% of all fatalities at the Mountaineer site and 84% of all the 
fatalities at Myersdale were found less than or at 40 m from the nearest 
turbine. At both sites, fewer than 3% of fatalities were found more than 
50 m from the nearest turbine. Preliminary evaluation of the distribution 
of bird carcasses within search plots at the Stateline wind-energy facility in 
Oregon and Washington (Erickson et al. 2004) suggests that bird carcasses 
occur further from turbines than bats. However, few birds were located on 
the periphery of the 63-m-radius search plots, and thus may not represent 
what actually occurs. At the Mountaineer wind-energy Center in West Vir-
ginia, Kerns and Kerlinger (2004) searched out to 60 m from the base of 
each tower and found birds and bats out to 60 m, although the majority 
of the carcasses were between 16 and 30 m of the base of turbine towers. 
The size of search plots should increase with turbine height and diameter of 
the rotor, using a minimum plot radius approximately equal to diameter of 
the rotor. Turbine plots to be searched should be selected through a proba-
bilistic sampling process allowing extrapolation to the entire wind-energy 
facility, after considering variation in topography and type of vegetation 
present at each site. A systematic selection process with a random start is 
the most effective method for most sites (Morrison et al. 2001).

Personnel trained in proper search techniques typically conduct stan-
dardized carcass searches by walking parallel transects within the search 
plot at a predetermined speed. The cause of death of each carcass should be 
determined so that fatalities determined not to be related to the wind-energy 
facility could be discounted. Suggested criteria for identifying bird and bat 
remains as a bird or bat carcass are:

• Intact: A carcass that is completely intact, is not badly decomposed 
and shows no sign of being fed upon by a predator or scavenger.

• Sca�enged: An entire carcass that shows signs of being eaten by a 
predator or scavenger, or portions of a carcass in one location (e.g., wings, 
skeletal remains, legs, pieces of skin, etc.).

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

APPENDIX C 343

And for birds only:

• Feather Spot: 10 or more feathers at one location indicating preda-
tion or scavenging.

Some bat and bird fatalities that are discovered and used in fatality-
rate estimation may not be related to wind-energy projects, even though 
the cause of death cannot be determined. Natural mortality and predation 
may be responsible, but the level of this background mortality in project 
areas typically has not been studied. However, background fatalities can 
be significant. For example, of the 86 avian fatalities found during a four-
year study at the Buffalo Ridge wind-energy facility in Minnesota, Johnson 
et al. (2002) found 31 fatalities (36%) at reference plots. Thus, including 
background fatalities in calculations of fatality estimates may contribute to 
overestimation of project-related fatality rates, particularly for smaller spe-
cies. By contrast, failure to detect bird and bat fatalities outside a designated 
search area may underestimate fatality rates. Care should be taken to insure 
that fatality counts at reference and turbine plots are independent.

Carcass Survey Biases

Carcass searchers no doubt fail to locate some carcasses in search plots. 
Carcass detection is affected by topography, vegetation within the plot, 
the size of the search plot, size of the remains of the bird or bat, climate, 
weather, and observer skill. Observer-detection bias or searcher-efficiency 
studies are necessary to estimate the percentage of actual bird and bat 
fatalities that searchers are able to find (Anderson et al. 1999). Typically, 
these studies are conducted in the same area in which standardized searches 
occur and thus should include all habitat types. Trials should be conducted 
in each season in each monitoring year. Search efficiency can be improved 
when trained dogs are used to find carcasses (Arnett 2006). Estimates of 
observer-detection rates are used to adjust the number of carcasses found 
for detection bias.

Carcasses also may be removed from search plots before they are 
searched. This removal is most often by scavengers, but carcasses could be 
removed by other causes (e.g., human activity, wind). Carcass-removal bias 
is estimated by conducting experimental studies that estimate the length of 
time bird and bat carcasses remain in the search area before being removed 
by scavengers or other means. Carcass-removal studies should be conducted 
during each season of each monitoring year in the vicinity of, but not on the 
search plots. Estimates of carcass removal are used to adjust carcass counts 
for removal bias. Daily searches are essential when evaluating carcass re-
moval of bats. Arnett (2005) estimated that 35% of randomly placed test 
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carcasses were removed with the first 24 hours, 48% were removed within 
48 hours, and by the 18th day more than 90% of the test carcasses were 
removed. The rate of removal for small birds appears to be less than for 
bats, and weekly or biweekly searches for birds may be adequate. The mean 
duration for small-bird test carcasses have ranged from 4.69 days at Buf-
falo Ridge (Johnson et al. 2003a) to 16.7 days at Stateline (Erickson et al. 
2004). Scavenging rates may differ seasonally and from year to year fol-
lowing construction of wind-energy facilities. It is possible that scavenging 
may actually increase because scavengers develop search images and return 
to sites more frequently once carcasses have been discovered.

Carcass-removal and searcher-detection trials use carcasses placed in 
areas either in plots used in standardized searches (searcher detection tri-
als) or in nearby areas of similar characteristics (carcass removal trials). 
Carcasses of varying sizes should be placed in most of the habitats being 
searched. Carcasses of native bats and birds found within the wind-energy 
facility are ideal for use. The experimental placement of frozen instead of 
fresh carcasses and using birds as surrogates for bats may contribute to 
biases in estimated removal rates. Ideally, fresh carcasses should be used 
in these experiments, because they more closely mimic what occurs near 
a wind turbine. However, adequate supplies of native bats and birds are 
seldom available and surrogate carcasses may be used, even though this 
approach may yield biased results. The efficacy of using surrogate carcasses 
and fresh versus frozen specimens needs further investigation.

STATISTICAL METHODS FOR FATALITY ESTIMATES

Methods for estimation of the total number of wind-facility-related 
fatalities are taken from Erickson et al. (2004) and are based on:

• Observed number of bat and bird carcasses found during standard-
ized searches for which the cause of death is either unknown or is probably 
facility-related;

• Searcher efficiency expressed as the proportion of planted carcasses 
found by searchers during the entire survey period; and,

• Non-removal rates expressed as the estimated average probability 
that a carcass will remain in the study area and be available for detection 
by the searchers during the entire survey period.

Definition of Variables

The following variables are used in equations (1-3) below:
ci  number of carcasses detected at plot I for the study period of inter-
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est (e.g., one year) for which the cause of death is either unknown 
or is attributed to the facility

n  number of search plots
k  number of turbines searched (includes the turbines centered within 

each search plot and a proportion of the number of turbines adja-
cent to search plots to account for the effect of adjacent turbines 
within the arch plot buffer area)

c   average number of carcasses observed per turbine per year
s  number of carcasses used in removal trials
sc  number of carcasses in removal trials that remain in the study area 

after 40 days
se  standard error (square of the sample variance of the mean)
ti  time (days) a carcass remains in the study area before it is 

removed
t   average time (days) a carcass remains in the study area before it is 

removed
d  total number of carcasses placed in searcher efficiency trials
p  estimated proportion of detectable carcasses found by searchers
I  average interval between searches in days
π̂   estimated probability that a carcass is both available to be found 

during a search and is found
m  estimated annual average number of fatalities per turbine per year, 

adjusted for removal and observer-detection bias

Observed Number of Carcasses

The estimated average number of carcasses ( c ) observed per turbine 
per year is:

 c
c

k

i
i

n

= =
∑

1 . (1)

Estimation of Carcass Removal

Estimates of carcass removal are used to adjust carcass counts for re-
moval bias. Mean carcass-removal time ( t ) is the average length of time a 
carcass remains at the site before it is removed:
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This estimator is the maximum-likelihood estimator assuming the removal 
times follow an exponential distribution. When the estimate is that no 
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carcasses will be left, the collection of data ends, or is censored. The prob-
ability of finding a carcass decreases with time, by convention to the right 
from the origin, and thus the data are said to be “right-censored.” Erickson 
et al. (2004) collected trial bird carcasses still remaining at 40 days, yield-
ing censored observations at 40 days. If all trial bird carcasses are removed 
before the end of the trial, then sc is 0, and t  is simply the arithmetic av-
erage of the removal times. For bats, carcasses were monitored every day 
for 20 days. Removal rates are estimated by carcass size (small and large) 
and season.

Estimation of Obser�er-Detection Rates
Observer-detection rates (i.e., searcher-efficiency rates) are expressed as 

p, the proportion of trial carcasses that are detected by searchers. Observer-
detection rates are estimated by carcass size and season.

Estimation of Facility-Related Fatality Rates
The estimated per-turbine annual fatality rate (m) is calculated by:

 m
c=
π̂

, (3)

where π̂  includes adjustments for both carcass removal (from scavenging 
and other means) and observer-detection bias assuming that the carcass 
removal times t i follow an exponential distribution. Data for carcass re-
moval and observer-detection bias are pooled across the study to estimate 
π̂ . Under these assumptions, this detection probability is estimated by
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This equation has been independently verified by Shoenfeld (2004).
Fatality estimates should be calculated for the species and size class 

of interest. Erickson et al. (2004) used 7 groups including all birds, small 
birds, large birds, raptors, grassland birds, nocturnal migrants, and bats. 
The final reported estimates of fatalities and associated standard errors and 
90% confidence intervals can be calculated using bootstrapping (Manly 
1997), a computer-simulation technique that is useful for calculating point 
estimates, variances, and confidence intervals for complex test statistics.
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TABLE C-5 Neotropical Migrant Species that Have Shown a Negative 
Population Trend During the Time Period 1978-1987

Common Name Scientific Name Trend, %/year

Broad-winged Hawk Buteo platypterus –2.3
Black-billed Cuckoo Coccyzus erythrophthalmus –5.9
Yellow-billed Cuckoo Coccyzus americanus –5.0
Chuck-will’s Widow Caprimulgus carolinensis –2.0
Whip-poor-will Caprimulgus �ociferus –0.8
Olive-sided Flycatchera Contopus borealis –5.7
Eastern Wood-peweea Contopus �irens –0.7
Acadian Flycatcher Empidonax �irescens –1.3
Least Flycatchera Empidonax minimus –0.2
Great crested Flycatchera Myiarchus crinitus –0.3
Veerya Catharus fuscescens –2.4
Swainson’s Thrusha Catharus ustulatus –0.2
Wood Thrusha Hylocichla mustelina –4.0
Gray Catbird Dumetella carolinensis –1.4
White-eyed Vireo Vireo griseus –1.2
Solitary Vireoa Vireo solitarius –0.1
Yellow-throated Vireo Vireo fla�ifrons –0.9
Blue-winged Warbler Vermi�ora pinus –1.0
Golden-winged Warblera Vermi�ora chrysoptera –1.9
Tennessee Warbler Vermi�ora peregrina –11.6
Northern Parula Parula americana –2.1
Chestnut-sided Warblera Dendroica pensyl�anica –3.8
Cape May Warbler Dendroica tigrina –2.3
Black-throated Green Warblera Dendroica �irens –3.1
Blackburnian Warblera Dendroica fusca –1.1
Yellow-throated Warbler Dendroica dominica –0.4
Prairie Warbler Dendroica discolor –0.4
Bay-breasted Warbler Dendroica castanea –15.8
Blackpoll Warbler Dendroica striata –6.3
Cerulean Warblera Dendroica cerulea –0.9
American Redstarta Setophaga ruticilla –1.2
Worm-eating Warblera Helmitheros �ermi�orus –2.0
Ovenbirda Seiurus aurocapillus –1.0
Louisiana Waterthrush Seiurus motacilla –0.4
Kentucky Warblera Oporornis formosus –1.6
Mourning Warblera Oporornis philadelphia –1.6
Common Yellowthroat Geothlypis trichas –1.9
Wilson’s Warbler Wilsonia pusilla –6.5
Canada Warblera Wilsonia canadensis –2.7
Summer Tanager Piranga rubra –0.8
Scarlet Tanagera Piranga oli�acea –1.2
Rose-breasted Grosbeaka Pheucticus ludo�icianus –1.4
Indigo Bunting Passerina cyanea –0.7
Baltimore Oriole Icterus galbula –2.9

 aDenotes species that breed in the Mid-Atlantic Highlands. All others are known from 
migration records only.
SOURCES: Data from Robbins et al. (1989); breeding status follows Hall (1983) and Buck-
elew and Hall (1994).
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TABLE C-6 Bird Species of Conservation Concern that Potentially 
Occupy Ridge-Top Habitats in the Mid-Atlantic Highlandsa

