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Flight Paths of Migrating Golden Eagles and the Risk Associated with
Wind Energy Development in the Rocky Mountains
Trajectoire de vol d’Aigles royaux en migration et risques associés au
développement éolien dans les Rocheuses
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ABSTRACT. In recent years, the eastern foothills of the Rocky Mountains in northeastern British Columbia have received
interest as a site of industrial wind energy development but, simultaneously, have been the subject of concern about wind
development coinciding with a known migratory corridor of Golden Eagles (Aquila chrysaetos). We tracked and quantified
eagle flights that crossed or followed ridgelines slated for one such wind development. We found that hourly passage rates
during fall migration peaked at midday and increased by 17% with each 1 km/h increase in wind speed and by 11% with each
1°C increase in temperature. The propensity to cross the ridge tops where turbines would be situated differed between age
classes, with juvenile eagles almost twice as likely to traverse the ridge-top area as adults or subadults. During fall migration,
Golden Eagles were more likely to cross ridges at turbine heights (risk zone, < 150 m above ground) under headwinds or
tailwinds, but this likelihood decreased with increasing temperature. Conversely, during spring migration, eagles were more
likely to move within the ridge-top area under eastern crosswinds. Identifying Golden Eagle flight routes and altitudes with
respect to major weather systems and local topography in the Rockies may help identify scenarios in which the potential for
collisions is greatest at this and other installations.
RÉSUMÉ. Récemment, les contreforts des Rocheuses dans le nord-est de la Colombie-Britannique ont attiré l’attention comme
site potentiel d’un développement éolien industriel, tout en faisant simultanément l’objet de préoccupations puisque ce projet
coïnciderait avec un corridor de migration connu d’Aigles royaux (Aquila chrysaetos). Nous avons suivi et quantifié les vols
d’aigles qui ont traversé ou longé les lignes de crêtes visées par un projet éolien de ce genre. Nous avons constaté que le taux
de passage horaire durant la migration automnale atteignait un maximum à midi et augmentait de 17 % pour chaque km/h
d’augmentation de la vitesse du vent, et de 11 % pour chaque °C d’augmentation de la température. La propension à traverser
les sommets des crêtes où seraient installées les éoliennes différait selon les classes d’âge, les jeunes aigles de l’année ayant
deux fois plus de chance de le faire que les adultes ou les jeunes plus âgés. Durant la migration automnale, les aigles traversaient
davantage les crêtes à hauteur d’éoliennes (zone de risque, < 150 m au-dessus du niveau du sol) sous un vent de face ou arrière,
mais cette tendance diminuait avec l’augmentation de la température. En revanche, durant la migration printanière, les aigles
étaient plus susceptibles de survoler la région des sommets sous un vent latéral de l’est. La détermination des trajectoires et des
altitudes de vol des Aigles royaux, selon les systèmes météorologiques prédominants et la topographie locale des Rocheuses,
peut contribuer à identifier les scénarios dans lesquels les risques de collision sont les plus élevés, que ce soit pour ce projet
éolien ou d’autres.
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INTRODUCTION
Concerns over collisions exist where areas of high raptor
concentrations overlap with wind energy developments
(Duinker and Greig 2006, Drewitt and Langston 2008, Katzner
et al. 2008, 2012). Soaring raptors are often at greater risk of
collision than other birds because of their reliance on wind
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currents channeled by topography for lift (Barrios and
Rodríguez 2004, Drewitt and Langston 2008, Katzner et al.
2012, Lanzone et al. 2012). For k-selected species, such as the
Golden Eagle (A. chrysaetos L. 1758), even small numbers of
fatal collisions could deleteriously affect population levels
(Carrete et al. 2009). With the increase of wind energy
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developments built in new areas used by soaring raptors,
techniques are needed to document fine-scale species-specific
movement patterns within developments to better understand
and predict collision risk (Ferrer et al. 2012, Lanzone et al.
2012).
Complex mountain terrain is often favored by large-bodied
soaring species during migration because of the enhanced
opportunities for lift, i.e., slope winds, deflected winds, and
thermals, compared with areas of flatter terrain (Kerlinger and
Moore 1989, Hedenstrom 1993, Spaar and Bruderer 1996,
Yates et al. 2001, Mandel et al. 2008, Katzner et al. 2012,
Lanzone et al. 2012). By using vertically rising air, soaring
migrants can maintain energy expenditures that are little above
resting state (Weimerskirch et al. 2000, Mandel et al. 2008)
and so minimize the costs of migration. Golden Eagle
migration in western North America is concentrated along the
eastern Rocky Mountains, where the prevailing winds
originate perpendicularly to the direction of travel (Brodeur
et al. 1996, Alerstam 2001, Bildstein 2006, McIntyre et al.
2008). The orographic lift that results from deflected strong
SW winds in the fall results in a migration highway, a favored
route used for fast and steady travel by raptors (Bittner 2010).
Postconstruction research at wind energy developments,
however, suggests that fatality events are not always related
to relative species abundance within a region (Lekuona and
Ursua 2007, de Lucas et al. 2008, Ferrer et al. 2012). Rather,
fatality events vary depending on species-specific flight
behavior, which is determined by local weather, topography,
or mode of flight (Barrios and Rodríguez 2004, Hoover and
Morrison 2005, Smallwood 2007). For example, some
evidence suggests that collision risk for raptors at wind energy
developments in southern Spain is greater for breeding and
overwintering populations compared with those migrating to
or from African wintering grounds (Barrios and Rodríguez
2007, although see de Lucas et al. 2012). Similarly, high
numbers of raptor collisions have been reported in California,
United States, where wind energy developments overlap with
known foraging and overwintering grounds of raptors,
including Golden Eagles (Orloff and Flannery 1992, Hunt
1995, Thelander and Rugge 2001, Smallwood and Thelander
2004, 2008, Smallwood et al. 2009). Although this effect on
raptor populations in California had been blamed on the
historic use of numerous small turbines, compared with new
or repowered developments, that hypothesis has not been
formally tested (Smallwood and Karas 2009, Smallwood and
Neher 2009). Many collision events involving resident/
overwintering soaring raptors appear to be correlated with the
amount of time individuals spend flying within the rotor-swept
areas of the turbines, rather than turbine size; these high-risk
flights increase under low-wind conditions when birds may
be both flying slowly and circle soaring near turbines (Barrios
and Rodríguez 2007).

