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Objectives The objective of this study is to iden-
tify selected habitats at multiple levels and scales of 
the threatened eastern North American population of 
golden eagles (Aquila chrysaetos). We studied habi-
tat selection at three levels: landscape (second order 
of selection), foraging (third order of selection), and 
nesting (fourth order of selection).
Methods Using tracking data from 30 adults and 
366 nest coordinates spanning over a 1.5  million 
 km2 area in remote boreal and Arctic regions, we 
modelled the three levels of habitat selection with 
resource selection functions using seven environmen-
tal features (aerial, topographical, and land cover). 
We then calculated the relative probability of selec-
tion in the study area to identify regions with higher 
probabilities of selection.
Results Eagles selected more for terrain rugged-
ness index and relative elevation than land cover (i.e., 
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forest cover, distance to water; mean difference in rel-
ative selection strength: 1.2 [0.71; 1.69], 95% CI) at 
all three levels. We also found that the relative proba-
bility of selection at all three levels was ~ 25% higher 
in the Arctic than in the boreal regions. Eagles breed-
ing in the Arctic travelled shorter foraging distances 
with greater access to habitat with a high probability 
of selection than boreal eagles.
Conclusion Here we found which aerial and topo-
graphical features were important for several of the 
eagles’ life cycle needs. We also identified important 
areas to monitor and preserve this threatened popula-
tion. The next step is to quantify the quality of habi-
tat by linking our multi-level, multi-scale approach 
to population demography and performance such as 
reproductive success.

Keywords Multi-level habitat selection · Multi-
scale · Telemetry · Home range · Golden eagles

Introduction

Broad geographical species’ distributions are typical 
of highly mobile species, such as birds of prey, mak-
ing the protection of essential habitat challenging 
(Ruth et al. 2003; Engler et al. 2017). Firstly, demo-
graphic and habitat surveys are often limited by data 
collection across a wide range, which is laborious and 
costly in remote regions (Mallory et  al. 2018). Sec-
ond, sectors and regions of importance for these spe-
cies often span over large areas, making it difficult to 
protect enough habitat for all the species life cycle 
needs (i.e., reproduction, foraging, or survival). For 
example, birds of prey populations can be composed 
of nonmigrating (often females) and migrating indi-
viduals (males and immatures; Kjellén 1994; May-
nard et al. 2022), creating a wider wintering range to 
protect. Indeed, habitat selection by organisms, i.e., 
the process of choosing the physical and biological 
characteristics in an area to use (Hall et  al. 1997), 
occurs at different levels, and implicitly different spa-
tial and temporal scales, and is driven by a variety 
of behaviour and life cycle needs. Studying multiple 
selection levels and scales can identify key habitat 

characteristics common to needs during multiple life 
cycles, a useful tool in the context of conservation 
and habitat protection (McGarigal et al. 2016; Bauder 
et al. 2018; Assandri et al. 2022).

The golden eagle is a highly mobile top preda-
tor  (Johnson et  al. 2022) with a vast breeding range 
separated into different populations (Katzner et  al. 
2020); some populations more vulnerable than oth-
ers (Kochert et  al. 2002). Key nesting and foraging 
habitats during breeding season have been identi-
fied in some well-studied populations (Marzluff et al. 
1997; Singh et al. 2016; Squires et al. 2020). Golden 
eagles often establish their nests near a waterbody or 
stream (Menkens and Anderson 1987; Weber 2015), 
but water appears to be avoided while foraging (Singh 
et  al. 2016). Low vegetation cover has been identi-
fied as a preferred foraging habitat component pro-
viding good hunting grounds (Marzluff et  al. 1997; 
Singh et  al. 2016; Squires et  al. 2020), but nearby 
forest cover can also offer nesting sites (Katzner et al. 
2020). Based on these relationships, Arctic regions 
may thus include good habitat for golden eagles 
considering the open landscape of tundra and taiga, 
which may increase prey detectability (Marzluff et al. 
1997; Carrete et  al. 2000). High-elevation cliffs are 
also preferred because they provide better nesting 
areas sheltered from predators and weather conditions 
(Tack and Fedy 2015; Weber 2015; Squires et  al. 
2020) as well as create updrafts to reduce energetic 
costs of flight during foraging (Bohrer et  al. 2012; 
Katzner et  al. 2012; Duerr et  al. 2019a). Preferred 
selection for land cover features (e.g., forest cover, 
waterbodies) or aerial and topographical conditions 
(e.g., wind speed, terrain ruggedness index, eleva-
tion) by golden eagles may, thus, vary with the level 
of selection or geographically given the availability 
of these features within the population’s distribution. 
Using a multi-level, multi-scale approach to habitat 
selection in different regions of their range can help 
better understand regional habitat conservation needs 
and identify habitat characteristics important for sev-
eral levels.

Although distributional modeling has been con-
ducted effectively predicting the geographical range 
of golden eagles across eastern North America  (first 
order of selection sensu Johnson 1980; McCabe et al. 
2021), habitats selected over multiple levels for spe-
cific lifecycle needs (e.g., reproduction, second to 
fourth order of selection; Johnson 1980; Meyer and 
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Thuiller 2006) have not been identified. In eastern 
North America, the golden eagle breeding popula-
tion ranges over 14°  in latitude, spanning several 
Canadian provinces and territories, and two different 
bioclimatic zones, i.e., Arctic and boreal. Although 
its IUCN species status is of Least Concern (Bird-
Life International 2021), the eastern North American 
population is considered  has special conservation 
status in six U.S. states and two Canadian provinces; 
Katzner et al. 2012, Katzner et al. 2020) due to rela-
tively low population numbers for the spatial extent 
covered (~ 5,000 eagles) relative to other golden 
eagle populations (western North American popula-
tion: ~ 40,000 eagles; Kaztner et al. 2020). Studying 
this low-density population is particularly challeng-
ing, especially in remote northern regions of Canada 
(Mallory et  al. 2018; Anctil et  al. 2019). Although 
tracking studies and nesting surveys have recently 
accumulated key information on breeding ecology 
and population numbers, many areas are still under-
studied and data collected mainly comes from areas 
targeted by anthropogenic developments (Morneau 
et al. 2015; Équipe de rétablissement des oiseaux de 
proie du Québec 2020). Therefore, identifying and 
mapping key habitat characteristics at multiple levels 
for this population can provide important information 
for managers on where and how to efficiently protect 
essential habitat or focus monitoring efforts.