Common Name Scientific Name Statusb

Bald Eagle Haliaeetus leucocephalus MD-T
Peregrine Falcon Falco peregrinus MD-I, VA-T, PA-E
Northern Goshawk Accipter gentilis MD-E
Olive-sided Flycatcher Contopus cooperi MD-E
Alder Flycatcher Empidonx alnorum MD-I, VA-SC
Sedge Wren Cistothorus platensis MD-E, VA-SC, PA-E
Winter Wren Troglodytes troglodytes VA-SC
Appalachian Bewick’s Wren Thyromanes bewickii altus VA-E
Golden-crowned Kinglet Regulus satrapa VA-SC
Red-breasted Nuthatch Sitta canadensis VA-SC
Blackburnian Warbler Dendroica fusca MD-T
Blackpoll Warbker Dendroica striata PA-E
Magnolia Warbler Dendroica magnolia VA-SC
Swainson’s Warbler Limnothlypis swainsonii MD-E, VA-SC
Mourning Warbler Oporornis philadelphia MD-E, VA-SC
Nashville Warbler Vermi�ora ruficapilla MD-I
Hermit Thrush Catharus guttatus VA-SC
Red Crossbill Loxia cur�irostra VA-SC

 aWV has no statutes requiring the development of State Endangered and Threatened species 
lists.
 bMD = Maryland, PA = Pennsylvania, VA = Virginia, E = Endangered, T = Threatened, SC 
= “Species of Special Concern”, I = “In Need of Conservation.”
SOURCES: VA (Roble 2006), MD (MDDNR 2003), PA (PAGC 2006).

BIRD SPECIES OF CONCERN FOR THE 
MID-ATLANTIC HIGHLANDS

Concern exists regarding the status of a number of bird species poten-
tially occurring in the Mid-Atlantic Highlands. Table C-5 contains a list 
of neotropical-migrant bird species and Table C-6 contains a list of bird 
species of conservation concern. Because such species should receive careful 
attention when considering the impacts of a proposed wind-energy facility 
for the Mid-Atlantic Highlands. These lists should be updated as the status 
of these and other species changes.
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appendix 
D

A Visual Impact Assessment Process 
for Evaluating Wind-Energy Projects

Evaluating aesthetic impacts requires a process of information-gather-
ing, analysis, and evaluation. This appendix provides a more detailed out-
line than is in Chapter 4 of the steps involved and some of the underlying 
visual principles that form the basis of aesthetic impact assessment.

The steps are as follows:

• Project Description.
• Project Visibility, Appearance, and Landscape Context.
• Scenic-Resource Values and Sensitivity Levels.
• Assessment of Aesthetic Impacts.
• Mitigation Techniques.
• Determination of Acceptability or Undue Aesthetic Impacts.

PROJECT DESCRIPTION

A detailed description of all elements of a proposed project is an es-
sential first step. All site alternatives that will have potential visual impacts 
should be identified by the developer in detail. These should include the 
characteristics of the turbines (e.g., height, rotor diameter, color, rated 
noise levels), the number planned, their locations; information about me-
teorological towers; roads; collector, distribution, and transmission lines; 
temporary or permanent storage (“laydown”) areas; substations; and any 
structures associated with the project. In addition all site clearing should be 
identified, including clearing for turbines, roads, power lines, substations, 
and laydown areas. Information also is needed on all site regrading that will 

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

3�0 APPENDIX D

be engineered, including the amount of cut and fill, locations, and clearing 
required. This information forms the basis for all aesthetic review.

PROJECT VISIBILITY AND LANDSCAPE CONTEXT

A number of tools and techniques are available for determining vis-
ibility and for describing relevant landscape and project characteristics. 
The key techniques outlined below often are required as part of a permit 
application.

Computer Viewshed Analysis

Computer-generated maps based on digital-elevation models (DEMs) 
illustrate where any hypothetical point (such as the tip of a turbine blade) 
could potentially be visible within a given area, such as a 10-mile radius 
around the proposed project (Figure D-1). They also can indicate approxi-
mately how many turbines are likely to be visible from a given point. They 
are based on digital-terrain modeling and may not account for surface ele-
ments like vegetation or buildings that might block views. Field analysis 
is essential to verify actual visibility. It also is possible to do a “partial 
viewshed analysis,” which examines the visibility of particular turbines, or 
to look at a particularly sensitive viewing point on the ground to examine 
an area of potential visibility.

Line-of-Sight Visual Analysis

When complex topography makes it difficult to determine whether a 
particular turbine or other object will be visible from a particular point, a 
line-of-sight analysis can provide a useful check (Figure D-2).

Simulations (Visualizations)

Several types of simulations can be used to help predict how the proj-
ect will appear. Photographic simulations or photomontages based on still 
photographs taken from selected viewpoints are the most common (Figures 
D-3 and D-4). Some professionals prefer 3D visualization models, which 
create a digital image from selected viewpoints. These images eliminate the 
variability and lack of clarity in some photographs and can depict condi-
tions ranging from clear blue skies to nighttime lighting conditions, but they 
are not as realistic in appearance and details as a photographic simulation. 
Animated simulations illustrate the rotation of the blades on the turbines 
at accurate speeds. Photographic simulations generally show only a narrow 
window of a particular view (wide-angle lenses result in inaccurate perspec-
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FIGURE D-1 Example of a simple viewshed analysis map showing areas from 
which a proposed wind-energy project would potentially be visible (shaded areas). 
Field assessment is necessary to determine actual visibility and the characteristics of 
the views. Source: Appalachian Trail Conservancy 2007. Reprinted with permission; 
copyright 2007, Appalachian Trail Conservancy.

D-1

tives). In understanding visual impacts it is useful to understand the broader 
context of the view. Whether the broader panorama will contain turbines as 
well, or whether it will remain undeveloped, will be an equally important 
part of the analysis. Several 3D visualization programs allow “fly-through” 
simulations, and are based on a virtual landscape.

Creating technically accurate simulations is critically important. Simu-
lations can be manipulated to produce images that either exaggerate or 
minimize the visual impacts of a proposed project. Accuracy should be 
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FIGURE D-3 Example of a “virtual” simulation using 3-D Nature Studio software. 
Whether they are based on photographs or created entirely from a Digital Terrain 
Model and 3-D software, the image must rely on accurate terrain modeling and GPS 
(Global Positioning System) point recording, and on an image that represents the 
equivalent of a 50-mm lens or a field of view of 38.6 degrees.
SOURCE: Erik Crews, Department of Agriculture, National Forest Service.

D-3
checked by experts in the field of digital images. Another check is to have at 
least two independent parties provide simulations from the same point. The 
following description provides an overview of good practice, but consulting 
technical experts and developing standards will be important.

Photographs should be taken with a 50-mm lens or digital equivalent 
that creates a 38.6° angle of view, which most closely matches human vi-
sual perception. Shorter focal lengths tend to flatten out topography and 
the vertical impression of the turbines, while longer focal lengths tend to 
exaggerate these features. However, the human eye is much sharper than 
any camera lens, and so photographs should be taken at high resolution, 
whether a film or a digital camera is used. Clear weather provides the best 
clarity of the scene as well as “worst-case conditions,” which should be 
represented in all simulations to allow a complete evaluation. Foreground 
clutter such as power poles should be avoided if possible in the photograph. 
Global-positioning system (GPS) location points should be recorded for 
each simulation viewpoint, preferably using a GPS unit with submeter ac-
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FIGURE D-4 Photographic simulation (photomontage) showing proposed 1.5 MW 
turbines with existing 0.55 MW turbines (right), Wilmington, Vermont.
SOURCE: Photograph by Jean Vissering, Jean Vissering Landscape Architecture; 
Simulation by AWS-Truewind for Vermont Environmental Research Associates.

Proposed Wind Turbines

D-4

New

curacy, but at least 3 m accuracy, to ensure repeatability. Some landscape 
architects fly weather balloons to mark locations of the nacelle in the field, 
but on windy sites it may be difficult to get a vertical position.

Using a DEM, various 3D programs create accurate digital images 
of the terrain from a particular point that has GPS coordinates recorded, 
along with the angle of view. Exact turbine locations as well as roads, me-
teorological towers, and other project infrastructure can be inserted into 
the model. Available Geographic Information System (GIS) data may vary 
from 10- to 30-m digital elevation (DE). For example, 30-m DE is accurate 
to within 15 m vertically and 12 m horizontally, while 10-m DE can be ac-
curate to within several meters. Once the DEM is created, the photograph 
that contains important detail information such as structures and vegetative 
patterns can be superimposed on the DEM. Images of the turbine and other 
structure can be created on the DEM using programs such as Visual Nature 
Studio and merged with a photograph using a digital photo-editing pro-
gram. The color, brightness, shadows, and sharpness of the turbines can be 
adjusted to appear consistent with the photograph. Depending on lighting 
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conditions, the turbines may appear white, or black if they are silhouetted 
against the sky. Illustrating various lighting conditions can be helpful.

The relationship between the size of the photograph and the distance 
of the observer is important for creating a realistic image. A minimum im-
age size of “10×12” can be viewed at a comfortable arm’s length, and it is 
preferable to smaller simulations. Poster-size simulations that can be viewed 
from about 4-5 feet away are suitable for public display. The formula for 
determining the correct size of the image in relation to the distance viewed 
is as follows:

Distance from viewer = Width of image /(2 • tan (HFOV1 / 2))

HFOV should equal 38.6 when using a 50-mm lens or equivalent. Ani-
mated images illustrating the rotation of the blades can be projected using 
PowerPoint and are particularly useful.

Field Assessment and Inventory of Views

A field inventory of views of all public viewpoints within a 10-mile 
radius of the project provides the basis for evaluating the extent of visibility 
as well as the visual characteristics of views in the study area. In addition 
to photographically documenting and mapping viewing locations, the fol-
lowing information should be recorded: distance from project, duration of 
view,2 characteristics of the view (intermittent, panoramic, and foreground, 
middleground and background elements in the view) (Table D-1). Views 
should be recorded from parks and recreations areas, hiking trails, natural 
areas, wilderness areas, designated scenic areas or roads, areas with pan-
oramic views, village or town centers, water bodies, state and federal high-
ways, designated scenic roads, other roads receiving heavy traffic (the U.S. 
Forest Service defines this as an average of 150 vehicles/day), areas with 
concentrations of residences, and historic sites. Any sites noted in local, 
regional, and state planning documents as having scenic, recreational, cul-
tural, or natural values can be considered to be potentially sensitive sites.3 
Some viewpoints are more sensitive than others because of differences in 
viewer expectations, the duration of view, proximity to the project ridges, 
or the scenic quality of the viewpoint.

