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The expansion of human infrastructure has contributed to novel risks and

disturbance regimes in most ecosystems, leading to considerable uncertainty

about how species will respond to altered landscapes. A recent assessment

revealed that whooping cranes (Grus americana), an endangered migratory

waterbird species, avoid wind-energy infrastructure during migration.

However, uncertainties regarding collective impacts of other types of

human infrastructure, such as power lines, variable drought conditions,

and continued construction of wind energy infrastructure may compromise

ongoing recovery efforts for whooping cranes. Droughts are increasing in

frequency and severity throughout the whooping crane migration corridor,

and the impacts of drought on stopover habitat use are largely unknown.

Moreover, decision-based analyses are increasingly advocated to guide

recovery planning for endangered species, yet applications remain rare. Using

GPS locations from 57 whooping cranes from 2010 through 2016 in the

United States Great Plains, we assessed habitat selection and avoidance of

potential disturbances during migration relative to drought conditions, and we

used these results in an optimization analysis to select potential sites for new

wind energy developments that minimize relative habitat loss for whooping

cranes and maximize wind energy potential. Drought occurrence and severity

varied spatially and temporally across the migration corridor during our study

period. Whooping cranes rarely used areas <5 km from human settlements

and wind energy infrastructure under both drought and non-drought

conditions, and <2 km from power lines during non-drought conditions,

with the lowest likelihood of use near wind energy infrastructure. Whooping

cranes differed in their selection of wetland and cropland land cover types

depending on drought or non-drought conditions. We identified scenarios

for wind energy expansion across the migration corridor and in select states,

which are robust to uncertain drought conditions, where future loss of highly

selected stopover habitats could be minimized under a common strategy.

Our approach was to estimate functional habitat loss while integrating
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current disturbances, potential future disturbances, and uncertainty in drought

conditions. Therefore, dynamic models describing potential costs associated

with risk-averse behaviors resulting from future developments can inform

proactive conservation before population impacts occur.

KEYWORDS

avoidance behavior, drought, migration, optimization, stopover habitat, waterbird,
wind energy infrastructure

Introduction

Ecological systems are increasingly affected by novel
disturbance regimes that wildlife species have not experienced
historically. Disturbances caused by humans have led
to fragmented landscapes with altered patch sizes and
configuration, likely changing selection pressures and thus
the behaviors and fitness of individuals. Such disturbances can
directly impact wildlife species through increased mortality
(e.g., Trombulak and Frissell, 2000, Calvert et al., 2013, Frick
et al., 2017), or indirectly through demographic consequences
of habitat fragmentation and loss (Rybicki and Hanski, 2013).
How species respond to disturbances partially depends on
their degree of habitat specialization and extent to which
disturbances impact limiting resources (Devictor et al., 2008).
Further, disturbances can induce costly avoidance behaviors
that may compromise individual fitness and consequently alter
population dynamics (Frid and Dill, 2002). These avoidance
behaviors can be exaggerated (and more energetically costly)
compared to optimal behaviors that would be necessary for
avoiding mortality, perhaps reflecting a mismatch in how
wildlife perceive rapid landscape changes (Smith et al., 2021).
Understanding how individuals and populations respond in
post-disturbance landscapes may provide insights into the
ability of species to persist in landscapes that continue to
experience climate and land use changes.

This understanding of wildlife responses may be especially
useful in assessing whether avoidance of disturbances or other
human activities could lead to a functional loss of preferred
habitats (Dyer et al., 2001, Polfus et al., 2011, Barré et al.,
2018, Heinemeyer et al., 2019). Functional loss of habitats differs
from direct habitat loss because seemingly suitable habitats are
avoided (Dyer et al., 2001). Avoidance behaviors can vary among
individuals in a population (Duchesne et al., 2010) and with
environmental conditions such as severe weather (Beckmann
et al., 2012, Sawyer et al., 2017). Different types of human
disturbances may also vary in how they are arranged on the
landscape, such as linear features (e.g., roads, power lines) or
grouped features (e.g., mining, oil extraction, and wind-energy
infrastructure). We expect that variation in species responses
to these disturbances and the characteristics of disturbances

likely exert different effects on species avoidance and have the
potential to interact cumulatively (Polfus et al., 2011).

For migratory species that occupy diverse landscapes
throughout their annual cycles, the type and intensity of
disturbances these species encounter also presumably vary.
Human disturbances and infrastructure have been shown to
interrupt migration, increase reposition movements, or delay
departure in migratory species (Dussault et al., 2007, Seidler
et al., 2015, Wilson R. R. et al., 2016), yet much of the research
evaluating habitat use across migration pathways relative
to human disturbances has been conducted on ungulates.
Greater uncertainty exists regarding risk-adverse responses in
avian species during migration, partially due to difficulties in
obtaining time-series of use data at a fine spatial scale. Such
data are important because species select specific points to
stop during migration and these points may be different from
year-to-year or season-to-season as habitat quality changes.

Migratory waterbirds are likely to display dynamic use
patterns in response to fine-scale variation in stopover habitat.
Anthropogenic disturbances, layered on top of natural variation
in stopover habitat, are likely to make inferring use patterns
more difficult if all important variables are not accounted for.
For example, most migratory waterbirds require networks of
patchily distributed and ephemeral wetland habitats as stopover
sites (Merken et al., 2015, Xu et al., 2019). However, human
presence and vehicle disturbance have been shown to displace
waterbirds at coastal stopover sites during migration (Pfister
et al., 1992, Tarr et al., 2010); thus, it is plausible that human
disturbances could functionally alter stopover availability. The
interplay between fine-scale natural variation in stopover sites
and human disturbance could make conservation planning a
difficult task for this group of species (Kirby et al., 2008, Runge
et al., 2015).

Conservation and recovery efforts for endangered whooping
cranes (Grus americana), a migratory waterbird in North
America, include preserving stopover habitats used during
migration (Canadian Wildlife Service and U.S. Fish and Wildlife
Service, 2005). Whooping cranes of the Aransas-Wood Buffalo
population migrate through the Great Plains of the United States
and Canadian Prairies between breeding and non-breeding
seasons (Kuyt, 1992, Pearse et al., 2018). Wetland habitats used
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by whooping cranes along this extensive migration corridor
have been highly modified by humans (Dahl, 2011, Lark et al.,
2020). For example, a recent assessment revealed that whooping
cranes avoid wind-energy infrastructure during migration,
resulting in functional losses of suitable stopover habitats
(Pearse et al., 2021), a pattern of displacement similarly observed
in other avian species (Shaffer and Buhl, 2016, Marques et al.,
2020, Fielding et al., 2021). The generation of renewable energy
with wind power has rapidly expanded in recent decades, is
economically competitive, and provides benefits for mitigating
effects of climate change (IPCC, 2011). Because the wind
energy industry is expected to continue growing (Veers et al.,
2019), developing strategies for addressing the siting of new
developments at the intersection of clean energy and biological
conservation is of increasing importance for the conservation of
species that potentially interact with wind towers (Shaffer et al.,
2019).

