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Abstract: To help avoid the most catastrophic effects of climate change, society needs to achieve
net-zero greenhouse gas emissions by mid-century. Wind energy provides a clean, renewable source
of electricity; however, improperly sited wind facilities pose known threats to wildlife populations
and contribute to degradation of natural habitats. To support a rapid transition to low-carbon energy
while protecting imperiled species, we identified potential low-impact areas for wind development
in a 19-state region of the central U.S. by excluding areas with known wildlife sensitivities. By
combining maps of sensitive habitats and species with wind speed and land use information, we
demonstrate that there is significant potential to develop wind energy in the region while avoiding
significant negative impacts to wildlife. These low-impact areas have the potential to yield between
930 and 1550 GW of name-plate wind capacity. This is equivalent to 8–13 times current U.S. installed
wind capacity. Our analysis demonstrates that ambitious low-carbon energy goals are achievable
while minimizing risks to wildlife.
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1. Introduction

A dramatic shift towards renewable energy is necessary to limit global warming to
1.5 ◦C and to avoid the major threats from climate change, including threats to biodiver-
sity [1,2]. For example, 389 species of birds in North America are estimated to have an
increased risk of vulnerability due to climate change [3]. This change in energy sources
will require rapid transitions in global energy production and land use by mid-century [2].
In the U.S., meeting ambitious targets for greenhouse gas (GHG) emission reductions will
necessitate a large increase in renewable energy [4–7]. Fortunately, policy and markets
have aligned to support the buildout of renewable energy. Thirty-eight states have either
renewable energy standard portfolios or voluntary targets [8]. In addition, the price of
renewable energy has fallen dramatically in the past decade and building wind and solar
are now often the most economical ways to increase energy production [9], particularly
when combined with renewable energy tax incentives.

While wind energy is abundant, renewable and economic siting can be challenging.
Utility-scale wind facilities require much larger areas of land than conventional forms
of electrical generation [10], and renewable energy projects can have significant nega-
tive impacts on wildlife and high-priority conservation habitats [11,12]. One concern
is direct mortality for migrating bats and birds. Turbines kill hundreds of thousands
of bats each year [13]. While direct mortality of songbirds is lower, it still accounts for
well over 100,000 bird deaths annually across the U.S. and Canada [14,15]. This is a rel-
atively small number of birds killed compared to other sources of direct mortality [16];
however, direct mortality from collision with wind turbines may be high enough to have
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population-level impacts on several species, including migratory tree-roosting bats and
golden eagles [12,13,17]. For example, a recent study suggests that the hoary bat (Lasiurus
cinereus) population of North America could decline by as much as 90% in the next 50 years
at current wind energy-associated fatality rates [18].

Impacts of wind energy on habitat fragmentation and species avoidance is arguably
of even greater conservation concern. While less well-studied than direct mortality, wind
turbines can displace wildlife [19] and impact breeding densities of already declining
grassland birds [20–22] and waterfowl [23]. For species less likely to fly within the rotor
swept area, such as some ground nesting birds, habitat fragmentation and tower avoidance
can be the most significant concern [20]. The amount of projected wind development, the
potential for avoidance around each turbine, and the large area of remaining habitat that is
suitable for wind development all highlight the potential for habitat fragmentation and
species avoidance to impact wildlife populations. Notably, the Great Plains, which is home
to most of the nation’s remaining intact grasslands and many ground nesting birds, is likely
to be one of the areas with the greatest wind energy expansion in the U.S. [10].

Fortunately, many of the ecological concerns with wind energy can be reduced or
eliminated by proper siting [12,24,25]. Thus, conservation of birds and bats will require
that we transition from fossil fuels to renewable energy production in ways that avoid and
minimize impacts. The mitigation hierarchy provides a framework for development that
addresses conservation concerns by first avoiding impacts to the most ecologically impor-
tant places, then minimizing impacts through operational practices, and, finally, offsetting
remaining residual impacts through compensatory actions such as habitat protection or
restoration [26]. The effectiveness of the mitigation hierarchy is predicated on avoiding
impacts to habitat and species to the maximum extent practicable before minimization
and offsets are considered. The U.S. Fish and Wildlife Service’s Wind Energy Guidelines
(WEGs) [27] lays out a tiered decision framework for evaluating a site for potential wind
development that acknowledges the importance of adhering to the hierarchy. The first
two tiers of the guidelines recommend evaluating landscape-level considerations before
assessing micro-siting, minimization, and offsets. The goal of landscape-level siting is to
avoid “potential adverse effects on species of concerns and their habitats” [27], although
the WEGs do not specify the areas that need to be avoided. While limitations on data
availability and knowledge about potential impacts prevents a robust quantitative estimate
of how much improved siting could reduce mortality or benefit population numbers for
individual species through avoided habitat loss, decision makers are faced with evaluating
projects based on available information.