1 Horizontal field of view.
2 Duration of view refers to how long an object remains visible while traveling past it. The 

term applies to mechanized transport as well as non-mechanized activities such as hiking or 
canoeing.

3 It is not a problem for wind-energy projects to be visible from these areas; rather how they 
are seen and the extent to which they degrade the views or the experience of these landscapes 
by visitors or residents is critical and is discussed below. 
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TABLE D-1 Sample Summary of the Characteristics of Inventoried 
Viewpoints

VP# Location
Distance from
Turbines (miles)

Extent of View 
Duration or Area Description of Existing View 

Relationship of New Turbines to Existing 
Context

1 Rt. 9 East of 
Wilmington
SIMULATION
POINT

4.8-8 0.6 mile; 
intermittent views 
for 2.5 miles into 
Wilmington

For travelers heading west on Route 9, 
views begin near the top of the ridge just 
east of Molly Stark State Park. Views focus 
on a sequence of hills to the west including 
rounded foreground hills and the flat ridge 
with the existing turbines near the center of 
this view. This view is relatively narrow. West 
of Lake Raponda Road, views become difficult 
to see due to foreground trees, hills, and 
buildings interfering with the view.

The turbines along the eastern string will 
be visible along the background ridge, 
and will be in the center of the view. 
Several of the western expansion turbines 
will be visible behind the existing turbines 
but will be farther away. As travelers 
descend into the Wilmington valley, closer 
hills and ridges will increasingly interfere 
with the view of the turbines. Rt. 9 is the 
gateway into the Wilmington valley.

2 Fire Tower
Molly Stark
State Park

6.5 Point The fire tower offers a 360° view of the 
myriad hills, mountains and ridges in the 
area. Since it is close to the ridge dividing 
Wilmington from Marlboro and Brattleboro, 
it offers views much farther to the east 
and west than anywhere else in the area. A 
communications tower can be seen in the 
foreground. The fire tower is a popular hike 
especially during the summer and fall.

The proposed towers will be easily visible 
from this vantage point. They will occupy 
a small portion of the overall view, and 
will be seen in the background of the 
view.

3 Stowe Hill Road 6-6.5 0.4 mile; plus 0.4 
mile intermittently

Broad views open up around White Road. 
Due to trees along the road the views alternate 
between the southern hills and; or to the 
northern mountains, Haystack and Mt. Snow. 
The existing turbines are easily visible but 
appear as a small part of the overall view. 
Several houses are in the foreground view.

The larger size of the new turbines will 
make them more visually dominant. A 
foreground hill will partially obscure 
some of the eastern string of turbines. 
The turbines will not be visible in the 
northwestern views of Haystack and Mt. 
Snow.

Visual assessment is particularly important in sensitive areas. Residen-
tial areas generally cannot be inventoried in detail, but information can be 
provided about the number of residences that may be affected. In addition 
to views of the project ridges, other scenic features within the study area 
need to be documented.

Public Participation in Identifying Viewpoints

For people who live, work, and recreate in a region, the landscape 
consists of layers of meaning that may not be understood by an outside 
professional conducting a visual assessment. If local residents and other 
interested parties can participate in the selection of sites to be inventoried 
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TABLE D-1 Sample Summary of the Characteristics of Inventoried 
Viewpoints

VP# Location
Distance from
Turbines (miles)

Extent of View 
Duration or Area Description of Existing View 

Relationship of New Turbines to Existing 
Context

1 Rt. 9 East of 
Wilmington
SIMULATION
POINT

4.8-8 0.6 mile; 
intermittent views 
for 2.5 miles into 
Wilmington

For travelers heading west on Route 9, 
views begin near the top of the ridge just 
east of Molly Stark State Park. Views focus 
on a sequence of hills to the west including 
rounded foreground hills and the flat ridge 
with the existing turbines near the center of 
this view. This view is relatively narrow. West 
of Lake Raponda Road, views become difficult 
to see due to foreground trees, hills, and 
buildings interfering with the view.

The turbines along the eastern string will 
be visible along the background ridge, 
and will be in the center of the view. 
Several of the western expansion turbines 
will be visible behind the existing turbines 
but will be farther away. As travelers 
descend into the Wilmington valley, closer 
hills and ridges will increasingly interfere 
with the view of the turbines. Rt. 9 is the 
gateway into the Wilmington valley.

2 Fire Tower
Molly Stark
State Park

6.5 Point The fire tower offers a 360° view of the 
myriad hills, mountains and ridges in the 
area. Since it is close to the ridge dividing 
Wilmington from Marlboro and Brattleboro, 
it offers views much farther to the east 
and west than anywhere else in the area. A 
communications tower can be seen in the 
foreground. The fire tower is a popular hike 
especially during the summer and fall.

The proposed towers will be easily visible 
from this vantage point. They will occupy 
a small portion of the overall view, and 
will be seen in the background of the 
view.

3 Stowe Hill Road 6-6.5 0.4 mile; plus 0.4 
mile intermittently

Broad views open up around White Road. 
Due to trees along the road the views alternate 
between the southern hills and; or to the 
northern mountains, Haystack and Mt. Snow. 
The existing turbines are easily visible but 
appear as a small part of the overall view. 
Several houses are in the foreground view.

The larger size of the new turbines will 
make them more visually dominant. A 
foreground hill will partially obscure 
some of the eastern string of turbines. 
The turbines will not be visible in the 
northwestern views of Haystack and Mt. 
Snow.

and the simulations to be produced, the result of the process usually is 
more widely accepted. Pre-construction surveys of residents, business own-
ers, and tourists can provide a useful complement to public hearings to the 
degree that they reflect expertise in survey design and are free from bias. 
Other public-participation techniques are discussed in Chapter 5.

SCENIC RESOURCE VALUES AND SENSITIVITY LEVELS

Evaluating the aesthetic impacts of wind-energy projects ideally begins 
with an understanding of the elements and locations of the proposed proj-
ect, as well as particular visual characteristics of the surrounding area that 
contribute to or detract from scenic or visual quality.
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FIGURE D-5 Examples of landscapes of increasing visual diversity. (A) Landscape 
with no topographic and little vegetative diversity. (B) Increasing topographic diver-
sity, some vegetative diversity (meadow, deciduous, and evergreen) and foreground, 
middleground, and background distance zones.
SOURCE: Photographs by Jean Vissering, Jean Vissering Landscape Architecture.

D-5a

D-5b

A

B
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FIGURE D-5 (C) The contrast between high, irregular mountains and the flat lake 
create a dramatic setting. (D) The combination of highly diverse topography, ex-
posed ledges, water, and vegetation in this scene make it highly scenic.
SOURCE: Photographs by Jean Vissering, Jean Vissering Landscape Architecture.

D-5c

D-5d

C

D
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Regional Landscape Character and Distinctive Features

Landscape character depends on a combination of the natural and hu-
man or built landscapes. All landscapes are composed of unique combina-
tions of topography (land form), vegetative patterns, and water features 
(lakes, rivers, streams, wetlands) that contribute to visual character. Su-
perimposed on the natural landscape is the human or built landscape, also 
characterized by distinct patterns. For example, patterns of towns or vil-
lages may contrast with patterns of farms, fields, and forests. Some regions 
are characterized by numerous hills and ridges, while others have only a few 
distinct and prominent ridges or mountains. In some landscapes, certain 
natural or cultural features become focal points. Forestry practices, mining, 
suburban development, and recreational structures also are superimposed 
on the landscape and become part of its overall visual character.

Identifying Important Scenic Resources, Focal Points, and Unique Areas

Processes for determining relative scenic quality are well documented 
(USFS 1974, 1995; MADEM 1982; RIDEM 1990) (Box D-1). As noted 
above, however, these processes need to be combined with public review 
since landscape features that are locally or regionally valued may not be 
obvious to outside professionals. Identifying areas of high, medium, and 
low scenic quality is not difficult, although scenic quality is relative. A 
highly scenic area in upstate New York, for example, looks different from 
a highly scenic area in the Rocky Mountains. Scenic resources may be of 
local, regional, statewide, or even national significance. The underlying 
visual principles, however, are the same. Scenic quality alone is not neces-
sarily sufficient reason to exclude a wind-energy project.

ASSESSMENT OF AESTHETIC IMPACTS

Factors affecting the visual impacts of a wind-energy project are listed 
below. The first set of factors concerns the particular landscape characteris-
tics of the site and its surrounding context that may affect the sensitivity of 
views and the degree of aesthetic impact. The second set of factors relates 
to the characteristics of the project itself, how it is seen in these views, and 
how these may affect the overall experience of the landscape context. Visual 
impact assessments consider the combined effects of a proposed project 
throughout a region or on a locality as it is seen from all views, and par-
ticularly from sensitive viewpoints. No single view is likely to create serious 
impacts. Wind-energy projects inevitably are visible, but how they are seen 
within views, their relative prominence as seen throughout the region, and 
the degree to which they interfere with regional focal points or degrade 
unique or highly sensitive landscapes are important factors.
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BOX D-1 
Principles for Determining Scenic Quality

	 •	 Visual Diversity (Variety Type):	The	USFS	uses	the	term	“variety	class”	to	
describe	a	fundamental	principle	of	landscape	aesthetics:	the	greater	the	variety	
or	diversity	in	the	landscape,	the	more	scenic	it	is	likely	to	be.	For	example,	land-
scapes	with	greater	diversity	in	vegetation	and	topography	are	more	likely	to	be	
scenic	than	a	flat	landscape	with	uniform	vegetation.	Water	features	such	as	rivers	
or	ponds	tend	to	add	diversity,	as	do	natural	rock	outcroppings.	High	scenic	quality	
often	results	from	the	contrast	among	landscape	features	such	as	field	and	for-
est,	steep	and	flat	or	rolling	terrain,	village	and	countryside.	Particularly	dramatic	
landscape	features	often	stand	out	because	of	their	contrast	in	form,	line,	color,	
or	pattern	(texture)	(Figure	D-5A-D).
	 •	 Intactness (Order): The	principle	of	visual	diversity	relating	to	scenic	quality	
generally	holds	for	both	natural	and	built	landscapes.	But	in	the	human	landscape	
too	much	diversity	can	 lead	 to	visual	chaos	or	clutter	 (strip	development	being	
a	 good	 example,	 where	 every	 business	 vies	 for	 attention).	 Landscapes	 with	 a	
clear	underlying	order	or	 logic	tend	to	be	more	visually	appealing	(Lynch	1960,	
1971).	Undeveloped	landscapes	or	those	that	retain	19th-	or	early	20th-century	
landscape	patterns	are	becoming	increasingly	rare,	and	provide	further	examples	
of	intact	landscapes	that	may	be	of	value.	In	some	respects,	wind-energy	projects	
can	provide	a	sense	of	order	 in	the	 landscape	because	of	 their	 logical	connec-
tions	with	very	windy	sites.	The	repetition	of	similar	elements	in	many	wind-energy	
projects	can	result	in	less	visual	clutter	than	the	combined	effect	of	other	types	of	
development.
	 •	 Focal Points: Focal	 points	 are	 elements	 in	 the	 landscape	 that	 stand	 out	
because	of	their	contrasting	shape	(form),	 line,	color,	or	pattern.	They	may	also	
be	 elements	 of	 cultural	 importance.	 Often	 distinct	 focal	 points	 enhance	 scenic	
quality.	They	can	be	natural	elements	such	as	a	lake,	river,	or	mountain;	or	they	
can	be	built	elements	such	as	an	important	public	building	or	central	green.	Some	
focal	points	may	be	locally	important,	others	are	regionally	important	and	become	
landmarks	that	are	visible	from	many	vantage	points.	Occasionally,	built	elements	
that	are	viewed	negatively	become	focal	points,	such	as	large	clearcuts,	mining	
operations,	or	power	plants.	Appropriate	siting	and	design	often	can	prevent	devel-
opments	from	being	viewed	negatively	by	preventing	them	from	conflicting	with	or	
degrading	important	regional	focal	points.
	 •	 Unique Visual Resources: Some	visual	resources	may	not	meet	the	thresh-
old	of	being	highly	scenic	or	sensitive,	but	may	have	visual	value	because	of	their	
uniqueness.	 Examples	 might	 include	 large	 tracts	 of	 wild	 or	 undeveloped	 land,	
some	of	which	might	even	appear	bleak	and	desolate.

