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Abstract
This scientific investigations report describes an effort by 

the U.S. Geological Survey (USGS) that used research, moni-
toring data, and modeling to develop a methodology to assess 
both the current and future population-level consequences of 
wind energy development on species of birds and bats that are 
present in the United States during any part of their life cycle. 
The methodology is currently applicable to birds and bats, 
focuses primarily on the effects of collisions with turbines, and 
can be applied to any species that breeds in, migrates through, 
or otherwise uses any part of the United States. The methodol-
ogy assesses species at the national and regional scales and 
identifies those species potentially in need of more detailed 
study, as well as those species that are likely at low risk from 
wind energy development. This approach is fundamentally dif-
ferent from existing methods focusing on impacts at individual 
facilities.

This report supersedes USGS Scientific Investigations 
Report 2015–5066 by the same authors, which described a 
preliminary version of the methodology. Following reviews of 
the preliminary methodology by a panel of external experts, 
public comments, and additional internal review, the method-
ology was revised and finalized.

The three components of the refined methodology 
described in this new report rely on publicly available fatal-
ity information, population estimates, species range maps, 
turbine location data, biological characteristics of species, 
and population models. First, three metrics are combined to 
determine direct and indirect relative effects from wind energy 
facilities to generate a list of species scores. Second, a generic 
population model estimates the expected change in population 
trend caused by the additive mortality from collisions with 

wind turbines. Third, the methodology combines an estimate 
of observed fatalities and an estimate of potential biological 
removal to assess the possibility of a decrease in population 
size. The latter two components are quantitative. In a test case, 
the methodology was used to analyze data for six bird species 
and three bat species.

Components of the methodology are based on simplify-
ing assumptions and require information that, for many spe-
cies, may be sparse or unreliable or may require further study. 
These assumptions should be carefully considered when using 
outputs from the methodology. Increases in the quality of 
data for fatalities from collisions with wind turbines, species 
distributions, abundance, and demography will likely improve 
results for uses of the methodology.

The methodology’s design identifies and prioritizes a sub-
set of the bird and bat species that may experience population-
level impacts from collisions with wind turbines, both cur-
rently and from future wind energy development in the United 
States. Results of an assessment using this methodology could 
focus future research to improve our understanding of those 
impacts and to guide avoidance and minimization strategies. 
In addition, this methodology can be used to identify species 
for more intensive demographic modeling or to highlight those 
species that may not require any additional research because 
effects of wind energy development on their populations are 
projected to be small. The effects of wind energy facilities on 
nine unidentified species used in the test case described in this 
report have not been assessed. Their data were simply used to 
show the application of the methodology to real-world data 
and the types of outputs it would produce.

1.0. Introduction
Recent growth in wind energy generation has led to 

concerns over the effect of this development on wildlife. 
Investigations of impacts on birds and bats are conducted at 
many wind energy facilities, yet there remains a paucity of 
knowledge regarding the effects on species at the national and 
regional levels (Arnett and others, 2008; Katzner and others, 
2013). The U.S. Geological Survey (USGS) used research, 
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monitoring data, and modeling to develop a probabilistic and 
quantitative methodology to assess both the current and future 
population-level consequences of wind energy development 
on those species of birds and bats that are present in the United 
States during any part of their life cycle. This report describes 
the methodology, which is national in scope; each population 
to be assessed consists of all the individuals of the species that 
occur in the United States. If data are available, application 
of this approach at smaller scales, such as a particular region 
or State, is possible. The methodology specifically addresses 
whether the fatalities caused by collisions with wind turbines 
may alter the species population size or trend. The methodol-
ogy uses current (2014) levels of wind energy deployment 
and projections of new wind energy in 2025 to estimate and 
project both current and future effects of wind energy devel-
opment on birds and bats. The USGS developed this meth-
odology in response to renewable energy initiatives of the 
U.S. Department of the Interior (DOI), starting with the New 
Energy Frontier initiative (U.S. Department of the Interior and 
U.S. Department of Agriculture, 2011) and continuing with 
the Powering Our Future initiative (U.S. Department of the 
Interior, 2014).

This assessment methodology is a product of interdis-
ciplinary cooperation by USGS and other scientists. USGS 
scientists studying minerals and energy have decades of 
experience in producing transparent, thoroughly vetted 
methods to assess (1) undiscovered resources of conventional 
and continuous oil and gas, coal, gas hydrates, and minerals 
and (2) potential geologic carbon dioxide storage resources. 
Biogeographers, ecologists, and statisticians of the USGS 
conduct a wide array of applied research on species spatial 
distributions and population biology with an emphasis on 
responses to stressors at multiple scales. The assessment meth-
odology described here was developed by a team of research-
ers bringing this range of experience together to devise an 
assessment methodology aimed at understanding the effects 
of wind energy development on birds and bats. As described 
below, developing the methodology is the first step toward 
completing a full assessment. The objectives of this report are 
to describe the methodology, the questions it is intended to 
address, key assumptions, and how it would be implemented. 
A test case of nine species is provided as an example of imple-
mentation and output.

The methodology was developed during a multiyear 
period. Initially, the authors participated in meetings with 
stakeholders, including a large kickoff meeting and targeted 
meetings with industry representatives, conservation organi-
zations, and individual Federal agencies involved in energy 
and wildlife issues related to wind energy development. 
From these meetings, three key issues became apparent that 
influenced the goals for the methodology. First, stakeholders 
wanted a rapid method to prioritize species in terms of their 
risk from wind energy generation. Second, they were con-
cerned about both the direct effects of wind energy develop-
ment caused by collisions and the indirect effects caused 
by habitat loss and behavioral avoidance of wind turbines. 

Third, they felt it was most important to understand the 
population-level consequences of wind energy development 
on species. Once the general goals of the methodology were 
defined, various approaches were developed and tested using 
data from actual species. Methodology and test case discus-
sions with species experts led to refinement of the approaches 
and to publication of the preliminary methodology as USGS 
Scientific Investigations Report 2015–5066 (Diffendorfer and 
others, 2015).

Following release of the preliminary methodology, the 
report was sent for review by an external four-person expert 
panel. At the same time, it was sent to various stakeholders 
for comment. Following that review, the report was reviewed 
internally by two new experts. This new finalized report 
includes some moderate changes as well as many smaller 
ones that were suggested in those reviews. Prioritization is no 
longer performed as a filter limiting only “high-risk” species 
to the quantitative impact analyses. All species are analyzed 
by all methods. The Monte Carlo-based scoring system for pri-
oritization, developed after suggestions from the first internal 
review, has been replaced with the original approach of direct 
scores and breakpoints. Bats have been added to the quantita-
tive test case scenarios. Explanations of the projections of 
future wind energy buildout have been moved from the body 
to appendix 2. Summaries of ongoing research were in appen-
dix 1 of the preliminary report; because the results have been 
published, that content has been omitted from this final report. 
Summaries of alternative modeling approaches considered 
have been moved from appendix 2 to appendix 1.

Wildlife populations can be described by their size and 
trend (the increasing, decreasing, or stationary pattern of the 
population through time), and, thus, “population-level conse-
quences” can be defined as changes in a population’s size or 
trend. The determinants of a population’s size and trend are 
numerous and varied, and they differ both across species and 
across different areas or time periods for the same species. 
Information on these determinants is unavailable for most 
species, and overly complex models that require assumptions 
about many of the inputs may not provide better population 
analyses than less complex models (Morris and Doak, 2002). 
This methodology uses three separate approaches to measure 
potential population-level consequences from wind energy 
facilities. All of these approaches focus on applicability to 
multiple species without attempting to describe the nuances of 
complex population dynamics.

The methodology identifies and prioritizes bird and bat 
species that collide with wind turbines and that may, or may 
not, experience population-level impacts from current and 
(or) future wind energy development in the United States. 
The results of an assessment using this methodology would 
focus future research to improve our understanding of those 
impacts and to guide avoidance and minimization strategies. 
In addition, use of this methodology could inform recommen-
dations of species for more intensive demographic modeling 
or highlight those species that may not require any additional 
protection at the current time because effects of wind energy 
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development on their populations appear to be small. The 
methodology is not intended to supplant the more detailed 
analyses required to make decisions under the Endangered 
Species Act (16 U.S.C. 1531 et seq.), the Bald and Golden 
Eagle Protection Act (16 U.S.C. 668 et seq.), or the Migratory 
Bird Treaty Act (16 U.S.C. 703–712).

This methodology is designed to estimate impacts from 
wind energy. It should not, in isolation, be used to compare 
the consequences of wind energy versus other forms of energy 
production. These types of comparisons can be made only by 
using the same measure of impact, with unbiased estimation, 
across multiple types of energy production. Although some 
comparisons have been made (Harte and El-Gasseir, 1978; 
Fthenakis and Kim, 2009; Environmental Bioindicators Foun-
dation and Pandion Systems, 2009; Sovacool, 2009; Jones and 
Pejchar, 2013), the USGS has not developed a methodology of 
this scope. Using the output from this assessment methodol-
ogy to compare wind energy impacts on wildlife to impacts 
from other forms of energy production could lead to biased 
comparisons unless similar methods of assessment were devel-
oped for the other forms of energy. In addition, this assessment 
does not consider the positive effects wind energy may have 
on wildlife species by offsetting air pollution, water quality 
degradation, waste disposal, and global warming produced by 
burning fossil fuels or producing power from hydroelectric or 
nuclear sources. Such offsets are difficult to link directly to a 
species’ population size and trend. Research on these topics 
is required to understand the full costs and benefits of wind 
energy relative to other forms of energy production.

1.1. State of Wind Energy Development

Wind-powered electricity generation has increased 
significantly over the last decade to 226.5 million megawatt 
hours (MWh) in 2016, which represents a cumulative installed 
capacity of 82.2 gigawatts (GW) in the United States by the 
end of 2016 (American Wind Energy Association, 2017). 
Wind energy generation represented 37.1 percent of U.S. 
electricity from renewable sources and 5.6 percent of total 
net electricity generation in 2016 (U.S. Energy Information 
Administration, 2017b, table 7.2a). Wind energy is growing 
at a rapid pace and has overtaken all but conventional hydro-
power generation for renewable energy sources (fig. 1).

1.2. Research on the Impact of Wind Energy 
Development on Wildlife

Electricity is generated from wind-driven turbines, and 
the physical collision of the turbine blades with birds and 
bats causes injury and death. Fatalities from collisions are 
considered “direct effects” throughout this report. This report 
includes barotrauma (damage to body tissue caused by the 
difference in air pressure around the turbine blade) as col-
lision damage (Baerwald and others, 2008; Grodsky and 
others, 2011; Rollins and others, 2012). The construction of 

wind energy facilities, the road networks required to service 
them, and the energy grid necessary to transport electricity 
to consumers can also affect wildlife through habitat loss and 
alteration; moreover, some species avoid areas near turbines 
(Stevens and others, 2013; Shaffer and Buhl, 2016). Habitat 
loss and alteration in habitat quality caused by turbine con-
struction, as well as avoidance of turbines or wind facilities 
by individuals, are considered “indirect effects” in this report. 
This assessment methodology includes both indirect and direct 
effects in the first component (prioritization of species), and 
focuses only on direct effects in the other components.

Review papers such as those by W.P. Erickson and others 
(2001, 2014), National Research Council, Committee on Envi-
ronmental Impacts of Wind-Energy Projects (2007), Arnett 
and others (2008), Strickland and others (2011), and Schuster 
and others (2015) provide thorough summaries of existing 
research on the effects of wind energy facilities on wildlife. 
Academic and government scientists, including those from the 
USGS (Cryan, 2011; Ellison, 2012; Katzner and others, 2013; 
R.A. Erickson and others, 2015), have conducted research on 
the effects of wind energy development on wildlife. Works by 
international authors and agencies show concern for the effects 
of wind energy facilities outside the United States; see studies 
by the United Kingdom Joint Nature Conservation Committee 
(Crockford, 1992), Scottish Natural Heritage (Gill and others, 
1996), Council of Europe (Langston and Pullan, 2004), Cana-
dian Wildlife Service (Kingsley and Whittam, 2005), Rydell 
and others (2010), and Voigt and others (2012).

The scientific methods for assessing the effects of wind 
energy facilities on the population size and trend (the increas-
ing, decreasing, or stable pattern of the population through 
time) of species over regional or larger areas are still being 
developed. Conducting a field-based assessment of species 
over large areas can have considerable temporal, logistical, 
and funding constraints. For example, monitoring species and 
collecting detailed demographic data across multiple breeding 
locations is difficult, labor intensive, and expensive. Monitor-
ing species that are widely dispersed, migratory, and noctur-
nal presents additional challenges. When needed, individual 
species can be the subject of highly complex multiyear efforts; 
examples include research on whooping cranes (Pearse and 
Selbo, 2012; Butler and others, 2013) and golden eagles 
(U.S. Fish and Wildlife Service, 2011a, b; Pagel and others, 
2013; Johnston and others, 2014; Watson and others, 2014). 
Likewise, unique species at each wind energy facility can be 
monitored and assessed for years, but such intensive efforts, 
although useful for a few species at the facility of interest, do 
not fully inform us about cumulative impacts across many 
facilities and are impractical for studying all species and all 
locations.

Assessments of the population-level consequences on 
bird and bat populations from fatalities caused by collisions 
with wind turbines are possible and have been done using a 
variety of methods. In an early example, Morrison and Pol-
lock (1997) performed sensitivity analyses on mathematical 
models of populations to understand how changes in survival 
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affected population growth rates. They then used these results 
to evaluate the use of surrogate variables, such as fecundity, 
in evaluations of wind energy impacts. More recently, W.P. 
Erickson and others (2014) divided an estimate of the annual 
fatalities per year by a population estimate for 20 bird species 
calculated by the Partners in Flight Science Committee (2013). 
Carrete and others (2009) developed a spatially explicit popu-
lation model for Egyptian vultures and investigated the role of 
increased fatalities from wind turbines on population trends. 
Bellebaum and others (2013) used a model to estimate that 
fatalities were 3.1 percent of the total population annually for 
red kites in Germany and used the potential biological removal 
(PBR) method (see section 2.4.) to estimate a PBR value of 
4 percent of the total population, indicating the species may 
be near a level of mortality that could decrease the popula-
tion size. In another study of red kites, Schaub (2012) used an 
individual-based computer simulation of kites to study how 
the location of turbines might affect kite population trends. 
In addition, R.A. Erickson and others (2015) used branching 

process models to consider the impacts of wind energy on 
local populations of birds and bats. Most recently, Frick and 
others (2017) used a demographic model based on expert 
elicitation to suggest that fatalities from wind turbines could 
reduce the overall population size and viability of the hoary 
bat (Lasiurus cinereus).

When estimating effects at the population level is not 
possible, prioritizing species by using other approaches can 
assist those making decisions about wind energy generation 
and wildlife. In several studies, researchers developed meth-
ods for prioritizing birds relative to their potential risk from 
wind turbines. Some studies targeted marine birds that could 
be affected by offshore wind energy development. Garthe and 
Hüppop (2004) used nine factors (such as flight maneuverabil-
ity, adult survival, and current conservation status) to develop 
a wind facility sensitivity index. Desholm (2009) ranked 38 
marine bird species in terms of their relative abundance and 
the elasticity of population growth to adult survival. Bright 
and others (2008) developed a basic sensitivity ranking (high 
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Figure 1.  Graph showing annual U.S. electricity production from renewable energy sources, in millions of megawatthours, from 2000 
through 2016. Wind energy generation in this time interval increased more than energy generation from other renewable sources. Data 
from U.S. Energy Information Administration (2017b, table 7.2a).
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versus medium) for birds in Scotland by using variables 
associated with sensitivity to wind facilities obtained from a 
literature review and combined these values with data from 
other sources to develop an overall wind energy facilities risk 
map for birds in Scotland.

