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Abstract
Migration is a critical behavioral strategy necessary for population persistence and 
ecosystem functioning, but migration routes have been increasingly disrupted by 
anthropogenic activities, including energy development. Wind energy is the world's 
fastest growing source of electricity and represents an important alternative to 
hydrocarbon extraction, but its effects on migratory species beyond birds and bats 
are not well understood. We evaluated the effects of wind-energy development on 
pronghorn migration, including behavior and habitat selection, to assess potential 
effects on connectivity and other functional benefits including stopovers. We 
monitored GPS-collared female pronghorn from 2010 to 2012 and 2018 to 2020 
in south-central Wyoming, USA, an area with multiple wind-energy facilities in 
various stages of development and operation. Across all time periods, we collected 
286 migration sequences from 117 individuals, including 121 spring migrations, 123 
fall migrations, and 42 facultative winter migrations. While individuals continued 
to migrate through wind-energy facilities, pronghorn made important behavioral 
adjustments relative to turbines during migration. These included avoiding turbines 
when selecting stopover sites in spring and winter, selecting areas farther from 
turbines at a small scale in spring and winter, moving more quickly near turbines in 
spring (although pronghorn moved more slowly near turbines in the fall), and reducing 
fidelity to migration routes relative to wind turbines under construction in both spring 
and fall. For example, an increase in distance to turbine from 0 to 1 km translated to 
a 33% and 300% increase in the relative probability of selection for stopover sites in 
spring and winter, respectively. The behavioral adjustments pronghorn made relative 
to wind turbines could reduce the functional benefits of their migration, such as 
foraging success or the availability of specific routes, over the long term.
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1  |  INTRODUC TION

Migration is an impressive and critical behavioral strategy that al-
lows ungulates to access seasonal resources, avoid severe weather 
conditions, and track gradients in high-quality forage (Fryxell & 
Sinclair,  1988; Harris et al.,  2009; Sawyer et al.,  2009). Migratory 
species can be important drivers of ecosystem processes such as 
maintaining biodiversity, but the widespread decline of ungulate 
migrations highlights the need for effective conservation (Bolger 
et al., 2008; Harris et al., 2009; Runge et al., 2014). Ungulate migra-
tions have been significantly disrupted by anthropogenic activities, 
and features such as roads, fences, and pipelines increasingly in-
tersect migration routes, disrupting or impeding movement (Bolger 
et al., 2008; Harris et al., 2009; Sawyer et al., 2013). Such barriers 
can eliminate migratory populations entirely or increase rates of res-
idency, which can have significant population-level consequences 
including local extirpations (Bolger et al., 2008; Harris et al., 2009; 
Mueller et al., 2011). Given the important ecosystem functions of 
migratory herbivores, such as influencing biodiversity and species 
distributions and the role of migration in allowing individuals to per-
sist by accessing seasonally important resources, conserving both 
migration corridors and migratory species has been recognized as a 
conservation priority (Kauffman et al., 2021).

Global energy extraction has increased in recent decades and 
is responsible for altering migration routes throughout the world 
(Leu et al., 2008; Sawyer et al., 2009). For example, anthropogenic 
development led to a decline in the number of migratory shore-
birds using the East Asian-Australasian Flyway (Murray et al., 2014) 
and disrupted ungulate migrations in Asia and Africa (Berry, 1997; 
Nandintsetseg et al., 2019). Oil and gas development has disrupted 
ungulate migrations in the western United States, with the impacts 
to mule deer (Odocoileus hemionus) migrations being the best under-
stood. While routes were often maintained (Lendrum et al., 2012; 
Wyckoff et al., 2018), deer increased speed when migrating through 
areas of high development and reduced time in stopover sites 
(Lendrum et al.,  2012; Sawyer et al.,  2013; Wyckoff et al.,  2018), 
a key habitat where animals linger during migration to forage and 
keep pace with the wave of spring green-up (Sawyer et al., 2009; 
Sawyer & Kauffman, 2011). The intensity of use and the total area 
of migration routes has declined sharply even at low levels of sur-
face disturbance (Sawyer et al.,  2013, 2020). Changes in fidelity 
can result in the total loss of migration routes used by a popula-
tion, whereas shifts in stopover sites and small-scale avoidance can 
translate to functional habitat loss, both of which can have potential 
population-level consequences (Sawyer et al., 2017). Such displace-
ment can restrict the amount of habitat available and reduce access 
to important forage resources, thus reducing fitness and population 
viability, particularly in populations with spatially restricted habitat 