We estimated 3-D flight paths of Golden Eagles during two
fall migration seasons and one spring migration season prior
to construction of the Dokie 1 Wind Energy Project, hereafter
called Dokie 1. We then tested whether particular weather/
topography interactions increased the frequency of eagle flight
onto the proposed project footprint. To demonstrate this, we
(1) identified weather conditions associated with the variation
in both hourly passage rates and frequency of flights over the
ridge-top area, a 100-m buffer along the midline of the ridge
following the proposed turbine string; (2) assessed the effect
of passage route through the site, time of passage, and eagle
age on the probability that an eagle flew over the ridge-top
area; and (3) identified whether any of these variables affected
the probability of movement within a ridge-top predefined risk
zone, below rotor-swept height (RSH; ≤ 150 m above ground
level [agl]). Although we evaluated potential collision risk at
a site-specific scale, the consistency of terrain and weather
patterns throughout the eastern Rocky Mountains makes this
research relevant for similar predictions of collision risk across
a large part of the Golden Eagle migration corridor.
METHODS
Study area
Dokie 1 (55°46′28″ N, 122°16′48″ W) is located in the Hart
Range of the eastern Rocky Mountains in northeastern British
Columbia, a 13,584-km² region specifically identified as
experiencing significant wind energy development (Larson
2010; Fig. 1). The Hart Range is also part of a known Golden
Eagle migration corridor that follows the Rocky Mountains
from Alaska/Yukon to wintering grounds in the mid- and
southwestern United States (Omland and Hoffman 1996,
Yates et al. 2001, Sherrington 2003, McIntyre et al. 2008,
Bittner 2010). Dokie 1 is the first operational facility within
the Hart Range, and the site topography and weather are
representative of those found throughout the Hart Range and
the eastern Rocky Mountains (Yates et al. 2001, Sherrington
2003). In this area, ridges are consistently aligned NW–SE
because of extensive thrust faulting, and wind conditions are
characterized by medium-strong SW winds, mostly in the fall,
or light NE winds, mostly in the spring, accompanied by low
clouds (Yates et al. 2001, Sherrington 2003).
Dokie 1 consists of two ridges: The 4.5-km “Johnson Col”
(JC; mean elevation 1200 m), hereafter called the study site,
is oriented approximately north–south, parallel to migration
pathways, and abuts a deep, wide valley to the west. The study
site has 15 of the 48 proposed 3-MW Vestas turbines, with the
remainder on the 6 km long “Johnson Ridge” (mean elevation
1375 m) to the east and separated from the study site by a
shallower valley (Fig. 2). Previous work had shown the study
site to have higher eagle passage during fall migration (A. C.
Pomeroy, N. N. Johnston, M. Willie, M. Preston, C. Bailey,
M. d’Entremont, and K. A. Otter, unpublished manuscript).
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Fig. 1. Location of the Dokie 1 Wind Energy Project in the
eastern foothills of the Rocky Mountains, Peace River
Regional District, British Columbia, Canada (55°46′28″ N,
122°16′48″ W). This project is located within the Hart
Range, which is experiencing significant prospecting and
construction of a number of wind energy installations.

fall, and between 17 March and 28 March 2010 in the spring.
Two observers worked together each day and performed
consistent duties throughout all seasons, one as the observer
and the other as the recorder. Observations were rotated
between three discreet observation points to achieve a
balanced sampling regime between time of day and area
covered. Observation periods extended for 3 h, and two were
conducted concurrently between 0900 and 1530 Pacific
daylight time. Each observation point (Fig. 2) was selected to
provide a proximate view of a different 1.5 to 2 km long section
of the study ridge in addition to the surrounding valleys. Two
were located within the study site itself, JC South and JC North,
with JC South only in 2008, and one on the nearby Johnson
Ridge North, which afforded the best view of the north end of
the study ridge (Fig. 2). In the spring, we substituted a point
700 m farther north along the ridge for the observation point
JC North to capitalize on an improved view of oncoming birds
from the south.
Fig. 2. The Dokie 1 Wind Energy Project (northern section)
in the eastern foothills of the Rocky Mountains of northeast
British Columbia, Canada. Both the study area and area of
ridge-top movements (includes within the risk zone ≤ 150 m
and/or above) represents a 2-km and 100-m buffer around
the turbine string, respectively. Arrows represent east and
west migration routes used by Golden Eagles (Aquila
chrysaetos) through the site for both fall (southward) and
spring (northward) seasons.