Factors Affecting the Landscape Context

• Distance from the Project: In general, visual impacts are greater 
when objects are seen at close range (Figure D-6A-B; compare Figure 3-3 
for a close view of the Mountaineer facility in West Virginia). In foreground 
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FIGURE D-6 View of wind-energy projects at various distances. (A) Madison 
Wind Project, Madison, New York from approximately 1 mile. (B) Simulation of 
proposed Equinox Wind Project in Manchester, Vermont, at 2.4 miles.
SOURCE: Photographs by Jean Vissering, Jean Vissering Landscape Architecture; 
simulation by EDR for Bennington County Regional Commission.
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areas (up to a half-mile away) details can be seen and objects appear large 
and often occupy a large part of one’s overall view.4 Middle-ground views 
extend up to 5 miles away.5 At this distance landscape patterns can be per-
ceived, as can individual wind turbines, although they will appear smaller 
and part of a larger context than turbines in a foreground view. Background 
views are those greater than 5 miles where larger landforms tend to domi-
nate the view. Wind turbines may be seen from 15 miles away, and even 
farther under optimal atmospheric conditions, but they appear very small 
at such distances, and appear as small portions of a larger panorama. Noise 
also diminishes with distance, and is of greatest concern within a half-mile 
(Chapter 4). Shadow flicker is also experienced only within close range 
(Chapter 4).

• View Duration: View duration refers to how long the project is 
visible as one drives along a road or paddles along a lake, for example. 
In many cases views of the project may be intermittent and seen through 
groupings of trees or buildings as one moves through the landscape. As 
with all considerations, view duration is evaluated along with other fac-
tors such as the distance of the project, sensitivity of the viewing area, and 
prominence of the land feature involved.

• Angle of View: Whether the project is seen directly ahead in views 
or to one side may influence the degree to which it is likely to be a focal 
point in views. Viewing a project from above usually makes roads and site 
clearing more visible than if seen from below.

• Panoramic �ersus Narrow View: When one sees a project as part 
of a wide panorama, it may appear to occupy a relatively small part of the 
view unless a particular landscape features make it a focal point.

• Scenic Quality of View: Highly scenic views are generally those 
with a high degree of landscape diversity, and with little or no landscape 
degradation (Figure D-7). Landscape degradation results from development 
that erodes existing scenic landscape patterns, or land uses that become 
unintended focal points due to their contrast in form, color or pattern with 
their surroundings. Panoramic views of high scenic quality are considered 
to be visually sensitive.

4 Because of the larger scale—both vertical and horizontal—of more recent wind-energy 
projects, distance zones may need to be extended, with 2-3 miles considered a “foreground” 
area of greater potential visual effects.

5 The original Forest Service Visual Management System used 5 miles to define the outer 
limits of the middleground zone. The more recent Scenery Management System changed 
this for purely clerical reasons rather than for reasons of visual perception (E. Crews, USFS, 
personal communication 2006). In fact the boundary is not sharp and particular topographic 
and air-quality conditions can affect the level of detail and significance of these distances. 
Nevertheless 5 miles is an appropriate distance, because land-use patterns are clearly visible 
within 5 miles.
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FIGURE D-7 Diagram of increasing scenic quality.
SOURCE: Jean Vissering, Jean Vissering Landscape Architecture.

D-7

FIGURE D-8 Haystack Mountain is a regional focal point due to its pyramidal 
shape (right). The proposed wind project would be located quite far away and along 
a less visually distinct ridgeline.
SOURCE: Photographs by Jean Vissering, Jean Vissering Landscape Architecture.

Proposed Wind Project

D-8

• Focal Point within a View: Distinct cultural or natural focal points 
often enhance scenic quality (Figure D-8). When a focal point exists, new 
development will generally be more adversely perceived if it conflicts with 
or degrades the visual quality and prominence of a focal point.

• Number of Obser�ers: Heavily used public areas, such as a heavily 
traveled road or a popular recreation area, are sometimes considered to be 
more sensitive than other areas. This criterion needs to be compared with 
other factors such as viewer expectations (below).

• Viewer Expectations: For certain uses there may be expectations 
for a primitive setting (wilderness camping) or for a natural setting (natu-
ral area) (Figure D-9A,B). Recreational areas restricted to non-motorized 
uses may be more sensitive to changes involving built elements than other 
settings.

• Documented Scenic Resources: Local, regional, or state planning 
documents that have been publicly adopted and that identify a particular 
site or area as having particular values merit serious attention. National 
and state recognition may carry greater weight than local recognition, but 
the latter still is worthy of attention.
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FIGURE D-9 Viewer expectations. (A) Water bodies used exclusively for non-
motorized boats may be more visually sensitive than those used predominantly by 
motorized craft. (B) Wilderness areas can be considered highly visually sensitive, but 
are often predominantly wooded. Nevertheless, there may be views during leaf-off 
conditions that should be inventoried.
SOURCE: Photographs by Jean Vissering, Jean Vissering Landscape Architecture.

D-9a

D-9b

A

B

http://www.nap.edu/11935


Environmental Impacts of Wind-Energy Projects

Copyright National Academy of Sciences. All rights reserved.

366 APPENDIX D

• Visibility: Projects that would be seen with great frequency within 
the study area may have higher impacts than projects that would be seen 
infrequently. Visibility must be studied along with the sensitivity, resource 
values, and prominence of the project within the views for an adequate 
assessment.

• Weather Conditions: Generally, projects are evaluated using “worst-
case conditions,” e.g., leaf-off visibility and clear skies. An abundance of 
clear skies makes aesthetic impacts in that area no worse or better than 
visual impacts in a region that has more cloudy skies. Indeed, a scenic view 
that is only rarely visible may be even more highly valued than one that 
usually can be seen.

Project Characteristics That May Affect Scenic Resources

• Scale: We perceive the size of an object in relation to its surround-
ings. The actual size of a wind turbine is less relevant than its perceived size 
in relation to its surroundings. Vertical scale (apparent height) in relation 
to the associated landmass, horizontal scale, and the overall project size are 
relevant. Despite the height of modern wind turbines, it is difficult for most 
people to distinguish between a 200-foot turbine and a 400-foot turbine 
unless they are side by side. Both appear much larger than surrounding 
trees and buildings, but the size becomes relevant in most cases only when 
it begins to appear to diminish the size and importance of a nearby natural 
feature such as a ridgeline.6

Horizontal scale contributes to the relative prominence of the proj-
ect throughout the region. Certain western landscapes can accommodate 
larger projects than eastern landscapes of smaller scale. Projects may be too 
large when turbines become a constant occurrence within a landscape and 
when it is difficult to enjoy any views or ridgelines without wind turbines. 
Overall project size appears to be a significant issue in public acceptance of 
wind-energy projects in the United States (Figure D-10) (Pasqualetti et al. 
2002).

• Number of Turbines in the View: The number of turbines visible 
at any one time may affect the prominence or relative scale of the project 
(Figure D-11). When wind turbines would be seen looking in all directions, 
or entirely covering the major landforms within a locality, the project may 
be viewed negatively, and further study probably will be needed.

• Visual Clutter: The accumulation of diverse built elements on a site, 
especially elements that contrast with their surroundings in form, color, and 
texture, can result in visual clutter (Figure D-12A,B). While it may seem 

6 Often the larger turbines appear less visually intrusive due to their greater spacing and the 
smaller numbers required for an equivalent power output.
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FIGURE D-10 This project in Fenner, New York, generally works well in this 
high-elevation rolling agricultural landscape. The vertical relationship of turbines 
to distinct hills or ridgelines needs to be examined in simulations. The ridge above 
does not appear as prominent from most vantage points, but the issue could arise 
in other situations.
SOURCE: Photographs by Jean Vissering, Jean Vissering Landscape Architecture.

D-10

FIGURE D-11 Simulation of a proposed project in the Berkshire Mountains in 
Massachusetts. The proposed project would occupy only a portion of this longer 
ridge.
SOURCE: Photographs by Jean Vissering, Jean Vissering Landscape Architecture.

Proposed Wind Turbines

D-11
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FIGURE D-12 (A) The repetition of identical elements that is characteristic of 
wind-energy projects helps to create a sense of order. (B) The valley location at 
San Gorgonio (Palm Springs, CA) diminishes the scale of this large project, but the 
overall accumulation of different turbine types results in a much more cluttered ap-
pearance than is likely in future project planning and maintenance.
SOURCE: (A) Photograph by Sandy Wobeck, East Montpelier Gully Jumper; (B) 
Photograph by David Policansky.
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logical to place wind-energy projects in already-built landscapes, too much 
development can result in an increasingly chaotic or cluttered landscape. 
Because wind-energy projects involve the repetition of like elements, they 
often result in greater unity and less clutter than some other types of devel-
opment. Even combining wind turbines with cell towers may increase visual 
clutter and therefore, visual impact. The introduction of different sizes and 
types of wind turbines over the life of a project can potentially severely 
degrade a landscape (Gipe 2003).

• Visibility of Project Infrastructure: Visibility of project roads, 
power lines, substations, and other infrastructure can substantially increase 
visual clutter (see above) and therefore visual impacts. These also increase 
the perceived scale of a project. In wooded landscapes, clearing resulting 
from installation of roads, power lines, and grade changes can visually alter 
a forested landscape.

• Noise: To the extent that noise degrades the character and expe-
rience of a particular landscape, it is an aesthetic concern. Most modern 
turbines are relatively quiet, but noise can be an aesthetic concern primar-
ily for residents living within half a mile of a wind-energy project. Careful 
siting of individual wind turbines as well as selection of turbines rated for 
low noise can help to reduce these impacts.

• Lighting: Night lighting can be one of the most difficult aspects of 
a wind-energy project to evaluate, and may result in some of the greatest 
concerns. The importance of changes in landscape depend on where it oc-
curs on the continuum of urban to wild landscape, as well as the project’s 
overall visibility and proximity. In many landscapes where projects have 
been built or proposed, there currently is little night lighting. Red lights 
have less contrast than white lights with the night sky in terms of value, but 
they differ markedly from colors typically observed in the night landscape 
(except where other objects occur with obstruction lighting).