We assessed how patterns of wind development altered
habitat selection and avoidance of GPS-tagged whooping
cranes while accounting for other potential disturbances
during migration. A challenge in understanding impacts of
anthropogenic disturbances on wildlife species occurs when
environmental conditions alter distribution and habitat use, and
thus mediate the severity of disturbances. Whooping cranes
that migrate through the Great Plains of the United States and
Canadian Prairies experience a wide range of environmental
conditions, including spatially and temporally varying drought
conditions that can directly affect availability of wetlands
(McIntyre et al., 2014). Droughts are increasing in frequency
and severity (IPCC, 2021) and have additionally been shown to
influence primary productivity (Huang et al., 2016), invertebrate
community composition (Neto et al., 2010), and thus refueling
opportunities and movement patterns of migratory birds
(Anderson et al., 2021). Consequently, we examined how the
effects of drought modulate individual- and population-level
habitat selection relative to three types of human disturbances:
wind energy infrastructure, power lines, and towns and
cities. We predicted that whooping cranes would avoid these
disturbances at different distances and magnitudes because
of varying perceptions of potential risk (Martin, 2011). We
also predicted that drought conditions would reduce the
magnitude of avoidance as there would be less available stopover
habitat. Alternatively, if infrastructure avoidance is high during
droughts, droughts may exacerbate effects of avoidance by
forcing individuals to move farther and possibly expend more
energy to locate suitable stopover habitats.

Of course, habitat use relative to natural and anthropogenic
disturbance should have implications for deciding where to
protect stopover sites and where to develop wind energy
facilities whenever wildlife are included in valuations/cost-
benefit analyses. Typically, prioritizing potential sites for wind
energy infrastructure is driven by expected wind energy output
and other regulatory, administrative, and societal concerns

(Yu et al., 2006, Song et al., 2016, Shaffer et al., 2022).
However, incorporating potential direct hazards to birds in
spatial planning of wind energy developments has shown to
be ecologically valuable (Kuvlesky et al., 2007, Aydin et al.,
2010, Bohrer et al., 2013, May et al., 2017). We used a
simple optimization algorithm to evaluate the potential tradeoff
between wind energy development and conserving whooping
crane conservation. Our algorithm sought to select proposed
development sites that maximized wind power potential and
minimized whooping crane habitat loss, while accounting
for spatially explicit drought conditions during the time of
the study. We discuss the findings from our analyses in
terms of whether wind energy infrastructure can be expanded
while minimally impacting highly selected stopover habitats
for endangered whooping cranes. More generally, we provide
a framework of how multiple environmental factors can be
balanced to provide optimal solutions for future placement of
human developments when considering impacts on wildlife
species.

Materials and methods

Study area

Pearse et al. (2018) delineated a migration corridor for
the Aransas-Wood Buffalo Population (the only remnant wild
population) of whooping cranes migrating through central
Canada and the United States. Consistent with previous work
(Pearse et al., 2021), we used a 50-km buffer surrounding
the 95% migration corridor in the United States as our study
area which includes parts of Montana, North Dakota, South
Dakota, Nebraska, Kansas, Oklahoma, and Texas. Most of
the study area falls inside the Great Plains, an extensive
grassland biome in central North America, which has undergone
considerable agricultural conversion (Hartman et al., 2011).
The region includes wetlands, lakes, reservoirs, and rivers that
attract millions of migratory waterbirds, including whooping
cranes (Laubhan and Fredrickson, 1997). Whooping cranes are
attracted to areas with greater wetland density and use different
types of surface water as nightly roosts and diurnal foraging sites
during migration (Pearse et al., 2017, Niemuth et al., 2018).

Field data

As part of a long-term research project, we captured
68 whooping cranes between 2009–2014 and attached
platform transmitting terminals with global position system
(GPS) capabilities (North Star Science and Technology LLC,
Baltimore, MD, United States and Geotrak, Inc., Apex, NC,
United States) at sites in and around Wood Buffalo National
Park (Canada) and along coastal Texas. Pearse et al. (2015)
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provides more detailed descriptions of capture and marking
procedures, which included capture by hand at breeding
grounds and use of modified leg snares at wintering grounds
(Kuyt, 1979, Folk et al., 2005). Transmitters collected 4–5 GPS
locations daily at equal time intervals. We initially inspected
GPS locations for errors occurring during collection or
transmission on the Argos satellite system (Service Argos, 2001)
and performed multiple assessments to determine plausibility
of locations and classified locations as occurring in flight when
instantaneous velocity reading was >2.6 m/s (Byrne et al., 2017,
Pearse et al., 2020a). Transmitter loss was minimal as 57 of 68
marked whooping cranes provided data during migration, and
most individuals provided data in multiple years of the study
(median number of years = 3, range = 1–6). The ages of marked
whooping cranes ranged from juvenile to adult (30 individuals
were initially captured as juveniles).

Locations were identified for each migration made by
whooping cranes, which included the last point before migration
initiation, subsequent flight and ground locations, and the first
location after completion of migration. Migration initiation
was defined by consistent movements away from wintering or
summering areas, and completion of migration was determined
by settling behavior, generally at known or traditional terminal
locations (Pearse et al., 2020b). We identified two types of
movements during migration that required different methods
for randomly selecting paired available locations:migration
movements and stopover movements (Pearse et al., 2021).
Migration movements were designated as occurring between
previously identified stopover sites (Pearse et al., 2020b). Using
distance and bearing between successive stopover sites, we
selected available locations to pair with each initial ground
location at a stopover site by selecting 19 random locations
that were <2 times the migration distance (constrained to
distances to between 5 and 1,500 km) and at a bearing ±22.5◦

from the migration movement bearing (Pearse et al., 2021).
When migration movements were <6 km, we selected locations
between 1 km and 2 times the movement distance and removed
the bearing constraint.