During both the fall 2009 and spring 2010 migration seasons,
only three idle turbines, spaced 1.5 km apart, were standing
on the study site (Fig. 2). The 2008 fall season had only one
idle turbine standing at the north end of the study site. The
turbines were 80 m in height to the hub, with 47-m blades,
resulting in a maximum RSH of 127 m and span of 94 m. We
considered the midconstruction phase as essentially
undeveloped because there was no ongoing turbine
construction, and research indicates that birds do not exhibit
avoidance behavior in response to idle standing structures (de
Lucas et al. 2007). The ridge of the study site extends 1 km
beyond the proposed northern-most turbine, JC15, and we
treated this area as part of the study site even though it was
not going to be part of the wind farm. This allowed us to
consider movements over an entire ridge feature and provided
the potential for using this area as a control for
postconstruction monitoring (Fig. 2).
Observations
We observed migrating Golden Eagles for 217 hours in fall
2008 (36 hours) and 2009 (181 hours) and 63 hours in spring
2010, accounting for time lost because of inclement weather.
Observations were conducted between 2 October and 9
October 2008 and 13 September and 24 October 2009 in the
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We aged every Golden Eagle based on plumage characteristics
(Liguori 2004). Age categories included experienced
migrants, inexperienced migrants, and unknown. Experienced
birds included both adults and subadults, 2-5 years old;
whereas inexperienced birds included individuals with
juvenile plumage characteristics. We used visual observations
to estimate an eagle’s location by ascertaining the position of
the bird relative to the observer at regularly spaced points along
the ridge. We collected location point data by combining a
compass bearing to the bird for horizontal position, a
clinometer angle for vertical position, and an estimation of
horizontal distance to the bird to allow for a subsequent
calculation of bird height. To be confident that we estimated
distances consistently and as accurately as possible, we used
the same observer, J. E. Bradley, for all data collection
considered for analysis of flight height (2009, 2010; Band et
al. 2007). We estimated distances with the use of known
landmarks, idle turbines, power poles, and cleared forest areas,
as well as satellite imagery maps with superimposed distance
rings. During periods between data collection, the observer/
recorder tested distance estimation of the observer against
stationary objects in the landscape, confirming estimations
against maps. Range estimation error increases with distance
from the observer but was estimated at 10%-15% overall error
at any given distance, thus < 150-m error at 1 km. Given the
shallow clinometer angles associated with low-flying eagles,
a 15% distance estimation error at 1 km for a bird assessed at
150 m agl would translate to approximately a 23-m error in
height estimation. Thus, we considered flying 150 m agl as
risky flight behavior to account for this height estimation error,
rather than the actual upper turbine blade reach (127 m). In
addition, we only collected location data for eagles that moved
in the expected migration direction, so as to exclude
nonmigratory movements.
We collected on average 6 location points per migrating bird.
However, this decreased slightly with increasing numbers of
eagles being tracked at a time. Upon first sight of an eagle at
2 km, or closer if first detected within that distance, we
estimated a 3-D point. Points were then repeatedly collected
with any perceived change in flight behavior or direction until
the eagle left the site (2 km). We increased the number of
points sampled for birds that came within 1 km of the study
ridge (mean 8 points per bird) and for birds that moved over
the ridge-top area, or proposed turbine string (mean 10 points
per bird). Additionally, for any eagle that flew near the ridgetop area, we noted whether it was above or below RSH (≤ 150
m) for comparison with height classifications obtained using
a geographic information system (GIS; ArcMap, version 9.5,
Environmental Systems Research Institute, Redlands,
California, USA). The average distance for obtaining eagle
heights over the ridge-top area was 640 m, with only a few
distances estimated at 1 km (n = 2). Comparison of flight
heights obtained using GIS in this manner also agreed with

field estimates of above or below RSH in all but a few
exceptions; these discrepancies occurred when eagle heights
were on the boundary of inclusion in RSH, i.e., 140-150 m
agl, in which case we used the GIS height data. This further
confirmed the reliability of the distance/height estimation of
the two-observer method described previously.
We collected weather data at 2 m agl from an Onset HOBO
(Onset, Bourne, Massachusetts, USA) weather station located
at the south end of the study ridge in an exposed, treeless area
(Fig. 2). The data logger averaged and recorded temperature,
wind direction, wind speed, barometric pressure, and relative
humidity at 5-min intervals. We also estimated cloud cover
hourly. We used the power law approximation method, or
power law, to determine the ground-based, 2-m wind speed
that corresponded with that required for turbine cut-in, i.e., the
wind speed required for the turbine blades to begin rotation
(14 km/h, or 4 m/s), as measured at nacelle height (80 m agl;
Counihan 1975, Hanafusa et al. 1986, Segal and Pielke 1988,
Zoumakis 1993). Using an alpha value of 0.25 for rough, treecovered terrain, we determined that a wind speed of 8.5 km/
h at ground level corresponded with a 14 km/h turbine cut-in
speed at nacelle height. We then compared nacelle data to
ground-based weather data collected in spring 2011 to test this
technique and found a strong correlation between data
collected at nacelle height with ground data adjusted using the
power law (R² = 0.91). All analyses on eagle flights within the
risk zone in relation to wind speed used ground-level data
adjusted with the power law.
Last, we considered categories a more practical approach to
dealing with multicollinearity between wind speed and
direction (Batschelet 1981). We created wind direction
categories based on the general north–south axis of migration
used through the site and were consistent between seasons:
Winds originating from 136° to 225° were classified as
headwinds in the fall or tailwinds in the spring; those from
226° to 315°, as westerly crosswinds; those from 316° to 45°,
as fall tailwinds or spring headwinds; and those from 46° to
135°, as easterly crosswinds (Fig. 3a, b). The prevailing SW
wind direction in the fall included both headwinds and western
crosswinds (Fig. 3a, b). We used Oriana (version 2.0, Kovach
Computing Services, Anglesey, Wales, UK) to average and
plot circular wind direction data.
Data preparation
Location data for each bird consisted of a series of Universal
Transverse Mercator (UTM) coordinates in addition to an
altitude for each point. Using GIS, we projected bird location
points into UTM positions that included an associated altitude
estimation and used ET Geowizard (ET Spatial Techniques,
Pretoria, South Africa, http://www.ian-ko.com) to connect
location points to recreate 3-D Golden Eagle flight tracks. This
provided a spatial perspective on eagle passage and allowed
for identification of individual eagles that passed within a
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Fig. 3. Stepped circular histogram of ground-based hourly wind speed by direction for (a) fall
migration seasons (2-9 October 2008 and 13 September and 24 October 2009); and (b) spring
(17-28 March 2010), between 0900 and 1530 hours Pacific Standard Time. Turbine cut-in speed
(wind speed at which turbine blades start spinning) at ground level is 8.5 km/hr (14 km/hr at nacelle
height). Zero values: fall 1.48%; spring 2.11%. Note different y-axes between seasons.