The objective of this study is to identify key 
breeding habitat characteristics across the breeding 
distribution of the threatened eastern North Ameri-
can population of golden eagles (hereafter ‘eagles’) 
within three Canadian provinces (Québec, Newfound-
land and Labrador, and New Brunswick) by taking 
a multi-level, multi-scale habitat selection approach. 
We used eagle tracking data and breeding survey data 
to study habitat selection at three hierarchical levels 
of selection (sensu Johnson 1980; Meyer and Thuiller 
2006): landscape (second order of selection), forag-
ing (third order of selection), and nesting area (fourth 
order of selection). Because of the aerial nature of 
avian mobility and previously identified features that 
may benefit several levels of selection, we hypothe-
sized (H1) that strength of selection between aerial/
topographical features (i.e., relative elevation, ter-
rain ruggedness index, northness, eastness, and wind 
speed) and land cover features (i.e., forest cover and 
distance to water) will be different across the three 
levels of selection. We predicted that eagles would 

show stronger selection for aerial and topographi-
cal features than for land cover across the three lev-
els of selection. Given the wide latitudinal range of 
our study area, we also hypothesized that selection 
would differ between bioclimatic zones (i.e., Arctic 
vs. boreal; H2). Specifically, the Arctic bioclimatic 
zones would have more area covered by habitats of 
higher probability of selection then southern regions 
(i.e., boreal bioclimatic zone) because eagles seem 
to prefer low forest cover for foraging (Singh et  al. 
2016; Katzner et  al. 2020) and semi-open taiga and 
open tundra prevail in Arctic regions compared to 
boreal regions. Our study aimed to identify breeding 
habitat characteristics common to multiple levels for 
a threatened population of golden eagles on an area 
encompassing more than 1.5  million  km2 and three 
Canadian provinces (Québec, Newfoundland and 
Labrador, and New Brunswick). Identifying criti-
cal aerial and terrestrial characteristics at large spa-
tial extent is essential to conservation of this highly 
mobile bird of prey (Nielson et  al. 2016; Assandri 
et al. 2022) and could also benefit a whole spectrum 
of species living in the same habitats such as other 
cliff-nesting raptors (Sergio et  al. 2006; Smits and 
Fernie 2013). Doing so, we also provide new infor-
mation for management and conservation measures 
by identifying areas of high probability of selection, 
which can host undocumented potential nest sites.

Methods

Field work and data collection

Our data are comprised of two sets: telemetry data 
and nest coordinates. Telemetry data were retrieved 
from a partnership with two main contributors: the 
Ministère de l’Environnement, de la Lutte con-
tre les Changements Climatiques, de la Faune et 
des Parcs, and the Eastern Golden Eagle Working 
Group. Telemetry units were deployed on golden 
eagles year-round between 2007 and 2021. The 
birds were captured with a bow net or a baited net 
launcher. The nets were set near the nest site to tar-
get the breeding eagles (n = 9) or on the wintering 
grounds and along the migration routes (n = 21). 
Upon capture, morphometric measurements (i.e., 
hallux claw length, culmen, wing chord, bill height, 
and length) and mass were taken to sex individuals 
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following Bortolotti (1984) and Harmata and Mon-
topoli (2013); in some cases, sex was confirmed 
with DNA from blood samples (Doyle et al. 2016). 
Telemetry units were attached with a body harness 
made of Teflon tape (Bally Ribbon Mills, Bally, PA, 
USA) in a backpack-style harness. Units weighted 
from 45 to 95 g and were always less than 3% of the 
body mass of all eagles. Telemetry units were built 
by Cellular Tracking Technologies (CTT-1100, Rio 
Grande, NJ, USA) and Microwave Telemetry (PT-
100, Columbia, MD, USA) and recorded GPS coor-
dinates (latitude and longitude; ± 18 m) every hour 
(Microwave Telemetry) or every 15  min (Cellular 
Tracking Technologies). Eagles were released at the 
capture site within an hour of handling.

Nest coordinates were retrieved from the SOS-
POP database (SOS-POP 2018), which collects 
information on populations of endangered species 
in Québec, Canada. Amateur and professional orni-
thologists contribute to this database, operated by 
QuébecOiseaux, in collaboration with the Ministère 
de l’Environnement, de la Lutte contre les change-
ments climatiques, de la Faune et des Parcs, and the 
Canadian Wildlife Service. Nest coordinates (lati-
tude and longitude) were mainly obtained over four 
decades (1980–2020s) from four different sources: 
helicopter or on-foot surveys conducted for envi-
ronmental impact studies (Morneau et al. 2015), the 
breeding bird atlas (Robert et al. 2019), the Québec 
Government (McNicholl et  al. 1996; Anctil et  al. 
2019), or by volunteer bird watchers, who reported 
their sightings.

In our habitat selection models, we tested seven 
environmental variables (Supplementary Material 
Table S1). Aerial and topographical features included 
terrain ruggedness index (change in elevation relative 
to the surrounding pixels; Riley et  al. 1999), north-
ness (− 1: south; 1 : north) and eastness (− 1: west; 
1:east) of slope, average annual wind speed (Techni-
cal University of Denmark 2021), and relative eleva-
tion. Because eagles may select a location relative to 
its surrounding environmental characteristics, we cal-
culated the relative elevation by subtracting the mean 
of elevation over a 10 km radius from the elevation at 
each pixel. Land cover features included forest cover 
(0 = open cover: tundra, taiga, agricultural fields, wet-
lands ; 1 = forest cover: deciduous, mixed or conifer-
ous) and the distance of each presence location to the 
nearest water features (wetlands, rivers, lakes or sea). 