Here we compile the data across the central U.S. on areas likely to have impacts to
species, through either direct mortality or habitat fragmentation, if they were developed
for wind energy production. Previous regional efforts to map low-conflict areas for wind
energy have focused on identifying disturbed lands where wind could be located with
minimal or no habitat concerns [25] in regions outside the Great Plains [28], or in a subset
of the Great Plains [19,29]. This effort advances and significantly expands the geographic
scope of previous work.

We used the best available information on sensitive species, natural habitats, and
migration corridors that may be adversely impacted by wind development. To provide
a realistic estimate of where low impact wind power may be built and to demonstrate
its potential to meet the need for low-carbon energy, we also removed areas with a low
potential for wind development due to engineering constraints and land use conflicts. The
resulting maps can be used by power purchasers, developers, and other stakeholders to
support landscape-level site screening early in the project planning process. The conceptual
framework of this study is represented in Figure 1.
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Figure 1. Conceptual framework of data inputs, spatial processing, and results.

2. Materials and Methods

The study area included a 19-state region of the central U.S. (generally conterminous
with the Great Plains bioregion) that encompasses 80% of the country’s current and planned
onshore wind capacity [30]. We chose this geography because wind is rapidly being
developed across the region, with potentially significant impacts on natural habitats [10].

Building upon previous research [19,25,29], we compiled spatial data on intact natural
habitats, imperiled species, and other areas of significant conservation value that may be
vulnerable to wind energy impacts. We made use of over 100 sources of data on sensitive
habitat, species occurrence, protected areas, and land use. Recognizing that many other
siting considerations exist, we also mapped areas with engineering and land use constraints
which may render wind development impractical, as identified in published assessments
of renewable energy potential and consistent with historical patterns of wind development
in the Great Plains. Component spatial data layers are described below.

2.1. Whooping Crane Stopover Sites

The federally endangered whooping crane (Grus americana), which has a current
population of approximately 500 individuals, depends on wetlands in the central Great
Plains during migration [31]. Whooping cranes exhibit aversion to wind turbines and
may be displaced from suitable habitats near wind energy infrastructure [32]. In addition,
whooping cranes may be at risk of turbine collisions when ascending or descending
from high altitude migration flights, or when travelling short distances between roost
and foraging areas [33]. To address these concerns, we considered areas within 5 km of
whooping crane stopover sites as sensitive areas for wind energy development (Figure 2A).
Stopover sites included locations with two or more confirmed whooping crane observations
since 1985 [34–36], as well as modeled suitable habitat within portions of the migratory
flyway frequently used by whooping cranes (cf. [37–39]). Modeled suitable habitat included
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contiguous areas >10 ha in size that met all the following criteria: <100 m from a non-
forested, non-rocky wetland or perennial stream [40] or playa lake [41], <1 km from
cropland [42], <3% primary and secondary road land cover [37] within a 1 km2 moving
window, <10% urban land cover [38] within a 1 km2 moving window, and intersected core
intensity or extended use core intensity areas within a defined migration corridor [39].
We also mapped critical habitat designated by the U.S. Fish and Wildlife Service [43],
whooping crane priority landscapes in Nebraska [44], and whooping crane breeding areas
in Wisconsin [31].
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(C) Prairie grouse priority habitats. (D) Important bat roosts.

2.2. Eagles and Other Raptors

Raptors may be injured or killed by collisions with wind turbines [45–48], and rates
of mortality at commercial wind facilities may be underestimated due to lack of rigorous
monitoring and reporting [17]. To reduce the risk of population-level impacts to golden
eagles (Aquila chrysaetos) in the western Great Plains, we mapped wind development
avoidance areas corresponding to the highest modeled golden eagle densities in ecoregions
assessed by the Western Golden Eagle Team (top 2 of 7 area-adjusted frequency quantiles;
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Figure 2B). Following general habitat management guidelines established by the U.S. Fish
and Wildlife Service [49], we also mapped avoidance areas within 1.6 km of streams and
lakes with known high densities of bald eagle (Haliaeetus leucocephalus) nests [50]. In states
with available data, we delineated 3.2 km buffers for active golden eagle nests [51] and
occupied peregrine falcon (Falco peregrinus) habitat [52,53], and we used 1.6 km buffers for
other active raptor nests [51], raptor occurrences [54], and modeled prairie dog (Cynomys
spp.) complexes, due to their attraction of birds of prey [55–58].