buffer region placed on a 100-m radius around the proposed
turbine string and extending the full length of the ridge, i.e.,
ridge-top movement (Fig. 2).
We included all movements into this ridge-top area, regardless
of whether the birds crossed the ridgeline or followed parallel
to its axis (Barrios and Rodríguez 2004, de Lucas et al. 2004,
Lekuona and Ursua 2007, Smallwood et al. 2009). We
included one point of entry for each eagle detected and used
the first point of entry for eagles that crossed into the zone
multiple times. The 100-m zone along each side of the apex
of the ridge represents a 50-m lateral buffer beyond the length
of the turbine blades to account for error attributable to
distance estimations, and it includes spaces between turbines
(approximately 250 m), thus providing a conservative estimate
of potentially risky preconstruction flight behavior. Birds
entering this buffer region at heights ≤ 150 m were considered
to be in the “risk zone.” This risk zone included the RSH of
turbines (33-127 m agl), plus the 0-27 m below RSH and the
23-m span above RSH; this broadened zone was intended to
counteract potential errors in height estimation and thus
provide a conservative estimate of high-risk flights.
We classified eagle paths as either “eastern” or “western”
relative to the ridge. Eagles for which approach route
information was lacking were assigned a route based on
whether the majority of the track was within the given route.
Eagles that were first detected flying above the ridge top, or

those that had too short of a track to determine route, were not
categorized (Fig. 2).
Statistical methods
We treated spring and fall data as discreet data sets and
completed all analyses separately for each season. We used
generalized linear regression models (GLMs) for analysis of
both passage rates and frequency of movements over the ridgetop area. The predictor variables for both models included
mean hourly barometric pressure (mbar); wind speed (km/h);
temperature (°C); cloud cover (%); wind direction, i.e.,
headwind, east or west crosswind, or tailwind; year, fall only;
date, Julian; and hour. We included a second-order polynomial
term for date in all models to describe the bell-shaped curve
of passage with date. In our hourly passage rate model, we
included an interaction term between wind speed and hour to
determine if hourly passage differed on days with strong winds
compared with days with weak winds, and we included
second-order polynomial terms for continuous weather
variables. For our analysis of hourly movements over the
ridge-top areas, we included interactions between wind speed
and cloud cover to identify potential patterns between days
with low wind speeds and low solar radiation. We also
included background passage rate as a predictor of ridge-top
movements to assess the effect of site abundance on frequency
of movements over the ridge-top area. In cases when ridgetop movements were highly correlated with background
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passage rates, we removed this predictor from the model
because it obscured the weather conditions of interest.
Furthermore, where weather variables were potentially
correlated, e.g., temperature and relative humidity, and wind
speed and wind direction, we inspected predictor variables for
correlation prior to model selection. If we observed a
correlation, we retained the most significant variable.
However, we tested both variables in final models to ensure
that we selected the best representation of the effect. Data
collected in fall 2008 were included in analyses of passage
rates, but not in analyses of bird height into the risk zone
because they were collected by multiple observers.
For all GLMs, we first used a Poisson distribution using
forward selection based on the lowest Akaike information
criterion (AIC) value (Crawley 2007). Final models within a
∆ AIC of 2 or less were considered, and the most parsimonious
model was selected as our final model (Crawley 2007). This
method produced at most one competing model within ∆ AIC
of 2 or less of the lowest value model and always involved the
removal of an extra weather parameter, e.g., cloud cover. We
used a dispersion test to evaluate the null hypothesis of
equidispersion in a Poisson model (Crawley 2007). If we
detected overdispersion, we used new models based on a
negative binomial distribution (Venables and Ripley 2002,
Zuur et al. 2009). We compared the most parsimonious
negative binomial models to Poisson models for best fit using
the Vuong test (Vuong 1989, Zuur et al. 2009). A negative
binomial distribution handles overdispersion better than a
Poisson distribution because it has an additional error term to
handle extra variance with regard to the mean (Crawley 2007).
We tested final models for fit against a null model using a
likelihood ratio (LR) test (Zuur et al. 2009).
We used logistic regression models to analyze the probability
of moving over the ridge-top area versus not moving into the
ridge-top area, in addition to the probability of entry within
the risk zone, i.e., below RSH (≤ 150 m), or not, i.e., above
RSH (> 150 m). Predictor variables considered in these
analyses included eagle age, experienced or inexperienced;
passage route taken, east or west of the study ridge; and/or
weather conditions averaged over five minutes to provide
more specific conditions. Similar to the first part of our
analysis, we selected final models based on ∆ AIC of ≤ 2 of
the lowest value model and selected the most parsimonious
logistic regression model as our final model. We tested final
models for fit against a null model using an LR test (Zuur et
al. 2009) and used 10-fold cross-validation to obtain an
estimate of predictive accuracy (Maindonald and Braun 2010).
We back-transformed model estimates, in log units, for ease
of interpretation; see table captions for details. We used the
statistical software R, v. 2.8.1, for all analyses (R Development
Core Team, http://www.r-project.org).

RESULTS
Weather patterns
During the fall, the vast majority of observation periods
coincided with winds from the SW: 2008, 85% of the time;
and 2009, 90% of the time. The NE tailwinds were less
common: 2009, 10% of the time; and 2008, 5% of the time
(Fig. 3a). The NE winds were typically associated with light
wind speeds and/or poor weather and visibility conditions, and
eagle migration was less likely under such conditions.
Wind direction was more variable during the peak of spring
migration in 2010, with a greater proportion of NE versus SW
winds compared with the fall migration seasons (Fig. 3b).
Aside from poor visibility under NE winds, the important
difference for eagle migration is the difference in wind speed
between these two prevailing wind directions. Ground weather
data collected on-site in all seasons showed that winds from
the NE were light and often did not reach wind speeds required
for the movement of the turbine blades (14 km/h at nacelle
height, or 8.5 km/h at ground level; Fig. 3a, b).
General migration patterns
We observed a total of 92 Golden Eagles during focused
sampling from 1 October to 10 October 2008, and 382 from
17 September to 24 October 2009 (Fig. 4a). Average Golden
Eagle passage rates in the fall were 2.5 per hour in 2008 and
2.2 per hour in 2009. Maximum passage was 14 per hour in
2008 and 22 per hour in 2009. The days of highest Golden
Eagle passage in the fall were 3 October 2008 (n = 49) and 5
October and 22 October 2009 (n = 61 and 46, respectively).
All fall 2008 passage was documented under SW wind
conditions, and only 4% (n = 15) of the observed eagles in
2009 traveled in weak NE tailwinds. For both fall seasons
combined, the majority (82%; n = 388) of eagles migrated
along the western route, compared with 14% (n = 65) along
the eastern route. We were not able to ascertain the route taken
for approximately 4% (n = 21) of the eagles observed. Fall
migration was composed of mixed age classes throughout the
migratory period. Approximately 47% (n = 223) were
identified as experienced migrants, i.e., adults or subadults;
23% (n = 108) were identified as juvenile, or inexperienced,
birds; and 30% (n = 143) were not identified to age (Fig. 4a).
Our most parsimonious model for fall Golden Eagle hourly
passage identified an expected bell-curved, second-order
pattern in relation to date. Hourly passage was 5 to 20 times
greater in the hours around midday compared with early
morning or late afternoon, increased by 17% with every
kilometer per hour increase in wind speed, and increased by
11% with every degree Celsius increase in temperature (Table
1). In addition, hourly wind speed interacted with observation
hour; hourly passage decreased by 16% with every kilometer
per hour increase in wind speed in the hours around midday
compared with the early morning or late afternoon (LR test χ²
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Fig. 4. Golden Eagle (Aquila chrysaetos) flight tracks through the Dokie 1 Wind Energy Project site during fall 2009
migration separated by migratory experience: a) experienced migrants (individuals with adult and subadult plumage - yellow
track lines); and b) inexperienced migrants (juvenile plumage – white track lines). Track lines in black represent birds of
unknown age. Spring 2010 migration includes only experienced and unknown migrants c), because no birds with juvenile
plumage were detected during these migrations.