Details on the source and management of these data 
are found in the Supplementary Material.

Data management and analysis

We used 30 individuals during the breeding season 
(April to August) for a total of 81 bird-summers. We 
removed any locations that did not record at least a 
two-dimensional fix (latitude and longitude) and 
standardized the temporal resolution between indi-
vidual tracks so that individuals may be compared 
among each other to reflect the population rather 
than a few individuals with significantly more data. 
To do so, we used locations only recorded during 
the first 15-min interval to represent each nominal 
hour. We removed location data recorded over open 
marine waters (> 1 km from the coast). Consecutive 
telemetry locations showing birds had to traveling 
at > 100  km/h speed were considered erroneous as 
eagles are unlikely to reach such high speeds of travel 
during the breeding season (Katzner et al. 2020).

We estimated the behaviour (i.e., travelling or rest-
ing versus foraging) at each GPS location with the 
Residence in Space and Time method (RST) with 
a radius of 5  km following Torres et  al. (2017) and 
Maynard et al. (2022). We chose this method for its 
flexibility with spatial scale and individuality of tracks 
given our unbalanced design (the number of loca-
tions recorded differs with birds). The RST method 
allowed us to discriminate three behaviours, i.e., tran-
sit (null values), area-restricted search (ARS; positive 
values), and rest (negative values; Torres et al. 2017). 
We were able to remove data from nonbreeders and 
presumed to be failed reproductive attempts and long-
distance nonmigratory movements, i.e., those usually 
leading away from the nest and the home range (Poes-
sel et al. 2022). We identified these movements with 
consecutive transit locations paired with an increase 
in the distance traveled between points (> twice the 
mean daily distance during the summer months) and 
general trajectories leading > 100 km away from nests 
following Miller (2012) and Maynard et  al. (2022). 
Finally, we classified locations from both datasets 
(telemetry and nests) by bioclimatic zones covering 
the breeding distribution of eagles in eastern Canada 
(i.e., Arctic and boreal; Fig. 1).

To model habitat selection of golden eagles, we 
chose a use-available design at three hierarchical 
levels (landscape, foraging, and nesting; Johnson 
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et  al. 2006). We standardized the grid resolution by 
first resampling environmental variable rasters (i.e., 
terrain ruggedness index, relative elevation, forest 
cover, distance to water, average annual wind speed, 
northness, and eastness) to the lowest resolution, i.e., 
a grid of 25 ×  250  m cells. Next, we confirmed a 
lack of correlation (r < 0.7; Zuur et al. 2010) among 
environmental variables using the Pearson’s correla-
tion coefficient (Supplementary Material Fig. S2). 
Our new raster grid meant that our used locations at 
any level needed to be at least 250 m away from each 
other to avoid more than one used location (from the 
same individual) within a cell to avoid spatial auto-
correlation (Northrup et al. 2013) and duplicating the 
positive response from a cell (Guisan et al. 2017). We 
verified the lack of spatial autocorrelation with a sem-
ivariogram for all the environmental variables and 
the distance between the positive ARS locations (our 
dataset with the highest spatial and time resolution). 
We considered 250  m as a biologically significant 
resolution given the great mobility of the raptor while 
foraging, the time resolution of our units (1 h between 
recordings), and the spatial extent of the study.

Next, we overlaid the positive locations (nest and 
telemetry) with environmental variables and created 
available locations. For all three levels, we generated 
10 available locations (pseudo-absences) for every 

used location following recommendations by Barbet-
Massin et al. (2012) and Northrup et al. (2013) to cre-
ate the most reliable distribution model. However, we 
could not reach a ratio of 1:10 for the foraging level 
given our spatial limitations (see details in Foraging 
level) and so we chose a used:available location ratio 
of 1:5. We fit both ratios to our two bioclimatic zones 
(i.e., Arctic and boreal), meaning that the number of 
available locations generated in one zone fitted the 
number of used locations in the same zone. Hereafter, 
we detail the data management employed to adjust 
our dataset and create available locations for all three 
levels.

Lansdcape level

To establish used habitat, we used telemetry data 
to estimate the breeding season home range of each 
bird summer with the 95% contour of a dynamic 
Brownian bridge kernel density estimator (Kran-
stauber et  al. 2022). To established available habi-
tat, we generated circular shapes randomly spaced 
across the study area that corresponded to aver-
age breeding season home range sizes (794  km2, 
16  km radius; Supplementary Material Fig. S2). 
We clipped the available habitat with the coastal 
lines (> 1 km from the coast) as golden eagles are 

Fig. 1  Binned relative probability of selection of breeding 
golden eagles (n = 30 individuals) mapped for landscape, for-
aging, nest models, and all three levels combined in their east-
ern Canada breeding range. We indicate the abbreviated names 

and borders of Canadian provinces and territories (NB New 
Brunswick, NL Newfoundland, NU Nunavut, QC Québec). In 
the inserts, purple polygons represent a sample (n = 20 individ-
uals) of 95% contours of existing home ranges
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not expected to forage above open waters (Watson 
2010; Katzner et  al. 2020) and confirmed clipped 
available habitat were still within 95% of the aver-
age size of used home ranges (≥ 754  km2). Avail-
able habitat intercepting with either (1) used habi-
tat or (2) known nest locations were removed and 
replaced by a newly generated available habitat to 
avoid false negatives. Finally, we merged all used 
home ranges by dissolving boundaries from the 
same individual across years into a single used 
home range per individual. We calculated the means 
of the environmental variables within the used and 
available habitat for each individual and available 
home ranges.