and where habituation does not occur (Aikens et al., 2022; Sawyer 
et al., 2017). Despite numerous studies documenting the influence 
of oil and gas development on mule deer migration, we know little 
about the impacts of alternative forms of energy development on 
other ungulate species. Wind-energy development is the world's 
fastest growing source of electricity (Jones & Pejchar, 2013), driven 
by goals to reduce carbon emissions (Allison et al., 2019). While the 
effects of wind-energy development on bird and bat migrations have 
been well-studied (Allison et al., 2019), there is little information on 
its effects on ungulate migration and whether they are similar to the 
effects documented for oil and gas development. Given that ungu-
lates may respond differently to disturbances unique to wind energy 
(Jones & Pejchar, 2013), and that migration is a critical life-history 
trait for many populations, understanding how different forms of 
development, including wind energy, impact migratory behavior is 
important for management and conservation.

Pronghorn (Antilocapra americana) are a culturally and eco-
nomically important ungulate species endemic to western North 
America (O'Gara & Yoakum,  2004). Energy development has in-
creased throughout the species' range, including multiple existing 
and proposed wind-energy developments in the critical winter range 
(WGFD, 2011). Previous research suggested that wind-energy devel-
opment had highly variable effects on habitat selection in both sum-
mer and winter (Milligan et al., 2021; Smith et al., 2020). Prior research 
has documented the prevalence of migratory behavior in prong-
horn (Jacques et al., 2009; Jakes et al., 2018; Kolar et al., 2011; Tack 
et al., 2019), but no study has evaluated the effects of wind-energy 
development on migratory behavior for this species. Pronghorn are 
conditionally migratory, with >50% of individuals switching movement 
strategies between years and populations using facultative winter mi-
grations to mitigate harsh weather conditions (Jacques et al., 2009; 
Jakes et al., 2018; Larkins et al., 2018; Tack et al., 2019). Species that 
exhibit high fidelity to narrow pathways, such as moose (Alces alces) 
and mule deer (Morrison et al., 2021; Sawyer et al., 2009; Sawyer & 
Kauffman, 2011; Wyckoff et al., 2018), may be more vulnerable to dis-
ruptions to migration routes than populations that are more nomadic 
or flexible such as Mongolian gazelle (Procapra gutturosa; Mueller 
et al., 2011) and pronghorn. Migration is nevertheless critical to the 
survival and persistence of semi-nomadic species, particularly when 
migrations allow individuals to respond to severe weather conditions 
as documented for pronghorn (Jakes et al., 2018; Tack et al., 2019).

Our objective was to evaluate the effects of wind-energy de-
velopment on pronghorn migration, including behavior and habitat 
selection. We sought to answer five questions: (1) do pronghorn mi-
grate through wind-energy facilities, (2) does the behavior of prong-
horn that move through wind-energy facilities differ from those that 
do not, (3) does fidelity to either routes or stopover sites differ rel-
ative to wind turbines, (4) does proximity to wind turbines influence 

T A X O N O M Y  C L A S S I F I C A T I O N
Applied ecology, Behavioural ecology, Conservation ecology, Global change ecology, 
Landscape ecology, Movement ecology, Spatial ecology
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the selection of migration routes or stopover sites at a landscape 
scale, and (5) do migrating pronghorn alter habitat selection or 
movement behavior at a small scale in proximity to turbines? We 
predicted that pronghorn would still migrate through wind-energy 
facilities and not alter their route selection based on turbines, but 
that animals would alter their behavior, potentially migrating at 
faster speeds near turbines and selecting habitats at a small spatial 
scale to avoid turbines.

2  |  STUDY ARE A

We monitored pronghorn in areas with wind-energy facilities near 
Medicine Bow in Carbon and Albany Counties, Wyoming, USA 
(Figure 1). The area is dominated by arid shrublands and grasslands, 
with Wyoming big sagebrush (Artemisia tridentata wyomingensis) 
as the most prevalent cover type. Elevations ranged from 1320 
to 3350 m. Average temperatures (Western Regional Climate 
Center, 2021) ranged from −8.76 to 19.93°C in spring (March–May), 
−12.75 to 24.29°C in fall (Sept–Nov), and −19.86 to −2.13°C in winter 
(Dec–Feb). Our study area was centered around two existing wind-
energy facilities and two facilities under construction. The Seven Mile 
Hill wind-energy project had 79 turbines that became operational 
in December 2008. The Dunlap Ranch wind-energy facility had 74 
turbines that were constructed from September 2009 to September 
2010. Construction of Ekola Flats (63 turbines) and TB Flats (132 
turbines) wind facilities began in April 2019 and was completed by 
July 2021. Construction activity ceased in late December due to 
winter weather and restarted in March. Four additional wind-energy 
facilities were operational prior to pronghorn tracking and were 
located on the periphery of the study area: Little Medicine Bow (10 
turbines), Foote Creek Rim (100 turbines), Rock River (50 turbines), 
and High Plains (85 turbines).