Avian Conservation and Ecology 8(2): 12
http://www.ace-eco.org/vol8/iss2/art12/

Table 1. Summary of multivariate negative binomial regression examining the association of temporal and environmental
variables on the passage rates of Golden Eagles (Aquila chrysaetos) in the fall at the Dokie 1 Wind Energy Project between 2 –
9 October 2008, and 13 September – 24 October 2009.
Term
†

Intercept
Date‡
Date-squared
Wind speed§
Hour 1
Hour 2
Hour 3
Hour 4
Hour 5
Hour 6
Cloud cover|
Temperature ¶
Wind speed: Hour 1
Wind speed: Hour 2
Wind speed: Hour 3
Wind speed: Hour 4
Wind speed: Hour 5
Wind speed: Hour 6

Estimate

SE

z

p

−5.182
0.315
−0.006
0.159
1.224
1.794
3.328
2.278
0.799
−1.235
−0.007
0.102
−0.072
−0.086
−0.173
−0.099
−0.027
−0.002

0.941
0.050
0.001
0.041
0.925
0.897
0.869
0.887
0.928
0.928
0.003
0.026
0.051
0.050
0.050
0.050
0.051
0.064

−5.509
6.339
−5.655
3.887
1.324
2.000
3.826
2.567
0.861
0.861
−2.078
3.858
−1.421
−1.718
−3.445
−1.975
−0.527
−0.028

≤ 0.001
≤ 0.001
≤ 0.001
≤ 0.001
0.185
0.455
≤ 0.001
0.010
0.389
0.320
0.037
≤ 0.001
0.155
0.086
≤ 0.001
0.048
0.598
0.978

†

Response is number of Golden Eagles per hour. For example, to estimate the number of eagles on October 1 (day 16) at a
wind speed of 15 km/hr, during hour 3, with 5% cloud cover and at a temperature of 5°C, log(y) = − 5.182 + (0.315 × 20) –
(– 0.006² × 20) + (0.159 × 15) + 3.328 + (0.102 × 5) + (– 0.007 × 5) + (– 0.173 × 15); log(y) = 3.447. Therefore, y = exp(3.447)
= 31.41 eagles/hr.
‡
Day 1 is 17 September
§
km/hr
|
Percent
¶
Degree Celsius
= 102.18, P ≤ 0.001; Table 1). This means that under lowwind conditions, passage in the morning and late afternoon is
very low, but there is a sudden peak at midday. In contrast,
under high-wind conditions there is both relatively greater
movement in the morning/afternoon periods and more even
movement throughout the day, although peak movement still
centers on midday (Fig. 5).
1

Spring migration was more truncated than fall, with the
majority of passage occurring between 17 March and 28 March
in 2010, and consisted of fewer migrating individuals (n = 104;
Fig. 4b). The spring eagle passage rate was 1.4 per hour, with
a maximum hourly passage of 16 per hour. Peak passage in
the spring was observed on 24 March 2010 (n = 27). In contrast
to the fall, when the majority of eagles traveled under SW
winds, 43% (n = 45) of observed eagles traveled in NE
headwinds. Also contrary to the fall, the majority of eagles
(72%, n= 73) used the eastern route compared with the western
route (28%, n = 29). Around 87% (n = 89) of eagles identified
to age in the spring were adult birds, with only 2% (n = 2)

Fig. 5. Average number of Golden Eagles (Aquila
chrysaetos) per hour observed during fall 2009 migration
(13 September - 24 October) separated by wind speed (high
≥ 8.5 km/hr; low < 8.5 km/hr). X-axis represents the start of
the observation hour.
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identified as subadult. Approximately 13% (n = 13) were not
identified to age (Fig. 4b). No explanatory variables were
significantly associated with spring passage rates. The best
model contained only date, which was not significant (LR test
χ²1 = 2.691, P = 0.101).
Factors associated with movements over the ridge-top
area
Of the 474 Golden Eagles observed in the fall migration
seasons, 21% (n = 101) flew into the delineated buffer zone
on the ridge-top area (22% [n = 20] in 2008; 21% [n = 81] in
2009). When we included hourly passage rates in the global
model, we found that the number of birds that moved over the
ridge top in the fall was only correlated with hourly passage
through the site; hourly movements over the ridge-top area
increased by 16% with every unit increase in hourly passage
through the site (LR test χ²1 = 78.13, P ≤ 0.001). When we
omitted overall passage rates from the model, our most
parsimonious model of ridge-top movements followed a bellshaped, second-order pattern in relation to date, increased by
5% with every kilometer per hour increase in average hourly
wind speed, and increased by 20% with every degree Celsius
increase in average hourly temperature (LR test χ²1 = 35.67,
P ≤ 0.001; Table 2).
Table 2. Summary of multivariate negative binomial
regression examining the association of temporal and
environmental variables on Golden Eagle (Aquila chrysaetos)
hourly movements over the ridge-top area in the fall at the
Dokie 1 Wind Energy Project between 2 – 9 October 2008,
and 13 September – 24 October 2009.
Term
†