Foraging level

To define our used habitat, we selected ARS loca-
tions during daylight hours (~ 3 a.m. – 9 p.m. in the 
south and 2 a.m. to 11 p.m. in the north) from the 
telemetry data, previously identified with the RST 
method (see the Data management section). To 
define our available habitat, we limited our avail-
able locations within a buffer around the estimated 
location of the nest since eagles are central place 
foragers and are spatially limited in their movement 
(Watson 2010). We did not have all nest locations 
for all tracked eagles; therefore, we estimated the 
nest location by calculating the centroid of a 10% 
contour of our dynamic Brownian Bridge kernel 
density estimator. We calculated the accuracy of 
estimated nest locations with known nest loca-
tions, and centroids were less than 1.55  km from 
known nests (mean: 0.55  km [0.19; 0.91]). Next, 
we defined foraging area spatial extent based on a 
buffer of 35.71 km around our estimated nest loca-
tions (95% of the maximal distance of ARS loca-
tions from the estimated nest location). This dis-
tance represents the maximum distance eagles are 
expected to travel from their nest measured from the 
tracked animal, and thus me assumed reasonable to 
use for all individuals. We removed used locations 
outside the 35.71 km buffer to respect our compara-
tive buffer within this level resulting in 37,884 used 
locations; Northrup et al. 2013). We clipped buffers 
around the nest to exclude areas overlapping open 
water (> 1  km from the coast). We then randomly 
generated available locations within the buffer. 

Finally, environmental predictors were associated 
with each used and available locations.

Nest level

For used nesting habitat, we first, we selected golden 
eagle nests that had been detected and confirmed at 
least once during the last 25 years (366 nests) and 
then calculated the distance to the closest neighbour-
ing nest. When the nests were within 4.75 km of each 
other, we considered them within the same nesting 
territory and likely used by the same pair (Morneau 
et al. 2015; LeBeau et al. 2015; Weber 2015) result-
ing in 166 territories. For our analyses, we randomly 
selected one nest per nesting territory because nest 
locations within the same territory are not inde-
pendent considering they are used and selected by 
the same pair, thus violating our model assumption 
of independence of data. However, we randomly 
selected a nest per territory for each model iteration 
(see data analysis below), allowing us to keep the 
whole dataset and represent an array of used nests. 
For available nesting habitat, we randomly generated 
locations throughout the monitored area of study, cor-
responding to the province of Québec and the south-
ern part of Labrador only (Supplementary Material 
Fig. S2). The minimal distance between our available 
nesting locations was set to 4.75 km to respect nesting 
territory distances. To reduce the potential for false 
negatives, we also ensured that all available nests 
were at least 4.75  km from any used nest. Finally, 
environmental predictors were associated with each 
used and available nest sites.

Data analysis

Prior to running our models, we scaled environmental 
variables (predictors) using the z-score 
(

xi−
−
x
)

∕SD
(

−
x

)

 with the mean ( 
−
x) and standard devi-

ation ( SD) for the entire region of the study to reduce 
biases and improve model performance (Zuur et  al. 
2013).

We used a resource selection function (RSF) to 
compare used-available habitat. Our RSFs were 
built with generalized linear models with a binomial 
distribution and a logit link function where used = 1 
and available = 0. We adjusted the weights of each 
data point so that the sum of the weight of all 
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available locations equaled the sum of the weight of 
used locations, as recommended by Barbet-Massin 
et al. (2012). For the foraging level, given repeated 
measurements for each individual, we ran a mixed 
model with individual ID included as a random 
attribute for slopes and intercept, after verifying 
with likelihood ratio test (Supplementary Mate-
rial). Therefore, we could account for both individ-
ual variation and an unbalanced design (Muff et al. 
2020). Environmental predictors were included as 
fixed effects. The nest model was the only model 

to include northness and eastness in addition to the 
other variables (Table 1).

To select the best models, we used a sequential 
selection approach with candidate models to avoid 
testing all possible models and by starting with pre-
vious knowledge of biologically significant variables 
(Arnold 2010). We used Akaike’s Information Crite-
rion (AIC) to discriminate between candidate mod-
els (Arnold 2010; Table  1). We calculated the AIC, 
AIC weight, and Log likelihood of the null model, 
then sequentially added one parameter at a time. If 

Table 1  Performance (AIC, ΔAIC, AIC weight and Log likelihood) of candidate models for landscape, foraging and nesting levels 
of selection for habitat selection models in breeding golden eagles in Eastern Canada

The bold font indicates the selected model
TRI terrain ruggedness index, mElevation mean elevation, rElevation relative elevation, WindSpeed mean annual wind speed, For-
est forest cover, DistWater distance to nearest water feature

Level of selection Covariates K AIC ΔAIC AIC weight Log likelihood

Landscape TRI + mElevation + Windspeed + Distance to 
Water + Forest

6 535 0 0.65 − 261

TRI + mElevation 3 538 3 0.16 − 266
TRI + mElevation + Windspeed 4 539 4 0.08 − 265
TRI + mElevation + Forest 5 540 5 0.06 − 266
TRI + mElevation + Distance to Water 4 540 5 0.04 − 265
TRI 2 658 123 0 − 327
Null 1 819 284 0 − 408

Foraging TRI + rElevation + WindSpeed + DistWater + For‑
est + DistNest + random effect

22 2,405,172 0 1 − 1,202,564

TRI + WindSpeed + DistWater + Forest + Dist-
Nest + random effect

18 2,412,372 7,200 0 − 1,206,168

TRI + rElevation + Windspeed + DistWater + Dist-
Nest + random effect

18 2,429,706 24,534 0 − 1,214,835

TRI + rElevation + WindSpeed + Forest + Dist-
Nest + random effect

18 2,451,826 46,654 0 − 1,225,895

TRI + rElevation + WindSpeed + DistNest + random 
effect

14 2,484,645 79,473 0 − 1,242,309

TRI + rElevation + DistNest + random effect 10 2,524,955 119,783 0 − 1,262,468
TRI + DistNest + random effect 6 2,535,641 130,469 0 − 1,267,815
Null + random effect 2 6,030,917 3,625,745 0 − 3,015,456

Nest TRI + rElevation + Northness + Eastness + Wind‑
Speed + DistWater + Forest cover

8 2,308 0 1 − 1,146

TRI + rElevation + Northness + Eastness + Wind-
Speed + DistWater

7 2,432 124 0 − 1,209

TRI + rElevation + Northness + Eastness + WindSpeed 6 2,442 134 0 − 1,215
TRI + rElevation + Northness + Eastness 5 2,502 194 0 − 1,246
TRI + rElevation + Northness 4 2,533 225 0 − 1,262
TRI + rElevation 3 2,538 229 0 − 1,266
TRI 2 2,645 337 0 − 1,320
Null 1 4,605 2,296 0 − 2,301
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the addition of one parameter did not improve the 
AIC value (ΔAIC < 2 per one parameter increase) and 
log likelihood showed little change, we discarded the 
most complex model and chose the most parsimoni-
ous. We continued to add parameters until the low-
est AIC was reached. The model and AIC values are 
reported in Table 1.