Other Issues Affecting Visual Impacts

• Cumulati�e Impacts: This issue relates both to the expansion of 
existing projects and to the addition of new projects within a geographic 
area. The first possibility raises concerns of the overall project scale and its 
appropriateness for the particular landscape. The second raises concerns 
of both scale and overburdening a particular locality with development 
impacts. Developing state-wide or region-wide siting guidelines can help 
prevent the undue impacts that may result from numerous projects being 
proposed over time within certain areas.

• Meaningful Benefits: Perceptions of aesthetic attractiveness are 
often linked to real or tangible benefits. For many people, however, the 
benefits of “cleaner air” or “less dependence on foreign fuels” may seem 
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too intangible, and usually they occur at least in part away from the areas 
subject to aesthetic impacts. Linking wind-energy development to both eco-
nomic benefits at the local level and a meaningful program of pollution re-
duction at the state, local, and federal levels can enhance public perception 
of the benefits of wind energy. Developing direct community participation 
and links to the wind-energy projects they are hosting also can help these 
projects become a meaningful part of “place” (Pasqualetti et al. 2002).

Other Methods for Identifying Aesthetic Impacts

Public Participation and Surveys

Communities around the country have used a range of techniques for 
eliciting public opinions, and the effectiveness of these approaches needs 
further study. When a specific project is proposed in a particular area, the 
focus must be on understanding the site and the perceptions of the com-
munity members who live and work in the area. Aesthetic effects are site-
specific and individual communities react differently. There is considerable 
evidence that public acceptance increases with a sense of involvement in 
the project. Involvement includes active efforts to inform neighbors, provid-
ing thorough analyses, responding to expressed concerns with alterations 
in project design, and providing material or monetary benefits to affected 
individuals or to the community at large.

Much of what we know about public reactions is anecdotal. Statisti-
cally valid and independently conducted pre- and post-construction surveys 
provide useful information about public perceptions of wind-energy proj-
ects and help determine what factors are important in public perceptions. 
Such surveys are commonly conducted in Europe, but much less often in 
the United States. To permit generalization of information gathered from 
public perceptions, surveys need to be carefully designed to factor in par-
ticular project attributes, site features, and the public processes followed 
in presenting the project to the public (Priestly 2006). Attitudes of nearby 
residents and recreational users from elsewhere may be quite different.

Independent and Peer Review

Experts in aesthetics hired by developers may be perceived as biased in 
favor of the developer. Two approaches have been used for obtaining inde-
pendent reviews of proposed wind-energy projects. Some state or local gov-
ernments hire independent experts to conduct visual impact assessments. 
In other states a process of peer review is used. Two or more independent 
experts in aesthetics review the work of the developer’s consultant. Usually 
they are presented with project information including visibility maps, simu-
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lations, and photographs of landscape character. They are asked to evaluate 
a number of sensitive viewpoints for which simulations have been prepared 
and to score the degree of contrast resulting from the proposed project. This 
process could easily be institutionalized by reviewing bodies. In both cases, 
the developer generally pays for this independent review process.

MITIGATION TECHNIQUES

Some visual impacts will be inevitable with any wind-energy project. 
Reducing or minimizing negative impacts can be achieved in a number of 
ways. A well-sited and designed project will have incorporated some of the 
techniques into the original application. If there appear to be significant 
visual impacts resulting from the project, additional mitigation approaches 
can be used. If none can adequately reduce the visual impacts, the project 
may be found to be unsuited for the particular site. Mitigation techniques 
include the following:

• Appropriate Siting: This critical mitigation technique involves 
avoiding a site that is located on valued regional scenic resources, or that 
appears very prominent throughout a region. Selecting a site that can 
comfortably accommodate the number of turbines desired without visually 
overwhelming sensitive scenic resources on or near the site and the region 
as a whole also is important. Appropriate siting may also need to address 
potential issues of cumulative impacts (see below) so that a particular area 
or landscape type is not overburdened with wind-energy development.

• Downsizing: Reducing the scale of the project (numbers of tur-
bines or height of turbines)7 can help the project fit more comfortably into 
its surroundings. In some cases one or more turbines may be particularly 
prominent from sensitive viewpoints, or the overall scale of the project may 
overwhelm the particular land form or surrounding landscape. In most 
settings the difference in overall turbine height are difficult to distinguish. 
The difference between a 200-foot turbine and a 360-foot turbine (hub or 
nacelle height) can be difficult to perceive, especially when the turbines are 
seen against the sky. Size may make a difference if the height of the land-
form begins to be overwhelmed by the height of the turbine. Generally, 
fewer larger turbines can result in a better visual outcome than a larger 
number of smaller turbines.

• Relocation: Moving turbines from one location to another can 
help, but it may not be possible in all cases. Relocation can be used to 

7 Turbine heights also have effects on project productivity and on avian and bat mortality, 
which must be balanced with aesthetic issues.
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avoid proximity to residences or visual prominence from sensitive viewing 
areas.8

• Lighting: The revised Federal Aviation Administration (FAA) light-
ing guidelines reduce lighting impacts. Lighting impacts often are of great-
est concern to residents and recreationists, and should be minimized to 
the greatest extent possible. Any new technologies or modification of FAA 
lighting requirements that can further reduce lighting for wind turbines 
ideally should be incorporated into design standards.

• Turbine Pattern: In most cases turbines are located to take ad-
vantage of small rises in the land, flatter terrain, or other site features that 
determine their pattern or organization on the ground. Some studies sug-
gest that turbine configurations can be designed to respond in meaningful 
or visually pleasing ways to their surroundings. In rolling landscapes a 
less rigid arrangement that reflects topography may be preferable, while in 
flatter landscapes, especially with patterns of rectangular fields or roads, a 
more geometric or linear pattern may work better. Simulations provide a 
useful way to study the effects of different turbine patterns from sensitive 
viewing areas.

• Infrastructure Design: Paying attention to project infrastructure 
such as meteorological towers, substations, power poles, and project build-
ings in addition to the turbines themselves is important. Generally, it is ad-
visable to screen all project infrastructure from view to the greatest extent 
possible.

• Color: A recent FAA study showed that daytime lighting could 
be eliminated provided that turbines are white. White often is regarded as 
more cheerful and less industrial than other colors, which may be part of 
the reason some people find wind turbines more visually appealing than, 
for example, cell towers. Bright patterns and obvious logos can be avoided. 
Unobtrusive colors are important in other project infrastructure such as op-
erations buildings, transmission support poles, and road surface materials. 
In general, darker colors are less noticeable, especially against a background 
of vegetation.

• Maintenance: People find wind turbines more visually appealing 
when the blades are rotating than when they are still (Pasqualetti et al. 
2002). Requirements for immediate repairs of wind turbines can be part 
of permit requirements. Also the replacement of wind turbines with visu-
ally different wind turbines can result in visual clutter, so replacing wind 
turbines with the same or a visually similar model over the lifetime of the 
project may be an important requirement. Sufficient funds need to be as-
sured for this purpose.

8 Moving turbines away from a high point of land often results in minimal aesthetic benefits 
in contrast to a fairly significant reduction in electrical production.
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• Decommissioning: Once a project or individual turbine can no 
longer function, requirements for removing the project infrastructure and 
reclaiming the site are important. A plan for decommissioning may be re-
quired as part of the permit application. In some cases, money is reserved 
in escrow for this purpose.

• Non-reflecti�e Materials: Use of materials that will not result in 
light reflection may be required, for all project components.9

• Minimizing Vegetation Remo�al: Ideally, existing vegetation should 
be retained to the greatest extent possible. Clearcuts generally have nega-
tive visual impacts (Brush 1979). Screening areas of cleared forest may be 
advisable, as well as maintaining vegetation along roadsides and around 
turbines.

• Screening: While turbines cannot be screened from view, other 
project infrastructure (roads, power lines, substations, and buildings) can 
be. Existing vegetation is usually preferable, but plantings may be needed 
and should incorporate typical indigenous vegetation.

• Noise: Noise and siting standards can help reduce impact on resi-
dents near the project (generally within half a mile). Noise standards can 
be set at firm levels such as 40 dB(a)h (decibels corrected or A-weighted for 
sensitivity of the human ear) nighttime and 50 dB(a) daytime at the prop-
erty line or at residential structures; or can be set as an increment above 
ambient noise levels (e.g., a maximum of 5 dB(a) above ambient noise 
levels). Post-construction monitoring is important here as in many aspects 
of the impacts of wind-energy facilities.

• Burial and Sensiti�e Siting of Power Lines: Collector lines often are 
buried between turbines. In very sensitive viewing locations other collector 
and transmission lines may also need to be buried (see Figures 3-2A and 
3-2B).

• Offsets: In some cases protecting an offsite visual resource can help 
to offset the impacts of the project if mitigation cannot be accomplished 
on site.

DETERMINATION OF ACCEPTABLE OR 
UNDUE AESTHETIC IMPACTS

Decision makers usually need guidance to evaluate under what circum-
stances the degradation of aesthetic resources may outweigh the benefits of 
a proposed project. The immediate question may be: would this particular 
project result in undue harm to �aluable aesthetic resources in this particu-
lar setting? At a policy level, the question is broader: how can wind-energy 
projects be accommodated while retaining the valued scenic resources of 

9 Color and reflectivity may also be a consideration for avian and bat mortality.
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the state and of individual communities? These questions can be addressed 
systematically using the process described above and relying on well-estab-
lished aesthetic principles. Many sites are likely to be suited to wind-energy 
development, and where these occur, the question becomes: does this proj-
ect as designed work on this site or will mitigation be required? Mitigation 
possibilities are discussed above, but there will be circumstances when 
mitigation techniques fail to address critical problems with the site itself. 
Visibility alone generally does not result in a wind-energy project’s being 
perceived as unacceptable. If the project appears to result in many issues, to 
involve important regional scenic resources, and to significantly affect the 
ability of people to enjoy these resources, then the project may be perceived 
as or judged to be unacceptable. Some questions to consider in revieweing 
wind-energy projects are listed below. Assuming that a high-quality wind 
site is involved, decision-making agencies may feel more comfortable in 
concluding that the aesthetic impacts are undue if more than one of the fol-
lowing concerns is involved. Ideally, the criteria will be weighed against the 
overall public benefits of the project and along with the general suitability 
of the site in other respects (see Box D-2 and Chapter 5 of this report).

Questions to Consider in Determining Acceptability of Visual Impacts

• Is the project located within an area of identified scenic or cultural 
significance?10

• Would the project significantly degrade views or scenic resources 
of regional or statewide significance?

• Is the project on or close to a natural or cultural landscape feature 
that is a regional focal point?

• Is the project in a landscape area that is visually distinct and rare 
or unique?

• Is the project unreasonably close (usually less than a half-mile) 
to many residences that would be severely affected, especially as a re-
sult of noise, shadow flicker, or by being completely surrounded by wind 
turbines?

• Will the project occupy an area valued for its wildness and remote-
ness? If these values have been specifically documented, then consider-
ation of the appropriateness of a wind-energy project becomes even more 
important.