Available locations for stopover movements, movements
occurring while whooping cranes resided at a stopover for one
to multiple days, were selected using a different procedure
than was used for migration movements. We first removed
redundant nighttime locations, as whooping cranes generally
do not move from nighttime roosts (Pearse et al., 2017). We
identified nighttime periods (0.5 h after sunset to 0.5 h before
sunrise) where multiple locations were acquired and randomly
selected one to represent the nighttime location. For selected
nighttime locations and remaining diurnal locations at stopover
sites, we selected 19 available locations within a 5-km radius
surrounding the used location (see Figure 1C in Pearse et al.,
2021). Consistent with Pearse et al. (2021), we chose 5 km as
defining available locations because 95% of movements within
stopover sites were <5 km.

Predictor variables

We used landscape variables to explain space use of
migrating whooping cranes based on a habitat selection model
completed in North Dakota and South Dakota (Niemuth et al.,
2018) and across the entire study area (Pearse et al., 2021).
We created raster representations of predictor variables across
the study area at a 30-m resolution. We calculated a distance
raster from the center of the 95% whooping crane migration
corridor (Pearse et al., 2018), which served as a variable defining
geographic position along the corridor. General landform was
quantified with a terrain roughness index by calculating the
standard deviation of elevations within an 800-m radius moving
window.

We assessed landscape composition using multiple moving
windows at radii of 800, 1,200, 1,600, and 3,200 m. Because
wetland use has been described as a key indicator of whooping
crane habitat selection (Howe, 1989, Austin and Richert, 2005,
Niemuth et al., 2018, Baasch et al., 2019), we calculated the
percentage of area defined as wetland basin based on National
Wetlands Inventory data (U.S. Fish and Wildlife Service, 2018).
Consistent with Pearse et al. (2021), we omitted intermittent
riverine features because we assumed this basin type would
not be consistently available surface water to whooping cranes.
Otherwise, we did not discriminate among wetland basin types,
because our data were collected during years with varying
wetland conditions. We derived alternative predictor variables
that included only density of palustrine, lacustrine, and riverine
basins as a comparison with the all-basin variable.

Wetland basins provided a metric of potential surface water
but did not provide insight into the hydroperiod or dynamic
availability of surface water. We summarized annual and
seasonal (i.e., spring and autumn) occurrence and recurrence
of surface water derived from Landsat satellite imagery (Pekel
et al., 2016). Surface water occurrence was defined for each
raster cell as the proportion of scenes in which water was
detected. This value was averaged across all months in each
year or for select months during spring (March, April, and
May) and autumn (September, October, and November) for
seasonal values. Surface water recurrence was also defined for
each Landsat cell as the proportion of scenes in which water
was detected but removing values before the first instance of
water and after the last instance of water. Like wetland variables,
we conducted a moving window analysis at the four spatial
scales described above for overall and seasonal surface water
occurrence and recurrence predictor variables.

Cropland is a dominant land cover type in the Great
Plains, and migrating whooping cranes use croplands as
foraging sites and roost in wetlands within croplands (Howe,
1989, Baasch et al., 2019). We used National Land Cover
Databases (NLCD) from 2013 (Yang et al., 2018) to summarize
percentage of cropland present at the four spatial scales.
Whooping cranes have been found to select sites with little
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visual obstruction, presumably so that they can detect potential
dangers (Armbruster, 1990). We used summarized percentage
of forest land cover as identified from the NLCD using four
spatial scales as a metric of cover type, because we assumed
cranes would avoid using forested areas or landscapes with a
high percentage of forested area.

Whooping cranes have been known to avoid anthropogenic
landscape features, which affects use near potential disturbances
(Armbruster, 1990, Baasch et al., 2019, Pearse et al., 2021);
therefore, we quantified known and potential disturbances with
multiple predictor variables. Density of all roads and roads
outside of towns and cities was calculated by summing the
length of road within the four spatial scales throughout the
study area. We used the USGS national map to identify the
road network and place boundaries (U.S. Geological Survey,
2014). We also quantified distance from towns and cities
(all and municipalities >30.5 km2), power lines, and wind
energy infrastructure. Power line information came from
the Homeland Infrastructure Foundation-Level Data.1 We
calculated values for wind energy infrastructure for each year
of our study, because the number of wind towers across the
region increased with time (Pearse et al., 2021). Wind tower
locations and year of initial service were included in Hoen
et al. (2018).We scaled predictor variables by subtracting the
mean and dividing by the standard deviation to permit simpler
computation and interpretation of effect sizes (Muff et al.,
2020). For distance from wind infrastructure, we used mean and
standard deviations for 2016 to scale other years.

Drought conditions

We gathered seasonal drought conditions as geospatial
shapefiles from the U.S. Drought Monitor.2 We downloaded one
condition map for each migration season 2010–2016; conditions
during mid-April represented a year’s spring migration and
conditions during mid-October represented a year’s autumn
migration. The U.S. Drought Monitor used 5 categories of
drought conditions and a category for “no drought” which
were all categorized using multiple assessment indices that
characterize soil moisture, streamflow, and precipitation (more
information can be found at https://droughtmonitor.unl.edu/
About/AbouttheData/DroughtClassification.aspx ). Because we
sought to investigate effects of extreme droughts, we reclassified
drought conditions into two categories: (1) “no drought”,
“Abnormally Dry–D0”, and “Moderate Drought–D1” into a
non-drought condition and (2) “Severe Drought–D2,” “Extreme
Drought–D3,” and “Exceptional Drought–D4” into a drought
condition category. We converted geospatial shapefiles into

1 https://hifld-geoplatform.opendata.arcgis.com/datasets/electric-
power-transmission-lines

2 https://droughtmonitor.unl.edu/

geospatial raster images within our study area using 30 m
spatial resolution as other predictor variables. We associated
each used and available location within the dataset with a
spatially and temporally specific drought condition (i.e., non-
drought or drought) for use as an interacting variable in
determining if whooping crane selection of landscape factors
might change with environmental conditions. Finally, we
created a geospatial raster that included the proportion of
migration seasons from 2010–2016 in which each cell within
the study area was identified as being in a drought state. We
used this layer to weight drought/non-drought output from the
habitat selection model.