2.3. Prairie Grouse

Grouse species in the central U.S. have experienced substantial population decline
since the early 20th century [59] and may be further threatened by improperly sited energy
development [60–64]. To prevent grouse displacement and potential impacts on vital rates,
we mapped the following as important areas to avoid wind development (Figure 2C):
Attwater’s prairie-chicken (Tympanuchus cupido attwateri) known occurrence records [65]
and the Refugio-Goliad Prairie Conservation Area in Texas [66]; Columbian sharp-tailed
grouse (T. phasianellus columbianus) production areas and winter range in Colorado [67], and
5 km buffers of known leks in Wyoming [68]; greater prairie-chicken (T. cupido) preliminary
tier 1 and 2 habitats in South Dakota [69,70], modeled optimal habitat [19,50] in Kansas and
Oklahoma, state-designated production areas in Colorado [71], grassland conservation op-
portunity areas in Missouri [72], and priority habitat in Minnesota [73]; greater sage-grouse
(Centrocercus urophasianus) rangewide biologically significant units [74], state-designated
core and connectivity areas in Wyoming [75] and Montana [76], and 2 km buffers of known
leks in Wyoming [77]; Gunnison sage-grouse (C. minimus) critical habitat [43], and pro-
duction areas, brood areas, winter range, and severe winter range in Colorado [78]; lesser
prairie-chicken (T. pallidicinctus) rangewide conservation focal areas and 6.8 km buffers [79]
of known leks [80]; plains sharp-tailed grouse (T. phasianellus jamesi) production areas
in Colorado [81], 5 km buffers of known leks in Wyoming [82], preliminary tier 1 and 2
habitats in South Dakota [69,70], and priority habitat in Minnesota [73].

2.4. Bat Roosts

Bat mortality has been documented at wind energy facilities across North
America [83–86]. Because bats concentrate in large numbers and have low reproductive
rates, population viability is particularly vulnerable to adult mortality [87].

While knowledge of bat and wind turbine interactions in the southern Great Plains
is limited, evidence suggests that the Mexican free-tailed bat (Tadarida brasiliensis) may be
particularly susceptible to fatal injury during encounters with turbine blades. This species
accounts for a large percentage of documented wildlife mortality at wind facilities across
the southwestern U.S. [86,88–90], including in states with extensive wind development.
Moreover, regional populations are comprised primarily of reproducing females [91,92];
as such, each early season fatality in the area may result in the death of two individuals
(mother and young). Recent population estimates in Oklahoma are markedly lower than
historical figures, although the relative contribution of wind is unknown [93]. Due to the
large foraging range of this species [94] and concerns regarding population-level impacts,
we mapped avoidance areas that extended 32 km from Mexican free-tailed bat maternity
roosts [50,95] in New Mexico, Oklahoma, and Texas, as well as adjacent areas of Kansas
(Figure 2D).

In addition, we followed the U.S. Fish and Wildlife Service’s [96] recommendation to
avoid wind development within 32 km of Indiana bat (Myotis sodalis) priority 1 hibernacula,
16 km for priority 2 hibernacula, and 8 km for other current and historical sites. We applied
the same rationale and avoidance distances to gray bat (Myotis grisescens) hibernacula and
other known cave bat roosts across the analysis area [50,97–102]. We also included avoid-
ance areas for mapped bat roosts in Montana [103], mapped hibernacula in Nebraska [44],
townships with documented northern long-eared bat (Myotis septentrionalis) maternity
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roosts and/or hibernacula in Minnesota [104], a 12-county region of northeastern Missouri
near Sodalis Nature Preserve [105], and important forest habitats in Indiana [106].

2.5. Breeding Waterfowl

Ducks and other wetland-dependent birds may be displaced from suitable habitats by
wind energy infrastructure [23,107–109]. To minimize the risk of negative impacts to these
species, we mapped areas important to breeding waterfowl in the northern portion of the
study area to be avoided by wind development (Figure 3A). In the Prairie Pothole region of
Minnesota, North Dakota, and South Dakota, we identified areas where >100 estimated
pairs of blue-winged teal, gadwall, mallard, northern pintail, and northern shoveler duck
species are predicted to be attracted to wetlands (calculated using a 390 m pixel extent and
based on long-term average wetland conditions) [110], following [21], and buffered them
by 800 m [23]. In Wisconsin, we included the 95th percentile of modeled habitat suitability
for breeding ducks as identified in a statewide waterfowl conservation strategy [111].
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(A) Areas with high predicted waterfowl breeding pairs in the northern Great Plains. (B) Important
bird areas in Illinois, Indiana, Iowa, Ohio, and Minnesota. (C) Terrestrial threatened and endangered
species habitats. (D) Big game migration corridors and crucial winter range.

2.6. Important Bird Areas

Important bird habitats across the Great Lakes and Upper Midwest states may not
be effectively captured by other spatial data layers used in this assessment. Therefore, we
included state bird conservation areas in Iowa [112], Audubon important bird areas in
Illinois, Indiana, Minnesota, Ohio, and Wisconsin [113], and Great Lakes ecoregion bird
portfolio sites in Michigan [114] as areas to avoid wind development (Figure 3B).
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2.7. Other Terrestrial Threatened and Endangered Species

Energy and infrastructure development are among the most significant threats to
imperiled species in the U.S. [115] To prevent impacts to at-risk wildlife, we included
terrestrial federally listed threatened and endangered species habitats as avoidance areas.
Mapped sites included critical habitats delineated by the US Fish and Wildlife Service [43],
current/recent species distributions [116–120], modeled priority habitats [78,121–123],
and occurrence records [50,124,125]. We also included the lesser prairie chicken habitats
described above due to the proposed listing of this species [126] (Figure 3C).