We trained the selected models over 100 itera-
tions with 75% of the used/available habitat locations 
sampled randomly and stratified among individuals. 
From there, we averaged the coefficients of the 100 
iterations of the selected model to stabilize the infer-
ence (Banner and Higgs 2017). For each iteration, we 
validated the models with the remaining 25% for each 
iteration as the test dataset and calculated the Boyce 
index and the total  R2 (sum of mixed and fix effects 
where it applies; Guisan et  al. 2017; Boyce et  al. 
2002). The Boyce index is a calibrating index ranging 
from − 1 to 1, whereby a value closer to 0 indicates 
that the predictive capacity of the model is as perfor-
mant as a random model (Boyce et al. 2002).

To answer our first hypothesis (comparison of 
selection strength between features), we calculated 
the relative selection strength and the relative prob-
ability of selection using the averaged coefficients 
of the fixed effects. The relative selection strength 
allows comparison of predictor coefficients within a 
model and corresponds to the exponential of the coef-
ficient estimate (Avgar et  al. 2017), which allowed 
us to answer our first hypothesis on the selection dif-
ference between terrestrial and land cover features. 
The relative probability of selection w(x) gives us an 
indication of how strong the selection is compared to 
other cells within the same level and w(x) was calcu-
lated as follows:

 where 
−

�ixi are averaged coefficients of environmen-
tal predictors. We calculated the relative probability 
in the study area using our z-scored environmental 
predictors at 250  m, which allowed us to create a 
map of the relative probability of selection in east-
ern Canada and answer our second hypothesis on 
bioclimatic differences. For the landscape level, we 
created new rasters, where each pixel corresponded 
to the mean for each environmental predictor over 
a 16  km radius around the pixel to match the spa-
tial reference between the model and the prediction. 
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We created a map of combined levels to explore 
regions and habitats, which could be selected for at 
all three levels (therefore of greater interest to protect 
for eagles) by multiplying the relative probability of 
selection at each pixel (Johnson et  al. 2004; Bauder 
et al. 2018). For easier interpretation, we reclassified 
the predicted relative probability of selection into five 
equally ranged bins from very low (1) to high (5) at 
each level.

Finally, we answered our first hypothesis, that 
eagles selected aerial and topographical features more 
strongly than land cover features, by comparing the 
mean difference in relative selection strength of the 
environmental predictors within a level. We answered 
our second hypothesis, i.e., that relative selection at 
all levels was higher in the Arctic versus the boreal 
areas, by comparing the mean relative probability 
of selection between bioclimatic zones (Arctic vs. 
boreal; Fig.  1). We also compared the average size 
of breeding season home ranges (mean area  km2) 
between bioclimatic zones as an indicator of habitat 
(higher abundance of habitats with high probabil-
ity of selection when eagles travel less far from the 
nest, thus smaller home range). We consider statisti-
cal effects to be significant when the 95% confidence 
interval (CI) of the mean did not include 0 or when 
the CI did not overlap between two levels of com-
parison. Results are presented as mean [95% CI]. 
All analyses were performed in R v. 4.1.3 (R Core 
Development Team 2022) and QGIS v. 3.22.1 (QGIS 
Development Team 2022).

Results

From 2007 to 2021, we tracked 30 adult eagles (12 
females, 17 males, 1 unknown sex; Table 1) for a total 
of 81 bird-summers and 40,446 ARS locations. After 
processing and filtering, we used a total of 30 home 
ranges (from the tracked eagles) and 276 nesting 
locations from the breeding surveys.

For the landscape and nesting candidate mod-
els, many models had ΔAIC < 2 with one parameter 
increase between each model (Table 1). Adding land 
cover (forest and distance to water) and wind speed 
to the landscape model did not inform the model fur-
ther and therefore were discarded to choose the most 
parsimonious model. The model includind all the pre-
dictors was the candidate model selected for both the 
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foraging and nesting levels, but some predictors were 
not significant since their confidence interval (CI) 
crossed 0 (Tables  1 and 2). For the foraging level, 
the variance of the random slope ranged from 0.08 to 
0.28 and the variance of the random intercept ranged 
from 0.10 to 0.48. For all our models, the average 
Boyce index was > 0 and ranged from 0.58 to 0.99 
(Table  2) and average total  R2 of iterations ranged 
from 0.20 to 0.59.

For all three levels of selection, the most important 
predictors were terrain ruggedness index and eleva-
tion. Terrain ruggedness index had a relative selec-
tion strength ranging from 2.03 to 5.00 (Table 2), the 
highest among predictors. Eagles selected (> 50% 
probability of selection) more rugged terrain, with 
terrain ruggedness index of over 50–187  m differ-
ence in elevation (~ 38°  slopes; Fig.  1). For eleva-
tion, the eagles selected mean elevations < 248  m at 
the landscape level and an elevation of 55–500  m 
lower than the surrounding area at the nesting level 
(Fig. 1). Wind speed was included in the nesting and 
foraging levels; Table  1) best candidate models, but 

it was not a significant predictor. At the nesting level, 
slope orientation (northness and eastness) was a sig-
nificant predictor, indicating eagle selected for south- 
and east-facing slopes. However, northness and east-
ness had relatively weaker slopes (relative selection 
strength < 1.5) compared to terrain ruggedness index 
and elevation.