The preceding paragraphs briefly describe both quan-
titative and qualitative approaches to assessing wind energy 
impacts on populations of species. The methods used in these 
studies vary depending on the species, available data, and 
goals of the research. Some of the methods used in these stud-
ies meet one of three goals elicited from stakeholders (rapid 
method to prioritize species, determining direct and indirect 
effects, and estimating population-level consequences), but 
none of the existing studies meet all three. Furthermore, none 
of the existing approaches designed to estimate population-
level consequences were broadly applied to multiple species 
simultaneously; thus, they do not allow comparisons across 
species. The assessment methodology described here builds 
from these previous studies but differs in two ways. First, it 
includes components that address all three of the assessment 
goals described by stakeholders, and, second, it is designed to 
be applied to multiple species.

1.3. The Assessment Methodology

The common principles underpinning the USGS method-
ologies currently in use for assessing undiscovered oil and gas 
and geologic carbon dioxide storage resources (Schmoker and 
Klett, 2005; Brennan and others, 2010; Charpentier and Cook, 
2011, 2012) have been adopted in this methodology. The terms 
“methodology” and “assessment” are used many times in this 
report and may lead to confusion if not fully understood. It 
may be helpful to think of a methodology as a single recipe, 
the data it requires as the ingredients for that recipe, and an 
assessment as the process of cooking. The assessment is the 
internally consistent procedure of following one or multiple 
recipes (methodologies) to produce the assessment result, 
essentially the finished meal. Methodologies for assessing 
resources (geological, hydrological, biological, and so on) nor-
mally include a step-by-step procedure to use input parameters 
to calculate an output specific to the resource question. The 
act of assessing the resource (an assessment) can be as simple 
as following the methodology as written, or it can require 
additional planning if there are numerous resources (species, 
minerals, reservoirs) to be assessed, multiple geographic areas 
to consider, or a large project team to coordinate. For some 
methodologies, an implementation document is released to 
describe the process used to follow the methodology during a 
specific assessment (Blondes and others, 2013).

The USGS is currently tasked only with the completion 
of the methodology, specifically the authoring of the steps and 
calculations required to estimate the impacts on volant species 
from wind energy development. The USGS is not planning to 
conduct an assessment.

1.3.1. Principles

The USGS methodology described in this report was 
designed to produce quantitative, probabilistic outputs when 
possible and to be transparent in process and structure. Similar 
quantitative and probabilistic approaches are used in conser-
vation biology, applied ecological modeling, and ecological 
risk assessment (Athreya and Karlin, 1971; Boyce, 1992), 
and, as described above, for assessing wind energy impacts on 
wildlife. Quantitative results are the most useful output for an 
assessment. Numerical results can be analyzed more readily 
than qualitative results, generally provide a clearer statement 
of finding, and can best inform decisions. To be informative, 
a quantitative result must be presented in the context of the 
level of certainty associated with that result. The methodology 
described here, like others produced by the USGS, provides 
both a range of results and an indication of the uncertainty 
associated with each result. Typically, USGS assessment 
results are summarized with lower and higher bounds, a 
median result, and a mean result. A greater spread between 
lower and higher bounds reflects higher levels of uncertainty.

A transparent process helps maintain the consistent 
application of the method and allows researchers external to 
the USGS to conduct assessments using the same methods and 
vet the results. An additional value of this transparency is the 
ease of improvement through iterative upgrades to the meth-
odology. Methodologies often are revised and modified over 
time as knowledge and technology improve. For example, the 
USGS has published numerous revisions to its methodology 
for assessing continuous (unconventional) undiscovered oil 
and gas (Charpentier and Cook, 2011, 2012). These changes 
were adopted as significant increases in production of continu-
ous resources and additional data revealed limitations in previ-
ous methods. Thus, as studies of the effects of wind energy 
facilities on birds and bats continue, we anticipate changes 
in knowledge that will affect this methodology. Because the 
USGS methodology described by Diffendorfer and others 
(2015) and revised for this report assesses the effects of wind 
energy development on multiple species at broad scales, 
it could certainly be improved through future advances in 
research and understanding.

Finally, in a complex multipart methodology such as the 
one described here, the various components should be struc-
tured and linked to each other to create a cohesive methodol-
ogy that achieves the designers’ goal. For example, the results 
for each component should be consistent internally, and the 
components should produce similar results across species. 
Science activities related to the management of species often 
require normative or subjective decisions, such as deciding 
how much risk to a species is unacceptable to society. It is 
essential that the methodology allow users to recognize when 
normative decisions are required by policymakers (normally 
outside the USGS) and clearly demarcate how such decisions 
affect the structure of the methodology.
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1.3.2. Assessment Unit
In general terms, the assessment unit is the entity that 

the methodology assesses. The results from an assessment 
are calculated by using the methodology and are presented at 
the assessment-unit level. In the methodology described here, 
the assessment unit is any one of the individual bird and bat 
species that is present in the United States during any part 
of its life cycle. For birds and bats, species designations and 
common names follow those in the “American Ornithologists’ 
Union Checklist of North and Middle American Birds” (Amer-
ican Ornithologists’ Union, 2014) and “Mammal Species of 
the World” (Wilson and Reeder, 2005), respectively.

Though the methodology focuses on the population of 
individuals that intersect with the United States, this may not 
represent the entire global population of a species. The portion 
of the total population present in the United States at any time 
during its life cycle is assessed. For example, a nonmigra-
tory species distributed in the southwestern United States and 
Mexico is assessed by using that portion of the population 
that resides in the United States. Alternatively, if all individu-
als of a neotropical migrant bird species may be found in the 
United States during a stopover while flying between their 
more northern breeding habitat and more southern overwin-
tering grounds, then this entire population is assessed. This 
definition of the assessment unit is made because all of the 
individuals move through the United States annually and are 
possibly exposed to wind turbines in the United States. In 
other words, the assessors consider the impacts of all the wind 
turbines that exist in a species’ range within the United States, 
including Alaska and Hawaii. Populations in smaller geo-
graphic regions within a species’ range could be assessed with 
the same methodology if interest, need, and data were avail-
able. However, the methodology is not designed to estimate 
site- or facility-specific impacts of wind energy development 
on a local population.

1.3.3. Output and Potential Uses
The assessment methodology produces outputs to address 

all three of the key issues relevant to stakeholders (a method 
to prioritize species rapidly, to estimate direct and indirect 
effects, and to identify potential population-level effects). 
Regarding prioritization, it produces ranked lists of species 
based on direct effects (from collisions and barotrauma) and 
indirect effects (from habitat change and behavioral avoid-
ance of wind turbines) from wind energy development. This 
qualitative prioritization meets the need to quickly filter bird 
and bat species with respect to both direct and indirect effects 
from wind energy facilities.

Second, the methodology produces two outputs that 
address the objective of quantifying population-level conse-
quences from collision fatality (direct effects only). The first 

is an estimate of the expected change in population trend with 
the addition of fatalities from turbine collisions based on a 
demographic population model. The second uses potential bio-
logical removal (PBR), which is the maximum number of indi-
viduals, not including natural fatalities, that may be removed 
from a population while allowing that population to reach or 
maintain its optimum sustainable population (16 U.S.C. 1362 
(20)). In this approach, a ratio of the number of animals killed 
by wind energy over the PBR indicates whether the fatali-
ties from collision with wind turbines, when compared to the 
potential biological removal, would reduce the equilibrium 
population size below that set by the PBR. Thus, the demo-
graphic model approaches population-level consequences by 
estimating changes in trend, whereas the fatalities-to-PBR 
ratio estimates changes in equilibrium population size to 
address population-level consequences.

Given the generalized nature of the methodology, its 
simplifying assumptions, and the quality of the input data, the 
output of the methodology should not be considered a defini-
tive estimate of the consequences of wind energy generation 
on species. Instead, the methodology can be used to compare 
species in terms of the potential effects of wind energy on 
populations and to gage the level of the impact that wind 
energy development may have on a species. Furthermore, the 
methodology does not include presumptions that wind energy 
development has negative population-level impacts on species. 
The methodology can be used (1) to identify species likely 
to be at high or low risk from wind energy development and 
(2) to identify species needing further study or more detailed 
demographic modeling of their responses to wind energy 
development. The methodology cannot be used to estimate the 
impacts of individual wind energy facilities on birds and bats.

1.3.4. Intended Audience
USGS assessment results, and the methodologies that 

produce them, are created with multiple end users in mind. 
Due to the national scale and numerous assessment units 
involved, USGS national-scale assessments are typically of 
greatest use to decision makers, government agencies, and 
U.S. citizens who need a broad, general understanding of a 
particular resource. That understanding is based on the sum-
mation of individual quantitative results for each assessment 
unit, but these results should not be confused with site-specific 
or single-facility impact assessments. Assessments such as 
environmental impact statements (EISs) that are completed to 
comply with the National Environmental Policy Act (NEPA) 
(42 U.S.C. 4321 et seq.) are commonly site specific. The 
method described here is not related to the siting guidelines 
established by the U.S. Fish and Wildlife Service (USFWS) 
for reducing potential wildlife impacts at specific wind energy 
facilities (U.S. Fish and Wildlife Service, 2012).
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2.0. Methodology

2.1. Methodology Overview

A generalized flowchart of the methodology is presented 
in figure 2; detailed flowcharts of the components of the 
process are provided in the applicable sections of this report. 
For each species (the assessment unit), an assessor will gather 
data (step 1 in figure 2) and develop a species description that 
(1) summarizes any studies related to the species’ responses 
to wind turbines, including studies related to the species’ 
response to habitat loss, fragmentation, and roads; (2) includes 
the sources and reasoning for the model parameter estimates 
and their distributions, the observed fatality estimates at 
turbines, any time series of abundance data, and estimates of 
population size; (3) synthesizes information about the species 
to define the population being assessed; and (4) includes a 
species distribution map.

Most efforts will be spent amassing species-level infor-
mation on demographic rates and developing distribution or 
range maps from available sources such as eBird (Cornell Lab 
of Ornithology, 2015) or the Global Biodiversity Information 

Facility Secretariat (2015). This work also could include a 
formal process for eliciting expert opinion for those species 
lacking data (Runge and others, 2011; Martin and others, 
2012). This information will be presented in both oral and 
written form to a peer-review assessment panel and modified 
as warranted. This step provides a layer of review for the data 
input into the assessment calculations and is common practice 
in USGS assessments. Once data are collected, all three com-
ponents will be used. Because each component is independent 
of the others, their order does not matter.

For the species prioritization component, species will be 
scored with respect to direct effects and indirect effects from 
wind energy facilities (step 2 in figure 2). The demographic 
model component estimates a change in population trend 
caused by fatalities from collisions with wind turbines (step 3 
in figure 2). For each species, estimating the population trend 
may require estimating demographic rates from raw data, 
performing a meta-analysis from existing studies, or eliciting 
expert opinion. The PBR model component estimates how 
close the number of estimated annual fatalities from wind 
turbines is to the potential biological removal (PBR) by using 
a ratio (step 4 in figure 2).

Figure 2.  Flowchart showing the generalized steps in the U.S. Geological Survey’s methodology to assess current and future 
population-level consequences of wind energy development on species of birds and bats that are present in the United States 
during any part of their life cycle. “Current” refers to methodology steps based on installed capacity and number of turbines in 2014. 
“Future” refers to steps that use projections of installed capacity and number of turbines for 2025. PBR, potential biological removal.
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The prioritization component considers only current lev-
els of energy development. The demographic and PBR compo-
nents consider both current levels and estimates of projected 
wind energy development in the future. The final outputs 
from all components of the assessment include the following 
information:

•	 Species prioritization component:

•	 The qualitative ranking of each species considered 
relative to other species considered in regard to 
adverse effects from habitat loss or degradation 
(indirect-effects prioritization)

•	 The qualitative ranking of each species considered 
relative to other species considered in regard to 
adverse population-level consequences from wind 
energy development (direct-effects prioritization)

•	 Demographic model component:

•	 The estimated change (with uncertainty) in popula-
tion trend

•	 PBR model component:

•	 The ratio of collision fatalities to PBR with uncer-
tainty

Because the assessment outputs will depend critically on 
factors expected to change through time, some of them quite 
rapidly (such as the number of installed turbines or a species 
population size), it may be desirable to reassess some or many 
species fairly frequently.

2.2. Species Prioritization

The first component of the assessment methodology, 
species prioritization, is designed to rapidly characterize and 
prioritize a large number of bird and bat species in terms of 
their potential adverse effects from wind energy facilities. 
Stakeholders pointed out the need for a means to rate species 
into broad categories of risk, and this component attempts to 
meet this need. We emphasize here, and later in the report, that 
this component is qualitative in nature and does not incorpo-
rate the uncertainty associated with the input parameters.

International conservation organizations, Federal and 
State agencies, and others involved in resource management 
commonly prioritize species by using variables such as current 
population size, population trend, and known threats. The use 
of prioritization methods in species management has been 
studied by conservation biologists, and, although uncertainty 
exists in the prioritization process (Burgman and others, 
1999), risk-based ranking approaches, when combined across 
assessors, can estimate extinction risk with a 70- to 80-percent 
success rate (Keith and others, 2004).

USGS investigators developed the prioritization com-
ponent of the methodology based on two earlier studies. 

Desholm (2009) combined information about exposure (the 
proportion of a species’ total population that moved through 
the area of a wind energy facility) and the ability of the spe-
cies to respond to added mortality from wind energy facilities 
(the elasticity of adult survival). In contrast, W.P. Erickson 
and others (2014) examined the mortality rates of small 
passerines at wind energy facilities by dividing estimates of 
annual fatalities by continent-wide population estimates. The 
approach described here expands on these ideas by consider-
ing impacts beyond single facilities and includes indicators 
of a species’ response to wind energy that focus on both 
direct and indirect effects of wind energy. While the metrics 
we developed do not directly measure risk (the probability 
of a negative event occurring), they follow a risk assessment 
framework by including (1) exposure (the proportion of the 
population potentially impacted by wind energy production) 
and (2) response (a measure of how species may respond to 
wind energy facilities when exposed). For response, the priori-
tization includes how a species may respond to fatalities and 
disturbance caused by wind energy production. This approach 
has been used in other ecological prioritization efforts (Parker 
and others, 1999; Andow and Hilbeck, 2004; Regan and 
others, 2008).

2.2.1. Implementation
The species prioritization approach generates two lists 

of species, one for the direct effects and one for the indirect 
effects of wind energy production. Birds and bats are priori-
tized separately, so in an assessment, four unique lists are 
generated by using the combinations of bats and birds plus 
direct and indirect effects.

The detailed flowchart in figure 3 shows that the prioriti-
zation component includes four different “metrics.” The met-
rics are potential indicators of population-level consequences 
from wind energy development. The metrics include (1) the 
species’ conservation status (section 2.2.2.1.), (2) the propor-
tion of annual fatalities caused by wind turbines (FT) (section 
2.2.2.2.), (3) the direct-effects index (DEI) (section 2.2.2.3.), 
and (4) the indirect-effects index (IEI) (section 2.2.2.4.). 
Figure 3 also introduces the terms “quantitative metric value,” 
“qualitative metric rating,” and “score.”