• Would the project’s scale in terms of turbine height or numbers 

10 Preferably the scenic values have been identified in public documents rather than merely 
identified through the aesthetic impacts assessment process. However, few states or localities 
have taken steps to document scenic resources, so a careful visual impact assessment process 
may be the only available tool.
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of turbines overwhelm the landscape in which it occurs? (For example, 
would scenic views that are free of turbine remain throughout the region, 
or would wind turbines occupy all or most notable ridgelines within view 
of the area?)

• Will the project result in unreasonable visual clutter due to its 
combination with existing built features that already degrade landscape 
features? This is an issue of cumulative impacts.

• Has the applicant used reasonable and available mitigating tech-
niques that would reduce the project’s impacts?

• Does the project violate a clear, written community standard in-
tended to protect the aesthetics or scenic beauty of the area? Such a stan-
dard ideally will be legally adopted by a community or state, and provide 
clear guidance to developers and be based on sound principles of aesthetic 
resource assessment.

BOX D-2 
Maine’s Department of Environmental Protection Visual Impact 

Assessment Criteria (MEDEP 2003)

	 •	 Landscape Compatibility: Which	is	a	function	of	the	subelements	of	color,	
form,	line,	and	texture.	Compatibility	is	determined	by	whether	the	proposed	activ-
ity	differs	significantly	from	its	existing	surroundings	and	the	context	from	which	
they	are	viewed	such	 that	 it	 becomes	an	unreasonable	adverse	 impact	on	 the	
visual	quality	of	protected	natural	resources	as	viewed	from	a	scenic	resource.
	 •	 Scale Contrast: Which	is	determined	by	the	size	and	scope	of	the	proposed	
activity	given	its	specific	location	within	the	viewshed	of	a	scenic	resource.
	 •	 Spatial Dominance: Which	is	the	degree	to	which	an	activity	dominates	the	
whole	landscape	composition	or	dominates	landform,	water,	or	sky	backdrop	as	
viewed	from	a	scenic	resource.
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SAMPLE PEER REVIEW EVALUATION SHEET11

Panel Member: __________________________
Date: ___________________________________

Viewpoint #: ____________
Viewpoint Description: 	____________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________

Visual Impact:
Rate	the	Project’s	contrast	with	existing	conditions	on	a	scale	of	1	(completely	compatible)	
to	5	(strong	contrast).	Under	comments,	explain	the	reason	for	rating	focusing	on	the	ele-
ments	of	 line,	scale,	color,	texture,	and	form.	Then	provide	your	overall	assessment	of	the	
project’s	aesthetic	impact	from	this	viewpoint.

Landscape Component Contrast Comments

Vegetation

Land	Use

Land	Form

Viewer	Activity

Water

	 Total	

	 Average	Score

Overall Aesthetic Impact:
________________________________________________________________________
________________________________________________________________________

11 This form was adapted from one used by Michael Buscher ASLA of T. J. Boyle and 
Associates.
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ABSTRACT
Most landbirds migrate at night and typically make landfall in suitable stopover habitat before dawn. However, when
birds find themselves over large water bodies at dawn, they must continue flying into the day and either finish
crossing the water body and land on the far shore or backtrack to the near (i.e. first encountered) shore to land. Their
collective decisions will influence how migrants are distributed among shoreline stopover habitats on either side of
the water crossing. We studied birds during 4 spring migration seasons from 2010 to 2013 in the Great Lakes region,
USA. We used 3 weather surveillance radars to observe migrating landbirds’ behavior at dawn and subsequent
terrestrial distributions during stopover. Mean flight heights over land and water were higher and mean flight
directions were more oriented toward the closest shore at dawn when compared to peak migration earlier in the
night. The wider the lake crossing, the higher that birds along the lakeshore flew at dawn. Seasonal mean stopover
densities of migrants on land within 3 km of shorelines were 48% higher on the near shores of lakes (based on the
seasonal mean direction of migration) than on the far shores. There was a moderate positive correlation (r¼0.584, P ,
0.001, n¼ 358) between the seasonal mean density of birds aloft over water at dawn and the stopover density of birds
in adjacent shorelines. Thus, birds over the water at dawn may tend to return to the near shore of the Great Lakes for
stopover rather than continuing across the water. As a result, shoreline habitats on the near shores of lakes harbor
greater densities of migrants and are thus critical stopover sites for migrating landbirds in the Great Lakes region.

Keywords: flight behavior, Great Lakes, migration, radar, shoreline, stopover

Aves migratorias se reorientan hacia la tierra al amanecer sobre los Grandes Lagos

RESUMEN
La mayorı́a de las aves terrestres migran durante la noche y tı́picamente paran en hábitats adecuados antes del
amanecer. Sin embargo, cuando las aves se hallan sobre grandes cuerpos de agua al amanecer, deben seguir volando
entrado el dı́a y terminar de cruzar el cuerpo de agua y aterrizar en la orilla del lado opuesto o dar marcha atrás hasta la
orilla que encontraron en primera instancia para aterrizar. Sus decisiones colectivas van a influenciar el modo en que
las aves migratorias están distribuidas entre los ambientes de parada en las orillas a cada lado de las aguas atravesadas.
Estudiamos aves durante cuatro estaciones migratorias de primavera desde 2010 a 2013 en la región de los Grandes
Lagos. Usamos tres radares de vigilancia climática para observar el comportamiento de las aves terrestres migratorias
al amanecer y las subsecuentes distribuciones terrestres cerca de la orilla durante la parada. Las alturas promedio del
vuelo sobre la tierra y el agua fueron más elevadas y las direcciones promedio de vuelo estuvieron más orientadas
hacia la primera orilla encontrada al momento del amanecer en comparación con el pico de migración que ocurre más
temprano en la noche. Cuanto más ancho fue el lago que cruzaron, más alto volaron las aves a lo largo de la orilla del
lago al amanecer. Las densidades estacionales promedio en los sitios de parada a menos de 3 km de la orilla fueron
48% más altas en la orilla primeramente encontrada de los lagos usando la dirección estacional promedio de los
migrantes en comparación con el lado opuesto de los lagos. Encontramos una correlación positiva moderada (r¼0.584,
n¼358, p,0.001) entre la densidad estacional promedio de las aves sobre el agua al amanecer y la densidad de aves en
los sitios de parada en las orillas adyacentes. Por ende, las aves sobre el agua al amanecer tienden a regresar a las
orillas encontradas en primera instancia de los Grandes Lagos para parar, más que seguir a través del agua. Como
resultado, los hábitats de las orillas encontradas en primera instancia de los lagos albergan densidades mayores de
migrantes y son por ende sitios crı́ticos de parada para las aves migratorias terrestres en la región de los Grandes
Lagos.

Palabras clave: comportamiento de vuelo, Grandes Lagos, migración, orilla, radar, sitio de parada
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INTRODUCTION

The Great Lakes region of the United States is an

important stopover area for migrating landbirds in both

spring and fall (Bonter et al. 2009). High concentrations of

birds are generally present in stopover habitat along the

shores of the lakes and have been linked to the presence of

abundant food sources in these habitats (Smith et al. 2007,

Ewert et al. 2011). The majority of research in this area has

focused on characteristics of stopover habitat use (e.g.,

Ewert and Hamas 1996, Smith et al. 2004, 2007, Rodewald

and Matthews 2005, Bonter et al. 2009, Ewert et al. 2011).

The link between flight behaviors of migrating landbirds

aloft over the lakes and distributions within stopover

habitat is less well understood.

The U.S. network of weather surveillance radars,

comprising model Weather Surveillance Radar–1988

Doppler (WSR-88D) or Next Generation Radar (NEX-

RAD), is a powerful tool to study birds in the air

(Gauthreaux and Belser 1998). Diehl et al. (2003) used

NEXRAD to observe a flight behavior they dubbed ‘‘dawn

ascent’’ in the Great Lakes region. Dawn ascent is

characterized by migrating birds over the water, increasing

their flight height and often reorienting themselves toward

shorelines as dawn approaches. Diehl et al. (2003) reported

the median range over which reorientation occurred as

~28 km from the shore, although increased flight heights

were observed over longer distances. Dawn ascent and

reorientation has also been observed along the North Sea
(Myres 1964). Dawn ascent could be a response to

migrating birds’ reluctance to continue a water crossing,

regardless of the crossing distance, into daylight hours;

nocturnal migrants typically end their flights at dawn

(Diehl et al. 2003). Birds may gain altitude in an effort to

locate the nearest shoreline or evaluate how far they must

travel to complete a water crossing. If birds are returning

to shore at dawn, this could contribute to the higher

concentrations of birds along shorelines first encountered

by birds when approaching the lake from the dominant

seasonal migratory direction (hereafter ‘‘near shores’’).

Non-reoriented crossing will tend to direct birds toward

shorelines encountered after crossing the lake in the

dominant seasonal migratory direction (hereafter ‘‘far

shores’’). However, no studies have yet linked stopover

distributions to the dawn-ascent flight behavior of

migrants along the Great Lakes. Additionally, there have

not been detailed studies of broad-scale variability in dawn

flight behavior, nor of stopover use along shorelines that

may depend on whether birds need to turn back or

continue forward to reach the nearest shoreline.

In the present study, we used NEXRAD data from the

Great Lakes region of the United States to compare the flight

behaviors (height and direction) of migrating landbirds aloft

over land and over water at peak migration and at dawn.We

also measured the density of birds aloft over stopover habitat

within 3 km of the shores of the Great Lakes at dawn over

water and during exodus over land and tested whether

differences between densities on the near and far shores of

the lakes are linked to dawn flight behavior.

We hypothesized that migrating birds would show

differences in flight behavior at dawn compared to peak

migration earlier in the night. We expected birds at dawn

to show (1) increased flight heights and (2) flight directions

more oriented toward the near shores of the Great Lakes,

compared to the patterns at peak migration (Diehl et al.

2003). We further hypothesized that migrating birds over

water at dawn might show additional differences in flight

characteristics—increased height and reoriented flight

direction—with respect to birds over land at dawn. The

hypothesized changes in flight behavior might indicate that

birds at dawn are looking for stopover habitat on the near

shores of the lakes, which should result in measureable

differences in stopover patterns of emigrants at flight

exodus on following nights. Accordingly, we expected to

see increased densities of birds at exodus on the near

shores of the Great Lakes, as well as positive correlations

between densities of birds over water at dawn and densities

of birds over land at exodus the following night.

A more complete understanding of dawn ascent in the

Great Lakes region illuminates the relationship between

the behavior of birds aloft and stopover habitat selection,

especially in habitat on the near shores. This information

can inform decisions about the preservation of stopover

habitat and the conservation of migratory birds in the

Great Lakes.