2.8. Big Game

Roads and other anthropogenic features associated with energy development may
alter the movement of big game animals and increase rates of mortality, particularly along
migration routes and in crucial winter range in the Western U.S. [127–131]. Based on the
potential for loss and fragmentation of these vital habitats, we delineated wind development
avoidance areas for big game in Colorado, Montana, New Mexico, North Dakota, and
Wyoming [132–136] (Figure 3D).

2.9. Wetlands, Rivers, and Riparian Corridors

Wind energy development near wetland complexes and riparian corridors may cause
adverse impacts to migratory birds and other wildlife [19,137–139]. Significant wetland
features identified by TNC and partners to avoid wind development included National
Wetlands Inventory sites [37]; open water areas [39]; playa lakes and clusters [38]; 1.6 km
buffers of important rivers in Minnesota [140], Nebraska [44], North Dakota and South
Dakota [29], and Ohio [50]; 16 km buffers of Ramsar Convention wetlands in Wiscon-
sin [141], Western Hemisphere Shorebird Reserve Network [142] wetland sites in Illinois,
Kansas, Missouri, Oklahoma, and Texas, and the Aransas and Washita National Wildlife
Refuges ([143], following [19]), riparian habitats in New Mexico [144]; 200–500 m buffers
of streams [137] and coastal wetlands [145] in Michigan; and wetlands of special signifi-
cance [146] and trumpeter swan (Cygnus buccinator) occurrence records [147] in Montana
(Figure 4A).

2.10. Protected and Managed Lands

We mapped wind development avoidance areas in locations managed for long-term
conservation of natural features, including state parks and wildlife management areas;
national monuments, parks, and wildlife refuges; military installations; other state and
federal lands with development restrictions; private protected lands; and conservation
easements [50,143,148]. Due to the relative scarcity and high conservation value of federal
lands in the eastern portion the study area, all U.S. Forest Service properties outside of
Colorado, Montana, New Mexico, and Wyoming were included regardless of planning
designation status (Figure 4B).

2.11. Intact Natural Habitats

Agricultural conversion and other land use change across the central U.S. has signif-
icantly reduced the spatial extent of prairie ecosystems and has contributed to the loss
of many associated species [149]. Remaining intact habitats provide the basis for long-
term viability of many species of conservation concern. To delineate discrete patches
of undisturbed natural landcover for wind development avoidance, we processed the
Theobald [150] human modification (HM) model using a 1 km radius moving window and
selected areas with HM index values less than 0.125. We then eliminated areas fragmented
by oil and natural gas development, defined as sites with 1.5 active wells per km2 or greater
([151–162], see [127]). We also excluded lands in the Great Plains bioregion altered by past
tillage or other landscape disturbances [163]. Finally, we added core forest and core wetland
areas [164,165] to capture additional, functionally intact habitats in Illinois, Indiana, Iowa,
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Minnesota, Missouri, Ohio, and large intact forests in Michigan ([138], following [166])
(Figure 4C).
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2.12. Other Areas of Biodiversity Significance

We mapped wind development avoidance areas for other areas of recognized con-
servation importance, including areas of moderate, high, and outstanding biodiversity
significance [167], and prairie conservation core areas, corridors, matrix habitat, and strate-
gic habitat complexes in Minnesota [166]; biologically unique landscapes, and medium
and high sensitivity natural communities in Nebraska [44]; conservation opportunity areas
in Wisconsin [168]; the Flint Hills landscape of Oklahoma and Kansas [142,169]; areas
within 8 km of Great Lakes shoreline [137]; natural areas inventory sites in Illinois [170];
potential conservation areas with high, very high, or outstanding biodiversity significance
in Colorado [171]; Prairie Pothole Joint Venture priority areas, and the Loess Hills ecore-
gion in Iowa [172]; riparian corridors in New Mexico [144]; The Nature Conservancy’s
conservation priority areas in South Dakota [29] and Texas [173]; areas of medium and high
potential wind development impact in North Dakota [136]; and wind sensitive areas in
Indiana [106] (Figure 4D).

2.13. Climate Resilient Lands

Over the next century, climate change is expected to drive shifts in species ranges and
increase stressors to natural ecosystems. Renewable energy deployment may help mitigate
climate change impacts; however, improperly sited facilities can fragment habitats and limit
animal movements, further exacerbating threats to at-risk wildlife populations [174,175].
To identify areas important to sustaining species and natural communities in a changing
climate, we mapped Resilient and Connected Landscapes with recognized biodiversity
value [176] as development avoidance areas (Figure 4E). These sites include representative
geophysical environments and microclimates with relatively low levels of human modifi-
cation and relatively high connectivity, which comprise a network of lands most likely to
retain ecosystem function in altered climate conditions [177–179].