Following data collection (step 1 in figure 2), assessors 
produce quantitative measures of these metrics called the 
“quantitative metric values.” When breakpoints (table 1) are 
applied to these metric values, they are converted to qualita-
tive metric ratings of high, medium, or low effects. These 
ratings can be compared across metrics and combined, using 
the example in table 2, to produce prioritization scores that 
rank species by their relative level of population-level conse-
quences. Metrics are discussed in section 2.2.2. Section 2.2.3. 
explains how breakpoints are used to convert metric values 
into high, medium and low metric ratings and how species are 
scored. Section 2.2.4. addresses applying the prioritization to 
bat species.



2.0. Methodology    9

Table 1.  Example breakpoints that convert species' quantitative metric values into qualitative metric ratings of high, medium, or low 
relative population-level effects from wind energy production organized by three levels of the caution associated with wind energy 
production and wildlife decision making.

[In the conservation-status metric, 75% means that a species is a “species of greatest conservation need” (SGCN) in 75 percent of the States in which it occurs]

Metric
Example metric value breakpoints at three levels of caution

Metric rating
Low caution Medium caution High caution

Conservation status—
Species of greatest 
conservation need 
(SGCN)

SGCN ≥90% SGCN ≥75% SGCN ≥50% High
75%≤ SGCN <90% 50%≤ SGCN <75% 25%≤ SGCN <50% Medium

SGCN <75% SGCN <50% SGCN <25% Low

Proportion of annual 
fatalities caused by 
turbines (FT)

FT ≥2 FT ≥1 FT ≥0.5 High
1≤ FT <2 0.5≤ FT <1 0.25≤ FT <0.5 Medium

FT <1 FT <0.5 FT <0.25 Low
Direct-effects index 

(DEI)
DEI ≥10 DEI ≥6.6 DEI ≥3.3 High

6.6≤ DEI <10 3.3≤ DEI <6.6 1.6≤ DEI <3.3 Medium
DEI <6.6 DEI <3.3 DEI <1.6 Low

Indirect-effects index 
(IEI)

IEI ≥5 IEI ≥2.5 IEI ≥2 High
2.5≤ IEI <5 1.25≤ IEI <2.5 1≤ IEI <2 Medium

IEI <2.5 IEI <1.25 IEI <1 Low

Figure 3.  Flowchart of the species prioritization component of the assessment methodology, for which a generalized flowchart is 
shown in figure 2. Metrics are conservation status; DEI, direct-effects index; FT, proportion of annual fatalities caused by turbines; and 
IEI, indirect-effects index.
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2.2.2. Prioritization Metrics
In this section, we describe the metrics used in the priori-

tization process and the data needed for their estimation. We 
note that for this particular component of the methodology, we 
ignore uncertainty around the variables used to estimate the 
metrics and do not calculate uncertainty around each metric. 
This disregard of uncertainty emphasizes the point made 
above, that this component of the methodology is qualitative.

2.2.2.1. Current Conservation Status
Various organizations have classified the conservation 

status of many species in the United States for different pur-
poses and with different standards of assessment. The species 
prioritization component of the USGS methodology uses the 
conservation status measured at the State level by the propor-
tion of States that listed the species as “species of greatest 
conservation need” (SGCN) in a State wildlife action plan 
(SWAP) (Association of Fish and Wildlife Agencies, 2011). 
This metric was selected because SGCNs represent the most 
recent and comprehensive species status assessments in the 
United States, as all States participated. Congress required 
States to identify species with low and declining populations, 
and these species became the SGCNs for each State. Methods 
for identifying SGCNs varied across States, but the collec-
tive approach was historic in scope, identifying over 12,000 
SGCNs (Association of Fish and Wildlife Agencies, 2011).

The following quotation from the Association of Fish 
and Wildlife Agencies (2006, p. 13–14) describes the SGCN 
process used by States:

“States used a variety of information sources to 
identify target species, including natural heritage 
programs and other wildlife occurrence databases, 
data from other planning efforts and assessments, 
and input from agency biologists, academics, 
and other scientific experts. While the selection 
process included species under state-level programs 
and formal protection of the federal Endangered 
Species Act, the effort placed a major emphasis on 
identifying a broader set of species of concern that 

would include at-risk species not yet identified by 
other conservation efforts. States identified wildlife 
of greatest conservation need based on a variety of 
criteria: if a species had low populations, or had 
already been formally identified as a conservation 
priority, or showed other signs of imminent decline, 
it was flagged for attention.”

Using the proportion of States in which a species is an 
SGCN summarizes the level of concern each State identified 
for a species into a single value across its range. A species 
listed as an SGCN across 100 percent of the States in which 
it occurs has been independently identified as a species with 
a small or declining population in each State’s species risk 
assessment. Furthermore, species with declining or small 
populations are more vulnerable to additional impacts than 
species with increasing, stable, or large populations (see 
Caughley, 1994, for a review).

2.2.2.2. Proportion of Annual Fatalities Caused by Turbines
The most obvious impacts of wind energy generation 

on wildlife are usually fatalities of birds and bats from col-
lisions with turbine blades. Various studies have quantified 
fatalities at individual wind energy facilities (Smallwood and 
Karas, 2009; Kitano and Shiraki, 2013), and researchers have 
projected fatality rates to larger scales (Loss and others, 2013; 
Smallwood, 2013), as reviewed by Johnson and others (2016). 
W.P. Erickson and others (2014) divided species-specific fatal-
ity estimates by population size to compare mortality rates 
from turbines across a suite of small passerines.

Building off these approaches, the proportion of annual 
fatalities caused by turbines (FT) compares species-specific 
fatality estimates from wind energy facilities to annual fatali-
ties from all sources. To calculate FT, the estimate of the num-
ber of annual fatalities caused by wind turbines (n) is divided 
by the product of population size (N) and the adult mortality 
rate (calculated as 1 minus adult survival, s):

	 FT �
�
n
s N( )1

 	 (1)

Therefore, species with a higher FT value have a higher pro-
portion of their total mortality caused by wind energy facili-
ties. FT may be biased toward higher values if species strongly 
compensate for turbine mortality with a reduction in mortality 
from other sources. In general, long-lived species with low 
mortality rates are more likely to experience additive mortal-
ity from anthropogenic sources than short-lived species with 
inherently high mortality (Péron and others, 2013).

The number of individuals killed by wind turbines each 
year, n, could be directly estimated from fatality studies if 
these data were available. Currently, direct estimates of fatality 
from turbine collisions across a species’ range are not avail-
able for any species. Alternatively, one can coarsely estimate n 

Table 2.  Scoring system for species analysis in the 
prioritization component of the assessment methodology 
based on combinations of conservation status and direct or 
indirect effects.

Prioritization scoring
Conservation-status metric rating

High Medium Low

Direct- or indirect-effects  
metric rating:

High
Medium
Low

9 8 6
7 5 3
4 2 1
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by multiplying the total avian fatalities from wind turbines by 
the proportion of estimated fatalities attributed to each species. 
These types of estimates have been done for birds (Zimmer-
ling and others, 2013; W.P. Erickson and others, 2014) but not 
for bats. In making these estimates, the researcher assumes 
that (1) the wind energy facilities chosen for sampling to 
estimate fatalities are representative of all wind facilities in 
the United States and (2) the carcasses of species killed by 
turbine collisions have similar levels of detectability in carcass 
searches. Both of these assumptions are clearly violated by 
the available studies, yet no alternative approaches have been 
developed. Estimating species-specific fatality rates with this 
approach creates uncertainty and perhaps bias in the assess-
ment output. Bias in the estimates of species-specific fatality 
rates has not been studied, though it can exist. For example, 
fatalities in Texas are undersampled relative to the number of 
turbines installed there. If some species are killed at higher 
rates in Texas, then without these data, the estimated fatality 
will be biased low. If estimates of species-specific fatality rates 
improve, output from the methodology will improve.

Total population size, N, is estimated by a number of 
organizations for birds, but it is very difficult to assess for 
most species of bats. The Partners in Flight program (Partners 
in Flight Science Committee, 2013), the midwinter waterfowl 
survey in the central flyway (Sharp and others, 2002), and the 
Waterbird Conservation for the Americas program (Kushlan 
and others, 2002) generate estimates of population size, with 
uncertainty, for some, but not all, bird species in the United 
States. If the population size estimates are restricted just to 
birds resident in the United States, but the fatality data include 
migratory individuals, FT may be overestimated. Population 
sizes for bats are difficult to estimate because of their noc-
turnal behavior, small size, and similar appearances across 
species. A few cave-roosting species of bats in the United 
States are monitored at a sufficient number of caves to produce 
rough estimates of population size (Thogmartin and others, 
2012), but bats currently are not systematically monitored in 
the United States. The North American Bat Monitoring Pro-
gram (NABat) seeks to address this data deficiency (Loeb and 
others, 2015; U.S. Geological Survey, 2015). When estimates 
of population size are not available, rough bounds based on 
expert judgment may be required (Russell and others, 2014).

Note that the survival estimate used when calculating 
adult mortality should include fatalities from wind energy 
facilities. If a survival rate does not include fatalities from 
wind energy facilities, then the estimated fatalities from wind 
should be added to (1–s)N in the denominator of equation 1. 
Survival estimates for birds have been reported in several 
sources. These estimates were published in species-specific 
demographic modeling papers by the Institute for Bird Popula-
tions (Michel and others, 2006) and in “The Birds of North 
America” species accounts (Poole, 2005). Data for bats are 
sparse, but most bats are long lived, and estimates of survival 
exist for some species (Barclay and Harder, 2003; McCracken, 
2003; O’Shea and others, 2003; Frick and others, 2007; Thog-
martin and others, 2012).

2.2.2.3. Direct-Effects Index
Data on annual fatalities caused by wind turbines are not 

always available and may be poorly estimated for some spe-
cies, making estimates of FT highly uncertain. Beyond relying 
on just FT, the methodology also uses the direct-effects index 
(DEI). The DEI is based on the assumption that species with 
slow life histories and high exposure to wind turbines are more 
likely than species having fast life histories to have popula-
tion effects from fatalities caused by collisions. Desholm 
(2009) made a similar assumption in a prioritization approach 
designed for use at individual wind farms. To calculate the 
DEI, the proportion of a species’ range that overlaps with wind 
turbine locations (p) is divided by an index of life-history 
speed (the ratio of maternity [the number of female offspring 
per adult female per year, m] to age at first reproduction [a]):

	 DEI
p
m a

 	 (2)

For birds, data for maternity and age at first reproduction 
are in the same sources as data for survival, whereas for bats, 
they are more difficult to obtain. For birds, maternity could be 
taken directly from the literature or calculated as the product 
of the probability a nest produces young, average clutch size, 
percentage of eggs that hatch, average number of clutches per 
year, and a presumed 1:1 sex ratio of offspring.

The ratio of m/a was developed to account for the known 
relation between life-history traits and the elasticity of popula-
tion trend as related to these demographic parameters (Oli, 
2004; Stahl and Oli, 2006). For example, the population trend 
for a species with a ratio of m/a greater than 0.75 is most 
sensitive to changes in reproductive parameters, whereas the 
population trend of a species with a ratio of m/a less than 0.25 
is most sensitive to survival. Because wind turbine collisions 
affect survival, m/a should measure the potential sensitivity 
of species to turbine collisions. Ultimately, m/a is a measure 
of life-history speed; some species have a low ratio because 
they have only a few offspring (small m) and delay reproduc-
tion (large a), whereas other species have a high ratio because 
they produce many offspring (large m) and reproduce earlier in 
their life (often a equals 1). Larger values of the DEI indicate 
a higher potential population response to collisions, which can 
be a result of either the presence of many wind turbines in a 
species’ range or the slow life history of the species.

Calculating the proportion of a species’ range that over-
laps with turbine locations (p), requires both a range map for a 
species and a map of the known locations of turbines. A range 
map is a geospatial data layer representing the spatial distribu-
tion of a species and may show variation in abundance across 
space or simply the presence or absence of the species. Turbine 
locations used in testing the USGS methodology were from 
a national turbine dataset developed by researchers working 
on this project (Diffendorfer and others, 2014); an expanded 
dataset has since been released by Hoen and others (2018). For 
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both birds and bats, migration makes defining and mapping the 
range of a species complex because abundance changes across 
space and time during different times of the year, and for bats, 
fatalities increase during migration (Cryan, 2011; Ellison, 
2012). Furthermore, some species may funnel into particular 
geographic regions during migration (Miller and others, 2014), 
thus increasing the population’s exposure to turbines.

For birds, breeding-season ranges and distributions of 
many species have been mapped with the North American 
Breeding Bird Survey (BBS) data (Sauer and others, 2015). 
Maps of overwintering locations could potentially be devel-
oped using data from the Christmas Bird Count (National 
Audubon Society, 2015). Maps of year-round distribution, 
including breeding, migratory, and overwintering areas, could 
perhaps be developed by using eBird, a citizen-science-based 
repository of bird locations (Cornell Lab of Ornithology, 
2015). Ideally, the resulting maps would be used to integrate 
the proportion of the population exposed to wind energy facili-
ties over an entire year as an estimate of p. This product does 
not yet exist and regardless of the final data source(s) used 
to make distribution maps, the same method must be applied 
to all species’ during prioritization to ensure that the metrics 
using p are comparable across species.

As an example of one way to roughly estimate p, the BBS 
abundance maps include an estimate of relative abundance in 
each grid cell (21.475 square kilometers) within the species’ 
breeding range. The relative abundance in each grid cell 
included in the United States (some species’ ranges included 
Canada) can be multiplied by the area of each grid cell, and 
then standardized to sum to 1 across all grid cells. Doing so 
creates an estimate of the proportion of the species’ breed-
ing population in each grid cell across the United States that 
ranges from 0 to 1; see an example in figure 4. The cumula-
tive proportion of the population in grid cells containing one 
or more turbines is one estimate of p. This approach may 
overestimate p because isolated turbines may affect only a 
small portion of the population that is actually located in a grid 
cell. Conversely, if a grid cell contains a migratory pathway 
or wintering habitat, then p may be underestimated when 
based on data from only breeding birds. Furthermore, BBS 
maps represent the distribution of the species only during their 
breeding season, not at other times of the year. As noted above, 
a comprehensive approach for estimating the proportion of the 
population exposed to turbines annually does not yet exist.

Scientists in North America do not yet have a centralized 
monitoring program for bats (see NABat at U.S. Geologi-
cal Survey, 2015, and Loeb and others, 2015) or a repository 
for distribution maps. These species may require distribution 
modeling or range-map development as part of estimating p, 
as may some bird species. In addition, because bat fatalities 
are highest during autumn migration (Arnett and others, 2008; 
Cryan, 2011), seasonal range maps might be the most useful 
for modeling p in bats.