METHODS

We used data collected from 3 NEXRAD stations across

the Great Lakes region of the United States: Cleveland,

Ohio (KCLE: 41.4138N, 81.8598W); Grand Rapids, Mich-

igan (KGRR: 42.8938N, 85.5448W); and Green Bay,

Wisconsin (KGRB: 44.4988N, 88.1118W) (Figure 1). These

radars were selected because they observed significant

amounts of Great Lakes shoreline (i.e. Lake Michigan and

Lake Erie). We analyzed data collected by each radar

during the spring migration season, April 1 to June 15,

from 2010 to 2013. For each sampling day, we analyzed

radar data from each station collected at 3 time points: (1)

the onset of nocturnal migration exodus, hereafter

‘‘exodus’’; (2) ~3 hr after sunset during the typical peak

of migratory flight (Gauthreaux and Belser 1998, Diehl et

al. 2003), hereafter ‘‘peak migration’’; and (3) at dawn (sun

elevation at the horizon). For sampling at peak migration

and at dawn, we used the single radar volume scan closest

in time to the desired time point. For sampling at

migration exodus, we interpolated radar data in between

volume scans using simple distance-weighted averaging for
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every radar sampling volume to the time when the sun’s

elevation angle reached 78 below the horizon (i.e. just after

the end of evening civil twilight; sensu Buler and Dawson

2014). When comparing data gathered at these time

points, ‘‘peak migration’’ refers to the evening prior to a

dawn sample and ‘‘exodus’’ refers to the evening following a

dawn sample.

We constructed a shapefile in a geographic information

system (GIS) to delineate shoreline segments of large lakes

near each radar station. The shapefile consisted of

polygons that were each 3 km parallel and 3 km

perpendicular to the shoreline, covering a 9 km2 area of

either land or water on either side of the shoreline

boundary (see inset of Figure 1). This shapefile was

intersected with polar coordinate polygon basegrids of

radar sampling volumes extending in a 100 km radius

around each radar station to identify the portions of

specific sampling volumes within each shoreline segment.

The basegrid for each radar station is a GIS shapefile that

delineates the two-dimensional boundaries of individual

radars’ sampling volumes within the coverage area of the

radar, allowing the reflectivity data collected by the radar

to be transformed into a geographic state space. Sampling

volumes of radar basegrids have an azimuthal resolution of

0.58 and range resolution of 250 m, corresponding with the

resolution of NEXRAD. We also characterized each

shoreline segment by side of the lake, such that ‘‘near

shores’’ are the shorelines typically encountered by birds

before crossing a lake while flying along their mean peak

migration track (Table 1) during the spring migration

season, and ‘‘far shores’’ are the shorelines typically

encountered by birds after crossing a lake. Near shores

were those on the eastern and southern sides of the Great

Lakes; far shores were those on the western and northern

sides. The domain of the Grand Rapids radar covered only

near shores, while the Green Bay and Cleveland radars had

a mix of near and far shores.

Radar Data Processing
Radar volume scans measuring birds aloft went through a

two-stage screening process to determine suitability. First,

we visually screened radar imagery compiled at the

Surveillance of the Aerosphere Using Weather Radar

(SOAR) website (http://soar.ou.edu/legacy.html) to

achieve a coarse filter for contamination. SOAR provides

a fast and easy-to-access look at the radar data but is

limited by a coarse resolution and overlapping data from

adjacent radar stations. The 2 main sources of contam-

ination were precipitation and anomalous propagation, in

which certain atmospheric conditions cause excessive

refraction of the radar beam. We excluded from further

analyses scans with precipitation within 100 km of the

radar, or with obvious anomalous propagation of the

beam. We downloaded radar sweeps that passed this first

round of screening from the National Climatic Data

Center (http://has.ncdc.noaa.gov/pls/plhas/has.dsselect), a

service of the National Oceanic and Atmospheric

Administration. Radar sweeps were visually screened at

their native resolution for precipitation and anomalous

propagation a second time with the program Integrated

Data Viewer (Murray et al. 2003) to verify their suitability

for analysis.

FIGURE 1. Locations and names of the 3 NEXRAD stations in the Great Lakes region, USA, that were used in the study. Radar
coverages of data are within the black rings. The shoreline for which data were collected is highlighted in white. The inlay shows
how the shoreline was broken into polygons of 3 km parallel by 3 km perpendicular to shorelines to cover the area of water (dark
gray) and an adjacent area of land (light gray) to compare reflectivity at dawn over water and at exodus over land.
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We used the Weather Decision Support System–

Integrated Information (WDSS-II), a suite of algorithms

for weather radar data analysis (available at http://www.

wdsii.org), to convert raw radar files into netCDF format

containing reflectivity and radial velocity measures. We

used data from the 0.58 beam tilt-angle sweep because this

was the angle at which most birds were observed by the

radar and because data at higher tilt angles were too sparse

to be useful.

We used a Matlab program written by Dan Sheldon of

the University of Massachusetts Amherst and NASA’s

Radar Software Library to de-alias the velocity data

(Farnsworth et al. 2014). We then used custom R code to

produce a velocity azimuth display (VAD) profile from

each range annulus of each 0.58 sweep (sensu Browning

and Wexler 1968). The VAD profile fits a sine function

through the radial velocity data to give an average ground

speed and track direction of flight for animals at the mean

height of the radar beam above ground within each range

annulus. The accuracy of the VAD assumes that animals

are moving in a consistent manner, however variable their

directions and speeds, throughout the altitudinal strata

being analyzed. We excluded from analyses heights at

which R2 , 0.25 for the modeled sine functions. We

retrieved VAD profiles separately for data over land and

over water for each of our time periods: dawn, exodus, and

peak migration.

We computed the mean ground speed and direction of

birds across the VAD for each sweep by weighting data from

each height using a vertical profile of reflectivity (VPR)

following Buler and Dawson (2014). The VPR describes the

ratio of the vertical variability of reflectivity at a given height

in relation to the mean reflectivity from the ground to 1,750

m above the ground and was also used to determine the

mean flight height of birds. These metrics were computed

such that we had a measure of mean flight height and

direction of birds for each radar sweep. Mean flight height

and direction for each sweep were computed across all data

within the range of radar, separating only into data collected

over land and over water.We applied 3 grouping variables to

the data: radar (KCLE, KGRB, KGRR), location (land vs.

water), and time (dawn vs. peak migration). To distinguish

the dominant biota aloft, we performed VAD analysis of

radial velocity from the 3.58 tilt-angle radar sweep sampled

at peak migration and subtracted wind vector from winds

aloft collected via nearby radiosonde (archived by the

University of Wyoming) or from surface winds collected

from nearby weather stations when radiosonde data were

not available to calculate mean target airspeeds. All nights

with mean target airspeeds ,5 m s�1 were considered insect

dominated and were eliminated from analyses (Larkin

1991).

We estimated the vertically integrated reflectivity (VIR)

within each sample volume in order to directly compare

reflectivity measures at different ranges from radars and

among radar scans, following previously established

methods (Buler and Diehl 2009, Buler and Dawson

2014). This approach is necessary because the radar beam

systematically samples increasing heights as it propagates

away from the radar and because the vertical profile of bird

reflectivity varies among radar scans. Each raw reflectivity

measure is divided by the mean VPR ratio within the

sampled volume airspace to produce an estimate of the

mean reflectivity of birds in the airspace from 0 to 1,750 m

above the ground. We converted the original reflectivity

factor in units of Z (mm6 m�3) into more biologically

meaningful units (cm2 km�3; Chilson et al. 2012). We then

multiplied reflectivity by the height of 1,750 m to ‘‘flatten’’

the volumetric measure of reflectivity into a two-dimen-

sional measure (cm2 ha�1) representing the total amount

of reflected cross-sectional area of birds per hectare above

the ground. Unlike the analysis of flight height and

direction, for which a mean value was computed for

migrants over land and over water at each time point,

mean VIR was computed individually within each shore-

line polygon.

Statistical Analysis
To investigate the effects of our 3 grouping variables on

flight height, we used an analysis of variance (ANOVA)

TABLE 1. Mean values (6 SE) for flight characteristics of migrating birds in the Great Lakes region, USA, at dawn and at peak
migration earlier that night as detected by 3 radars, 2010–2013.

Flight characteristic Radar

All radars pooledMetric Time Location KCLE KGRB KGRR

Height above surface (m) Peak migration Land 574 6 57.9 489 6 38.6 615 6 70.2 542 6 30
Water 681 6 79.2 441 6 45.5 522 6 36.1 525 6 34.7

Dawn Land 565 6 15.9 734 6 14.7 980 6 7.2 704 6 17.2
Water 664 6 15.5 812 6 14.4 1022 6 4.6 785 6 15.4

Track direction (8) Peak migration Land 27.6 6 0.2 349.7 6 0.1 345.2 6 0.1 –
Water 24.7 6 0.3 329.9 6 0.2 332.9 6 0.2 –

Dawn Land 83.0 6 1.3 16.1 6 1.0 54.1 6 0.5 –
Water 89.1 6 1.3 2.4 6 0.9 65.3 6 0.4 –
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with 3 factors: radar (KCLE, KGRB, KGRR), time (dawn,

peak migration), and location (over land, over water). We

used a Tukey-Kramer post hoc test to investigate

differences between individual groups. To investigate the

effects of our 3 grouping variables on flight directions, we

used a Harrison-Kanji test for the analysis of variance of

circular data (Harrison and Kanji 1988). Because the

Harrison-Kanji build in Matlab handles only 2 grouping

factors, we implemented the test separately for each radar,

using time and location as factors.

Area-weighted mean dawn VIR was computed for each

shoreline segment over water and for each segment over

land at the following exodus for every sampling day. Only

days that had data for both dawn and evening exodus were

included. We also computed the geometric mean of daily

reflectivity for each segment across all seasons. We tested

for differences in the magnitude of VIR, using shoreline

(near, far) and time (dawn, exodus) as grouping factors.

Because there was significant interaction between these

factors, we also used independent one-way ANOVA to test

the effect of shoreline separately at dawn and at exodus.

We calculated the mean VIR across all seasons for near-

and far-shoreline segments with all 3 radars pooled. We

used the Pearson correlations between adjacent land and

water segments to assess relationships between reflectivity

at dawn over water and reflectivity during the following

evening exodus over land. We computed correlations

between segment pairs for all shorelines together, and also

for near and far shorelines separately.

RESULTS

After screening for contamination by precipitation,

anomalous propagation, and insects, 15% of total potential

days had suitable sweeps at dawn for analysis (KCLE: 52

days, KGRB: 39 days, KGRR: 23 days). KCLE provided data

within 104 segments along 312 km of shoreline, KGRB

provided data within 174 segments along 517 km of

shoreline, and KGRR provided data within 47 segments

along 141 km of shoreline. The total sample size pooled

across radars was 325 segments along 970 km of shoreline.

Visual inspection of time series of radar scans showed an

increase in the extent and magnitude of reflectivities over

the water just before dawn (Figure 2), which is consistent

with migrating birds increasing their flight heights. This

increase in reflectivity over water was typically not

matched by a similar increase in reflectivities over land.

Differences in Flight Height and Direction

Birds showed increased flight heights at dawn compared to

peak migration at the KGRB and KGRR radars, but not at

KCLE (Table 1). The effects of radar and time were both

significant, and an interaction between these factors was

present. The effect of time (difference between dawn flight

heights and peak migration flight heights) is therefore

dependent on radar, with increases in dawn flight height

seen at KGRB and KGRR but not at KCLE (Figure 3). The

estimated mean difference in flight height between birds at

dawn and birds at peak migration was 265 m at KGRB and

390 m at KGRR. The mean heights of birds aloft over

water at dawn were generally great enough for birds to

potentially see the opposite shoreline of lakes they were

over (Table 2). In addition, these mean heights increased

with increasing width of lake among the radars.