Habitat model development

We used a resource selection function (RSF) to investigate
habitat selection of migrating whooping cranes, which provided
a framework in which habitat selection can be inferred by
pairing and comparing each location used by an individually
marked animal with a matched set of available locations (Fortin
et al., 2005). We analyzed our data using weighted mixed-effects
RSFs following the approach outlined in Muff et al. (2020),
where the weight for used points was equal to 1 and the weight
for background points was equal to 1,000. Individual birds
were included as random intercepts with large, fixed variance
(σ2 = 1000). Fixing the variance term for sets of used and
available locations to a large value allows random intercepts to
be estimated without shrinkage toward the mean (Muff et al.,
2020). We used Integrated Nested Laplace Approximations
(INLA; Rue et al., 2009) to fit all models in R v4.0.5 (R Core
Team, 2019). We specified normal priors with large variance
for fixed effect coefficients (β ∼ N

(
0, 104)) and penalized

complexity priors (Simpson et al., 2017) for the precision of
unfixed random effects (U = 0, α = 0.05). We used the widely
applicable information criterion (WAIC) to evaluate relative
support among candidate models (Watanabe, 2013, Gelman
et al., 2014).

To obtain a final model for habitat mapping, we used
a three-stage procedure. In stage one, we used an iterative
process to identify appropriate spatial scales and reduce the
number of candidate predictor variables, similar to a variable
reduction analysis implemented by O’Neil et al. (2020). We
used this approach because there were correlated (| r| > 0.6)
predictors among the different spatial scales and landscape
categories (e.g., wetland measurements). Furthermore, testing
all combinations of predictors using conventional methods
or using Bayesian variable selection procedures would have
been computationally infeasible, thus an avenue of future
research could consider additional methods for scale-selection.
This iterative process accounted for correlated predictors by
fitting multivariable models containing one randomly selected
predictor from each of four uncorrelated categories including:
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(1) wetland (four spatial scales each of percentage of all
wetlands, palustrine wetlands, lacustrine wetlands, riverine
wetlands, annual surface water occurrence, annual surface
water recurrence, seasonal surface water occurrence, and
seasonal surface water recurrence), (2) cropland (at four
spatial scales), (3) forest (at four spatial scales), and (4) roads
(four spatial scales each of the sum of all roads and the
sum of roads outside of cities and towns). These models
additionally included a quadratic effect for cropland and
an interaction between cropland and the selected wetland
predictor, because these relationships have previously been
shown to be important for whooping cranes (Niemuth et al.,
2018, Pearse et al., 2021). Ranking the relative importance
of predictors using information criterion model weights has
been discouraged in ecology (Cade, 2015), therefore, to
rank the importance of randomly chosen predictors, we
compared the WAIC scores of models with and without
each predictor and saved the difference in WAIC scores
(dWAIC) for each predictor. We repeated this process 10,000
times and then ranked predictors based on their average
dWAIC, which we interpreted as the loss of information
from excluding each predictor (O’Neil et al., 2020). We
included the highest-ranked predictor from each category
(wetland, cropland, forest, and roads) in subsequent modeling
stages.

In stage two, we assessed the zone of influence (ZOI)
of predictor variables explaining potential disturbances to
migrating whooping cranes, including distances to all towns
and cities, only large cities, power lines, and wind energy
infrastructure. We used a piecewise regression analysis (Toms
and Lesperance, 2003) to estimate a distance threshold for
the effect of these disturbance predictors (Boulanger et al.,
2012, Pearse et al., 2021). For each disturbance predictor, we
varied ZOI distances from 1 to 10 km in 1 km increments
and created new variables by fixing values greater than the
candidate ZOI distance to that candidate value. We selected the
most-supported ZOI distance separately for each disturbance
predictor using base habitat models containing the highest-
ranked predictor variables from stage one, distance to the
center of the migration corridor, and terrain roughness. We
then compared the log-likelihood values of models with varied
ZOI distances and considered models with the highest log-
likelihood to be the best-fitting ZOI distance. We retained the
quadratic effect for cropland and interaction between cropland
and wetland. In addition, we included random intercepts
and slopes that varied by individual whooping crane for all
predictor variables. Allowing coefficients to vary by individual
reduces bias in population-level (fixed) effects due to individual
differences in habitat preference or availability (Hebblewhite
and Merrill, 2008, Aarts et al., 2013, Harrison et al., 2018, Muff
et al., 2020). Lastly, for models containing effects of wind energy
infrastructure, we included random slopes by year because new
wind towers were constructed each year of our study period. We

estimated 95% confidence intervals for selected ZOI distances
as < 1.92 of the maximum value using the shape of the log-
likelihood curve (Boulanger et al., 2012).

In stage three, we constructed global models using base
habitat models from stage two and disturbance predictors with
selected ZOI distances. We first assessed whether a global
model containing distance to all towns and cities or containing
distance to large cities was more supported by the data by
comparing their WAIC scores. Lastly, we added a spatially
and temporally varying index of drought occurrence as an
interaction term on all predictor variables, allowing slopes for
habitat and disturbance features to vary between drought and
non-drought conditions. To account for potential temporal
autocorrelation of used points, we included a rescaled ordinal
date (where the first day of migration in the spring = 1 and
the first day of migration in the fall = the day after the last day
of spring migration) as an autoregressive “AR1” random effect.
We considered parameters to be informative when their 95%
credible intervals did not overlap zero, indicated by approximate
Z scores > | 1.96| (β/standard error, where β is the mean of the
posterior distribution). Predictor variables included in the final
global model were not correlated (| r| < 0.6).

We created separate drought and non-drought raster layers
describing the relative probability of use across the study
area by incorporating spatial predictor variables and parameter
estimates from the final global model in an exponential function.
Because drought conditions vary spatially and temporally and
it is unrealistic that drought conditions would exist across
our entire study area at any point in time, we created a
weighted average surface accounting for the frequency of
drought conditions at each 30-m pixel across our study period.

Model validation

After selecting a final global model, we generated used-
habitat calibration (UHC) plots (Fieberg et al., 2018) to compare
the distribution of habitat predictors at used locations to its
predicted distribution. We fit our final model on ∼2/3 of the
data for training (data from 2010 to 2013) and used ∼1/3 of
the data for testing (data from 2014 to 2016). If the model
has good predictive ability, the observed used habitat in the
testing data will fall primarily within the confidence bounds of
the predicted distribution (Fieberg et al., 2018). In addition, we
used independent location data of 55 whooping cranes collected
between 2017 and 2020 to validate the ability of the model to
predict space use during migration. Validation data included
one randomly selected daytime and nighttime location from
multiple locations collected at each stopover site (n = 4,851
validation locations). We summarized the associations between
predicted probability of use across 10 habitat classes binned
by quantiles and the number of observed locations from the
validation data in each class (Boyce et al., 2002, Johnson et al.,
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2006). To test whether the global model produced effective
out-of-sample predictions, we used Kendall rank correlation
(τ), where higher values (>0.9) indicate good predictive ability
(Boyce et al., 2002, Johnson et al., 2006).