2.14. Non-Ecological Constraints

Outside of the ecological siting considerations, there are a variety of engineering and
societal constraints on wind development. Wind speed is highly variable on both spatial
and temporal scales [180,181]. Placement of wind development in areas that achieve a
certain threshold of wind power throughout the year and have access to transmission
is important. Furthermore, areas already developed for urban uses, airports, weather
radar, and military training preclude wind development [182–184]. Finally, the height and
weight of the turbines limits wind development to mild slopes and stable substrate [184],
although technological advances are driving down the cost of wind and now allow for
the development of wind capacity in areas that would have previously not been deemed
economically viable [181,185].

2.15. Airfields

Commercial wind turbines require undisturbed airspace for operation and may present
hazards to air travel. Areas within 3 km of public use and military airfield runways [186]
were considered unsuitable for wind development [184].

2.16. Special Use Airspace

Special use airspace areas managed by the Federal Aviation Administration contain
unusual aerial activity, generally of a military nature. These include ‘alert’ areas which
experience high volumes of training flights, ‘restricted’ areas near artillery firing ranges,
and ‘prohibited’ areas with significant national security concerns [187]. Placement of
wind turbines within these areas may create hazardous flight conditions and compromise
military readiness [188]. We considered alert, restricted, and prohibited airspace [189,190]
unsuitable for wind energy development. Because these areas are not fully mapped and
may change over time, consultation with the U.S. Department of Defense is still advised
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prior to constructing wind turbines within defined military operating areas, near low-level
flight paths, and in areas that may penetrate defense radar lines of sight.

2.17. Radar Stations

Wind turbines may cause interference with radar signals when sited near weather
stations and military installations [188,191]. The National Oceanic and Atmospheric Ad-
ministration (NOAA) requests that developers avoid constructing wind turbines within
3 km of NEXRAD radar installations [192,193]. A larger avoidance distance of 9.26 km was
assumed for Department of Defense radar sites [183]. Outside of these areas, mitigation
may be required for wind turbines that penetrate radar lines of sight, particularly for
structures within 36 km [193].

2.18. Developed Areas

Urban lands [41] and other developed areas [39] were considered unsuitable for
commercial wind development [184].

2.19. Existing Wind Facilities

Areas within 1.6 km of existing wind turbines [194] were considered unsuitable for
new wind development. This distance represents the typical spacing of turbine strings
oriented perpendicularly to prevailing winds in the Great Plains.

2.20. Excessive Slope

Steeply sloping terrain [195] may significantly increase capital costs associated with
turbine construction. Areas of slope exceeding 20% were considered unsuitable for wind
development [184].

2.21. Water and Wetlands

Open water and wetland areas [37–39] were considered unsuitable for wind develop-
ment [184].

2.22. Poor Wind Resource

For purposes of this assessment, we considered areas with annual average wind
speeds of less than 6.5 m/s at 80 m height to be unsuitable for wind development [196].

2.23. Negative Relative Elevation

Mesoscale wind maps are often generalized and may not accurately depict wind energy
potential at a given site [197,198]. Wind developers employ a variety of computational
models to assess local wind resources based on orography, measured wind speed, and
other factors [199,200]. Most commercial wind facilities in the central U.S. are situated
on topographic ridges that experience higher winds than the general surroundings. To
identify terrain conducive to development, we calculated relative elevation based on the
mean elevation of annuli extending 3, 6, 12, and 24 km from a given point [201]. Negative
values represent areas that lie below the adjacent landscape and thus have decreased
wind exposure and low potential for wind energy development. Mountainous and coastal
regions were not analyzed or excluded based on relative elevation as wind resources in
these areas may be influenced by more complex topographic and meteorological factors.

2.24. Statutory Restrictions

Wind development may be legally (or functionally) restricted in some areas of the
central U.S., including those within 2.8 km of airport runways, public schools, and hospitals
in Oklahoma [186,202–204]; the “Heart of the Flint Hills” region in Kansas [205,206]; 1.6 km
and 800 m buffers of certain state-protected properties in Illinois, as supported by the
Illinois Natural Areas Preservation Act [207,208]; and 150 m buffers of state trails in
Minnesota [209,210]. Many additional state, county, and local regulations pertaining to
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wind development may exist across the region; however, a detailed examination of these
constraints was beyond the scope of this assessment.

2.25. Data Processing

Input data were obtained in a variety of formats and spatial resolutions. To facilitate
efficient analysis, all map layers were rasterized at a ground sample distance of 30 m, con-
sistent with regional and national raster datasets commonly used in the U.S. (e.g., [39,195]).
We generated preliminary Boolean map of areas suitable for wind development by exclud-
ing lands with potential engineering and land use restrictions. To eliminate isolated areas
too small to support commercial wind development projects, the results were smoothed
using a 1 km radius moving window, and patches less than 20 km2 in size were removed.
The component engineering and land use restriction layers were then subtracted from the
remaining smoothed patches to eliminate false positive values and other spatial artifacts
introduced by the moving window analysis. To delineate suitable wind development areas
with low potential for wildlife conflict, wildlife and habitat data layers were subtracted
from the preliminary Boolean suitability map, and the analysis was repeated as above. For
each state and for the entire study area, we quantified wind development potential on all
lands suitable for wind development based on wind power, infrastructure, and engineering
constraints, as well as the subset of suitable lands identified as low-impact for wildlife,
assuming a conservative nameplate capacity density of 3–5 MW/km2 [184,211]. Based
on spacing requirements and current turbine designs, nameplate capacity averages about
5 MW/km2. However, installed wind farm developments use an average of 3 MW/km2

for projects. This lower bound includes projects that may not still expand to add turbines;
once fully built, these projects may achieve greater land use efficiencies. We note that
continuing advances in wind technology may enable even greater efficiencies than the
range considered here (e.g., [29]).