3  |  METHODS

3.1  |  Pronghorn capture and tracking

Pronghorn were monitored with store-on-board GPS collars (model 
G2110B; Advanced Telemetry System, Isanti, MN and RECON-
4560-4; Telonics, Mesa, AZ) from 2010 to 2012 and 2018 to 2020. 
Thirty-five and 17 adult female pronghorn were initially captured 
using helicopter net gunning (Leading Edge Aviation, Lewiston, 
ID, USA) in January 2010 and December 2011, respectively, and 
monitored through May 2012. Eighty adult female pronghorn were 
captured in March 2018 (Native Range Capture Services, Elko, 
NV, USA), with additional captures of 20, 13, 16, and 37 females 
in December 2018, March 2019, November 2019, and March 2020, 
respectively, and monitored through summer 2020. Capture and 
handling protocols were approved by the University of Wyoming 
Institutional Animal Care and Use Committee (protocols 01012010 
and 20180306MK00297-03) and Wyoming Game and Fish 
Department (Chapter 33 Permit IDs 742 and 1162). During 2010–
2012, fix rates were 11 h from 16 May to 15 November and 7 h from 
16 November to 15 March. We recovered these collars by May 
2012. During 2018–2020, collars had 2-h fix rates and transmitted 
every fourth location via satellite. We obtained the 2-h data from 90 
individuals that died during the second study period.

3.2  |  Defining migration routes and stopover sites

We classified individuals as resident, migratory, or mixed migra-
tory (i.e., using multiple ranges or not migrating every season) and 
identified migration start and end dates using net-squared displace-
ment (Bunnefeld et al.,  2011). To identify spring, fall, and faculta-
tive winter migrations, we then calculated utilization distributions 

F I G U R E  1 Study area in south-central 
Wyoming, USA, with individual spring 
(green), fall (orange), and facultative 
winter (purple) migration routes, 2010–
2012 and 2018–2020. Each line is the 
path of an individual migration route. 
The footprints of existing wind-energy 
facilities (light blue) and new wind-energy 
facilities where construction began in 
summer 2019 (dark blue) are shown.
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(30-m resolution) for each route using Brownian bridge movement 
models (Horne et al., 2007) from the “BBMM” package in Program R 
(Nielson et al., 2013; R Core Team, 2019). Facultative winter migra-
tions were defined for individuals that migrated after 1 January or 
subsequent direct movements from an initial winter range to a spa-
tially distinct alternative winter range and constrained to start after 
an individual was in the winter range for >4 weeks. For individuals 
with 8-h fix rates (n  =  128), we set the motion variance equal to 
the median of the motion variances calculated for individuals with 
2-h data (median = 3000). No pronghorn migrated along the same 
path at the same time, so we considered all individuals independent. 
We classified stopover sites for individuals based on the top 10% 
area contour of the utilization distribution from the Brownian Bridge 
movement models (Sawyer et al., 2009).

3.3  |  Habitat variables

We identified 10 habitat factors a priori that could influence 
the selection of migration routes: sagebrush (Artemisia spp.) and 
herbaceous cover (Xian et al.,  2015), terrain ruggedness (Riley 
et al.,  1999), vegetation quality, vegetation phenology in spring, 
snow depth (1 km2 daily resolution; National Operational Hydrologic 
Remote Sensing Center,  2004), roads, fences, and wind turbines 
(Johnston et al., 2022). For vegetation quality, we used integrated 
normalized difference vegetation index (iNDVI) from the Moderate 
Resolution Imaging Spectroradiometer (MODIS; Johnston 
et al.,  2018). For phenology, we calculated the instantaneous rate 
of green-up in spring using a fitted curve to the annual NDVI time 
series from MODIS (Bischof et al., 2012). We digitized fences based 
on aerial imagery from the National Agricultural Imagery Program.