Optimizing development of wind
energy infrastructure

In preparation of potential continued development of
wind energy across the whooping crane migration corridor, we
assessed scenarios for future developments while accounting
for current disturbances. We implemented a simple greedy
search algorithm to select candidate areas for future wind tower
developments that minimized impacts on migrating whooping
cranes. To represent future wind tower developments,
we collected potential locations of future wind energy
infrastructure from the Federal Aviation Administration’s
obstruction analysis/airport airspace analysis database as
summarized by the U.S. Fish and Wildlife Service.3 We used
information available as of March 2021 that included sites that
had been identified as “Determined without Build Date” (i.e.,
records in some state of construction but without a build date)
and “Not Yet Determined” (i.e., records submitted without a
FAA hazard determination). Sites with these designations are
either under construction or in the permitting process. We
combined these sites and removed any locations that were
within 400 m of previously constructed wind towers (Hoen
et al., 2018) to eliminate sites unlikely to be built because of their
proximity to existing infrastructure. We considered remaining,
non-duplicate locations (n = 20,949) as being of high interest to
wind energy developers for potential construction in the future.
We recreated relative probability of use raster layers using
parameter estimates from our final global model and layers for
distance to current (towers developed as of 2020) and future
wind tower developments, and we aggregated these layers to
300-m resolution by summing pixel values for faster processing.
An initial step in this process was to create circular buffers
around each proposed development point with a radius equal
to the ZOI distance selected in stage two of our analysis (the
area of effect if a new wind tower were to be developed at that
location). We then summed the pixel values within each buffer
from the predicted layers for current and future developments,
so we had estimates of current and future relative use by
whooping cranes at each proposed wind tower. To explore
potential tradeoffs of proposed wind tower sites, we used wind
power density (W/m2) at 100 m height as a measure of the wind
energy potential (wind velocity and air density; Global Wind
Atlas4) at proposed development locations. We normalized
all measures of performance at each proposed development

3 https://www.fws.gov/southwest/es/Energy_Wind_FAA.html

4 https://globalwindatlas.info/

location to be constrained to range between 0 and 1 (i.e.,
minimum power density = 0, maximum power density = 1;
minimum loss = 1, maximum loss = 0). This normalization
allowed us to directly compare relative habitat loss within ZOI
buffers with wind power density associated with each location.
Our objective function maximizes the total value: VT = max
(VP(S)wP + VL(S)wL), where VT represents total value, VP

represents total power for a set of wind tower developments (S),
VL represents total habitat loss for the same set of towers, and
w represents relative weight. We applied a greedy algorithm
to select proposed wind towers that minimized reductions
in relative use of whooping cranes based on the difference
between current and future habitat use within ZOI buffers,
while maximizing wind power density. This algorithm is used
in the site selection literature (van Teeffelen and Moilanen,
2008, Post van der Burg et al., 2018) and essentially works by
iteratively searching through all possible siting locations and
picking the one that maximizes total value and then removes
that location from further consideration. The algorithm then
starts over and searches through the remaining locations,
again picking the maximum, and adding it to the previously
selected site. The algorithm proceeds until a value target or
budget constraint is reached. We explored three prioritization
scenarios: (1) 50:50 weights on habitat loss and wind power, (2)
90:10 weights on habitat loss and wind power, and (3) 10:90
weights on habitat loss and wind power. We considered each of
these prioritization scenarios across the entire U.S. migration
corridor, as well as separately in North Dakota and Oklahoma,
because these states vary in their amounts of potentially suitable
habitat and characterize northern and southern regions of the
U.S. migration corridor. Moreover, energy policies vary among
states, and permitting authority resides within individual states
(Bohn and Lant, 2009).

Results

We collected whooping crane locations during migration
throughout the United States’ Great Plains, 2010–2016. We
used 9,347 locations for our analysis after removing locations
in flight, outside of our study area, and redundant nighttime
roosting locations. Years accounting for the most locations
in our data were 2012 through 2015 (n = 1,605, 3,122,
1,703, 1,011, respectively), compared to 2010 (n = 517)
and 2016 (n = 431). More locations were collected during
spring migration (n = 6,344) compared to autumn migration
(n = 3,003). Whooping crane locations occurred in areas with
drought (reclassified index of drought) in 34% of our data.

From stage one of our analysis, the most-supported
predictors explaining habitat use from the wetland, cropland,
forest, and roads categories were percentage of all wetland
basins within 800 m, percentage of cropland within 800 m,
percentage of forest within 800 m, and density of all roads within
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FIGURE 1

Population-level mean estimates and 95% credible intervals in drought and non-drought conditions from the final global model estimating
resource selection functions of migrating whooping cranes (Grus americana) in the United States Great Plains, 2010–2016. Vertical dotted lines
designate an effect of zero. Note that x-axes differ to allow for visualization of effects that vary in magnitude.

800 m (Supplementary Table 1). These four variables were
advanced to subsequent modeling stages. In stage two of our
analysis, we identified distance thresholds to determine zones
of influence of disturbance variables (Supplementary Figure 1).
A 5-km threshold was most supported by the data for distance
to all towns and cities (95% CI: 4.79–5.66), whereas a larger
threshold was most supported for distance to large cities (8 km,
5.95–8.25). The most supported zone of influence for power
lines was 2 km (1.87–2.92). Lastly, the most supported zone of
influence for wind towers was 5 km (4.17–5.27). The zones of
influence for all towns and cities, power lines, and wind towers
covered approximately 27, 23, and 5% of the migration corridor,

respectively. Zones of influence overlapped for all towns and
cities and power lines in 10% of the corridor, for towns and cities
and wind towers in 1% of the corridor, for power lines and wind
towers in 1% of the corridor, and for all three disturbance types
in only 0.5% of the corridor.

In stage three of our analysis, a global model containing
distance to all towns and cities was more supported by
the data than a model containing distance to large cities
(1WAIC = 179.8), however 95% credible intervals for the
distance to large cities and distance to all towns and cities
coefficients overlapped zero. The final model had strong out-
of-sample predictive ability (τ = 0.96). The most influential
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FIGURE 2

Predicted log odds ratios and 95% credible intervals of relative probability of use by whooping cranes (Grus americana) for percentage of
cropland and wetland within 800-m radius during drought and non-drought conditions. All other variables in the model were held at their
mean values. Prediction curves for 10 and 20% wetland were removed when cropland was >90 and 80%, respectively, as to not exceed 100%.

predictors of habitat use by whooping cranes were indicated by
shifts in the distribution of used locations relative to availability
for predictors (Supplementary Figure 2). UHC plots illustrated
that used locations fell within model-predicted 95% confidence
envelopes (Supplementary Figure 2), indicating that model
predictions were consistent with observed locations across
predictor variables.