2.26. Sensitivity Analyses

In some cases, various recommendations have been made by experts with regards
to buffer distances or other thresholds for sensitive features. To evaluate the effect of
eliminating or modifying individual key wildlife elements, we conducted one-at-a-time
sensitivity analyses for intact natural habitats, wetlands/rivers/riparian corridors, breeding
waterfowl, and bat roosts by iteratively adjusting inputs to achieve greater or less expansive
geographic coverage and reprocessing the data as described above.

3. Results

After considering factors that may constrain wind development, such as low wind
speed and steep terrain, and excluding previously developed areas, statutory setbacks, and
unsuitable land use (airfields, developed areas, etc.; Figure 5), as well as small and isolated
sites, approximately 90 million ha of land or 21% of the total 19-state region was deemed
suitable for wind development (Table 1). Given its size, Texas had the highest total ha of
suitable area, and Nebraska had the greatest percent of the state considered suitable for
wind development. Arkansas has the lowest total area and percent of the state suitable for
wind development. If all the suitable land across the study area was developed for wind
energy, it could conservatively support over 2700 GW of wind capacity and perhaps as
much as 4500 GW.

After removing sensitive wildlife habitats (Figure 6), approximately 31 million ha
remained suitable for development, which is 7% of the 19-state study area (Figure 7; Table 1).
Even though the sensitive wildlife areas mapped across the region included diverse taxa
and habitats from big game to bat roosts, there was substantial overlap in where these
sensitive wildlife areas occurred. For example, areas mapped as intact natural habitats
often co-occurred with sensitive sites such as high-density eagle nesting areas and critical
habitat for threatened and endangered species. Once again, Texas had the greatest total
area delineated as low-impact to wildlife so far suitable for wind development, comprising
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6% of the state. Iowa followed Texas in total amount of low-impact acreage (29% of the
state). Nebraska’s low-impact suitable areas included 11% of the state and Arkansas had
no low-impact areas deemed suitable for wind development. While Wyoming and New
Mexico both have significant wind resources, very little of those states are low-impact for
wildlife given the intactness of the habitat. When sensitive wildlife and technical limitations
are considered, we find 930–1550 GW of wind capacity potential in low-impact areas alone.
This is 8–13 times the current name-plate capacity for wind energy in the U.S., which
reached 100 GW in 2019 [212,213].
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The wildlife layers considered here did not contribute equally to the environmental
exclusions. Removing “intact natural habitats” from consideration would increase the
low-impact area by 19% (Table 2), wetlands/rivers/riparian corridors by 14% (Table 3),
waterfowl breeding areas by 5% (Table 4), and bat roosts by 4% (Table 5). The above
numbers explain which places were uniquely excluded for each of these factors, noting
that a particular area may be sensitive for multiple reasons. For example, an area of intact
habitat that is also in a riparian corridor and would be retained as a sensitive area even in
the sensitivity analysis that eliminated the intact habitat layer. We capture this range of
variation (as quantified for each category of exclusions in Tables 2–5) to estimate the total
area of exclusion ranging from 24–36 Mha (Table 6).
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Table 1. Amount of suitable and low-impact land for wind development and potential wind energy
capacity within a 19-state area of the central United States.

State Suitable Land
(ha)

Percent of
Region

Capacity on
Suitable Land (GW)

Low-Impact
Suitable Land

(ha)
Percent of

Region
Capacity on
Low-Impact

Suitable Land (GW)
Texas 15,945,276 23% 478–797 4,271,796 6% 128–214
Iowa 4,916,534 34% 147–246 4,179,950 29% 125–209

Kansas 7,583,374 36% 228–379 3,961,889 19% 119–198
Nebraska 7,868,623 39% 236–393 2,202,613 11% 66–110
Minnesota 3,503,389 16% 105–175 2,178,075 10% 65–109
Montana 8,059,881 21% 242–403 2,117,624 6% 64–106
Illinois 2,119,363 15% 64–106 1,924,567 13% 58–96

Oklahoma 3,595,162 20% 108–180 1,652,421 9% 50–83
South Dakota 6,878,777 34% 206–344 1,646,761 8% 49–82

Indiana 1,623,297 17% 49–81 1,534,308 16% 46–77
Missouri 2,318,808 13% 70–116 1,413,602 8% 42–71
Colorado 3,916,351 15% 117–196 1,059,786 4% 32–53
N. Dakota 6,071,688 33% 182–304 950,010 5% 29–48
Wisconsin 1,172,347 8% 35–59 735,803 5% 22–37

Ohio 544,898 5% 16–27 434,145 4% 13–22
New Mexico 5,075,241 16% 152–254 420,152 1% 13–21

Wyoming 8,392,647 33% 252–420 178,785 1% 5–9
Michigan 620,168 4% 19–31 147,634 1% 4–7
Arkansas 34,834 0% 1–2 0 0% 0–0

combined area 90,240,658 21% 2707–4512 31,009,920 7% 930–1550Land 2022, 11, x FOR PEER REVIEW 14 of 28 
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Table 2. Sensitivity analysis for intact natural habitats. The main results are presented in bold; other
rows present sensitivity analyses.