Across all levels, land cover features (i.e., for-
est cover and distance to water) were absent (land-
scape) or had relatively weaker slopes (foraging and 
nesting levels; relative selection strength: 1.01–2.41; 
Table  2). When comparing the relative selection 
strength of all aerial and topographical features with 
land cover ones, the difference was not significant at 
the foraging level (0.23 [− 0.47; 1.17]) or the nesting 
level (0.24 [− 1.15; 1.63]; Table 2), but all land cover 
variables were absent at the landscape-level analysis 
(Table 1). However, when only looking at terrain rug-
gedness index and relative elevation, the two topo-
graphical features with the strongest slopes, the mean 
difference with land cover features was 1.2 [0.71; 
1.69] on average. Forest cover, while absent from the 

Table 2  Estimates of the selected candidate models for landscape, foraging, and nest levels of selection for breeding golden eagles 
in Eastern Canada

Bold indicates significant effect of a parameter
Coeff coefficient estimates, SE standard error, CI 95% confidence interval

Model Parameters Coeff. SE CI Relative selec-
tion strength

Mean  R2 Boyce index

Low High

Landscape Intercept − 0.83 0.46 ± 0.01 0.58 ± 0.03
Mean terrain ruggedness 1.61 0.17 1.28 1.94 5.00
Mean elevation − 1.32 0.16 − 1.63 − 1.01 3.74

Foraging Intercept 3.14 0.2 ± 0.01 0.99 ± 0.01
Terrain ruggedness 0.71 0.1 0.51 0.91 2.03
Relative elevation 0.01 0.06 − 0.11 0.13 1.01
Forest cover − 0.24 0.11 − 0.46 − 0.02 1.27
Distance to water − 0.07 0.09 − 0.24 0.1 1.07
Wind speed 0.18 0.09 − 0.01 0.37 1.22
Distance to nest − 2.06 0.003 − 2.07 − 2.05

Nest Intercept − 1.88 0.59 ± 0.01 0.96 ± 0.02
Terrain ruggedness 1.51 0.07 1.37 1.65 4.53
Relative elevation − 0.49 0.06 − 0.61 − 0.37 1.63
Northness − 0.15 0.07 − 0.29 − 0.01 1.16
Eastness − 0.35 0.06 − 0.47 − 0.23 1.42
Wind speed − 0.01 0.08 − 0.17 0.147 1.01
Distance to water − 0.10 0.08 − 0.26 0.057 1.11
Forest cover − 0.88 0.1 − 1.08 − 0.68 2.41
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landscape level, was negative at both the foraging and 
nesting levels, suggesting that eagles avoided forest 
(Table  2; Fig.  1). Distance to water was not signifi-
cant at any level and was absent from the landscape 
model.

Maps and bioclimatic differences

The Gaspé Peninsula, northern New Brunswick, the 
north coast of the Saint Lawrence, the coast of Hud-
son Bay, and the northeast coast of Labrador were 
highlighted as regions of very high relative prob-
ability of selection for all levels (Fig.  2). The mean 
relative probability of selection was higher in the 
Arctic than in the boreal zone for all levels (mean 

difference: 0.93 [0.76; 1.11]). In fact, in all models, 
the mean relative probability of selection in the Arc-
tic ranged from 3.44 [3.43; 3.45] (landscape) to 3.70 
[3.69; 3.71] (foraging; medium-high), while in the 
boreal zone, the mean relative probability of selec-
tion ranged from 2.59 [2.58; 2.60] (foraging) to 2.70 
[2.69; 2.71] (landscape; low-medium). During the 
breeding season, the size of the home ranges was 
smaller in the Arctic (477 [301; 653]  km2) than in 
the boreal zone (1,014 [710; 1,318]  km2). The mean 
environmental characteristics also differed by biocli-
matic zones. Elevation (boreal: 397.44  m [397.33; 
397.55]; Arctic: 288.79 m [288.71; 288.87]), distance 
to water (boreal: 784.73 m [784.34; 785.12]; Arctic: 
558.66 m [558.38; 558.95) and forest cover (boreal: 

Fig. 2  Probability of selection by topographical features (first 
two columns) and land cover features (last column) and levels 
of selection (landscape: blue, foraging: green, and nesting: red) 

for golden eagles (n = 20 individuals) in their eastern North 
American breeding range
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80.70% [80.68; 80.72]; Arctic: 20.84% [20.82; 20.86) 
were lower on average in the Arctic than in boreal 
regions. The opposite was observed for terrain rug-
gedness index (boreal: 34.80 m [34.78; 34.81]; Arc-
tic: 36.71  m [36.69; 36.73) where it was higher on 
average in the Arctic than in the boreal zone.

Discussion

Multi-level, multi-scale habitat selection modelling 
is arguably one of the best approaches to evaluate 
how species perceive and select environmental char-
acteristics as the framework incorporates hierarchi-
cal ordering of habitat select and behavior mecha-
nisms to meet several life cycle needs (Thompson and 
McGarigal 2002; Meyer and Thuiller 2006; McGari-
gal et  al. 2016). Our models performed well in pre-
dicting habitat selection across three levels given the 
high Boyce indexes and indicated high importance 
of topographical features and differences in selec-
tion between bioclimate areas. The landscape level 
had several competing models. However, the predic-
tors present in the competing models but absent in the 
selected one (wind speed, distance to water, and for-
est cover) were either weak or not significant in the 
other two levels, which suggests that these predictors 
are less important in general and uninformative for 
the landscape level. With these three models, we were 
able to identify habitat characteristics at levels mean-
ingful for golden eagles’ foraging, and reproduc-
tion during the breeding season, which is important 
when selecting areas to protect and monitor (Bauder 
et  al. 2018; Macdonald et  al. 2018). Our study area 
also covered most of the summer breeding distribu-
tion of the eastern population of golden eagles, i.e., 
~ 1.5 million  km2, and identified areas of interest in 
under-monitored and difficult to survey regions.