Intercept
Date‡
Date-squared
Wind speed§
Temperature|

Estimate

SE

z

p

−5.744
0.338
−0.007
0.053
0.181

0.974
0.080
0.002
0.024
0.041

−5.899
4.216
−3.801
2.236
4.415

≤ 0.001
≤ 0.001
≤ 0.001
0.0253
≤ 0.001

†

Response is number of Golden Eagle entries per hour. For
example, to estimate the number of eagles that entered the
risk zone on October 1 (day 20) at a wind speed of 15 km/
hr, and at a temperature of 5°C, log(y) = − 5.744 + 0.338 ×
20 – 0.007² × 20 + 0.053 × 15 + 0.181 × 5; log(y) = 2.717.
Therefore, y = exp(2.717) = 15.13 eagle entries/hr.
‡
Day 1 is 13 September
§
km/hr
|
Degree Celsius
We found that juvenile Golden Eagles were almost twice as
likely to fly over the ridge-top area in the fall compared with
more experienced birds, i.e., adults and subadults (Table 3,
Fig. 6). Furthermore, even though a greater overall number of
fall-migrating Golden Eagles moved over the ridge-top area

when they started from the western route (Fig. 7), they were
almost 2.5 times more likely to move over the ridge when they
started on the eastern route compared with the western, with
the odds decreasing by 0.02% for every percent increase in
cloud cover (LR test χ²1 = 97.22, P ≤ 0.001; cross-validation
estimate of predictable accuracy = 82.5%; Table 3).
Table 3. Summary of logistic regression examining the
association between spatial, temporal, and environmental
variables on Golden Eagle (Aquila chrysaetos) flights that
resulted in ridge-top movements at the Dokie 1 Wind Energy
Project, British Columbia, Canada, between 2 – 9 October
2008, and 13 September – 24 October 2009.
Term
Intercept†
Route – West
Age –
Inexperienced
Cloud cover‡

Estimate

SE

z

p

−0.197
−0.893
0.676

0.345
0.285
0.277

−0.571
−3.128
2.441

≤ 0.568
0.002
0.015

−0.012

0.004

−2.638

0.008

†

Response is did not fly over ridge-top area (0), or did fly
over ridge-top area (1). To estimate the probability of a
juvenile bird moved over the ridge-top area (as opposed to
not) while using the western route under a cloud cover of
20%, log(y) = −0.197 + 0.676 − 0.893 – 0.012 × 20; log(y) =
−0.654; Therefore, P(y) = exp(0.654)/ 1+ exp(0.654); P(y) =
0.342.
‡
Percent

Fig. 6. Proportion of experienced (adult and subadult)
versus inexperienced (juvenile) Golden Eagles (Aquila
chrysaetos) observed entering the ridge-top area..
Individuals of unknown age not included (did not enter
ridge-top area, n = 125; entered ridge-top area, n = 18).
Values over bars represent sample size.
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Of the 104 Golden Eagles observed in spring 2010, 26% (n =
27) flew over the ridge-top area. Similar to the fall, we found
that the hourly number of Golden Eagles that moved over the
ridge-top area in the spring increased by 27% with every unit
increase in hourly passage (LR test χ²1 = 8.424, P = 0.014).
For example, for every 5 eagles that passed through the site
in an hour, approximately 1 eagle flew over the ridge top (0.83
eagles per hour). At an hourly passage of 10 eagles per hour,
flights over the ridge top increased to approximately 3 eagles
(2.75 eagles per hour). Like spring hourly passage, however,
no weather variables were associated with flights over the
ridge-top area.

Fig. 7. Proportion of Golden Eagle (Aquila chrysaetos)
flight tracks that moved over the ridge-top area by
migratory route (east versus west) for the fall (2-9 October
2008 and 13 September - 24 October 2009) and spring
(17-28 March 2010) migration seasons (n = 92, 399, and
104, respectively). East and west route signify the route
taken in relation to the study ridge, Johnson Col. Individuals
with unknown route not included (fall 2008 n = 0; fall 2009
n = 20; spring 2010 n = 0). Values over bars represent
sample size.

Spring ridge-top movements decreased by 0.22% with every
kilometer per hour increase in wind speed, and eagles were
over 8 times more likely to fly over the ridge under eastern
crosswinds compared with tailwinds (LR test χ²1 = 41.58, P ≤
0.001; cross-validation estimate of predictable accuracy =
78.2%; Table 4, Fig. 7).
Table 4. Summary of logistic regression examining the
association between spatial, temporal, and environmental
variables on Golden Eagle (Aquila chrysaetos) flights that
resulted in movements over the ridge-top area at the Dokie 1
Wind Energy Project, British Columbia, Canada, between 17 –
28 March 2010.
Term
†

Intercept
Wind speed‡
Wind direction –
west cross wind
Wind direction –
Tail wind

Estimate

SE

z

p

1.242
−0.235
2.367

0.518
0.079
1.995

2.398
−2.940
1.186

0.017
0.003
0.235

−2.106

0.817

−2.577

0.010

†

Response is did not fly over ridge-top area (0), or did fly
over ridge-top area (1). To estimate the probability of
movements over the ridge-top area (as opposed to not)
under a tail wind (versus an eastern cross wind) at a wind
speed of 15 km/hr, log(y) = 1.242 – 2.106 – 0.235 × 15; log
(y) = –4.389; Therefore, P(y) = exp(–4.389)/ 1+ exp(–4.389); P(y)
= 0.012.
‡
km/hr

Factors associated with entering the risk zone
Of the 81 birds that flew over the ridge-top area in fall 2009,
27% (n = 22) flew within the risk zone, i.e., within the buffer
zone at or below RSH (≤ 150 m agl). Sixteen of the 22 birds
that entered the risk zone did so under wind speeds that would
have been above turbine cut-in speed (≥ 8.5 km/h at ground
level, or ≥ 14 km/h at nacelle level; Fig. 8). These 16 birds
that entered the risk zone during periods when turbines would
have been spinning account for 20% of the eagles that flew
into the buffer zone (n = 81) and 4% of all eagles observed in
the fall (n = 382).