2.2.2.4. Indirect-Effects Index

Apart from, or in addition to, collisions with wind 
turbines, birds and bats may show population consequences 
due to disturbance, displacement, and habitat fragmentation 
and loss (Leddy and others, 1999; Langston and Pullan, 2004; 
Percival, 2005; Fox and others, 2006). Scientists consider 
indirect effects to be a potentially serious consequence of 
wind energy production. For example, Kuvlesky and others 
(2007, p. 2490) stated: “European conservationists generally 
consider the habitat loss associated with wind farm devel-
opments to be a greater threat to bird populations than are 
collision fatalities.” This sentiment was repeated by Katzner 
and others (2013). A number of studies suggest that some bird 
species avoid turbines at variable distances (Leddy and others, 
1999; Stevens and others, 2013). Furthermore, wind energy 
facilities include roads and transmission lines, both of which 
can affect species distributions (Forman and Alexander, 1998; 
Coffin, 2007).

Although the population-level consequences caused 
by indirect effects have not been quantified for most spe-
cies, information about the natural history of species may 
help categorize how they would respond to indirect effects. 
In general, highly specialized species are more sensitive to 
changes in habitat than generalist species (Swihart and oth-
ers, 2003; Munday, 2004; Carrascal and others, 2013); in one 
study of the indirect effects of turbines on wintering birds, 
only the most specialized species studied (Le Conte’s sparrow; 
Ammodramus leconteii) appeared to be displaced by turbines 
(Stevens and others, 2013).

We developed the indirect-effects index (IEI) to take 
advantage of the expectation that species that use fewer 
habitats will be more sensitive to the indirect effects of wind 
energy facilities; it is calculated as follows:

	 IEI =
p
h

 	 (3)

where p, as above, is the proportion of a species’ range that 
overlaps with wind turbine locations and h is the number 
of habitats used by a species. Information on the number of 
habitats considered suitable for each species is available from 
the IUCN’s species database (International Union for Con-
servation of Nature, 2014). The IUCN considers habitats to 
be geographic areas that include biogeography and latitudinal 
zonation (for example, boreal forest and subarctic forest). 
Higher values of IEI indicate a higher potential for popula-
tion response because a large proportion of the population 
is exposed to turbines or the species occupies fewer habitats 
(fig. 5). Although some combinations of p and h produce simi-
lar IEI values, the metric generally increases as the number 
of habitats declines and (or) the proportion of overlap with 
turbines increases.
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Figure 4.  Map of the Central and Western United States showing the relative abundance of golden eagles (purple grids) in relation to turbine locations (gold 
dots). Darker colors in the grid cells represent a high normalized relative abundance. Golden eagle data are from the North American Breeding Bird Survey 
(Sauer and others, 2015) and, thus, represent the breeding range. Turbine locations are from Diffendorfer and others (2014).

Base imagery from Esri
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Because of stakeholders’ concerns, we tried to include a 
measure of a species’ response to indirect effects from wind 
energy; however, we found that a generalizable and quantita-
tive approach that linked indirect effects to changes in popula-
tion status was not feasible. In light of this realization, the IEI 
is estimated and included as part of the indirect-effects priori-
tization. Species that have high scores for indirect effects may 
require further scrutiny and research to understand if indirect 
effects from wind energy facilities do, in fact, occur and have 
population consequences.

The final outputs from prioritization are two scored lists 
of species: (1) a direct-effects prioritization list with the high-
est value for the combination of FT and DEI with conservation 
status and (2) an indirect-effects prioritization list with a value 
for the combination of IEI and conservation status. A species 
for which assessors have limited data may appear on only one 
of the lists until more information is available.

2.2.3. Metric Rating Breakpoints and 
Prioritization Scoring

To ultimately generate prioritization scores for species, 
breakpoints that place the quantitative metric values into 
qualitative high, medium, or low ratings must be developed 
(table 1). For example, if a species is a species of great-
est conservation need (SGCN) in 45 percent of the States 
in which it occurs and if it has an FT value of 0.05, should 
it be categorized as high, medium, or low? Selecting this 
rating scheme can be controversial; the prioritization scores 
for different combinations of conservation status and turbine 
effects, as well as the breakpoints for the effects classes, are 
scientific and policy related. For instance, the criteria from the 
International Union for Conservation of Nature (IUCN) went 
through six revisions from 1991 to 2001 (International Union 
for Conservation of Nature, 2012). Science can help inform 

Figure 5.  Three-dimensional graph showing the values of the indirect-effects index (IEI) in relation to p, the 
proportion of a species’ range that overlaps with wind turbine locations, and h, the number of habitats used by 
a species.
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this decision, but ethics, politics, and the legal framework used 
in decision making will ultimately set the breakpoints. For 
example, scientific studies indicate that small populations are 
more likely than large populations to go extinct (O’Grady and 
others, 2004), but deciding what population size results in a 
particular conservation status remains a question about values 
and risk aversion that science, alone, cannot answer.

Decision makers, the wind industry, and other stakehold-
ers also have an interest in the breakpoints selected for risk 
prioritization. A more cautious policy would set low break-
points for prioritization relative to a less cautious approach. 
These differences could be important if meeting the break-
points would result in additional mitigation or management 
requirements. Setting a low breakpoint may result in a larger 
list of potentially impacted species than setting a higher 
breakpoint.

As part of an official USGS assessment, particular break-
points could be used if these were agreed upon by stakehold-
ers, were already used in decision making, or were required 
by legislation. Because the USGS does not promulgate policy 
or regulatory actions, and because unique breakpoints have 
not been identified for species impacted by wind energy, 
we elected to illustrate example breakpoints for three levels 
of caution associated with decision making regarding wind 
energy and wildlife (table 1). This decision reflects differences 
in the levels of risk aversion across stakeholders. Decision 
makers and other stakeholders can use results from any par-
ticular set of breakpoints depending on their requirements.

Producing a prioritization score for a species is the final 
step in the prioritization component; it follows the metric 
rating step discussed above. The metric ratings are combined 
using guidelines in table 2 to produce the scores for both direct 
effects and indirect effects on species. Using direct effects as 
an example, the conservation-status metric rating is combined 
with FT and DEI metric ratings to assign a direct-effects score 
between 1 and 9. Species are assigned a score based on the 
maximum value for the combination of conservation status 
and either FT or DEI. Thus, if a species is “high” in FT but 
“low” in DEI, it is assigned the “high” rating. This approach 
rests on the assumption that different stressors and processes 
can result in multiple pathways to declines in population size. 
Using just the maximum metric rating for conservation status 
and direct effects also allows for the prioritization of species 
for which the model lacks data to estimate all of the metric 
values. Scoring a species does not require data to estimate 
all the metrics; instead, effects on a species can be evalu-
ated on the basis of as many of the metrics for which data 
are available. For indirect effects, the conservation-status and 
IEI metric ratings are combined to assign an indirect-effects 
score (table 2). The final output from prioritization would be 
a relative ranking of species, by a score for direct effects and 
another score for indirect effects.

To produce the prioritization scores shown in table 2, 
each metric value is placed into a high-, medium-, or low-
effect rating. We selected three rating levels for each metric, 

which generated nine possible scores. Three were chosen 
because two rating levels did not provide enough resolution 
(4 scores), whereas four created difficulties when combining 
the ratings into 4×4 = 16 scores. For example, we could not 
easily consider how to rate species that had a 1st rating level 
for conservation status and a 4th rating level for direct effects 
relative to a species that scored a 2, 2.

The approach currently emphasizes direct or indirect 
effects over conservation status when scoring species. For 
example, the combination of high direct or indirect effects 
with medium conservation status is scored higher (8) than its 
inverse (7) (table 2). Given the goals of the assessment, this 
scoring system emphasizes the possible effects of wind energy 
facilities more than a species’ current conservation status. 
Prioritization scores are an initial ranking effort that can be 
reviewed and modified by experts, decision makers, and 
regulators.

2.2.4. Bats and Species Prioritization
The prioritization approach described above may be 

difficult to apply to many bat species because the assessors 
lack sufficient data to estimate the metrics. At the time of an 
assessment, data on bat species killed at wind turbines will be 
collated and a determination will be made on the adequacy of 
the data to support prioritization. If the data cannot support 
prioritization, the assessors could make three decisions. First, 
they could perform the prioritization using professional esti-
mates from bat experts. Second, they could skip the prioritiza-
tion approach and simply run all bat species through the demo-
graphic components. Given the large numbers of bats dying at 
turbines, this approach may be prudent. Third, the assessors 
could develop a different prioritization scheme similar to the 
Western Bat Species Regional Priority Matrix developed by 
the Western Bat Working Group (http://wbwg.org/matrices/). 
This matrix ranks the overall conservation risk to bat species 
in different regions of the Western United States.

2.3. Demographic Model

2.3.1. Background
Demographic models represent a well-developed set 

of mathematical tools in both population biology and eco-
logical risk assessment. They can be used to understand the 
interactions between management actions and population 
trends (Crouse and others, 1987), compare projected popula-
tion dynamics under different scenarios (Rose and Cowan, 
2003), and investigate the factors and processes contribut-
ing to observed population trends (Koons and others, 2005; 
Thogmartin and others, 2013). Methods and tools for imple-
menting demographic models are well established, including 
commercial software programs and open-source packages 

http://wbwg.org/matrices/
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(for example, BatTool described by R.A. Erickson and others, 
2014). Furthermore, the behavior of demographic models is 
well understood, and scientists have developed a framework 
for using them in risk assessments and population viabil-
ity analyses (Burgman and others, 1993; Beissinger and 
McCullough, 2002; Morris and Doak, 2002).

The general goal of the modeling used in this methodol-
ogy is to understand if, and by how much, fatalities from wind 
turbines across a species’ range in the United States affect that 
species’ population trend while incorporating the uncertainties 
associated with the number of fatalities, the processes driving 
the demography of the species, and the observed population 
trend (when available). Although population trend is not the 
only variable associated with the status of a population, it 
indicates whether a population is growing or declining and 
correlates with estimates of extinction risk (O’Grady and 
others, 2004). Models of biological phenomena must balance 
generality, precision, and realism because an ecological model 
cannot simultaneously include high levels of all of these 
characteristics (Levins, 1966). For this USGS methodology, 
the demographic modeling approach should be general enough 
to apply to many species, including those lacking time-series 
abundance estimates, yet have sufficient realism and preci-
sion to produce results capable of indicating risk to the overall 
population from wind energy development.

After considering a number of alternative approaches 
(see appendix 1), the USGS team developed a method based 
on simple, generalized population models to compare popula-
tion trends with and without the addition of fatalities caused 
by turbines. This component (step 3 in figure 2) is termed 
the “demographic model” throughout this report (fig. 6). The 
demographic model includes two steps: (1) estimation of 
population growth rate in the absence of wind energy facili-
ties and (2) estimation of the change in population growth rate 
with the addition of fatalities from wind energy facilities.

2.3.2. Estimating Population Growth Rate

The population growth rate is the proportional change in 
population size from one year to the next. Annual growth rates 
and associated measures of uncertainty can be calculated with 
a time series of population size estimates (or a time series of 
population size indices). Monitoring programs, such as the 
BBS, routinely estimate population trends using such time 
series, and the current assessment methodology can use a simi-
lar approach to directly estimate population trends for species 
susceptible to direct impacts from wind energy production.

For birds, the methodology uses the population trend data 
from the BBS and its reported confidence interval from 1970 
to 1990. We selected 1990 as the final year to ensure that the 
trend estimates did not include potential impacts from wind 
energy facilities. Installed wind energy capacity was 1.2 GW 
in 1990 (U.S. Energy Information Administration [2017a], 
sum of reported generating capacities from EIA–860 survey 
forms for wind-powered electricity generators) and 82.2 GW 
in 2016 (American Wind Energy Association, 2017). Popula-
tion trend estimates, with uncertainty, are calculated from BBS 
using hierarchical log-linear models and have been estimated 
for about 420 bird species (Sauer and Link, 2011). Although 
the methodology’s default data for trend estimation are from 
the BBS, for some species, data that produce a better estimate 
of trend may exist, such as data from the midwinter waterfowl 
survey in the central flyway (Sharp and others, 2002). During 
an assessment, the assessors would determine the most appro-
priate data to use to generate an estimate of population trend 
with uncertainty.

In the absence of empirical estimates of population 
growth rate, the dominant eigenvalue of a matrix population 
model is an alternative estimate of population growth rate 
(Caswell, 2000). Matrix models include assumptions that 
shape their applicability to particular ecological problems. 

Figure 6.  Flowchart of the demographic model component of the assessment methodology, for which a generalized flowchart is shown 
in figure 2. GW, gigawatts.
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These assumptions are well described by a number of authors 
(Ebert, 1998; Caswell, 2000) and include the assumption that 
animals can be classified by age, density independence, a 
stable age distribution, and constant vital rates.

The female segment of a population is described by using 
a stage-structured, post-breeding matrix model with an annual 
time step for this component of the methodology (Caswell, 
2000; Morris and Doak, 2002). The age of first reproduction 
determines the size (number of rows and columns) of the 
matrix. For example, species that begin breeding within the 
first year of life would have a matrix with two rows and two 
columns, whereas a matrix of four rows and four columns 
would model species that begin breeding in the third year of 
life. The values in the first row determine recruitment (new 
individuals entering the population), and the subsequent rows 
describe annual survival after birth or hatching and each year 
thereafter. The second-to-last column represents juveniles that 
survive and mature to reproductive age and then reproduce 
before the next year.
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Matrix parameters include survival (s, the chance a 
female survives from one year to the next) and maternity (m, 
the number of female offspring per female per year). Thus, 
fecundity is defined as the number of female offspring born to 
females surviving since the previous year (sj×m or sa×m, for 
juvenile and adult females, respectively). To develop the dis-
tributions around s and m, means and variances are taken from 
(in decreasing order of quality) the literature or available data, 
professional opinion, data on surrogate species, or an assumed 
value based upon theoretical expectations. For most species, 
when data on differential breeding success by age or life stage 
are not available, a single maternity value will be assumed for 
all reproductive stages.

For both empirical estimates and matrix-based esti-
mates of population growth rate, uncertainty or bias in the 
estimates of input parameters can introduce uncertainty or 
bias in the estimated trend. Care must be taken to ensure that 
estimates are representative of the population occurring in 
the United States and that they do not include populations 
already affected by wind energy development. In addition, the 
estimated population growth rate must be accompanied by 
some descriptor of the associated uncertainty, which can be 
estimated directly from time series or propagated through a 
matrix model by sampling survival, for example, from a beta 
distribution and maternity from a lognormal distribution.

2.3.3. Estimating Change in Population Growth 
Rate

To estimate the change in population growth caused by 
collisions with wind turbines, estimates of fatalities are made 
and then used to estimate a reduction in the existing population 
trend. The proposed approach uses the turbine mortality rate 
(c), which is the annual chance that an individual will die from 
a collision with a wind turbine. If wind fatalities are assumed 
to affect all species’ stage and age classes at the same rate, 
then c is the same across all individuals, and an unstructured 
population model can be used to determine how those fatalities 
affect the population growth rate. In cases where the turbine 
mortality rate is known to vary by stage or age class, these 
values can be directly incorporated into the matrix model.

In the absence of density dependence, populations grow 
exponentially, and the population size of a species is equal to 
its population size the previous year multiplied by its popula-
tion growth rate, λ. Mathematically, population dynamics can 
be written as Nt+1=λNt, where Nt is the population size in year t. 
With the addition of fatalities from wind energy facilities, 
Nt+1=λNt−cλNt, where cλNt is the number of individuals killed 
by wind turbines between t and t+1. With minor mathematical 
rearrangement, Nt+1=(1−c)λNt and the growth rate of a popula-
tion experiencing a turbine mortality rate of c is equal to the 
population growth rate without fatalities caused by wind tur-
bines multiplied by (1−c). This population growth rate can be 
written λw=(1−c)λb, where λw is the growth rate of a population 
including the turbine mortality rate and λb is the growth rate of 
the baseline population, with no fatalities from wind energy 
facilities. It follows that the change in population growth rate is 
equal to cλb. To estimate the change in population growth rate, 
the turbine mortality rate must first be estimated.