3.4  |  Data analysis

3.4.1  | Movement behavior

We quantified the number and proportion of routes that traveled 
through wind-energy facilities in each season and then compared 
metrics of movement behavior relative to the proportion of the 
total route within 1 km of turbines. For each route, we calculated 
general metrics, including the Euclidean and total path length, 
average speed (km/h) over each path length, and total duration 
of migration. We used linear regression in a Bayesian framework 
with random intercepts for individual pronghorn implemented in 
the “rstanarm” package in Program R and the Watanabe-Akaike 
Information Criterion (WAIC; Hooten & Hobbs, 2015) to compare 
models containing an effect of the proportion of a route within 1 km 
of turbines, season, and an interaction between the two variables.

In addition, we identified important habitat factors influencing 
migration speed in each season and then evaluated those factors in 
combination with distance to turbine for steps within 20 km of tur-
bines. We calculated speed (km/h) for all steps between consecutive 

locations of a migration route and extracted habitat variables at the 
starting location of each step. We log-transformed speed and mod-
eled distance to turbine as a linear effect because log-transformation 
did not improve fit and evaluated models as described above. We also 
compared movement rates from before to during the construction of 
Ekola Flats and TB Flats using an unpaired two-sample Wilcoxon test 
(α < 0.05) for individuals that migrated within 1 km of turbine sites.

3.4.2  |  Fidelity

We evaluated fidelity to migration routes and stopover sites for 
individuals tracked for two years (spring migrations n = 25, fall n = 32) 
by comparing the overlap between successive routes and stopover 
sites. Overlap was calculated as the proportion of an individual's 
migration route or stopover from the second monitoring year 
that overlapped the same individual's route in the first monitoring 
year. For individuals monitored from 2018 to 2020, we evaluated 
whether the proximity of an individual's route to turbines under 
construction influenced fidelity to spring (n = 21) and fall (n = 30) 
migration routes and stopover sites. We used linear regression in 
a Bayesian framework with a beta distribution and used WAIC to 
evaluate models with an effect of season, proximity to turbine, 
and an interaction between season and proximity to turbine on 
the proportion overlap of either migration routes or stopover sites, 
basing inferences on the model with the lowest WAIC.

3.4.3  | Migration route and stopover selection

We used conditional logistic regression in a Bayesian framework in 
a matched use-available design to compare used migration routes 
to available routes with the same start and end points (Manly 
et al., 2002). We defined used migration routes using all locations 
in which an animal was moving forward with a turning angle ≤|90°| 
to exclude stopover sites. We then generated available routes of the 
same length and duration with the same start and end points at a 
10:1 available:used ratio and weighted available routes (w = 1000) 
to improve coefficient estimates and model convergence (Northrup 
et al.,  2013). We calculated the average of each habitat covariate 
along a migration route. For time-varying covariates (e.g., snow 
depth), we calculated an average value for each route during migra-
tion. We used the minimum distance to existing turbines to evaluate 
the effects of wind facilities. We log-transformed all distance meas-
ures to allow the effect to decline at farther distances and scaled 
and centered all fixed effects. We did not include herbaceous cover 
and integrated NDVI in the same model because of high correlation 
(r ≥ 0.6) in both spring and fall. We used univariate models and WAIC 
to identify important habitat variables to combine with roads and 
fences. We then added turbine variables to the top model retained 
from the previous step. We based inferences on the model with the 
lowest WAIC and retained parameters whose 95% credible intervals 
did not overlap zero. We used the R-INLA package to fit models with 
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stratum-specific intercepts for matched used and available routes 
modeled as random effects with large fixed variance α ~ N(0, 106). 
We considered coefficients with 95% credible intervals that did not 
overlap zero to be significant.

We evaluated the effects of turbines under construction on 
route selection following the same procedures described above in 
separate models because of high correlation with distance to exist-
ing turbines. We only included individuals that migrated during the 
construction period and did not evaluate winter migration due to 
small sample sizes. We excluded sagebrush cover for spring migra-
tion routes and snow depth for fall migration routes because of high 
correlation with distance to turbine under construction.

We used the same analytical approach to compare attributes 
of stopover polygons to available polygons selected randomly from 
within each individual's route at a 10:1 available:used ratio. We cal-
culated habitat variables within each polygon and measured the 
average distance of polygons to turbines. We also evaluated the 
amount of time individuals spent in stopover sites, using the number 
of points within a stopover polygon as a proxy for time and relating 
that to distance to turbine using linear regression.