Description Low-Impact
Suitable Land (ha)

Capacity on Low-Impact
Suitable Land (GW)

Percent
Change

Alternate 1 (includes
previously tilled areas [163]) 27,279,925 818–1364 −13.67%

Site Wind Right modeled 31,009,920 930–1550 -
Alternate 2 (excludes core

wetland/forest [164]) 31,069,695 932–1553 +0.19%

Alternate 3 (reduced
HM [150] selection threshold

to 0.0625; excludes core
wetland/forest [164])

31,744,143 952–1587 +2.31%

Layer excluded 38,279,562 1148–1914 +18.99%

Table 3. Sensitivity analysis for wetlands, rivers, and riparian corridors. The main results are
presented in bold; other rows present sensitivity analyses.

Description Low-Impact Suitable
Land (ha)

Capacity on Low-Impact
Suitable Land (GW)

Percent
Change

Alternate 1 (includes 1.6 km avoidance of all named
rivers [214]) 29,503,241 885–1475 −5.11%

Site Wind Right modeled 31,009,920 930–1550 -
Alternate 2 (excludes playa clusters [38]) 34,655,694 1040–1733 +10.52%

Alternate 3 (excludes playa clusters [38]; reduced
buffers of Ramsar Convention wetlands [141] and
Western Hemisphere Shorebird Reserve Network

sites [142] to 8 km)

34,993,178 1050–1750 +11.38%

Alternate 4 (excludes playa clusters [38] and important
rivers [29,44,50,140]; reduced buffers of Ramsar

Convention wetlands [141] and Western Hemisphere
Shorebird Reserve Network sites [142] to 8 km)

35,221,939 1057–1761 +11.96%

Layer excluded 36,013,609 1080–1801 +13.89%

Table 4. Sensitivity analysis for breeding waterfowl. The main results are presented in bold; other
rows present sensitivity analyses.

Description Low-Impact Suitable
Land (ha)

Capacity on Low-Impact
Suitable Land (GW)

Percent
Change

Alternate 1 (reduced Prairie
Pothole region breeding
ducks [110] threshold to

50 pairs)

29,665,317 890–1483 −4.53%

Site Wind Right modeled 31,009,920 930–1550 -
Layer excluded 32,692,170 981–1635 +5.15%

Table 5. Sensitivity analysis for bat roosts. The main results are presented in bold; other rows present
sensitivity analyses.

Description Low-Impact Suitable
Land (ha)

Capacity on Low-Impact
Suitable Land (GW)

Percent
Change

Alternate 1 (T. brasiliensis
roost [50,95] buffers
increased to 56 km)

30,630,953 919–1532 −1.24%

Site Wind Right modeled 31,009,920 930–1550 -
Alternate 2 (excludes

generalized roost areas
mapped by counties [105]

and townships [104])

31,435,770 943–1572 +1.35%

Layer excluded 32,349,200 970–1617 +4.14%
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Table 6. Combined sensitivity analysis for intact natural habitats, wetlands/rivers/riparian corridors,
breeding waterfowl, and bat roosts. ‘Most conservative’ indicates the combination of alternate
scenarios detailed in Tables 2–5 resulting in the least amount of low-impact suitable land. ‘Least
conservative’ indicates the combination of alternate scenarios detailed in Tables 2–5 resulting in the
greatest amount of low-impact suitable land. The main results are presented in bold; other rows
present sensitivity analyses.

Description Low-Impact Suitable
Land (ha)

Capacity on Low-ImPact
Suitable Land (GW)

Percent
Change

Most conservative 24,379,549 731–1219 −27.20%
Site Wind Right modeled 31,009,920 930–1550 -

Least conservative 36,428,816 1093–1821 +14.88%

4. Discussion

This study significantly expands the geographic scope of previous work to map species
and habitats vulnerable to wind energy impacts [19,29] and identifies low-conflict areas
throughout the region of the U.S. where most new development is expected to occur [30].
Our analysis concludes that there is significant potential to develop wind energy in the
central U.S. while avoiding areas with known or anticipated impacts to wildlife and
sensitive areas. In deep decarbonization scenarios where fossil fuels are largely displaced
from electricity production, onshore wind energy is expected to generate 386–1392 GW by
2050 [4–6]. This wide range in projected wind energy is due to different assumptions about
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the mix of clean energy technologies that will support decarbonization and variability
in electrical demand based on electrification of transportation and other sectors of the
economy. This means that restricting siting to low-impact areas need not constrain wind
development; indeed, even in an unrealistic scenario where all new onshore wind in the
U.S. was installed in the study area and grew to produce the majority of all energy in the
United States, there would be adequate low-impact areas to support wind development.