Current and projected future (see appendix 2) turbine-
collision mortality rate estimates can be calculated by divid-
ing the number of individuals of each species estimated to be 
killed in turbine collisions each year by the estimated popula-
tion size. The estimated number of individuals killed by wind 
turbines each year, n, is described in section 2.2.2.2. For birds, 
the estimated population size comes from the Partners in 
Flight Science Committee (2013) and is presumed to span an 
order of magnitude in precision for total U.S. population sizes 
for each bird species (Rich and others, 2004; Confer and oth-
ers, 2008). For bats, uncertainties for population size estimates 
will be extremely large, mainly because population sizes have 
not been estimated for most species.

To estimate the effects of bird collisions with wind 
turbines, random samples of population growth rate without 
fatalities from turbines are drawn from a normal distribu-
tion with their mean and standard deviation from estimates 
described in section 2.3.2. These growth rate estimates could 
be from the BBS, from another monitoring program, or from 
the matrix model. Random samples of turbine mortality rate 
are drawn from a triangular distribution, where the mode is n 
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divided by the Partners in Flight Science Committee’s (2013) 
point estimate of population size, and the endpoints are from 
the order-of-magnitude uncertainty bounds. The change in 
population growth rate and resulting expected population 
growth rate with wind energy production are then calculated 
for each set of samples by subtracting the turbine mortality 
rate from the population growth rate, generating distribu-
tions for both the change and the expected growth rate with 
mortality from wind energy facilities. Using the distributions 
of growth rates with and without fatality from wind energy 
production, the assessors can estimate the probabilities that the 
population trend is <1 for both the original growth rate and the 
growth rate with the effects of wind turbines considered. The 
output is the change between the probability that the popula-
tion trend is <1 with fatalities and the probability that the trend 
is <1 without fatalities from wind energy facilities.

In the demographic model component, collision fatalities 
are assumed to be additive to natural mortality, and awareness 
of this assumption is critical to interpreting the results. The 
role of additive versus compensatory mortality on population 
dynamics is not well understood (Burnham and Anderson, 
1984; Nichols and others, 1984). In reality, some species may 
compensate for wind mortality by means of reductions in other 
sources of mortality or increased reproduction, whereas oth-
ers may not. For species that do compensate, the estimates of 
change in trend will likely be overestimates. Thus, if the esti-
mates of c are not biased low, the results from this component 
should be considered as estimates of the maximum possible 
change in population trend caused by the fatalities.

2.4. Potential Biological Removal and PBR Ratio

2.4.1. Background
Potential biological removal (PBR) is an estimate of 

the total number of animals that could be killed from any 
anthropogenic source before a population would decline 
below a population size deemed sustainable, often considered 
half of a species’ carrying capacity (Wade, 1998). Since its 
inception, the use of PBR estimates has become a standard 
approach for managing human-induced deaths of marine 
mammal species (Taylor and others, 2000). Scientists have 
studied various details of the approach, such as how it is used 
to predict risk (Wade, 1998; Milner-Gulland and Akçakaya, 
2001), how parameters can be estimated (Niel and Lebreton, 
2005; Dillingham and Fletcher, 2008), and how management 
decisions and assumptions of risk influence PBR assessments 
(Lonergan, 2011; Moore and others, 2013). O’Brien and oth-
ers (2017) pointed out limitations to the PBR, suggesting it 
be used at broad biological scales, such as the national scale 
used by this USGS assessment methodology. In addition, the 
PBR and variations of it have been applied to bird species in 
relation to deaths caused by long-line fishing (Richard and 
Abraham, 2013), hunting (Runge and others, 2009), and wind 

turbines (Bellebaum and others, 2013). In particular, USGS 
and USFWS scientists used the PBR, renamed as the “poten-
tial take limit” (PTL) following Runge and others (2009), to 
assess limits on the number of harvested Nearctic birds in 
Mexico (Johnson and others, 2012). Watts and others (2015) 
used the PBR to estimate sustainable mortality limits for 35 
shorebirds in the western Atlantic flyway. Recently, USFWS 
scientists used the PBR and demographic models to assess 
the impacts of anthropogenic threats, including wind energy 
production, on the population status of bald eagles (Haliaeetus 
leucocephalus) and golden eagles (Aquila chrysaetos) (Millsap 
and others, 2016).

The PBR is calculated as follows:

	 PBR = F
r

Nmax

min
2

 	 (4)

where rmax is the maximum annual population growth rate 
under optimal conditions, Nmin is a lower bound on an esti-
mate of the population size, and F is a recovery factor, set by 
decision makers. In the PBR calculation, rmax/2 represents the 
rate of take (number of individuals harvested, or killed) that 
maximizes the net productivity of a population when logistic 
growth is assumed (Wade, 1998). The parameter F is a factor 
set by decision makers (1) to adjust the value of the PBR to 
increase the rate of recovery of populations that are too small 
or (2) to account for uncertainties in the data used to calcu-
late the PBR and to ensure that the PBR is not set too high. 
Under the Marine Mammal Protection Act (MMPA; 16 U.S.C. 
1362(20)), values for F can fall between 0.1 and 1.0. In use, 
PBRs are calculated on a regular basis and updated based on 
changes in Nmin, which are calculated from monitoring. Simu-
lations indicate that populations can be sustainably harvested 
when losses are limited through the use of regular estimates of 
the PBR (Wade, 1998; Johnson and others, 2012).

In practice, estimated values of the PBR are compared 
to observed fatality rates. If fatalities are well below the PBR, 
then a population should remain above an acceptable level. In 
a study by Richard and Abraham (2013), the ratio of sea-bird 
fatalities from entanglement during long-line fishing to the 
PBR was calculated by using Monte Carlo approaches and 
was called the relative risk; this ratio is called the PBR ratio in 
this USGS methodology. When the value for the PBR ratio is 
much less than 1, fatalities are much lower than the PBR and 
wind energy operations are least likely to decrease population 
sizes. As the PBR ratio increases, wind turbines are killing a 
higher fraction of the PBR, and at values at or above 1, the 
PBR is either met or exceeded by fatalities and the species’ 
population size is expected to decline. The PBR is an esti-
mate of the total number of fatalities from all anthropogenic 
sources, while the PBR ratio measures just the fatalities from 
wind energy facilities alone relative to the PBR. The PBR ratio 
does not include fatalities occurring from other sources. Thus, 
a species could have a PBR ratio less than 1 and still be over 
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its PBR because individuals die from other causes. The PBR 
ratio exclusively compares fatalities from wind energy facili-
ties to the PBR, allowing an assessment of fatalities from wind 
energy in isolation.

Currently, both the National Marine Fisheries Service 
and the U.S. Fish and Wildlife Service calculate PBRs for 
marine mammal stocks, including cetaceans, pinnipeds, sea 
otters (Enhydra lutris), polar bears (Ursus maritimus), and 
West Indian or American manatees (Trichecus manatus). 
They follow the regularly updated “Guidelines for Assessing 
Marine Mammal Stocks” (GAMMS; National Marine Fisher-
ies Service, 2015) to perform these assessments. The USGS 
methodology adopts these guidelines because of their histori-
cal and current use by the Federal Government and the levels 
of research and effort used to regularly update them.

The maximum annual rate of population growth under 
optimal conditions, rmax, is difficult to estimate because, for 
most species, observations of populations existing in optimal 
conditions are rare. Estimates of rmax are available for a few 
species, such as bacteria in petri dishes, species expanding 
into new areas, or those recovering from a population crash 
or overharvest (Gedamke and others, 2009). A number of 
approaches exist to estimate rmax (Slade and others, 1998; 
Millar and Meyer, 2000; Niel and Lebreton, 2005; Gedamke 
and others, 2007), and the assessment could use any of these 
depending on the data available for a species. For example, 
if a bird species has temporal data showing its recovery after 
reaching a small population size, the methods in Gedamke and 
others (2007) or Millar and Meyer (2000) might be useful. 
Runge and others (2009) used the method of Slade and others 
(1998) to estimate rmax for black vultures (Coragyps atratus). 
Runge and others (2009) assigned probability distributions to 
input variables and used Monte Carlo simulations to propagate 
that uncertainty when estimating rmax. Ultimately, the final 
decision on the approach used to estimate rmax for a species 
will be a key undertaking of the assessor and assessment 
panel. For marine mammals, GAMMS recommends using 
default values previously developed for groups of species 
(for example, pinnipeds or cetaceans) in the absence of other 
compelling data. It may be possible to develop default values 
for groups of birds and bats on the basis of allometric scaling 
between body size and life history parameters (Dillingham and 
others, 2016).

As with rmax, Nmin can be calculated by using a variety of 
approaches that are often dependent upon the data available. 
In the Marine Mammal Protection Act (16 U.S.C. 1362(27), as 
amended in 2004), Nmin is defined as follows:

(27) The term “minimum population estimate” 
means an estimate of the number of animals in a 
stock that—

(A) is based on the best available scientific informa-
tion on abundance, incorporating the precision and 
variability associated with such information; and,

(B) provides reasonable assurance that the stock size 
is equal to or greater than the estimate.
Taylor (1993) and Wade (1998) used simulations to study 

how setting the lower limit of population size (on the basis of 
a percentile from the distribution around an average abun-
dance) affected how a PBR could be used to meet conserva-
tion criteria. Wade (1998) showed that setting Nmin to the 20th 
percentile resulted in 95 percent of simulation runs remain-
ing at or above the target population size and the recovery of 
populations in simulations where population sizes were started 
below the target population size. The target population size 
was defined as the population size that resulted in the “opti-
mum sustainable population,” which is defined in the Marine 
Mammal Protection Act as follows:

(9) … the number of animals which will result in 
the maximum productivity of the population or the 
species, keeping in mind the carrying capacity of 
the habitat and the health of the ecosystem of which 
they form a constituent element.
The 20th percentile approach is now recommended by 

GAMMS and is formalized into a specific equation for calcu-
lating Nmin:
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where N is an unbiased abundance estimate and CV(N) is the 
coefficient of variation of the abundance estimate.

The term F was originally described as a recovery factor 
(Wade, 1998), but it more broadly represents management 
goals and has biological implications (Runge and others, 
2009). For example, values of F between 0 and 2 result in 
PBR values that, if met, will achieve a sustainable population. 
The resulting sustainable population size will vary with F. 
The model assumes linear density dependence of the popula-
tion growth rate versus population size, so at F=0 and 1, the 
population will equilibrate at carrying capacity (K) and K/2, 
respectively. As F increases towards 2, fatalities approach rmax, 
and at F=2, the PBR is rmax×Nmin and theoretically the popula-
tion size should decline to 0. Thus, values of F near 2, but 
less than 2, would result in very small equilibrium population 
sizes, well below the population’s carrying capacity.

The relation between F and the equilibrium population 
size is used to set F for particular policy objectives. Under the 
MMPA, F is restricted to be between 0.1 and 1. This range in 
F is based primarily on extensive simulation studies of marine 
mammal populations (Barlow and others, 1995; Wade, 1998) 
and the management objectives defined in the MMPA. The 
results of the GAMMS simulation analyses suggest a value for 
F of 0.1 for stocks considered endangered; 0.5 for stocks con-
sidered depleted, threatened, or unknown; and 1.0 for stocks 
known to be at their target population size, stocks that are 
increasing, or stocks that are not decreasing and are harvested 
only by subsistence hunting.
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This methodology follows the GAMMS suggestions for 
F with modifications for birds and bats. Endangered species 
are assigned a value for F of 0.1 to reflect a management 
objective of recovery. Threatened species, species showing 
population declines, or species with an unknown population 
status are assigned a value of 0.5. Species that are not listed, 
exhibit stable or growing populations, or are not considered 
overabundant are assigned a value of 1. Finally, overabundant 
species with management goals directed towards reducing 
population size are assigned a value of 1.5.

2.4.2. Implementation
To estimate the impacts of fatalities from wind energy 

production on population size for a species, the users of the 
assessment methodology will calculate the PBR ratio, which 
is simply the annual estimated fatalities from collisions with 
wind turbines divided by the PBR (fig. 7). This ratio is the 
proportion of the PBR accounted for by fatalities at wind 
energy facilities. As this value increases from 0, fatalities 
increase but these do not impact population size independent 
of other mortality sources; at a value of 1, wind-energy-related 
fatalities are equal to the PBR. When the PBR ratio is greater 
than 1, fatalities are greater than the PBR, and the population 
is expected to decline. The PBR ratio will be estimated by 
sampling across the uncertainty in the PBR and the uncertainty 
in estimated fatality to calculate a mean PBR ratio and an 
accompanying confidence interval.

As with the FT metric in the prioritization component 
(section 2.2.2.2.), the observed number of fatalities is currently 
calculated by using an approach that does not correct for dif-
ferences in species detection rates and can cause significant 
biases in the estimated number of fatalities. The use of these 
current estimates could lead to unreliable assessment results at 
the national or regional level.

The methodology includes the PBR ratio to allow the 
identification of species with potentially different impacts from 

fatalities at wind facilities. However, the broader implications 
of the PBR ratio for the overall status of a species are critical 
to consider. A species with a low PBR ratio may still be imper-
iled because fatalities from other sources push the species 
above the PBR, or because other processes not measured by 
the PBR, such as habitat loss, are affecting a species. Thus, the 
PBR ratio measures only the potential impact of fatalities from 
wind turbines in the United States on a species, not the effects 
of other sources of fatality or other effects of wind turbines.

As with all models, the PBR is based on a number of 
assumptions that can affect its applicability to the assessment of 
the effects of wind energy production on species (O’Brien and 
others, 2017). The PBR is based on an assumption of density 
dependence, and the simplistic form of equation 4 specifi-
cally is based on linear density dependence. This assumption 
could be relaxed by using a theta-logistic function for density 
dependence (Johnson and others, 2012) and could be tailored to 
specific species if information on the form of density depen-
dence were available. The PBR was developed as a tool to 
assess take of marine stocks and should be regularly updated to 
set harvest limits. In the assessment, the one-time estimate of 
the PBR is a snapshot, or single sample, of a process that may 
show considerable variation through time. Species populations 
will likely change from year to year, as will the annual number 
of fatalities. Thus, users of the methodology assume that the 
estimated PBR ratio is indicative of long-term averages.

During an implemented assessment, a number of activities 
would occur to improve estimates of the PBR. First, assessors 
would meet with members of regulatory agencies to better 
define management objectives and possibly revise the default 
values of F. Second, as rmax is estimated for more species and 
the range of rmax values is better understood, simulation studies 
similar to those performed during development of the GAMMS 
recommendations could be performed to determine values of F 
and Nmin that would meet established management objectives. 
Third, a meta-analysis of rmax estimates could be conducted 
to perhaps estimate defendable default values of rmax by taxon 

Figure 7.  Flowchart of the PBR model component of the assessment methodology, for which a generalized flowchart is shown in 
figure 2. GW, gigawatts; PBR, potential biological removal.
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or life-history type. Fourth, the nature and shape of density 
dependence in birds and bats would require study. Most PBR 
applications assume linear density dependence, and the meth-
odology currently follows this assumption. Additional research 
on birds and bats could help verify or refine this assumption.