3.4.4  |  Small-scale selection

We used integrated step-selection functions with random slopes 
for individuals (Muff et al.,  2019) to evaluate the effect of wind 
turbines on fine-scale habitat selection and movement behavior 
(Avgar et al., 2016). We used the “amt” package in Program R to 
format the location data into steps and randomly sample 3 availa-
ble steps for every used step (Signer et al., 2019). Step lengths and 
turning angles for available steps were drawn from a Gamma and 
a von Mise's distribution, respectively (Avgar et al., 2016; Signer 
et al.,  2019). All models included log-transformed step length 
(log[step length]) and the cosine of the turning angle (cos[turn 
angle]) to account for directional persistence, allowing for unbi-
ased inferences regarding habitat selection and movement (Avgar 
et al., 2016). We evaluated the habitat variables defined above at 
the end of a step by comparing all single-variable models using 
WAIC. All variables that improved model fit over the null model 
were included in the base model, which we evaluated with all pos-
sible combinations of fence and road variables. The top model 
provided the foundation for the three models that tested for the 
effects of wind turbines on pronghorn migration behavior. The 
first model included distance to wind turbine at the end of a step 
to evaluate whether pronghorn selected habitat along the migra-
tion route relative to turbines. The second model included distance 
to turbine in interaction with log(step length) to evaluate whether 
pronghorn changed speed with proximity to wind turbines (Avgar 
et al.,  2016). The third model included distance to turbine in an 
interaction with cos(turn angle) to evaluate whether pronghorn 
changed direction in proximity to turbines, potentially detouring 
around turbines. We also evaluated turbine effects separately 
from habitat factors to evaluate the relative importance of each 

group of variables. We considered coefficients with 95% credible 
intervals that did not overlap zero to be significant. Sample sizes 
were inadequate to evaluate the effects of turbines under con-
struction on small-scale selection. We used the R-INLA package 
(Rue et al.,  2009) to fit conditional Poisson models with random 
slopes with stratum-specific intercepts for matched used and 
available steps modeled as random effects with large fixed vari-
ance α ~ N(0, 106) and penalized complexity priors, PC(3, 0.05), for 
the precision of random slopes for all habitat variables.

4  |  RESULTS

Overall, we classified 101 pronghorn as residents (n  =  60) or as 
not having sufficient data to be classified due to short monitoring 
periods (n  =  41), 43 were classified as migratory, and 74 were 
mixed migratory. We collected 286 migration sequences from 
117 individuals (Figure  1), including 121 spring migrations, 123 
fall migrations, and 42 facultative winter migrations. Of the 286 
migrations, 200 (70%) passed within 1 km of a wind turbine and 226 
(79%) passed within 5 km of a wind turbine. Both the metrics and 
timing of migrations varied by both season and year (Table S1).

4.1  |  Movement behavior

General migration metrics, including the Euclidean and total path 
length, average speed (km/h) over each path length, and total 
duration of migration, differed among seasons, but not relative to 
the proportion of a route near turbines (Table S2). The instantaneous 
rate of green-up and sagebrush cover were the most important 
habitat factors influencing speed in spring and fall, respectively, 
but distance to turbine was still an important predictor even after 
controlling for other habitat factors (Figure 2, Table S3). When near 
turbines, pronghorn moved more slowly in fall but more quickly 
during spring (Figure 2). Neither habitat nor turbine variables were 
strong predictors of speed during winter. There was no difference in 
movement rates between routes that traveled through either Ekola 
Flats or TB Flats prior to construction compared with routes in the 
same area during construction (preconstruction: 0.29 ± 0.03 km/h, 
during construction: 0.36 ± 0.07, p  =  .49), although sample sizes 
prevented us from evaluating differences across seasons.

4.2  |  Fidelity

Average proportion overlap of migration routes for individuals 
tracked multiple years was 0.29 ± 0.04 (range = 0.01–0.62) in spring 
and 0.30 ± 0.03 (range = 0.04–0.85) in fall. For stopovers, the av-
erage proportion overlap was 0.06 ± 0.03 (range: 0.00 to 0.53) for 
spring and 0.04 ± 0.01 (range: 0.00 to 0.26) for fall. Fidelity to migra-
tion routes increased farther from the new wind-energy facilities in 
both seasons (Figure 3, Table S4). Fidelity to stopover sites increased 
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6 of 12  |     MILLIGAN et al.

farther from turbines in spring, whereas there was no strong rela-
tionship in fall (Figure 3, Table S4).