Aerial and topographical features

Eagles strongly selected more rugged landscape and 
higher relative elevations compared to land cover fea-
tures (i.e., forest cover and distance to water) as indi-
cated by importance of terrain ruggedness index and 
relative elevation in top models. Our findings sup-
port the importance of topographical features for cliff 
nesting raptors (Booms et  al. 2010; Galipeau et  al. 
2020) and hunting from a perch or while flying (Atuo 

and O’Connell 2017), including studies on golden 
eagles (Morneau et al. 1994; Weber 2015; Singh et al. 
2016). Cliffs and steep terrain are used by eagles for 
perching (Duerr et al. 2019b), gaining flight altitude 
(Katzner et al. 2012), reducing the costs of flying by 
slope soaring (Duerr et al. 2012), or enabling different 
hunting strategies (Dekker 1985; Duerr et al. 2019a). 
Furthermore, rugged terrain could create semi-open 
habitats, increasing prey detectability within forests 
(Cramp and Simmons 1980; Brodeur and Morneau 
1999). Additionally, when nesting on cliffs, rugged 
terrain may be important to limit terrestrial preda-
tors from entering eagle nests (Morneau et al. 1994; 
Weber 2015; Katzner et al. 2020).

Contrary to our expectations and other studies, 
eagles selected lower elevations relative to the sur-
rounding environment at the landscape and nesting 
level. Eagles were expected to select higher nesting 
sites (Morneau et  al. 1994; Weber 2015; Katzner 
et al. 2020) away from predators. However, the distri-
bution of golden eagles in eastern Canada is primarily 
over the Canadian shield: a relatively flat landscape 
(highest peaks < 2,000  m; Natural Resource Canada 
2016) eroded by glaciers over millennia (Canada 
2011). High-quality nesting cliffs, with lower expo-
sure to harsh weather conditions, are likely positioned 
at elevations relatively lower than the mean elevation 
of the surrounding areas (Morneau et al. 1994; Anc-
til et al. 2019). Eagles also selected for home ranges 
with lower average elevations. Higher elevations, e.g., 
mountain summits, may also not be good hunting 
areas because of lower prey density, stronger winds, 
or flatter topography (Hoover 2002; McIntyre and 
Schmidt 2012), driving selection for lower elevations.

Although eagles selected strongly for steep and 
rugged terrain at all levels, not all aerial and topo-
graphical features showed this strong difference with 
land cover features, i.e., northness, eastness and wind 
speed, suggesting that not all topographical charac-
teristics are key habitat characteristics. Indeed, the 
eagles also showed weak selection for nest sites on 
south-facing and east-facing slopes. South-facing 
slopes can increase the chances of successful breeding 
by providing exposure to the sun’s heat and by reduc-
ing costs of thermoregulation for nestlings (Bradley 
et al. 1997; Burton 2006), especially in polar regions 
(Burton 2007; Landler et  al. 2014; Galipeau et  al. 
2020). Morneau et  al. (1994) found that more than 
85% of nests along the east side of Hudson Bay faced 
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south or southwest. In contrast, some studies indicate 
that northness is irrelevant to golden eagle nest site 
selection (Brodeur and Morneau 1999; Weber 2015) 
and our data tend to show only a slight preference for 
slope orientation. Several nests were located in crev-
ices or had overhangs above, which would have lim-
ited the impacts of rain and thermoregulation costs 
(Anctil et  al. 2019); therefore, benefits similar to 
south-facing slopes could already have been present. 
However, these data were not systematically docu-
mented in the database and could not be tested.

Finally, the average annual wind speed was 
included in the model for nesting and foraging, but 
the relationships were not significant. Eagles can 
use winds to increase foraging success (Collopy 
1983) and reduce the energetic costs of certain hunt-
ing techniques (Bakaloudis 2010; Safi et  al. 2013; 
Cecere et al. 2020) or launching from a perch (Duerr 
et al. 2019b). Nielson et al. (2016) found that eagles 
selected locations with higher wind speed, even 
though their analyses ran at a very large and coarse 
spatial scale. It is likely that the temporal and spa-
tial scale of our study was too coarse to register the 
expected relationship with wind speed and even slope 
orientation. Other studies have used finer-scale met-
rics of wind speed (e.g., orographic lift) paired with 
higher tracking resolution of eagles.

Land cover features

While topographical features were important pre-
dictors at all three levels and presented a similar 
relationship among levels, land cover features (for-
est cover and distance to water) showed weak (for-
est cover) or no (distance to water) relation. Yet, 
our data still showed a significant selection for open 
habitats for foraging and nest locations. At the nest-
ing level, selection for open cover is not surprising 
since eastern North American eagles are not tree-
nesters (Katzner et  al. 2020), At the foraging level, 
golden eagles are often associated with low forest 
cover in many regions (Marzluff et  al. 1997; Tack 
and Fedy 2015; Singh et  al. 2016) because an open 
landscape may increase prey detectability (Mar-
zluff et  al. 1997; Carrete et  al. 2000). Eagles in the 
eastern North American population, however, are 
known to use forested areas in boreal and mixed tem-
perate zones (Brodeur and Morneau 1999; Miller 
et  al. 2017), but these studies did not model habitat 

selection for foraging. Strong relationships for land 
cover features may not be apparent in populations 
where multiple selection strategies are used (May-
nard et al. 2021, 2022; Assandri et al. 2022). McCabe 
et al. (2021) showed that there were two contrasting 
selection patterns existed at the individual level, with 
some individuals selecting forested landscapes while 
others selected semi-open landscapes; yet, a neutral 
relationship existed at the population level. Although 
we accounted for individual variation at the forag-
ing level, opposing relationships may still temper 
the estimates at a population scale (Maynard et  al. 
2021; McCabe et al. 2021). Our foraging models sup-
port the results of these studies in eastern Canada, in 
which eagles only weakly select for open areas (forest 
cover = 0), however, more individual-based studies on 
habitat use may show that these features are of certain 
importance to individual eagles.