3.0. Overall Methodology Development 
and Validation

As noted in section 1.3., the methodology has a number 
of elements that should be checked and refined during an 
assessment. These refinements include establishing guide-
lines for (1) estimating demographic parameters, including 
population size, when data are sparse, (2) developing spe-
cies distribution maps by a common method, (3) estimating 
species-specific fatalities, and (4) selecting breakpoints for 
species prioritization.

While the USGS developed the methodology, spe-
cific approaches were implemented for the test case species 
described below (section 4.0.) and the future scenarios (appen-
dix 2), but some of the approaches used may not be optimal. 
For example, the components of the methodology generally 
produce consistent results across the test case species, but 
as more species are prioritized and their data are used in the 
demographic model and PBR ratio components, consistency 
across the components should be checked. In addition, the 
results of the demographic and PBR components could be 
compared with the outcomes of more detailed research as they 
become available. Customized population models are being 
developed for several species that would also be assessed with 
this methodology, including the golden eagle and whooping 
crane (Butler and others, 2013), and these models could be 
used to check that the simpler models used in the methodol-
ogy produced qualitatively consistent results. If consistency 
declines, modifications may be necessary.

Improvement to the methodology through focusing on 
four key issues would produce results that are more reliable. 
First, robust, species-specific fatality estimates do not cur-
rently exist. The current approach used to estimate species-
specific fatality rates (section 2.2.2.2.) may produce unknown 
biases because it does not account for species detectability and 
does not sample across the geographic distribution of turbines 
(Huso and Dalthorp, 2014). Second, population-size estimates 
are poor for most species, particularly bats. The uncertainty 
around the turbine mortality rate could be decreased consider-
ably with better fatality and population-size information. In 
addition, by using population estimates derived from breed-
ing bird survey data, but fatality data from both breeding 
and migratory animals, the turbine mortality rate might be 
overestimated if birds killed by turbines are not counted in the 
population estimate. Third, range maps describing a species’ 
relative abundance across space and through time are not cur-
rently available for most species. Because these maps would 

be used to compare species, a consistent method to produce 
them on the basis of widely available location data (for exam-
ple, from eBird; Cornell Lab of Ornithology, 2015) would be a 
valuable contribution to the assessment. Fourth, the methodol-
ogy would be improved if scientists could develop a greater 
understanding of the role of additive versus compensatory 
mortality in birds and bats. Components of the methodology 
(demographic model, FT, DEI) are based on the assumption 
that all of the fatalities from wind energy facilities are addi-
tive. This assumption may be violated for some species, but 
assuming that species compensate for fatalities from wind 
energy essentially means that one assumes that the fatalities 
from wind energy facilities have little effect on a species. The 
components of the methodology that assume additive fatality, 
because they may overestimate impacts, evoke a precautionary 
assumption when applied to species that compensate for fatali-
ties, and this possibility should be considered when interpret-
ing the results of the methodology.

The current methodology does not explicitly take into 
account minimization approaches, such as curtailment (shut-
ting down turbines at low wind speeds), which has been 
shown to decrease fatalities of bats (Arnett and others, 2011), 
nor does it assume that future approaches can decrease fatali-
ties in birds. During an assessment, up-to-date estimates of 
fatality would be used. If curtailment or other minimization 
strategies are widely implemented and if data collected dur-
ing fatality surveys accurately reflect fatalities, then fatality 
rates used in the assessment should reflect any reductions 
in fatalities the minimization approaches create. Including 
minimization strategies in future forecasts could be done but 
would require additional information related to (1) how many 
facilities will implement the strategies in the future and (2) the 
predicted declines in fatalities from these strategies. For exam-
ple, studies of curtailment indicate how much bat fatalities 
are decreased, but the number of facilities that will implement 
curtailment in the future is unknown. In addition, minimiza-
tion approaches may work only for some species, making it 
difficult to include these approaches in future forecasts.

Finally, during an assessment, the methodology would 
require input from decision makers at three points in the 
process where policy decisions are necessary. First, the scor-
ing approach of table 1 is based on our perception of a need 
to consider the effects of wind energy development ahead 
of conservation status. This subjective judgement requires 
external review and possible adjustment prior to an assess-
ment. Second, the breakpoints used in the prioritization 
process are subjective and require input from an external panel 
of regulators, members from the wind energy industry, and 
other stakeholders. Third, the methodology currently uses the 
guidelines associated with marine mammals as default values 
for the recovery factor (F) when calculating the PBR (eq. 4). 
The parameter F is associated with levels of acceptable risk 
and should be set by regulators, not the USGS. Thus, the 
USGS will require input from regulatory agencies to deter-
mine whether the selected values of F are appropriate.



22    A Methodology to Assess the National and Regional Impacts of U.S. Wind Energy Development on Birds and Bats

4.0. Test Case
This section describes the methods and results for a set 

of species run through the methodology as a test case. The 
results described here should not be considered definitive 
statements of the impacts of wind energy development. The 
input data were gleaned from a variety of sources and were not 
thoroughly vetted as they would be during a formal assess-
ment. Because of the variety of inputs, species names are not 
reported and details on the sources of input data are purposely 
vague. The results presented here give readers an example of 
the output an assessment would produce, but they may not 
correctly characterize the impact of wind energy development.

4.1. Introduction

Data for six avian species were processed through the 
assessment methodology to demonstrate the required input 
parameters and the methodology outputs. In addition, three bat 
species were assessed using the demographic model and PBR 
components. These species were selected because data were 
readily available and because analysis of these species may 
produce a range of results in the assessment. The following 
section presents test case results from the species prioritization 
component, the demographic model component, and the PBR 
model component. The results are shown for three scenarios 
defined by installed capacity as follows: (1) current (2014) 
wind energy development (62.3 GW, from American Wind 
Energy Association, 2014), (2) medium wind energy develop-
ment for the year 2025 (94 GW), and (3) high wind energy 
development for the year 2025 (121 GW). See appendix 2 for 
details on the methods used to develop the scenarios.

4.2. Data Sources

Published research, data from resource-management 
agencies, and reference works were used to develop the 
parameter values. Conservation-status information was found 
on websites and in reports of the IUCN (International Union 
for Conservation of Nature, 2014) and the USFWS (U.S. Fish 
and Wildlife Service, 2014) and in individual State wildlife 
action plans (Association of Fish and Wildlife Agencies, 
2015). Population size (N) for bird species came from the Part-
ners in Flight Science Committee (2013) and were estimated 
during the 1990s (Rich and others, 2004). Bat population sizes 
came from USFWS reports or species status updates. For all 
species, 20 percent of the population size estimate was used as 
a rough approximation of Nmin. Either direct estimates or data 
used to calculate demographic parameters (survival, maternity, 
rmax, and age at first reproduction) were found in Poole (2005) 
and Michel and others (2006) for birds or in USFWS reports 
and species-specific publications (not listed here to keep 
species anonymous) for bats. For birds, maternity (m) was cal-
culated as the product of nest success, clutch size, hatchability, 
clutches per year, and presumed equal sex ratios at hatching. 

If data on hatchability or the number of clutches were lacking, 
the parameters for them were set to 0.9 and 1, respectively. For 
birds, the age of first reproduction (a) was presumed to be the 
first breeding season after fledging unless evidence suggesting 
otherwise was available.

In the prioritization component, the proportion of a spe-
cies’ range that overlaps with the locations of wind turbines 
(p) was calculated as described in section 2.2.2.3., using North 
American Breeding Bird Survey relative abundance maps 
(Sauer and others, 2015) and the USGS wind turbine location 
data (Diffendorfer and others, 2014). The numbers of fatali-
ties (n) were estimated from turbine mortality data compiled 
from multiple sources by Loss and others (2013) following the 
approach described in section 2.2.2.2.

4.3. Prioritization Results

Input data, calculated conservation status, and turbine-
risk metrics for bird species in the prioritization component are 
listed in tables 3 and 4. Although the data sources described 
here may be the same as those used in an actual assessment, a 
vetting process by an assessment panel would ensure the data 
were appropriately selected and used. The vetting process was 
not included in this test case.

The prioritization example illustrates the key role break-
points have on the outputs from the species prioritization com-
ponent. With the high-caution breakpoints, Birds 3 and 2 had 
the highest direct-effects scores and every species had a score 
≥6, whereas with the low-caution breakpoints, Bird 1 had the 
highest direct-effects score and most birds had scores of 1. 
Using the high-caution breakpoints, Bird 3 had the highest 
direct-effects score of all species because both Percent SGCN 
and the DEI were categorized as high. Birds 1 and 4 had lower 
direct-effects scores because their conservation status (Percent 
SGCN) was low. Bird 5, a habitat specialist with a high con-
servation status, had the highest indirect-effects score.

4.4. Demographic Model Results

Birds 1, 2 and 3 and three bats were analyzed with the 
demographic model. The input parameters used for demo-
graphic modeling are provided in table 5. The analysis was 
conducted following the process described in section 2.3. 
Because all the bird species had adequate time-series data 
from which to calculate an observed trend, and the bats had 
existing estimates of trend from ongoing research efforts, the 
matrix model was not used to estimate a baseline population 
trend. Note that the trend for birds was calculated by using 
data up to 1990, a date prior to large numbers of turbines being 
installed. This endpoint may not be appropriate in an actual 
assessment given potential changes in population status since 
1990 due to factors other than wind energy development.

The key results of the demographic model component 
are presented in table 6 for three bird species and three bat 
species. The decrease in the population trend and the resulting 
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Table 3.  Input data for calculated conservation-status, direct-effects, and indirect-effects metrics for the prioritization component of the test case.

[Species are anonymized to reduce the chance of inferences being developed prior to full vetting of the input data and the methodology. No., number; SGCN, species of greatest conservation need]

Species
No. of States that 
consider species 

as an SGCN

No. of States in 
which species 

occurs

No. of turbine  
collision  

fatalities for  
species, annually  

(n)

Population size  
of species in  

United States,  
in millions  

(N)

Adult survival  
(s)

Percentage of  
species range  

overlapping with 
locations of  

wind turbines  
(p)

Maternity  
(m)

Age at first  
reproduction  

(a)

No. of  
habitats  

(h)

Bird 1 2 49 190 17 0.865 4.04 0.60 2 7
Bird 2 14 49 5,770 1.7 0.490 5.42 1.29 1 10
Bird 3 34 50 375 0.5 0.700 4.47 1.02 1 8
Bird 4 1 49 2,811 5 0.770 4.80 0.51 1 6
Bird 5 24 48 145 0.8 0.529 3.74 1.33 1 2
Bird 6 29 46 1,523 11 0.610 2.89 0.99 1 3

Table 4.  Output values of conservation-status, direct-effects, and indirect-effects metrics and the resulting scores using high- and low-caution conservation breakpoints from 
table 1 for effects from collision fatalities and effects from habitat change from the prioritization approach.

[percent SGCN, percent of States where species is present that consider it a species of greatest conservation need (SGCN]

Species
Percent  
SGCN

Conservation- 
status rating

Proportion of annual  
fatalities in United States  

caused by turbines  
(FT)

FT rating
Direct- 

effects index  
(DEI)

DEI rating
Indirect- 

effects index  
(IEI)

IEI rating
Direct- 

effects score
Indirect- 

effects score

High-caution breakpoints

Bird 1 4.08 Low 0.01 Low 13.50 High 0.58 Low 6 1
Bird 2 28.57 Medium 0.66 High 4.21 High 0.54 Low 8 2
Bird 3 68.00 High 0.25 Medium 4.40 High 0.56 Low 9 4
Bird 4 2.04 Low 0.24 Low 8.33 High 0.80 Low 6 1
Bird 5 50.00 High 0.04 Low 2.17 Medium 1.87 Medium 7 7
Bird 6 63.04 High 0.04 Low 2.93 Medium 0.96 Low 7 4

Low-caution breakpoints

Bird 1 4.08 Low 0.01 Low 13.50 High 0.58 Low 6 1
Bird 2 28.57 Low 0.66 Low 4.21 Low 0.54 Low 1 1
Bird 3 68.00 Low 0.25 Low 4.40 Low 0.56 Low 1 1
Bird 4 2.04 Low 0.24 Low 8.33 Medium 0.80 Low 3 1
Bird 5 50.00 Low 0.04 Low 2.17 Low 1.87 Low 1 1
Bird 6 63.04 Low 0.04 Low 2.93 Low 0.96 Low 1 1
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Table 6.  Results of the demographic model for 2014 and projected levels of wind development for three bird species and three 
bat species.

[The observed population trend, expected population trend with wind energy development, and projected decrease in population trend are reported with 
95-percent confidence intervals in parentheses. Installed capacity in gigawatts (GW) for each scenario is as follows: current (2014) scenario, 62.3 GW 
(American Wind Energy Association, 2014); medium-capacity scenario for 2025, 94 GW; high-capacity scenario for 2025, 121 GW. w/o, without; 
λ, population growth rate; <, less than. Projected change in probability λ<1 is the difference in the probability of λ<1 without wind energy development  
versus the probability of λ<1 with wind energy development]

Observed population  
trend w/o wind energy  

development, 1966–1990

Wind energy  
development  

scenario

Expected population  
trend with wind energy  

development

Predicted  
decrease in  

population trend

Predicted  
increase in  

percentage of λ<1

Expected probability  
of λ<1 with wind  

energy development

Bird 1

1.005
(0.983–1.026)

Current 1.005 (0.983–1.026) −4 × 10−5 (8 × 10−6–9 × 10−5) 0.1% 0.351

Medium 1.005 (0.984–1.026) −6 × 10−5 (1 × 10−5–1 × 10−4) 0.2% 0.352

High 1.005 (0.984–1.026) −8 × 10−5 (2 × 10−5–2 × 10−4) 0.2% 0.353

Bird 2 

0.989
(0.950–1.028)

Current 0.977 (0.940–1.017) −0.012 (0.003–0.026) 15.1% 0.827

Medium 0.970 (0.927–1.013) −0.018 (0.004–0.040) 19.6% 0.872

High 0.964 (0.919–1.009) −0.024 (0.005–0.050) 22.2% 0.899

Bird 3

0.995
(0.912–1.077)

Current 0.992 (0.910–1.074) −0.003 (0.001–0.006) 2.1% 0.563

Medium 0.991 (0.908–1.073) −0.004 (0.001–0.008) 3.3% 0.574

High 0.989 (0.908–1.072) −0.005 (0.001–0.011) 4.2% 0.584

Bat 1

0.990
(0.84–1.14)

Current 0.984 (0.832–1.137) −0.006 (0.001–0.012) 0.23% 0.565

Medium 0.982 (0.830–1.134) −0.008 (0.002–0.018) 0.36% 0.578

High 0.980 (0.830–1.132) −0.010 (0.002–0.023) 0.46% 0.587

Bat 2

1.075
(0.970–1.180)

Current 1.004 (0.882–1.124) −0.071 (0.015–0.152) 35.7% 0.478

Medium 0.967 (0.820–1.106) −0.108 (0.022–0.222) 51.1% 0.631

High 0.937 (0.763–1.093) −0.138 (0.028–0.296) 59.4% 0.715

Bat 3

1.15
(0.955–1.344)

Current 1.14 (0.951–1.335) −0.006 (0.001–0.013) 0.0% 0.11

Medium 1.14 (0.948–1.333) −0.009 (0.001–0.019) 0.13% 0.114

High 1.14 (0.946–1.331) −0.012 (0.002–0.0250) 0.16% 0.118

Table 5.  Parameter inputs for the population trend component for species in the test case investigation.