Additionally, the mean flight height over water at dawn

was higher than the mean flight height over land at dawn,

both at each radar individually and pooled across all

samples. This effect was not present at peak migration

(Table 1). Overall, the effect of location (land vs. water) was

not statistically significant across all grouping variables,

but there was a significant interaction term between

location and time, indicating that the effect of location on

flight height was different at dawn than at peak migration

(Table 3).

Flight directions during peak migration were approxi-

mately northerly, ranging from 3458 at KGRR to 278 at

FIGURE 2. Time series of radar reflectivity from KGRR, Great Lakes region, USA, on May 16, 2010, around sunrise, showing changes in
migrating birds’ activity. At 4:15 EST, birds are migrating to the northwest. The sun strobe at 5:21 EST indicates sunrise. Bird activity
decreases over land as birds end their migratory flight before dawn, whereas birds over water remain aloft after dawn.
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KCLE. The flight directions at dawn were more directed

toward the near shore than those at peak migration (Figure

4). At each of the 3 radars, the effect of time on flight

direction was significant but the effect of location on flight

direction was not significant (Table 4). There were no

significant interactions between factors at any of the

radars. Birds changed their flight direction at dawn

compared to peak migration at each radar, but there was

no difference in flight direction over land and over water at

either dawn or peak migration.

Differences in Reflectivity for Near and Far Shores

The VIR of migrating birds aloft over water within 3 km of

shorelines at dawn was 21% higher at the far shores than at

near shores when data were pooled across all radars

(Figure 5). Bird density aloft over land within 3 km of

shorelines at flight exodus on subsequent evenings was

48% higher at near shores than at far shores (Figure 5).

There was a significant interaction term (P , 0.001, n¼
650) between time (dawn vs. peak exodus) and shoreline

(near vs. far shore) factors, indicating that the effect of near

vs. far shore on reflectivity is not the same at dawn and

exodus. Based on the results of independent ANOVA tests

for dawn and exodus data, the differences in near- and far-

shoreline reflectivity at dawn over water were marginally

significant (P ¼ 0.044, n ¼ 325) and the differences at

exodus over land between near and far shores were

significant (P , 0.001, n ¼ 325).

The correlation between seasonal mean dawn reflectiv-

ity over water and seasonal mean exodus reflectivity over

land for pairs of adjacent segments was moderately

positive when all shoreline segments were considered

together (r¼0.269, P , 0.001, n¼325).When near and far

shores were considered separately, the correlation was

much stronger for near shores (r¼ 0.584, P , 0.001) than

for far shores (r ¼ 0.280, P , 0.001).

DISCUSSION

Migrating birds showed large differences in aggregate

flight behaviors between peak nocturnal migration and

dawn. These changes were characterized by increased

flight height and changes in flight direction that generally

resulted in birds orienting themselves toward the near

shores of the Great Lakes at dawn. At dawn, birds showed

further increases in flight height over water than over land,

but this effect was not present during peak migration.

Dawn reorientation of migrating birds aloft toward the

nearest shorelines is consistent with other studies that

have documented dawn ascent flights (Myres 1964, Diehl

et al. 2003, Bowden et al. 2015, Rathbun et al. 2016).

Additionally, as morning approaches, nocturnally migrat-

ing birds have been found to reorient toward land along

the Atlantic coast of the United States (Horton et al. 2016)

and along the Mediterranean Sea (Bruderer and Liechti

1998).

TABLE 2. Approximate distance to the horizon for an observer at the mean flight height of migrating birds, at peak nocturnal
migration and at dawn, for 3 radars within the Great Lakes region, USA, during spring migration, 2010–2013. Approximate ranges of
lake widths within each radar domain are also presented for comparison.

Parameter

Radar

KCLE KGRB KGRR

Distance to horizon at mean height of birds at peak nocturnal flight (km) 93 75 82
Distance to horizon at mean height of birds at dawn (km) 92 102 114
Width of lake (km) 50–70 80–90 120–130

FIGURE 3. Boxplots of the flight heights for birds at dawn and
during peak migration in the Great Lakes region, USA, 2010–
2013. Boxes are centered at median and extend from the 25th to
the 75th percentiles of the data. Whiskers extend to the extreme
data points not considered outliers. Outliers are plotted
separately. Sample sizes are given below the boxes. Letters
indicate groups based on a Tukey-Kramer post hoc test for
significant difference between groups. Boxes with the same
letter are not significantly different.
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The increase in flight height is presumed to be a

response by which birds evaluate the width of the

ecological barrier posed by the large Great Lakes (Diehl

et al. 2003). Migrants over Lake Michigan increased in

height at dawn. Migrants increased their flight heights at

dawn enough to appear to allow them to see across the

lake. Greater increases in heights occurred with a wider

lake crossing. This is somewhat consistent with the results

of Bruderer and Liechti (1998), who found that birds flying

over the widest part of the Mediterranean Sea flew higher

than birds crossing near the Iberian Peninsula. However,

they could not rule out topographic relief as a factor in

these differences and did not observe significant ascent of

birds at dawn. Rather, birds flew at the same heights

throughout the night. A return to habitat on the near shore

may be the result of birds deciding that the crossing is too

wide to attempt until the following evening exodus, after

flying high enough to see to the other side. We encourage

further investigation of whether birds seek a higher

vantage point at dawn to observe the width of a water

crossing. It would be interesting to see if a similar response

would be observed when the body of water is too wide for

migrants to see the other side, even with the increased

flight heights associated with dawn ascent.

We estimated that only birds flying over Lake Erie near

KCLE were likely able to see across the entire lake during

peak nocturnal migration. Interestingly, no increase in

flight height at dawn was observed at the KCLE station. It

is possible that the narrower crossing presented by Lake

Erie eliminates the need to increase height at dawn.

However, birds were already flying higher, on average, at

the KCLE station during peak migration than at the other

sites.

Our finding of a reorientation response is also consistent

with birds at dawn seeking stopover habitat on the near

shores of the Great Lakes. Diehl et al. (2003) suggested that

TABLE 3. Results of an analysis of variance for differences in flight height among groups of migrating birds in the Great Lakes region,
USA, during spring migration, 2010–2013. Radar (KCLE, KGRB, KGRR), time (dawn vs. peak migration), and location (land vs. water)
were included as grouping factors.

Source Sum of squares df Mean square F Probability . F

Radar 1,309,990 2 654,995 30.91 ,0.001
Time 3,708,900 1 3,708,900 175.03 ,0.001
Location 43,629 1 43,629 2.06 0.15
Radar*time 2,126,251 2 1,063,125 50.17 ,0.001
Radar*location 109,189 2 54,593 2.58 0.078
Time*location 122,932 1 122,932 5.80 0.016
Error 6,738,344 318 21,190
Total 15,572,854 327

FIGURE 4. Circular histograms showing daily mean flight-track directions for birds in the Great Lakes region, USA, at peak migration
(i.e. 3 hr after sunset) and at dawn for each NEXRAD radar station, 2010–2013. Sample sizes are given in parentheses. The mean
across all years is indicated by an arrow. Dots represent the observed mean direction for an individual day. A map of the land (white)
and water (gray) areas within 100 km of the radar station is shown within the circular histograms for reference.
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this response may result from evolutionary pressures

posed by the difficulty of lengthy crossings across large

water bodies. Although the threat of drowning when

crossing the Great Lakes is likely minimal in comparison

to larger water crossings within North America, such as

the Gulf of Mexico, mass mortality of landbirds attempting

to cross Lake Michigan can occur (Diehl et al. 2014).

As a consequence of returning to the near shoreline at

dawn rather than continuing across to the far shore,

migrating birds concentrate at higher densities on near

shores than on far shores. This was evidenced by greater

VIR of birds emanating from stopover habitats on the near

shores for all radars during evening exodus. The correla-

tion between the density of birds over water at dawn and

the density of birds at exodus on adjacent shorelines links

dawn activity over water and the subsequent distribution

of birds in shoreline stopover habitat. The fact that this

relationship was much stronger on near shorelines

supports the hypothesis that birds that are generally close

to shorelines tend to return to stopover habitat on the near

shore at dawn rather than continuing across the lake

during the day. Unfortunately, low-flying birds could not

be detected far from shorelines by the radars we used, so

whether most birds far from shorelines also reorient

toward shorelines or not is difficult to evaluate. However,

Diehl et al.’s (2003) results suggest that reorientation is

likely limited to migrants within 28 km of a shoreline.

Additionally, lake avoidance by birds altering their course

to remain over land along the long axis of the lakes in

spring, which seems less common than lake crossing, will

also tend to direct more birds along the near shores of

lakes (Gauthreaux 1980, Diehl and Larkin 1998, Diehl et al.

2003). Lake avoidance is more apparent in spring than in

fall and may contribute to the higher concentrations of

migrants on near shores. Finally, an unmeasured subset of

migrants may drop out into shoreline stopover habitat

during the night, which also contributes to higher densities

on the near shore. Dawn ascent is likely one of several

behaviors that contribute to the overall importance of the

near shore’s stopover habitat.

There was no increase in VIR of migrants on near shores

compared to far shores at dawn to accompany the large

increase observed at exodus. In fact, near shores showed

slightly lower VIR over water at dawn than far shores. It is

possible that, at dawn, migrants are more likely to drop out

into stopover habitat along near shores than on far shores.

The increased numbers of birds landing on the near shores

of the lake reduced the density of migrants aloft at dawn,

despite the general pattern of birds returning to near

shores, and contributed to the increased VIR of migrants

observed at exodus the following evening. In short, it

seems that dawn ascent behaviors in the Great Lakes result

in migrating landbirds accumulating in stopover habitat

along the near shores of the lakes on the ground, but not in

the atmosphere at dawn. We encourage studies using

small-scale surveillance radars to better resolve the

dynamics of flight behavior as birds approach shorelines

and determine how far inland birds travel before making

landfall at dawn (e.g., Bowden et al 2015, Rathbun et al.

2016).

The linkage of dawn ascent and reorientation of

migrating birds in the Great Lakes with greater shoreline

densities of migrants indicates that the stopover habitats

on near shores are an important resource for migrating

birds. Because the ‘‘near shore’’ of a lake is dependent on

the flight direction of the migrating birds, the relative

importance of shoreline stopover habitat on northern and

southern shores of the Great Lakes is dependent, in part,

on the migration season. The dawn flight behaviors of

FIGURE 5. Pooled mean values (6 SE) of vertically integrated
reflectivity (cm2 ha�1) of migrating birds within 3 km of the
shoreline in the Great Lakes region, USA, 2010–2013, for all near
and far shores, over water at dawn and over land at exodus.

TABLE 4. Results of a Harrison-Kanji test for differences between
groups of migrating birds in flight direction at dawn and during
peak migration in the Great Lakes region, USA, during spring
migration, 2010–2013. Separate tests were done for each radar,
including time (dawn vs. peak migration) and location (over
water vs. over land) as grouping factors.

Radar Factor df v2 P

KCLE Time 2 16.11898 ,0.001
Location 2 0.290949 0.86
Interaction 1 0.311419 0.58

KGRB Time 2 10.89632 0.004
Location 2 3.127111 0.21
Interaction 1 2.932581 0.087

KGRR Time 2 76.47924 ,0.001
Location 2 1.347019 0.51
Interaction 1 1.018962 0.31
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migrating birds that we report here suggest that habitat on

the near shores (i.e. the southern side of Lake Erie and the

eastern side of Lake Michigan) is important in spring,
whereas habitat on the far shore may be important in fall.
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