Fall entries into the risk zone were negatively associated with
temperature and positively associated with wind direction. For
every 1°C increase in temperature, the odds that a Golden
Eagle entered the risk zone decreased by the ratio of 0.81 (or
0.19%). Based on our four wind direction categories, Golden
Eagles were over 7 times more likely to enter the risk zone
under headwinds, and 28 times more likely under tailwinds,
compared with under western crosswinds (LR test χ²1 = 24.98,
P ≤ 0.001; cross-validation estimate of predictable accuracy
= 70.9%; Table 5).
Of the 27 observed flights over the ridge-top area in the spring
migration, 96% (n = 26) flew into the risk zone. However,
only 4 of these 26 risk-zone movements occurred during winds
that were above turbine cut-in speed (8.5 km/h). Overall, this
represents 4% of all eagles observed in the spring entering the
risk zone during periods when turbines would have been
spinning. Too few eagles were observed for statistical
evaluation of spring patterns.
DISCUSSION
Using a visual technique to translate observed movements of
Golden Eagles into 3-D GIS tracks, we were able to both
quantitatively assess the passage of eagles and differentiate
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Fig. 8. Number of Golden Eagles (Aquila chrysaetos) that
moved over the ridge-top area by wind direction category
(western cross winds [226 - 315o], head winds [136 - 225o],
and tail winds [316 - 45o]) in the fall 2009. Movements over
the ridge-top area include all flight altitudes (n = 81),
whereas entries within the risk zone are within rotor-swept
height (RSH) only include movements ≤ 150 m above
ground (n = 22). Movements over the risk zone and at winds
above turbine cut-in speed (≥ 8.5 km/hr) further identifies
conditions under which eagles potentially would have been
at risk of being hit by a spinning turbine blade (n = 16).
Values over bars represent sample size.

Table 5. Summary of logistic regression examining the
association between spatial, temporal, and environmental
variables on Golden Eagle (Aquila chrysaetos) flights that
resulted in flights into the ridge-top risk zone (100 m buffer
area around proposed turbine string within rotor-swept height
[RSH; ≤ 150 m]) at the Dokie 1 Wind Energy Project between
13 September – 24 October 2009.
Term
Intercept†
Temperature‡
Wind
direction –
head wind
Wind
direction – tail
wind

Estimate

SE

z

p

−1.228
−0.208
2.111

0.738
0.109
0.645

−1.665
−1.895
3.271

0.096
0.058
0.001

3.354

1.389

2.425

0.016

†

Response is no entry (0), or entry (1) into the risk zone.
To estimate the probability of an eagle entering the risk
zone (as opposed to not) under head-wind conditions
(versus western cross-winds) at a temperature of 5 degrees
Celsius, log(y) = −1.228 + 2.111 − 0.208 × 5; log(y) = −
0.157; Therefore, P(y) = exp(−0.157)/ 1+ exp(−0.157); P(y)
= 0.461.
‡
Degree Celsius

movement patterns for individuals that approached within
close proximity to the proposed turbine area. We found that
collision risk may be higher at this site when peak migration
dates overlap with weather conditions not suitable for highaltitude lift. Poor conditions for lift occurred under weak wind
conditions, which concentrated eagle passage around midday,
or under strong headwinds, in which eagles were forced to
travel closer to the underlying topography.
The interaction between wind speed and time of day on
southbound eagle passage may be explained by the availability
of good lift conditions. For example, under sufficiently strong
SW winds in the fall, eagle passage commenced earlier in the
day and was more consistent on an hourly basis. Such winds
create strong vertically deflected air on the windward faces of
ridgelines in the region, creating sequential spots of orographic
lift that run parallel to the main paths of north–south migration
(Ainslie et al. 2013). Under these high-wind conditions,
thermals may provide less

consistent sources of lift than vertically deflected air along the
ridgelines. Duerr et al. (2012) suggested that overall migration
speed would be slower, and movement trajectories more
constrained to underlying topography, for birds utilizing slope
soaring instead of thermals. However, the high and consistent
winds during this migratory period in the eastern Rockies may
benefit eagle passage because movement rates were higher
and more consistent during periods in the fall when slope
soaring was used, e.g., during high winds. By comparison,
both early morning and late afternoon passage were low under
weak winds, typically with NE winds; even though passage
did increase by midday under these conditions, overall passage
on these days was much lower than seen during high-wind
conditions. Under such low-wind conditions, birds may not
be able to initiate movement until thermal activity on the
ridgelines, which is not present when strong winds dissipate
warm, rising pockets of air (Shamoun-Baranes et al. 2003,
Ákos et al. 2008, Chevallier et al. 2010, Duerr et al. 2012),
begins to peak at midday. However, whether eagles respond
to strong winds by taking flight earlier in the day or to weak
winds and thermal activity by concentrating movement later
in the morning, both scenarios attest to the overwhelming
importance of documenting spatial and temporal patterns of
movement to identify conditions of collision risk.
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It is also important to document the use of less common routes,
which requires that flight path tracking be done under a range
of environmental conditions. For example, despite being less
frequently used, movement along the eastern route at the Dokie
1 site in the fall could pose greater proportional risk to
migrating eagles if it results in greater chances of flying close
to spinning turbines. We found that fall ridge-top movements
at or below RSH occurred with greater frequency among
eagles that both approached the site from the eastern passage
route and flew under low-wind conditions. We also saw a
greater proportion of ridge-top movements among eagles
migrating during the spring, many of these occurring in birds
approaching from the eastern route as well. This route and the
associated ridge movements may also reflect prevalent lowwind conditions during the spring migration season.
Although it has been predicted that the use of orographic lift
may place birds at higher collision risk because of their low
relative height and reliance on the ridgelines (Duerr et al.
2012), most of this vertically rising air, and the location of
eagle flight paths, occurred at the edge of the cliff lines (Ainslie
et al. 2013). Turbine placement, in contrast, is set several
hundred meters back where deflected air levels out as it
traverses the ridgeline, the more optimal wind conditions for
power generation. As a result, despite high reliance on
orographic lift during the fall migration, most flights that
crossed within the 100-m buffer zone around the proposed
turbine string did so under weaker winds that would have
generated less orographic lift. The exposed ridgelines
themselves, however, may generate thermals, or rising warm
air, as temperatures increase during the day, and eagles may
fly at low heights along these ridgelines to take advantage of
occasional thermals (Kerlinger and Moore 1989, Shannon et
al. 2002, Ákos et al. 2008, Mandel et al. 2008, ShamounBaranes et al. 2010) and to maintain their overall flight altitude
between ridgelines along their migration routes. The increased
reliance on thermal activity under weak wind conditions could
explain the higher proportion of risk-zone movements (26:1)
in the spring, when average wind speeds were lower, compared
with the fall (0.4:1).
The large variation in wind direction and speed between
migratory seasons may also partially explain the differences
in overall numbers of eagle migrants in the area. During fall
migration, winds are strong and consistently from the SW;
thus, they create deflected air masses that generate orographic
lift but may also dissipate thermals on the ridgelines. This may
cause fall-migrating eagles in the region to rely more on slope
soaring than thermaling flight (Duerr et al. 2012) and thus may
funnel them into regions that overlap wind developments.
Spring migration was smaller, more punctuated, and less
predictable with respect to weather variables because only date
was significant in the models of passage rates. This might
reflect higher constraints on birds to move northward to reach
breeding grounds even under conditions less favorable to high-