[Nest success is the proportion of nests that hatch at least 1 egg. Hatchability is the proportion of eggs that hatch in successful nests. No., number;  
NA, not available]

Species

No. of  
turbine  

fatalities  
annually

Population  
size of  

species in  
United States

Juvenile  
survival  

(sj)

Adult  
survival  

(sa)

Turbine  
mortality  

rate  
(c)

Age at first  
reproduction  

(years)

Average  
clutch  

size

Nest  
success

Hatchability
Clutches  
per year

Maternity  
(m)

Bird 1 190 1.7 × 107 0.63 0.86 0.00001 2 4.0 0.33 0.91 1 0.60

Bird 2 5,770 1.7 × 106 0.34 0.49 0.00339 1 4.6 NA NA 1 1.29

Bird 3 375 5.0 × 105 0.41 0.70 0.00075 1 4.4 0.51 NA 1 1.02

Bat 1 769 52 × 105 NA 0.87 0.0015 1 NA NA NA 1 0.35

Bat 2 71,113 4 × 106 0.56 0.87 0.0179 1 NA NA NA 1 0.90

Bat 3 31,625 2.3 × 107 0.80 0.80 0.0014 1 NA NA NA 1 0.45
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projected trend with additional mortality from wind energy 
development are reported as means with 95-percent confidence 
intervals for each of the three scenarios. Finally, the increase 
in the probability of population growth rate values being less 
than 1 is reported along with the probability of population 
growth rate values being less than 1 with wind-facility-related 
mortalities for each scenario.

Bird 1 showed a very small response to fatalities from 
wind turbines, even in the wind energy development scenarios 
involving a high installed capacity. Bird 1 ranked relatively 
high during prioritization because its life-history parameters 
produced a high DEI (table 4). However, relative to its popula-
tion size, a small fraction of individuals was projected to be 
killed (table 5), resulting in small estimates of added mortal-
ity and minimal changes in population trend. The projected 
decline in population trend for Bird 1 ranged from 0.00004 to 
0.00008 across current and projected levels of wind energy 
generation (table 6).

Both Bird 2 and Bird 3 had existing long-term declines in 
population size with observed mean population trends less than 
1. Current levels of wind energy facilities had a larger negative 
effect on Bird 2 (mean decline = −0.012) than Bird 3 (mean 
decline = −0.003). For Bird 2, with current levels of wind 
energy facilities, the mean observed population trend was pro-
jected to decrease from 0.989 to 0.977, while Bird 3 was pro-
jected to decline from a mean of 0.995 to 0.992. As expected, 
declines in population trend increased with higher levels of 
wind energy development. For Bird 2, the model also projected 
large increases in the percentage of population growth rates 
less than 1 without versus with wind energy development.

Like the birds, bats showed different responses to fatali-
ties from wind energy facilities. Bat 2 was predicted to be 
most impacted by wind energy development, with changes 
in population growth from nearly stable (1.075) to declining 
(0.937) at high levels of installed wind energy. Bats 1 and 3, 
like Bird 1, showed very small responses in population trend 
with the addition of fatalities from wind energy facilities, even 
at high levels of increased capacity in the future.

4.5. Potential Biological Removal

As with the demographic model, Birds 1–3 and three 
additional bat species were analyzed by using potential 
biological removal (PBR) and PBR ratios. An F value of 0.5 
was selected for all species. In birds, all three species showed 
declines or uncertain trends in the last 11 years of available 
BBS data (2002 through 2012; Sauer and others, 2015). Of the 
bats, one showed a negative trend in population size and con-
cerns exist regarding white-nose syndrome for the remaining 
species. Confidence intervals of 95 percent around PBR were 
calculated by using the upper and lower confidence intervals 
on rmax, and variation around the total number of annual fatali-
ties. The species showed considerable differences in both the 
PBR and the PBR ratio (table 7).

With F at 0.5, no bird species had a PBR ratio over 1 at 
current levels of wind energy development (table 7, fig. 8), 
though the confidence interval overlapped 1 for Bird 2. For 
Bird 1, under both projections of future wind energy develop-
ment, the PBR ratio remained low, nearly zero. Bird 2 showed 
the highest impact from future wind energy, with PBR ratios 
approaching 1 and then exceeding 1 as installed wind capac-
ity increased (fig. 8). For Bird 3, PBR ratios remained below 
1, but confidence intervals overlapped 1 in both scenarios of 
future growth.

Bat 1 and Bat 3 showed minimal impacts from wind 
energy development, with PBR ratios near zero at all levels 
of current or forecasted wind energy development (table 7, 
fig. 8). Bat 2, however, like Bird 2, showed potential impacts 
from future wind energy development, with PBR ratios 
increasing beyond 1 in both medium- and high-capacity sce-
narios of future wind energy growth.

In this test case of the methodology, six bird species were 
considered in prioritization while three birds and three bats 
were evaluated with the demographic model and the PBR 
model. Results for Bird 2 indicated a larger effect than effects 
on the other species both in potential declines in the popula-
tion trend and in the PBR ratio. Results for Bird 3 indicated 
medium levels of potential decreases in trend and a medium 
to high PBR ratio. Bird 1 showed negligible effects from wind 
turbines. Bats 1 and 3 showed minimal impacts from wind 
energy facilities, whereas Bat 2 showed relatively stronger 
negative effects. Bat 2 showed declines in population growth 
and PBR ratios approaching and greater than 1, indicating that 
wind energy development may impact this species.

4.6. Implications of the Test Case for the Overall 
Methodology

The approach outlined here provides a quantifiable and 
replicable means of prioritizing species on the basis of poten-
tial effects and approaches to estimate the impact of adverse 
effects of wind energy facilities on birds and bats. Output 
from the methodology (direct-effect indexes, indirect-effect 
indexes, estimates of the change in population trend for cur-
rent and future projected wind energy development, and PBR 
ratio) could be provided for all bird and bat species for which 
sufficient data have been gathered. This approach relies on the 
development of new sources of information, such as species-
specific fatality data and a suite of basic population param-
eters for the less studied bat species affected by wind energy 
generation. This approach should be used iteratively, updating 
subsets of species to accommodate changes in conservation 
status and new information on demography, range, population 
size, fatality rates for birds and bats, and changes in the distri-
bution and capacity of installed wind turbines. An example of 
a potential summary table that includes the major final outputs 
for the test case species is presented in table 8.
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Table 7.  Parameter inputs and outputs for potential biological removal and PBR ratios at current levels of wind energy development 
for three prioritized species of birds and three nonprioritized species of bats.

[Values in parentheses represent the upper and lower 95-percent confidence intervals. F, recovery factor; Nmin, minimum population size; No., number; PBR, 
potential biological removal; rmax, maximum annual population growth rate under optimal conditions; PBR ratio, turbine fatalities divided by the PBR]

Species

No. of  
turbine  

fatalities  
annually

F rmax Nmin PBR PBR ratio

Bird 1 190 0.5 0.07
(0.06–0.15)

5,100,000 89,250
(73,950–91,250)

0.002
(0.001–0.003)

Bird 2 5,770 0.5 0.08
(0.03–0.10)

510,000 10,124
(3,824–12,750)

0.57
(0.35–1.57)

Bird 3 375 0.5 0.030
(0.014–0.06)

150,000 1,106
(525–2,250)

0.34
(0.13–0.72)

Bat 1 769 0.5 0.32
(0.12–0.42)

157,091 12,685
(4,516–16,298)

0.06
(0.03–0.17)

Bat 2 71,113 0.5 0.31
(0.28–0.44)

1,200,000 93,900
(82,500–131,000)

0.76
(0.38–1.03)

Bat 3 31,625 0.5 0.37
(0.30–0.42)

6,837,631 632,481
(507,694–724,789)

0.05
(0.03–0.08)

Current

Future medium

Future high

Current

Future medium

Future high

Current

Future medium

Future high

Bird 3

Bird 2

Bird 1

Current

Future medium

Future high

Current

Future medium

Future high

Current

Future medium

Future high

Bat 3

Bat 2

Bat 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 4.03.5
PBR ratio (fatalities/PBR)

Figure 8.  Graph showing the ranges of PBR ratios when the recovery factor (F) equals 0.5 for three bird species and three bat species 
at current (2014) levels of installed capacity and for both medium- and high-capacity scenarios for 2025. Each black circle represents 
the best estimate for the scenario, whereas each colored bar represents the range spanned by the upper and lower confidence 
intervals. The projected scenarios are as follows, by installed capacity in gigawatts (GW): current (2014), 62.3 GW (American Wind 
Energy Association, 2014); future medium (2025), 94 GW; future high (2025), 121 GW. PBR, potential biological removal.
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The following text includes examples of how the test case 
outputs provided in table 8 could be interpreted. All statements 
are limited in scope to the specific set of species evaluated 
in the test case. Bats were not prioritized, but Bat 2 had the 
highest measures of adverse population-level effects across all 
species. The demographic model indicated that the probability 
the population growth rate would be <1 was about 36 percent 
with current wind energy capacity and higher with future build 
out. The PBR ratio for Bat 2 is 0.76 with current wind energy 
levels, suggesting that current fatalities from wind energy 
facilities are not greater than the PBR. However, with medium 
or high wind energy build out, the PBR ratio for Bat 2 climbs 
to 1.14 and 1.47, respectively, the highest PBR values in the 
test case and values well over the theoretically sustainable 
level of 1.0.

Bird 2 had the highest direct effects according to its pri-
oritization score of 8. It also had the second highest measure 
of adverse population-level effects in both the demographic 

model and the PBR model. The PBR ratio of 0.57 was less 
than 1, suggesting that current fatalities from wind energy 
facilities alone are not greater than the PBR; however, the 
upper limit value of 1.57 is greater than 1, indicating that there 
is some probability that wind energy fatalities could exceed 
the PBR. All values increased under the medium and high 
development scenarios.

The results for Bat 2 and Bird 2 do not mean that these 
species are currently declining because of fatalities from wind 
turbines. Instead, the available data, when used in the method-
ology, and given its assumptions, indicate that both Bat 2 and 
Bird 2 may experience population-level consequences from 
wind energy generation more than other species evaluated.

In contrast to the potentially adverse effects seen in the 
test case for Bat 2 and Bird 2, some other species—Birds 1 
and 3 and Bats 1 and 3—showed little evidence of popula-
tion-level consequences. They had low PBR ratios and low 
predicted changes in λ<1, both currently and with the future 

Table 8.  Summary table of the main output values for all components of the methodology: species prioritization, demographic model, 
and potential biological removal model.

[Installed capacity in gigawatts (GW) for each wind energy development scenario is as follows: current (2014) scenario, 62.3 GW; medium-capacity 
scenario for 2025, 94 GW; high-capacity scenario for 2025, 121 GW. PBR-ratio values are presented as averages, and 95-percent confidence intervals are in 
parentheses; PBR ratios greater than 1 indicate a decrease in population size. Other terms: NA, not applicable; NM, not modeled; NP, not prioritized (for the 
test case, bat species were not prioritized); PBR, potential biological removal; PBR ratio, turbine fatalities divided by the PBR; λ, population growth rate]

Species Scenario

Species prioritization component  
(high-caution breakpoint)

Demographic model component PBR model component

Direct-effects  
score

Indirect-effects  
score

Predicted increase in  
percentage of λ<1

PBR ratio

Bird 1 Current 6 1 0.1% 0.002 (0.001–0.003)
Medium NA NA 0.2% 0.003 (0.001–0.004)
High NA NA 0.2% 0.004 (0.001–0.005)

Bird 2 Current 8 2 15.1% 0.57 (0.35–1.57)
Medium NA NA 19.6% 0.86 (0.53–2.39)
High NA NA 22.2% 1.11 (0.68–3.06)

Bird 3 Current 9 4 2.1% 0.34 (0.13–0.72)
Medium NA NA 3.3% 0.51 (0.20–1.07)
High NA NA 4.2% 0.66 (0.25–1.40)

Bird 4 Current 6 1 NM NM
Bird 5 Current 7 7 NM NM
Bird 6 Current 7 4 NM NM
Bat 1 Current NP NP 0.23% 0.06 (0.03–0.17)

Medium NP NP 0.36% 0.09 (0.06–0.26)
High NP NP 0.46% 0.12 (0.07–0.30)

Bat 2 Current NP NP 35.7% 0.76 (0.38–1.03)
Medium NP NP 51.1% 1.14 (0.58–1.56)
High NP NP 59.4% 1.47 (0.75–2.02)

Bat 3 Current NP NP 0.00% 0.05 (0.03–0.08)
Medium NP NP 0.13% 0.07 (0.05–0.12)
High NP NP 0.16% 0.10 (0.06–0.15)
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growth scenarios. Results for Bird 3 suggested higher poten-
tial impacts than those for the other low-impact species given 
larger changes in the percentage of population growth rates <1 
and PBR ratios that overlapped 1 in both future projections.

Results for Bird 5 suggest a different type of impact; 
it had the highest score (7) for indirect-effect prioritization. 
This score was caused by the species occurring in only two 
habitats, resulting in an IEI metric score higher than scores for 
any other bird species assessed. No studies exist regarding this 
species’ response to wind energy, so additional research would 
be necessary to conclude if this species is being displaced from 
wind turbines and if such displacement impacts the species.

5.0. Conclusions
The USGS team created an assessment methodology to 

provide both qualitative and quantitative metrics related to the 
effects of wind energy development on particular species of 
birds and bats at the national scale. This work built on a vari-
ety of existing quantitative approaches focused on ecological 
risk assessment to provide a regional to national perspective 
that will inform decision makers, industry, and the public. The 
assessment methodology described in the preceding sections is 
an attempt to develop an approach to quantify the significance 
of the effects of wind energy development on species popula-
tion trends. For both the demographic model and the potential 
biological removal (PBR) model approaches, uncertainty is 
captured in the input ranges for the model parameters and 
reflected in the probabilistic assessment output. The test case 
provided is only an example of the method and is not an 
official assessment result. As the science of impact research 
matures, this method may be updated and improved to reflect 
new knowledge in this rapidly growing field of study. The 
USGS does not plan to conduct a national assessment of 
impacts to species.

The approaches described here and the resulting output 
should be considered only for a scientific assessment; they are 
not designed as a method to develop management strategies 
related to wind energy development for a particular species. 
The model produces an estimate, with uncertainty, of the 
effects on population trends or a PBR ratio from observed 
fatalities at wind turbines. Decision makers prioritizing spe-
cies for avoidance, minimization, and mitigation actions might 
use this information, and they might also include information 
about the feasibility, probability of success, and cost.