Whooping cranes selected stopover locations with moderate
amounts of cropland when the percentage of wetland area was
high, particularly during drought conditions (Figures 1A, 2).
However, during non-drought conditions, the quadratic effect of
cropland in landscapes with high densities of wetlands was less
apparent (interaction between wetland and quadratic effect of
cropland | Z| = 1.60, Figures 1A, 2), and selection for a greater
percentage of cropland was higher. Whooping cranes avoided
wind towers (5 km ZOI) during drought and non-drought
conditions and avoided power lines (2 km ZOI) during non-
drought conditions (| Z| for drought conditions = 1.01), and
magnitude of these effects was greatest for wind towers relative
to power lines and towns and cities (Figure 1). Whooping cranes
used areas with lower road density and percentage of forest
during both drought and non-drought conditions (Figure 1).
The effect of terrain was positive during drought conditions
and negative during non-drought conditions (i.e., whooping
cranes selected more variable terrain during droughts and
selected less variable terrain during non-droughts; Figure 1).
Standard deviations of individual random effects suggest that
whooping cranes were variable in their avoidance of towns

and cities (SD = 1.77), power lines (SD = 5.38), and wind
towers (SD = 22.12), whereas space use by individual birds
was less variable relative to the remaining landscape predictors
(SD range: 0.15–0.55). Additionally, effects of wind towers
varied annually (SD = 4.94). During drought and non-drought
conditions, relative habitat selection by whooping cranes was
highest near the center of the migration corridor (Figure 3).

Optimization of wind energy siting

Total habitat loss (difference in the sum of pixel values of
current and future habitat surfaces) resulting from avoidance
if all proposed wind towers were to be developed was
2.1%. Our optimization analysis revealed that the rate
of functional habitat loss associated with proposed wind
tower developments differed among prioritization scenarios
(Figure 4). For example, if 13,410 proposed towers were
to be developed (doubling the current number of towers
as of 2020; 64% of all proposed sites), associated relative
habitat loss was 2.2 times greater when wind power (10:90
habitat to wind power scenario) was prioritized than when
whooping crane habitat (90:10 habitat to wind power scenario)
was prioritized. Similarly, relative habitat loss was 1.8 times
greater when both performance measures were considered
equally (50:50 habitat to wind power scenario) than when
whooping crane habitat (90:10 habitat to wind power scenario)
was prioritized. Further, our results suggest that if 13,410
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FIGURE 3

Predicted relative habitat selection for whooping cranes (Grus
americana) across the United States Great Plains. We obtained
predictions from a resource selection function using GPS
locations between 2010 and 2016 during migration. This surface
is a composite of drought and non-drought conditions
calculated using the average drought occurrence at each pixel
during our study period.

proposed wind towers were to be developed, the tradeoff
between habitat loss and wind power may be balanced when
the weight on habitat is approximately 40% (based on a
visual assessment of Figure 5). All prioritization scenarios
supported clustering wind towers where tower selections
were predominantly located within the 5 km ZOI of either
current wind towers or proposed wind towers selected on
previous iterations. For example, >99% of 13,140 selected
towers in each of the scenarios (whooping crane habitat,
equal prioritization, and wind power scenarios) had a
nearest neighbor within 5 km. When 13,410 proposed wind

FIGURE 4

Percentage of relative habitat loss for migrating whooping
cranes (Grus americana) and the cumulative gain in wind power
density (W/m2) if all proposed wind towers were to be
developed across the U.S. migration corridor. We optimized
wind tower selection using three prioritization scenarios with
different weights on habitat loss and wind power.

towers were located across the entire migration corridor,
the percentage of statewide habitat loss was greatest in
Oklahoma (3.1–4.4%) and lowest in Texas (<0.1%), regardless
of prioritization scenario (Table 1). South Dakota would
realize the greatest habitat savings statewide by implementing
prioritization of crane habitat over wind energy potential (86%
reduction in loss; 0.3 vs. 2.1%; Table 1). Prioritizing crane
habitat over wind potential provided more modest benefits
(for habitat loss) in states with little planned development
(MT) and states with less overall crane habitat (TX, KS,
OK).

Frontiers in Ecology and Evolution 10 frontiersin.org

https://doi.org/10.3389/fevo.2022.931260
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-931260 August 8, 2022 Time: 14:2 # 11

Ellis et al. 10.3389/fevo.2022.931260

FIGURE 5

Sum of weighted performance scores for habitat and wind
power values if wind towers were doubled (n = 13,410) across
the U.S. migration corridor under three weighting scenarios. The
intersection of the two lines could be considered an indifference
point where the tradeoff between wind power and habitat loss is
balanced.

Of the 20,949 potential future wind tower locations, 36%
were located in Oklahoma and 10% in North Dakota. When
we restricted proposed sites to North Dakota and Oklahoma
separately, the rate of habitat loss was less divergent among
prioritization scenarios in North Dakota compared to the entire
migration corridor or Oklahoma (Supplementary Figure 3).
For example, if 2,000 new towers were to be developed in
North Dakota, statewide relative habitat loss ranged between
1.4% and 1.5% among scenarios. If 2,000 new towers were to
be developed in Oklahoma, statewide relative habitat loss was
1.3% in the wind power scenario and 0.5% in the whooping
crane habitat scenario. Additionally, overall predicted habitat
loss across the migration corridor was 2.7–9.2 times less,
depending on prioritization scenario if 2,000 new towers were
to be developed in Oklahoma compared to North Dakota
(Supplementary Figure 3).

Discussion

In assessing landscape features associated with whooping
crane avoidance behaviors during migration, we found
whooping cranes exhibited avoidance of several anthropogenic
disturbance features. Our analysis can be further applied
in a dynamic framework, where updated prediction layers
using additional data could be considered to iteratively refine
our optimization procedure to aid decision makers tasked
with balancing habitat loss and energy development. During

migration, whooping cranes typically select stopover sites
with open lines of sight, presumably to facilitate detection
of predators (Armbruster, 1990, Austin and Richert, 2005,
Baasch et al., 2019). Selection for open areas likely contributed
to our findings that whooping cranes were able, on average,
to perceive and avoid some forms of human infrastructure
at distances greater than would presumably be necessary to
avoid collision. Common cranes (Grus grus) similarly avoided
human disturbances across long distance migrations and
varying ecological conditions (Végvári et al., 2011). Mismatches
between wildlife responses and the risk posed by infrastructure
can have fitness consequences if behaviors lead to over- or
under-response by individuals (Smith et al., 2021). Thus, further
work addressing the potential of increased energetic costs of
migration associated with large areas of avoidance is warranted.
In addition, avoidance behavior varied among types of human
infrastructure, with greater zones of influence for towns and
cities and wind energy infrastructure (5 km) than for power
lines (2 km). It has been hypothesized that a restricted field of
view during flight of blue cranes (Anthropoides paradiseus) may
hinder detection of certain obstacles (e.g., suspended power
lines; Martin and Shaw, 2010). Therefore, differences in the
relative size of disturbance features and the ability of whooping
cranes to perceive different types of infrastructure may have led
to varied avoidance distances.