4.3  |  Route and stopover selection

For route selection, distance to turbine was only important in fall, 
when female pronghorn tended to select migration routes closer 
to turbines than expected, after accounting for habitat variables 
(Table 1, Table S5). Distance to turbine under construction was only 
important for route selection in the fall (Table S6), when pronghorn 
selected migration routes closer to turbines under construction than 
expected (β = −0.77, 95% CIs: −1.24 to −0.29). Pronghorn selected 
stopover sites farther from turbines in spring and winter, but not fall 

(Figure 4, Table S5). An increase in distance to turbine from 0 to 1 km 
translated to a 33% and 300% increase in the relative probability 
of selection in spring and winter, respectively. Pronghorn also spent 
more time in stopovers that were farther away from turbines but 
only during spring migration (Figure 4, Table S7). Distance to turbine 
under construction was not important for stopover selection in ei-
ther spring or fall (Table S6).

Pronghorn selected migration routes that had higher sagebrush 
cover in the spring and fall and lower herbaceous cover in the spring 
(Table  1). Pronghorn selected winter migration routes that were 
closer to both roads and fences than expected (Table 1). Migration 
routes in all seasons had lower terrain ruggedness and integrated 
NDVI than expected (Table  1). In the spring, migrating pronghorn 
selected stopover sites with greater sagebrush cover and lower ter-
rain ruggedness (Table 1). In the fall, pronghorn selected stopover 
sites with greater sagebrush and herbaceous cover that were closer 
to fences (Table  1). Pronghorn selected stopover sites with lower 
integrated NDVI across all seasons (Table 1).

4.4  |  Small-scale selection

Distance to turbine was in the top model for all step-selection func-
tions, with pronghorn selecting steps that were farther from turbines 
in both spring and winter, but not in fall, after accounting for habitat 
variables (Table 1, Table S5). An increase in distance to turbine from 
0 to 1 km translated to a 180% and 68% increase in the relative prob-
ability of selection in spring and winter, respectively. The top model 
for all seasons included an effect of distance to turbine, representing 
an effect on small-scale avoidance. In spring and winter, there was 
a high probability (.95–.97) that pronghorn selected habitats farther 

F I G U R E  2 Predicted speed (km/h) of migrating female pronghorn 
relative to turbines with other habitat variables (spring: instantaneous 
rate of green-up; fall: sagebrush cover) held at mean values.

F I G U R E  3 Examples of migrations 
before and during construction for the 
same individuals (a and b) and predicted 
fidelity (proportion overlap ±95% credible 
intervals) for migration routes (c) and 
stopover sites (d) of pronghorn in south-
central Wyoming, USA, 2010–2012 and 
2018–2020. The proportion overlap was 
calculated on an individual basis as the 
proportion of an individual's migration 
route or stopover from the second 
monitoring year that overlapped the same 
individual's route in the first monitoring 
year.
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from turbines, although error estimates were large (Figure  5). For 
spring, the top model also included an interaction between distance 
to turbine and cos(turn angle), representing an effect of turbines on 
small-scale directional persistence, but the variation of turn angles 
was minimal, suggesting that the effect of distance to turbine on 

habitat selection was the more important predictor in spring. For 
fall, the top model included an interaction between distance to 
turbine and log(step length), representing an effect of turbines on 
speed, but credible intervals for both the effect of turbines and the 
interaction completely overlapped zero.

Pronghorn tended to select for greater sagebrush and her-
baceous cover, although there was no evidence of selection for 
sagebrush in winter (Table 1). Pronghorn also selected for less rug-
ged landscapes and areas with lower integrated NDVI (Table  1). 
Pronghorn tended to select areas farther from roads in spring and 
fall and closer to fences in the fall (Table 1).

5  |  DISCUSSION

While pronghorn continued to migrate through wind-energy 
facilities, we observed important effects of development on both 
small-scale habitat selection and movement behavior during 
migration. Negative effects were most prominent and consistent 
during spring migration, which is a critical time for individuals 
to access important forage resources to support parturition. 
Pronghorn traveled faster near turbines during spring, with speeds 
increasing 0.14 km/h for every 5 km closer to wind turbines, although 
pronghorn traveled slower near turbines during fall migration likely 
due to turbines being constructed in high-quality habitat. Wind 
turbines negatively affected fidelity, with pronghorn migrating near 
turbines being less faithful to migration routes in both spring and 
fall and stopover sites in spring. Pronghorn also selected stopover 
sites farther from turbines in spring and winter and spent less 
time in stopovers near turbines during spring migration. Finally, 
pronghorn selected small-scale steps along the migration route that 
were farther from turbines than expected in both spring and winter. 
Overall, our results suggest that wind-energy development did not 
pose a barrier to migrating pronghorn, but that pronghorn made 
important behavioral adjustments relative to turbines, particularly 
during spring migration, that likely reduced the functional benefits 
of their seasonal migrations.