This approach should not replace detailed, species-
specific studies or population models of those species garner-
ing high levels of attention. Furthermore, the approach is not 
designed to estimate the total capacity levels of wind energy 
that could be installed across the Nation before species show 
population declines. Instead, the approach could help inform 
decisions related to the following:

1.	 Identification of those species at low risk from wind 
energy development.

2.	 Identification of those species that may be at risk from 
wind energy development.

3.	 Quantification of the expected decline in population 
trend for identified high-risk species from current and 
future levels of wind energy development.
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additive mortality  Mortality (often from humans) that occurs 
in addition to natural mortality. Additive mortality adds to the 
number of deaths that would have occurred naturally.
adult survival (s)  Probability that an adult animal survives 
from one year to the next.
age at first reproduction (a)  Age at which females become 
reproductively mature.
barotrauma  Damage to body tissue caused by the difference 
in air pressure around the turbine blade.
capacity  The rated maximum amount of energy a turbine is 
capable of generating.
compensatory mortality  Mortality (caused by humans) that 
would have occurred naturally. Compensatory mortality does 
not add to the number of deaths that would have occurred 
from natural causes.
current conservation status  The methodology uses con-
servation status information from State wildlife action plans, 
where some species are considered “species of greatest conser-
vation need”; other sources of information on conservation 
status include (1) the Red List of the International Union for 
Conservation of Nature (2014), (2) listings by the Endangered 
Species Act of 1973, as amended (16 U.S.C. 1531 et seq.), and 
(3) the list, “Birds of Conservation Concern 2008” (U.S. Fish 
and Wildlife Service, 2008).
demographic model  A mathematical model used to generate 
quantitative and probabilistic estimates of impacts to species 
populations associated with the additional fatalities caused by 
collisions with wind turbines.
direct effects  Fatalities from collisions of birds and bats 
with turbines. In this report, barotrauma is included as colli-
sion damage.
direct-effects index (DEI)  In this report, DEI = p/(m/a), 
where p is the proportion of a species’ range that overlaps 
with the locations of wind turbines, m is maternity (number of 
female offspring per adult female per year), and a is the age at 
which females become reproductively mature.
fatalities caused annually by wind turbines (n)  The estimated 
number of fatalities per year caused by collisions with wind 
turbines or barotrauma. To date, n has been estimated by mul-
tiplying an estimate of total fatalities across all species by the 
proportion of the observed fatalities accounted for by a species.
habitats (h)  Number of habitats used by a species.

indirect effects  In this report, habitat loss and alteration 
caused by the construction of wind energy facilities, as well as 
avoidance of turbines by individuals, are considered “indirect 
effects.”
indirect-effects index (IEI)  In this report, IEI = p/h, where 
p is the proportion of a species’ range that overlaps with the 
locations of wind turbines and h is the number of habitats used 
by a species.
juvenile survival  Chance of juveniles surviving from one 
year to the next.
maternity (m)  Number of female offspring per adult female 
per year.
overlap with wind turbines (p)  The proportion of a species’ 
range that overlaps with the locations of wind turbines.
population size (N)  The total population size of the species 
that moves through the United States at some point in its life 
cycle.
population trend  The increasing, decreasing, or stable pat-
tern of the population of a species through time.
potential biological removal (PBR)  The maximum number 
of individuals, not including natural fatalities, that may be 
removed from a population while allowing that population to 
reach or maintain its optimum sustainable population or some 
other target population size.
range map  Geographic distribution of a given species.
species of greatest conservation need (SGCN)  Species 
considered to have an elevated conservation status in State 
wildlife action plans.
species prioritization  Qualitative approach to rapidly screen 
a large number of species and rank them in terms of the rela-
tive risk of a population-level consequence from wind energy 
development.
State wildlife action plan (SWAP)  Proactive plan, developed 
as a comprehensive wildlife conservation strategy, that helps 
to conserve nongame wildlife and vital natural areas before 
they become too rare and costly to protect.
time series  A group of data collected sequentially, usually at 
fixed intervals of time.
turbine mortality rate (c)  The annual chance that an indi-
vidual will die from a collision with a wind turbine.
volant species  Winged species capable of flying.
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Appendix 1.  Alternative Modeling Approaches Considered

Stochastic Population Model

The U.S. Geological Survey (USGS) initially developed 
a stochastic matrix population model that included juvenile 
and adult survival, as well as age-specific maternity. The 
model was used to project population size forward through 
time. To model the effects of wind energy facilities, mortality 
was incrementally increased until the population trends met 
a quasi-extinction breakpoint (a percentage of runs showing 
a given percent decline in 10 years). This level of mortality 
was then compared to the observed fatality rates at turbines to 
assess risk. The model was developed with ranges of uncer-
tainty around each parameter and then was run repeatedly, 
sampling across the parameter ranges in each model run.

The USGS elected not to use this approach for a number 
of reasons. First, given parameter uncertainty, a large propor-
tion of runs either declined rapidly or increased exponentially. 
In both of these cases, added mortality from wind energy 
facilities had negligible effects on population trends so the 
approach was a fairly coarse tool for focusing on potentially 
small population-level consequences from wind energy facili-
ties. Second, deciding upon the appropriate level of stochas-
ticity to include for each species was extremely difficult. For 
many species, parameter uncertainty included both process 
and sampling error, which biased variance, and therefore risk, 
upward. Third, the approach required the setting of quasi-
extinction breakpoints to determine how frequently a given 
turbine mortality rate met criteria of decline, as well as deter-
mining what proportion of runs needed to be declining before 
the turbine mortality rate was considered to cause population 
declines. Setting these arbitrary breakpoints, as noted above in 
this report (section 2.2.2., “Categorizing Species by Direct and 
Indirect Effects”), adds an additional layer of complexity to 
the assessment.

Complex, Highly Individualized Models

If time and resources were available, the USGS could 
develop models tailored to each species of interest that would 
be based on the current state of knowledge of that species and 
the available data. These models might include complex spa-
tial structure, simulate individuals across space and time, and 
use time series of population size to help estimate values for 
model input (Conroy and others, 1995). The Indiana bat model 
served as a case study for this alternative (R.A. Erickson, 
Thogmartin, and others, 2014; R.A. Erickson, Thogmartin, 
and Szymanski, 2014). Although highly tailored models would 
enhance the assessment and could be run for species of high 
conservation concern, resource limitations prevent this from 
being practical for a larger number of species.

Empirically Based Population Viability Analyses

When spatially replicated time series of species abun-
dance exist, a variety of approaches can use the information 
included in them to forecast future population dynamics. 
These approaches include multivariate autoregressive state-
space (MARSS) models, corrupted stochastic exponential 
growth with Gaussian errors (CSEG) (Holmes and others, 
2007), and other approaches. These approaches vary consider-
ably in methodology, with some simply estimating a popula-
tion trend and others estimating demographic rates associated 
with a trend. Overall, these approaches are valid and useful 
given the goals of the USGS wind energy impacts assess-
ment methodology described in the body of this report. The 
USGS did not use them mainly because they require time 
series with an adequate signal-to-noise ratio to detect a trend, 
which would require highly precise estimates of abundance 
or relatively long time series. Although time series data exist 
for many bird species in the North American Breeding Bird 
Survey (BBS) (Sauer and others, 2015), nocturnal and migra-
tory birds are not included and there are no time series data for 
most bat species, which limits the generality of these methods. 
Future iterations of the assessment methodology may allow 
for multiple assessment approaches that all produce the same 
output but use different algorithms. If so, then this class of 
models could be used for those species with time series of 
abundance data.
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Appendix 2.  Future Projections

The U.S. Geological Survey (USGS) developed a proba-
bilistic and quantitative methodology to assess both the cur-
rent and future population-level consequences of wind energy 
development on those species of birds and bats that are present 
in the United States during any part of their life cycle. The 
methodology is described in the body of this report. For the 
test case described in section 4.0. of the body, the methodol-
ogy uses projections of installed capacity of wind energy facil-
ities to extrapolate the impacts of future wind energy develop-
ment on wildlife. During an assessment, updated approaches 
and estimates of installed capacity would be required. Both 
the demographic model and the potential biological removal 
(PBR) ratio are recalculated with the updated fatality estimates 
based on the projections. A key assumption is that fatalities 
from new wind energy facilities will be comparable to fatali-
ties from existing facilities. This assumption may not be true if 
new facilities can be placed in a manner that avoids and mini-
mizes impacts to wildlife or if effective deterrent technologies 
are developed.

A number of organizations have projected future levels of 
installed wind capacity for the United States. These projec-
tions typically produce a single estimate of new capacity for 
the entire Nation. An exception is a study by the National 
Renewable Energy Laboratory (NREL) (Hand and others, 
2012), which estimated new wind capacity for each State 
by using scenarios of different levels of national renewable 
energy production. The NREL researchers investigated varied 
levels of new capacity and used an economic-demand-based 
model to predict installed capacity of wind energy production 
by State through time.

Projecting future levels of annual fatalities from wind 
energy development involves taking existing fatality rates 
(deaths per megawatt per year) and adjusting them on the 
basis of predicted levels of installed wind turbine capacity (in 
megawatts). The most basic approach would simply multiply 
existing fatalities by the percent increase in installed capacity 
(for instance, if 100 animals die per year from the currently 
installed capacity and if installed capacity will double, then 
200 animals are projected to die per year).

The approach in this methodology differs between 
birds and bats because there is more statistical modeling of 
bird fatalities than of bat fatalities. Estimates of overall bat 
fatalities from turbines exist and suggest that fatalities may 
be influenced by a number of factors (Baerwald and Barclay, 
2009; Arnett and Baerwald, 2013; Hayes, 2013; Smallwood, 
2013; Huso and Dalthorp, 2014). However, statistical models 
of these factors do not exist and cannot be used for project-
ing. Bat fatality data were compiled to allow such modeling 
(Thompson and others, 2017). For bats, only raw extrapola-
tions using the most basic approach described above can be 
performed (with high levels of uncertainty), and extrapolations 
are referred to from here on in this appendix.

For birds, the approach uses an existing statistical model 
of fatalities (Loss and others, 2013). The model requires an 
estimate of the number of turbines and their heights in each of 
four regions of the contiguous United States (California, East, 
Great Plains, and West excluding California, as in figure 1 
of Loss and others, 2013). To calculate these estimates, the 
approach first partitioned the projected new capacity among 
the regions and added this to the existing capacity in each 
region. Then each regional capacity was converted into a 
prediction of the number of turbines by dividing the regional 
capacity by an estimate of the average size (in megawatts 
of capacity) of each turbine. Finally, because turbine height 
is correlated with turbine capacity, this relation was used to 
predict the average turbine height in each region. The number 
of turbines and their heights were then used in the statistical 
model to project future fatalities.

Eleven projections of future wind energy capacity in 
the United States in 2025 were used to estimate medium and 
high wind energy development scenarios, which are estimates 
of the amount of new wind energy facilities installed in the 
United States. Of the 11 projections, 4 were developed by pri-
vate companies, 1 by the International Energy Agency (IEA), 
and 6 by the U.S. Energy Information Administration (EIA); 
details for all projections were provided by the U.S. Energy 
Information Administration (2014, 2015). The wind energy 
development scenarios developed by the EIA included factors 
such as energy demand, regulatory limits on greenhouse-gas 
emissions, and changes in the amount of electricity produced 
by nuclear power. The medium scenario was defined as the 
average installed capacity across all 11 projections (94 giga-
watts, GW), whereas the high scenario represented the value at 
the 95th percentile of the distribution of projections (121 GW). 
The projected installed capacities (94 and 121 GW) were 
national estimates that were partitioned across the regions of 
the United States (California, East, Great Plains, and West 
excluding California) and then used in the statistical models 
developed by Loss and others (2013). The current (2014) 
capacity is 62.3 GW (American Wind Energy Association, 
2014). To partition new wind energy capacity across regions 
of the United States, the projected additional national capaci-
ties (94 GW – 62.3 GW = 31.7 GW or 121 GW – 62.3 GW 
= 58.7 GW) were multiplied by the predicted proportions 
of capacity in each region in the models of Loss and others 
(2013) and then added to the existing installed capacity in each 
region (fig. 2.1).

The proportional estimates of capacity came from predic-
tions of installed capacity in each State from 33 simulations 
of wind energy growth modeled by the NREL (Hand and 
others, 2012). Predictions for each State were summed within 
a region, then the proportion of the total installed capacity was 
estimated for each region. These proportions were then aver-
aged across the 33 simulations.
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Once national projections of additional installed capacity 
were allocated to each region, the regional capacity values (in 
gigawatts) were converted to the number of turbines expected 
to be installed in each region. Current information on the aver-
age capacity of turbines (in megawatts) and its trend through 
time was used to convert regional capacity (in gigawatts) into 
the number of turbines. A linear increase in average capacity 
of turbines was assumed on the basis of the rate of increase 
in average capacity of active turbines installed in each region 
since 2005 (fig. 2.2). The projected future regional capac-
ity was then divided by the estimated capacity per turbine to 
determine the number of installed turbines in each region.

Because increasing turbine height correlates with 
increases in fatalities (Loss and others, 2013), we also mod-
eled the projected height of future turbines. Turbine height is 
related to turbine capacity (fig. 2.3). A power function was fit-
ted to the heights and capacities of turbines that were active in 
each region in 2014. This relation was used to estimate aver-
age turbine height based on average capacity (in megawatts) in 
each scenario.

The predicted number of turbines in each region and their 
associated heights for each wind energy projection scenario 
were input into the statistical model developed by Loss and 
others (2013) to estimate the number of annual avian fatalities 
expected at onshore wind energy facilities in the United States 
in 2025 and a 95-percent confidence interval (table 2.1). These 
values differ from those in Loss and others (2013) because 
we used the USGS turbine dataset (Diffendorfer and others, 
2014) when estimating turbine heights and the total number 
of turbines for each region. Although it would be possible 
to develop more sophisticated methods relying on distribu-
tions of turbine capacities and heights, assumptions about the 
shapes of these distributions would be speculative. Because 
estimates produced using mean heights and capacities for 
turbines installed through July 2013 differed by less than 3 
percent from those produced using numbers of turbines of 
different heights and capacities, the added detail is unlikely to 
greatly improve the estimates of fatalities.

The approach described above is limited in the sense that 
it does not predict the change in spatial distribution of tur-
bines. For example, if turbine technology changes so that new 
turbines can be installed in the southeastern United States, the 
approach cannot predict this change. In this case, species that 
exist in the southeast that currently do not collide with turbines 
would not be part of the future forecasts. If forecasts of future 
wind energy production become more spatially explicit, the 
assessment could incorporate these predictions into the future 
forecasts. In addition, applying the forecasted fatalities to the 
demographic model and PBR includes considerable uncer-
tainty. For example, the approach is based on the assumption 
that the current status and trend of the species will be the same 
in 2025 as they are now. This assumption is likely untrue for a 
number of bird and bat species showing long-term declines.

During an assessment, the methods described here may or 
may not be used. For example, the most up-to-date forecasts 
of future wind energy trends could be used instead of those 
provided here. In addition, estimates of fatality from wind 
energy facilities, and the statistical models underlying these, 
will likely show improvements. If so, these approaches could 
be integrated into the methodology.
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Figure 2.1.  Boxplot showing projected proportions of wind 
energy capacity based on 33 projections for 2025 by the National 
Renewable Energy Laboratory (Hand and others, 2012), partitioned 
by U.S. region (from Loss and others, 2013). The box contains the 
middle 50 percent of values, with a line at the median. Whiskers 
mark the maximum and minimum values. Average values were 
used when projecting future wind energy capacity in each region.
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Figure 2.2.  Graph showing the average turbine capacity of active turbines installed since 2005 in the four regions of Loss and 
others (2013) in the contiguous United States. The lines represent a linear regression run for each region. R2 is the coefficient of 
determination and indicates how well a model fits the data.
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