Thus, our analysis demonstrates that ambitious wind development goals are achiev-
able and scalable while minimizing risk to sensitive species and habitats. The key wildlife
areas map (Figure 6) can be used to inform landscape-level siting decisions and can support
application of the U.S. Fish and Wildlife Service Wind Energy Guidelines (WEGs) [27],
specifically Tier 1 and Tier 2 evaluations. It is not intended to serve as a substitute for
the WEGs or to suggest that field surveys or monitoring are not necessary. The map
does not replace the need to consider the data and information outlined in the WEGs,
consult with state and federal wildlife agencies, or conduct detailed analyses of sensi-
tive species, habitats, and potential impacts at the project site scale. Rather, it can be
used in conjunction with other appropriate information on habitat and species to sup-
port early site screening and lends confidence to the idea that both renewable energy and
biodiversity conservation goals could be achieved in this region. To facilitate use of this
information by interested parties, we created a web-based mapping application available
at http://www.nature.org/siterenewablesright (accessed on 8 February 2022). The process
of identifying low-impact areas for wind development described in previous works and
expanded upon in this study is broadly applicable. Decision-makers may use the results
of such an analyses to inform planning, procurement decisions, and policies designed to
incentivize deployment of renewable energy projects on lands with reduced potential for
wildlife conflicts.

Our estimates of the area suitable for low-impact wind development may be conserva-
tive. Some of the low-impact areas that we identified as having engineering and land use
constraints may be viable for wind energy due to improvements in technology [215]. For
example, taller turbines and longer blades are making wind energy development economi-
cally viable even in areas with lower wind speeds [185]. Countervailing factors include the
potential for transmission capacity and the availability of willing landowners to limit the
development of some of the low-impact areas that we identified [183,216]. Additionally,
because there are many unknown factors regarding how wind development and wind
turbines themselves impact wildlife [12], we used conservative estimates to identify areas
that should be considered for avoidance due to conservation concerns. The impact of wind
turbines on direct mortality has received the most attention, but other aspects of wind
development, such as displacement or the potentially synergistic effects of multiple wind
developments on the landscape, are not well understood. Some studies have documented
displacement effects for grassland birds [20] and waterfowl [23], but how widespread
and long-term these impacts are is unclear. Given the relatively large footprint of wind
development [10], the decline of many grassland bird species [22], the unknown degree
and geographic extent of impacts [12], and the amount of low-impact wind development
area available, targeting development in low-impact areas would allow us to reduce both
carbon emissions and the risk of impacts to wildlife habitat and populations.

We note that our delineation of sensitive wildlife habitats was not exhaustive and
should be updated as our understanding of the impacts of wind on wildlife continue to
improve and as better data on sensitive species becomes available. Spatial data on species
of concern are missing or incomplete in many geographies and for many taxa. For example,
seasonal or temporary wetlands have a high value for waterfowl, particularly in the Prairie
Pothole Region, but can be difficult to map, especially when embedded in agricultural fields
or other disturbed areas [217], and the distribution and migratory pathways of bats are
not well known [87,218]. Additionally, wildlife and habitat distributions are not static and
may shift over time due to climate impacts, land use change, and other factors. Therefore,
as with all development projects, wildlife concerns should be addressed early in the site

http://www.nature.org/siterenewablesright
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identification process, should be made in the context of landscape-level considerations, and
avoidance should be fully explored before considering minimization and offset measures.

While improved siting can avoid many impacts, for some species, operational min-
imization measures may be necessary to reduce mortality regardless of siting location,
particularly for bats [219,220]. Bats appear to be attracted to turbines, making it unlikely
that mortality can be adequately avoided through siting alone [221]. Fortunately, curtailing
wind production during nights with high migratory activity, increasing turbine cut-in
speed [222–224], and the use of ultrasonic deterrents [225] can substantially reduce mortal-
ity. New methods to track seasonal bat movements are in development [226] and could
further inform operational minimization strategies and siting decisions. Combining opera-
tional strategies with avoidance of known high bat concentration areas, such as hibernacula,
will likely be necessary to lessen the impacts of wind turbines on bat populations.

5. Conclusions

Our map of key wildlife areas may serve as an important source of information for
developers to support screening early in the project siting process and for power purchasers
and consumers interested in wildlife-friendly wind power. Additionally, power purchasers
acquiring wind-generated electricity from low-impact sites may be able to support their
climate and renewable energy goals, while also avoiding sensitive species and habitats.
Projects proposed in the low-impact areas are less likely to encounter wildlife-related
conflict and associated project delays and related cost overruns, which should speed the
deployment of wind energy needed to meet climate mitigation goals [183].
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