We documented a high proportion of pronghorn migrating 
through wind-energy facilities (70% within 1 km of wind turbines) 
and selection of routes closer to turbines during the fall, which 
may be attributed to the construction of turbines on historical mi-
gration routes. Maintenance of such connectivity does not indi-
cate whether the functional benefits of migration remain (Sawyer 
et al., 2013), stressing the importance of evaluating the effects of 
development at multiple scales and life-history stages. We found ev-
idence that pronghorn increased speed near turbines during spring 
migration, which is consistent with previous studies that found mule 
deer responded behaviorally to oil and gas development by speed-
ing up near gas wells and is potentially driven by increased noise 
and human disturbance (Lendrum et al., 2012; Sawyer et al., 2013; 
Wyckoff et al.,  2018). Higher movement rates suggest that wind-
energy facilities increased energy expenditures (Parker et al., 1984) 
of pronghorn near turbines during spring, with potential effects 

F I G U R E  4 Predicted relative probability of selection (±95% 
credible intervals) for stopover sites (a) and the predicted amount 
of time spent in stopover sites relative to distance to turbine (b) for 
migrating pronghorn relative to turbines in south-central Wyoming, 
USA, 2010–2012 and 2018–2020.

F I G U R E  5 Predicted relative probability of selection in relation 
to distance to turbine (km) from step-selection functions evaluating 
small-scale movement and selection of migrating female pronghorn 
in south-central Wyoming, USA, 2010–2012 and 2018–2020. 
Credible intervals omitted for clarity (see Appendix S1 for full 
figure).
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on foraging opportunities and future fitness (Sawyer et al.,  2013; 
Wyckoff et al.,  2018). In contrast to spring migration, pronghorn 
slowed down near turbines in fall, and we did not find an effect 
of turbines under construction on speed for individuals migrating 
in the same area before and during construction, although sample 
sizes prevented us from evaluating seasons separately. Wind-energy 
facilities were constructed in high-quality pronghorn habitat, which 
could be ultimately responsible for pronghorn traveling more slowly 
near turbines in fall, with pronghorn taking advantage of import-
ant resources despite the turbines. In addition, snow depth was 
correlated with distance to turbine under construction and could 
explain the lack of difference before and during construction if 
pronghorn slow down due to the difficulty of moving through deep 
snow. Alternatively, hunting pressure could be affecting pronghorn 
during fall migration, as has been shown for migrating elk (Mikle 
et al., 2019), with wind-energy facilities potentially representing re-
fugia. Regardless, changes in migratory movements and speed can 
impact access to forage and other functional benefits of migration, 
which is particularly important during spring migration (Sawyer 
et al., 2013), and, as a result, development could reduce the ecologi-
cal benefits of migration (Wyckoff et al., 2018).

Pronghorn also exhibited small-scale behavioral adjustments, in-
cluding altering both stopover site and small-scale habitat selection 
near turbines. Stopover sites, which are used by migratory ungu-
lates as important foraging and resting habitat (Sawyer et al., 2009; 
Sawyer & Kauffman,  2011), are critical for maintaining the func-
tional connectivity of a migration route (Sawyer et al., 2013). Our 
results suggest that pronghorn selected stopover sites farther 
from turbines in both spring and winter, which could have pushed 
them into lower quality habitat with reduced foraging success 
(Sawyer et al.,  2013; Wyckoff et al.,  2018). Pronghorn also spent 
less time in stopover sites near turbines during spring migration, 
which could reduce foraging opportunities near turbines, although 
we observed the opposite pattern in fall. Reduced use of stopovers 
near turbines is consistent with previous research suggesting that 
mule deer continue to migrate through oil and gas development 
(Lendrum et al., 2012; Wyckoff et al., 2018), but that the intensity 
of use often declines (Sawyer et al., 2013, 2020) and mule deer shift 
their stopover sites away from areas of high development (Wyckoff 
et al., 2018). Altered stopover site selection and small-scale avoid-
ance can result in functional habitat loss, where the areas around 
turbines are no longer available to pronghorn (Sawyer et al., 2017), 
which is especially important during spring migration when un-
gulates need access to high-quality forage resources to support 
reproduction. Demographic consequences of such behavioral mod-
ification may have important implications for population dynamics 
(Sawyer et al., 2017), but future research could quantify the poten-
tial survival or reproductive costs when migratory behaviors are dis-
rupted (Runge & Marra, 2005).