The magnitude of whooping crane avoidance was greatest
for wind towers relative to other disturbances we considered,
and this effect varied with individuals and annually across our
study. Annual variation in effects of wind towers did not indicate
that whooping cranes consistently increased or decreased
avoidance through time (Pearse et al., 2021). Consequently, the
annual variation we observed suggests that habitat availability
or other environmental conditions mediate the severity of wind
tower avoidance. We did not find that effects of wind towers
on relative habitat selection varied with drought conditions,
suggesting that even with reduced availability of habitats
during droughts (Livneh and Hoerling, 2016), whooping cranes
continued to select stopover sites away from wind towers. It is
possible that the index of drought occurrence included in our
analysis was insufficient to describe surface water fluctuations
or other conditions that influence availability of preferred
habitats. However, it is also plausible that during droughts,
whooping cranes continued to avoid wind towers but were
forced to travel longer distances to locate suitable stopover
sites, thus contributing to a potential increased energetic cost
of migration (Pearse and Selbo, 2012). Linking migration costs
to environmental conditions will likely aid future recovery
planning for whooping cranes, as drought frequency is predicted
to increase across the Great Plains (Zhao et al., 2020).

Power line collisions have been identified as a source of
mortality in whooping cranes, and 11 other crane species
(Stehn and Haralson-Strobel, 2014, Dwyer et al., 2019). Evidence
suggests that power line collisions can represent significant
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TABLE 1 Number of selected towers in each state and percentage of statewide relative habitat loss if wind towers were doubled (n = 13,410 as of
2020) across the migration corridor for whooping cranes (Grus americana).

State Selected towers Relative habitat loss Proposed towers (n = 20,949) Current towers (n = 13,410)

Wind Equal Crane Wind Equal Crane

Montana 216 212 214 1.8 1.8 1.6 1.4 0.1

North Dakota 1,735 1,748 1,333 1.4 1.3 0.8 9.8 12.2

South Dakota 1,643 1,544 594 2.1 1.3 0.3 8.9 5.2

Nebraska 1,342 1,344 1,303 1.0 0.8 0.5 10.4 8.8

Kansas 2,310 2,310 2,669 2.1 2.0 1.4 17.6 21.1

Oklahoma 5,220 5,294 6,108 4.4 4.2 3.1 35.9 32.1

Texas 944 958 1,189 < 0.1 <0.1 < 0.1 16.0 20.5

We optimized selection for proposed wind towers with three scenarios including 50:50 habitat loss to wind power (equal), 90:10 habitat loss to wind power (crane), and 10:90 habitat loss
to wind power (wind). We also present the percentage of total proposed and current towers (as of 2020) in each state within the migration corridor.

threats for endangered bird populations (Shaw et al., 2010).
Many studies evaluating impacts of power lines on bird species
estimate rates of collision at a local scale, whereas relatively few
have evaluated broad scale demographic impacts or avoidance
behaviors (D’Amico et al., 2018). Strategies for mitigating power
line collisions include marking power lines to increase visibility
and allow birds to detect and maneuver away from lines
(Morkill and Anderson, 1991, Dwyer et al., 2019). Sandhill
cranes (Antigone canadensis) have been shown to strongly react
to power lines at short distances (<25 m), and reaction distances
varied between daytime and nighttime flights (Morkill and
Anderson, 1991, Murphy et al., 2016). Our results suggest that
during drought conditions, whooping cranes may be less likely
to avoid transmission power lines near suitable habitats, and
future research should consider if power line collisions and
mortalities are more frequent in these conditions. Because our
data supported a 2-km ZOI rather than the shortest distance
we tested, and functional habitat loss was not absolute within
2 km from power lines (whooping cranes used these areas,
but at a lower rate), transmission power lines may exert
varying direct and indirect impacts on whooping cranes during
migration across spatial scales and environmental conditions.
The magnitude and variation in potential direct and indirect
effects of more widely distributed and abundant distribution
lines will require additional investigation.

Whereas our results do not provide evidence that droughts
influenced effects of disturbances on whooping crane space use
(with the exception of power lines), droughts did influence
relative selection for other landscape characteristics. Migrating
whooping cranes have previously been shown to select stopover
habitats with a diversity of wetland and upland land cover types
for foraging and roosting (Lingle et al., 1991, Pearse et al.,
2017, Niemuth et al., 2018). A non-linear effect of cropland has
generally been supported, where intermediate levels of cropland
are more highly selected (Niemuth et al., 2018, Pearse et al.,
2021). We found that this non-linear relationship as it interacted
positively with wetland availability was primarily supported

during drought conditions, whereas in non-drought conditions,
whooping cranes selected greater amounts of cropland when
wetland basin density was moderate to high. This shift in the
interaction between cropland and wetland may be driven by a
greater mismatch between defined wetland basins and actual
surface water levels during droughts relative to non-droughts.
In addition, the effect of terrain switched from negative during
non-droughts (selection of less variable terrain) to positive
during droughts (selection of more variable terrain), likely
reflecting use of more permanent wetland basins. This apparent
shift in habitat use depending on drought conditions is valuable
to understand and can help guide management related to
the long-term sustainability of stopover habitats as drought
frequencies change (Zhao et al., 2020). Wetlands and riparian
areas in the Great Plains have been extensively modified (Dahl,
2011; Horn et al., 2012; Wright and Wimberly, 2013; Lark et al.,
2020). Additionally, conversion of native grasslands in the Great
Plains to crop fields (Olimb and Robinson, 2019) and changing
wetland hydrology due to climate change (McIntyre et al., 2014)
will likely further alter the availability and quality of whooping
crane stopover habitats.