Eagles did not select for habitats close to water fea-
tures at any level. Some raptor species are known to 
nest near waterbodies (Galipeau et  al. 2020) includ-
ing other populations of the golden eagle (Menkens 
and Anderson 1987; Weber 2015). However, these 
golden eagle studies were descriptive and did not 
quantify selection nor discuss the potential correla-
tion between cliffs and water features (cliffs created 
by water erosion over time). Despite the prevalence 
of waterbirds in the diet for the few studies on the 
eastern North American population (Spofford 1971; 
Brodeur and Morneau 1999), we did not find any sig-
nificant foraging selection for waterbodies, suggest-
ing that eagles may not forage extensively in coastal 
areas or wetlands. We could expect eagles to select 
habitats away from coastal areas or large waterbodies 
(Watson 2010) where other top predators like the bald 
eagle (Haliaeetus leucocephalus) might compete for 
resources (Joseph 1977; Watson et  al. 2019), result-
ing in home ranges usually leading away from large 
waterbodies.

These results do not preclude the use of water 
features altogether. In fact, eagles can still use these 
habitats to forage, but the 1-h temporal resolution of 
the transmitter data may hide eagles that depredate 
waterbirds and transport the prey farther away for 
consumption. At a broad spatial grid, physical fea-
tures often take over finer-scaled variables (Fortin and 
Dale 2005; Booms et  al. 2010; Guisan et  al. 2017). 
In our study, we had to trade-off spatial resolution for 
fine-scale information such as the edge of vegetation 
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or water against semi-open habitats (Guisan et  al. 
2017). However, without very high temporal resolu-
tion, we may never be able to truly untangle direct use 
and selection of fine-scale land cover characteristics 
with GPS data. We suggest that future studies should 
monitor the diet of nesting golden eagles to provide a 
more complete picture of drivers of foraging habitat 
selection.

Bioclimatic zones

The Arctic zone had a higher relative probability of 
selection at all levels supporting our second hypoth-
esis. We also tested differences in home range size 
and home ranges were smaller in the Arctic zone 
than in the boreal zone, indicating that eagles travel 
farther distances during the breeding season in the 
boreal zone. Longer travels may indicate poor habi-
tat or prey conditions, forcing a longer and farther 
search for food. Despite prey densities declining pole-
ward (Schemske et al. 2009), higher prey detectability 
in an open landscape such as tundra and semi-open 
taiga may provide enough opportunities for eagles to 
forage closer to the nest during the breeding season 
(Moss et al. 2014; Miller et al. 2017). However, top-
ographical features could be the driving cause since 
they were slightly more favorable in the Arctic. While 
we cannot confirm if habitat suitability is better pole-
ward, monitoring foraging or breeding success in the 
Arctic would help understand how suitability changes 
with bioclimatic zones and confirms the Arctic as an 
area of higher value for this vulnerable population.

While most of the study area indicated a relative 
probability of selection from very low to moderate 
for the species, northeast Labrador, the north shore of 
the Saint Lawrence River, the Hudson Bay coast, the 
Gaspé Peninsula and northern New Brunswick had a 
high relative probability of selection. Although some 
opportunistic nesting surveys have been conducted 
in eastern Labrador (Morneau et al. 2015), no avian-
focused or systematic surveys have been reported 
to quantify the density of golden eagle nests and no 
protection measures are currently in place. Simi-
larly, northern New Brunswick has never been offi-
cially surveyed for golden eagle nests, although some 
eagles nesting in the Gaspé Peninsula are known to 
wander in New Brunswick in late summer (MELC-
CFP, unpublished data). Additionally, nests reported 
on the north shore of the Saint Lawrence and the 

Hudson Bay coast come from environmental impact 
assessments for hydroelectric dams, mining, roads, or 
other development projects (Équipe de rétablissement 
des oiseaux de proie du Québec 2020) and could 
use increased monitoring to confirm the potential of 
this region. Our model predicts a high probability 
of selection in these three regions despite their low 
monitoring effort to follow the population or breeding 
outcome. Continue or increase monitoring could con-
firm the importance of these regions to eastern North 
American eagles.

Conclusion

We used a multi-level, multi-scale approach to iden-
tify habitat characteristics and areas with a high prob-
ability of selection across the vast geographical range 
of a threatened golden eagle (Aquila chrysaetos) 
population to be used as a tool to inform institutions 
in charge of conservation. Some regions identified as 
high probability of selection, such as the Gaspé Pen-
insula, are also the most anthropogenically disturbed 
(Équipe de rétablissement des oiseaux de proie du 
Québec 2005; St-Louis et  al. 2015) and may benefit 
for protection of key habitats. Because eagles are top 
predators and have a large geographical distribution 
(Watson 2010), protecting their habitat may also ben-
efit many other threatened and least concerned raptor 
species relying on the same habitats and areas in east-
ern Canada (the so-called “umbrella effect”; Sergio 
et al. 2006; Smits and Fernie 2013) such as the per-
egrine falcon (Falco peregrinus) and the gyrfalcon (F. 
rusticolus) that nest within eagle territories (Anctil 
et al. 2019).

Our models identified key habitat characteristics 
that can be integrated into monitoring and conserva-
tion activities for golden eagles in eastern Canada., 
especially in under-monitored regions, such as Lab-
rador and northern New Brunswick. Management 
decisions are often based on landcover features for 
many species, but our results indicate golden eagles 
may benefit from shifting habitat focus to topographi-
cal features. While being of conservation concern, the 
eastern North American golden eagle population may 
be increasing (Farmer et al. 2008; Dumas et al. 2022) 
and identifying areas of high selection probability 
may help in monitoring population growth, or update 
estimates on current population numbers. However, a 
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low relative probability of selection may not indicate 
true absence of breeding eagles, as they may still use 
these areas for other behaviours or life cycle needs 
(e.g., migration, wintering). Further investigation of 
habitat selection during these periods are needed and 
would require to quantify the quality of those habitats 
and areas by integrating our multi-level, multi-scale 
approach to population demography and performance 
measures (e.g., reproductive success, foraging suc-
cess, survival).
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