Detecting disruptions and effects of development on the migra-
tions of more nomadic or variable species, such as pronghorn (Fryxell 
et al.,  2005; Morrison et al.,  2021; Mueller et al.,  2011; Sawyer 
et al., 2013), can be more difficult than for species like mule deer 

that exhibit high fidelity to narrow pathways (Sawyer et al., 2009; 
Sawyer & Kauffman, 2011; Wyckoff et al., 2018). Our results sug-
gest that 63% of migratory animals in our study were conditionally 
migratory, which is consistent with many other studies of prong-
horn (Collins,  2016; Jacques et al.,  2009; Jakes et al.,  2018; Kolar 
et al.,  2011; Larkins et al.,  2018; Tack et al.,  2019). Nevertheless, 
when pronghorn did migrate, fidelity to individual routes was similar 
to that estimated for mule deer in southwestern Wyoming (Wyckoff 
et al., 2018) and was lower for pronghorn migrating near wind tur-
bines, which highlights the importance of long-term studies to eval-
uate the effects of development. Our data were unique in that they 
allowed us to evaluate migratory behavior prior to the development 
of two large wind-energy facilities. Our results suggest pronghorn 
migrating near turbines under construction were less faithful to 
their migration routes in both spring and fall and stopover sites in 
spring compared with pronghorn migrating farther from turbines. 
The observed lower fidelity could potentially be due to increased 
disruptions from construction activity causing pronghorn to alter 
their migration. However, this contrasts with mule deer, whose fi-
delity to both routes and stopovers was not affected by develop-
ment, although there was a trend toward reduced fidelity for mule 
deer in a high-development area (Wyckoff et al., 2018). Decreased 
fidelity could eventually lead to the loss of specific migration routes 
and the associated fitness benefits (Sawyer et al., 2013). Our results 
suggest that energy development can have important consequences 
even for variable species that could reduce the persistence of both 
migratory behavior and populations (Bolger et al.,  2008; Harris 
et al., 2009; Mueller et al., 2011).

Although most studies of pronghorn have simply characterized 
the presence of migratory behavior (e.g., Jacques et al., 2009), our 
results are generally consistent with the few that evaluated the ef-
fects of habitat factors on selection during migration. Notably, we 
found no evidence that pronghorn tracked forage green-up across 
the landscape, which contrasts with migratory mule deer (Aikens 
et al., 2017). However, pronghorn often do not migrate along an alti-
tudinal gradient like mule deer, so relatively small changes in forage 
resources and phenology along the migration routes for pronghorn 
in our study likely limited the benefits of tracking forage green-up. 
Consistent with previous studies of pronghorn both during mi-
gration and on seasonal ranges (Seidler et al.,  2015; Sheldon & 
Lindzey, 2005), we found fine-scale avoidance of roads, which can 
act as a barrier to movement and represent an additional negative 
effect of development.

Migration is an important behavioral strategy that is critical for 
population persistence (Fryxell & Sinclair, 1988; Harris et al., 2009; 
Sawyer et al.,  2009). Ungulate migrations have been increasingly 
fragmented and disrupted by anthropogenic activities, including en-
ergy extraction and the associated development of roads, fences, 
and pipelines. In our study, pronghorn made behavioral adjust-
ments, including altered speed and stopover site selection during 
the spring with effects in the fall being more mixed, relative to wind 
turbines that could impact the functional and fitness benefits of 
their migration even though connectivity was maintained. We also 
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documented reduced fidelity with the construction of wind-energy 
facilities during both spring and fall, which can have implications for 
the persistence of migration routes. Migration is a unique behavior 
that is difficult to restore, especially after routes are lost in a popula-
tion (Jesmer et al., 2018). As development continues to accumulate, 
behavioral adjustments during migration could lead to population-
level consequences, such as fitness impacts from reduced foraging 
opportunities or the loss of specific migration routes that may only 
manifest in the long term. Development thresholds that cause the 
loss of existing migrations remain unknown for ungulates, but our 
study clarifies that wind-energy development is among the anthro-
pogenic factors that can disrupt migratory behavior across formerly 
intact landscapes.
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