A potential explanation for why we did not detect differences
in the effects of wind towers, towns and cities, or road
density on relative habitat use during drought and non-drought
conditions may reflect adequate availability of stopover habitat.
In other words, when suitable habitats are not limited by
drought, individuals may be more capable of behaviorally
responding to disturbances than when habitats are limited,
and avoidance behaviors may not be linked to population-level
consequences (Gill et al., 2001). However, as the Aransas-
Wood Buffalo population of whooping crane continues to grow
(Wilson S. et al., 2016, Butler et al., 2020, Caven et al., 2020),
stopover habitats may become increasingly limited in drought
years or across specific regions of the migration corridor.
Ecological theory suggests that population density influences
habitat selection by individuals, making suboptimal habitats
more attractive as density increases (Fretwell and Lucas, 1970).

Frontiers in Ecology and Evolution 12 frontiersin.org

https://doi.org/10.3389/fevo.2022.931260
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-931260 August 8, 2022 Time: 14:2 # 13

Ellis et al. 10.3389/fevo.2022.931260

Associations between population dynamics and avoidance of
disturbances have yet to be identified in whooping cranes, and
the functional habitat losses we observed may appear minimal.
At the scale of individual lifetimes, particularly in long-lived
species like whooping cranes, recurring avoidance responses and
cumulative habitat loss from the avoidance of all disturbances
may be substantial (Dyer et al., 2001). As negative effects
accumulate or as habitat becomes more limiting, there may be
a critical point where consequences are observed on fitness or
population dynamics (Johnson and St-Laurent, 2011). As such,
there are still numerous uncertainties regarding the sensitivity
of whooping cranes to periodic or regional changes in habitat
availability across the migration corridor.

We predicted a 2% loss of additional stopover habitat
resulting from the construction of > 20,000 proposed wind
towers in the migration corridor, yet population-level effects
of this loss are not known. In a study of pronghorn
(Antilocapra americana) avoidance of natural gas developments,
Beckmann et al. (2012) suggested that overall effects of
development, including demographic consequences, may be
partially obscured when a population is below carrying capacity.
Similarly, as an endangered and recovering species, whooping
cranes are likely well below carrying capacity, as evidenced by
long-term exponential growth (Butler et al., 2014). As speculated
by Beckmann et al. (2012), if negative effects of human
infrastructure development are obscured or delayed before
substantial impacts become evident, development may continue
until habitat loss related to collective effects of infrastructure
development crosses a threshold, which can compound negative
consequences (Swift and Hannon, 2010). Therefore, evidence
of avoidance to energy and other human infrastructure may
serve as an early warning for negative consequences to wildlife
populations.

Infrastructure sighting optimization

Our use of multiple prioritization scenarios explored how
society can balance increased demand for the land base for
energy infrastructure while minimizing future habitat loss.
Prioritizing whooping crane habitat over wind power potential
in the hypothetical siting of 13,410 (doubling existing towers
as of 2020) new wind towers across the entire whooping crane
migration corridor reduced potential habitat loss by ∼50%.
Moreover, our results suggests that many potential wind tower
sites were proposed in areas less likely to be used by whooping
cranes, potentially because these sites were previously vetted by
companies and environmental consultants to reduce potential
exposure to this high-profile species. Using proposed wind
tower sites listed by the Federal Aviation Administration in our
optimization analysis provided a level of realism, as each of
these locations were of interest to developers and assumed to
conform to local regulations (Shaffer et al., 2022). Our results
provide evidence that considering impacts of proposed wind

tower sites on relative whooping crane habitat selection can
integrate habitat conservation and energy development in a
common strategy.

Our state-constrained optimization results indicated that
constructing new wind towers in states with more existing
towers and less potential whooping crane habitat can result in
less additional habitat loss than states with fewer existing towers
and more habitat. Different prioritization schemes resulted in
varying functional habitat loss between states. When prioritizing
habitat, Oklahoma consistently resulted in less habitat lost when
adding ≤2,000 towers, whereas in North Dakota, prioritizing
whooping crane habitat realized a net benefit only up to ∼75%
of sites. Compared with North Dakota, Oklahoma contained
more proposed wind tower sites (n = 7,670 in Oklahoma and
n = 2,177 in North Dakota) and more towers currently operating
as of 2020 (n = 4,299 in Oklahoma and n = 1,634 in North
Dakota). In combination, these numerical differences suggest
that there were fewer proposed sites in North Dakota available
in suboptimal whooping crane habitats and fewer already-
disturbed areas to site new developments. In addition, when
prioritizing whooping crane habitat and wind power equally,
we found that siting 2,000 towers in either state resulted in
approximately the same state-wide habitat loss (∼1%), but loss
across the entire corridor was 4 times greater when placing
towers in North Dakota. Compared with Oklahoma, North
Dakota contained more available and undisturbed whooping
crane habitat than in southern regions of the migration corridor
where new wind towers could be developed and have less impact
on whooping crane habitats.

Although constructing wind towers in southern regions
of the corridor might reduce overall habitat loss, migratory
whooping cranes require stopover habitat distributed across
the entire migration corridor to maintain reliable and stable
migration connectivity. Statewide habitat loss was variable when
locating towers across the entire corridor, suggesting that the
maintenance of continuous stopover habitats when siting new
wind towers may rely on a broad-scale perspective, rather
than solely state-specific considerations. Stopover habitats
are briefly occupied each migration but are essential for
migratory species to move between breeding and non-breeding
locations, and the loss of relatively small amounts of stopover
habitat can have large effects on flyway connectivity (Murray
et al., 2018, Donnelly et al., 2021). Population declines
may become more probable if barriers prevent direct routes
between preferred stopover sites or if sites become spaced
too far apart to maintain a positive energy balance. The
∼4,000 km migration undertaken biannually by the Aransas-
Wood Buffalo population of whooping cranes is assumed
to be energetically costly (Kuyt, 1992). Yet clarifying the
mechanisms by which avoidance behaviors could scale up to
negative consequences at the population level will likely be
challenging (Dyer et al., 2001, Gill et al., 2001). In addition,
new human developments and disturbances tend to arise in
small increments, which can complicate patterns of cumulative
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impacts of multiple disturbances spatially and temporally
(Polfus et al., 2011). Our approach to estimate functional
habitat loss while integrating current disturbances, potential
future disturbances, and uncertainty in drought conditions
can inform proactive conservation before population impacts
occur (Patthey et al., 2008) and dynamic models of potential
costs associated with risk-averse behaviors resulting from
future developments. To support our optimization scenarios,
we developed spatial predictions of whooping crane relative
abundance during migration based on known landscape and
disturbance features (Pearse et al., 2022).
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