efficiency movement, but it might also be explained by
differences in the spatial extent of movement in the broader
region. In the spring, winds in the area are weaker and less
consistent in direction, which may favor the generation of
thermals inside and outside the study area; the northward
migration may be more spatially diffuse as birds seek out more
migration-efficient thermals rather than slope soaring (Duerr
et al. 2012). Our observations in the region suggest that the
northward migration may shift eastward away from the
foothills into the plains, where birds may use thermals (N. N.
Johnston, J. E. Bradley, A. C. Pomeroy, and K. A. Otter,
personal observations). This seasonal difference may alter the
relative impacts of wind developments on eagle migration,
depending on the locations of the installations.
Our finding of decreased flight altitudes associated with
headwind conditions has been noted in other areas (Mueller
and Berger 1967, Shamoun-Baranes et al. 2003, 2006). Under
such conditions, there may be an increased likelihood of an
eagle collision as the birds move closer to the underlying
topography where lift is available. Postconstruction
observations along with wind speed data collected at nacelle
height would aid in determining the risk this represents of
collision with spinning blades.
Other studies have suggested that finding a high concentration
of flights into areas of proposed turbine placement during
preconstruction monitoring does not necessarily correlate with
the number of fatalities during postconstruction (de Lucas et
al. 2007, Ferrer et al. 2012). In our preconstruction analysis,
only 4% of all eagles observed migrating through the site had
tracks that put them in the risk zone, i.e., turbine locations
within RSH, at wind speeds that would have resulted in turbine
rotation. This number is not an estimate of actual collisions,
but rather an estimate of the proportion of the population that
could be exposed to risk. The proportion of movements into
the risk zone is anticipated to decrease significantly during
postconstruction once the turbines are visible on the landscape
because past research suggests that migrant eagles are able to
avoid turbines (Whitfield 2009). However, support of this
avoidance behavior would best be determined by
postconstruction monitoring that documents flight trajectories
(e.g., Desholm and Kahlert 2005), rather than estimating
collision risk via carcass searches.
The technique we used of projecting visual observations into
3-D, analyzable tracks allows for such before and after study
designs, and work is underway to determine whether birds are
adjusting flight trajectories and routes during postconstruction.
Although this technique requires a visual observer trained not
only in age class and species identification, but also in distance
estimation, this method has potential additive value to other
employed tracking techniques. First, it has the capacity to
document a large number of flight tracks, similar to radar, but
has the added potential to document movement both above
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and below radar-detection elevations, as well as to provide
information on species and age of targeted migrants. Although
the errors in distance and height estimation are likely slightly
greater than those reported with satellite tracking (e.g., Katzner
et al. 2012, Lanzone et al. 2012), the potential to document a
larger number of flight paths and lack of requirements to catch
birds make our technique a valuable additional tool for
assessing collision risk potential at proposed installations.
Our results also have implications for other wind
developments in the northern Rockies region and elsewhere
along this migratory corridor. Our studies were conducted near
the midpoint of migration routes used by juvenile and adult
eagles breeding in Alaska/Yukon and overwintering in the
central United States (McIntyre et al. 2008, Bittner 2010), and
wind development has begun to proliferate in the eastern
foothills of the Rocky Mountains of both northeastern British
Columbia, Canada, and father south in southwestern Alberta,
Canada. Both the predictability of conditions that will increase
passage rates, i.e., time of day, increasing wind speed, and
temperature, as well as conditions that alter routes within
installation sites that increase ridge-top crossings, i.e.,
seasonality and low wind speed, could allow for mitigation
strategies to reduce eagle collisions in postconstruction. For
example, de Lucas et al. (2012) report on programs in Spain
where visual observers monitor risk-sensitive flight patterns
of migrating Griffon Vultures (Gyps fulvus) and use this
information to temporarily idle individual turbines where high
movement patterns are being observed. Such techniques have
led to a 50% reduction in the detected rate of vulture collisions
at an estimated loss of less than 0.1% in power generation per
year. Observers working at this and other installations could
use predictability in movement patterns under various
conditions to plan similar active mitigation programs,
especially at installations, around specific turbines, or under
specific conditions for which collision risk is perceived to be
elevated. For example, observers tracking routes through the
current installation under headwind conditions may be able to
recommend idling specific high-risk turbines without large
impacts on energy generation; under such conditions, the wind
direction runs parallel to the orientation of the turbines, and
idling of one turbine in the string is likely to be compensated
by increased efficiency of the turbines that had been in its
wake.
Responses to this article can be read online at:
http://www.ace-eco.org/issues/responses.php/608
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