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Abstract:

Migratory species can exploit many habitats over vast geographic areas
and adopt various patterns of space and habitat use throughout their
annual cycle. In nomadic species, determinants of habitat use during the
non-breeding season are poorly known due to the unpredictability of their
movement patterns. Here, we analysed variability in wintering space and
habitat use by a highly nomadic species, the snowy owl, in eastern North
America. Using 21 females tracked by satellite telemetry between 2007
and 2016, we 1) assessed how space use patterns in winter varied
according to the type of environment (marine vs terrestrial), latitudinal
zone (Arctic vs temperate), local snow conditions and lemming densities
and 2) investigated winter habitat and site fidelity. Our results confirmed a
high inter-individual variation in patterns of habitat use by wintering snowy
owls. Highly-used areas were concentrated in the Arctic and in the marine
and coastal environments. Owls wintering in the marine environment
travelled over longer distances during the winter, had larger home ranges
and these were divided in more smaller zones than individuals in terrestrial
environments. Wintering home range sizes decreased with high winter
lemming densities, use of the marine environment increased following high
summer lemming densities, and a thick snow cover in autumn led to later
settlement on the wintering ground. Contrary to expectations, snowy owls
tended to make greater use of the marine environment when snow cover
was thin. Snowy owls were highly consistent in their use of a given
wintering environment and a specific latitudinal zone between years, but
demonstrated flexibility in their space use and a modest site fidelity. The
snowy owls’ consistency in wintering habitat use may provide them with
advantages in terms of experience but their mobility and flexibility may
help them to cope with changing environmental conditions at fine spatial
scale.
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Introduction

Throughout their annual cycle, migratory species can exploit
many habitats over vast geographic areas that may be sepa-
rated by thousands of kilometers. In doing so, individuals
adopt various tactics of movement (Newton 2008, Phil-
lips et al. 2009), foraging (McClellan et al. 2010) and habitat
use (Tranquilla et al. 2014). Defined as the way individu-
als use environmental components to meet their life history
needs (Block and Brennan 1993, Jones 2001), habitat use
can be influenced by multiple factors during winter such as
food abundance or its accessibility, which can be limited by
environmental factors such as snow cover in winter (Green-
wood and Baillie 1991, Golawski and Kasprzykowski 2010).
Despite such environmental variability, some migrating spe-
cies will show relatively high fidelity to a specific wintering
site because familiarity with a given site may improve foraging
efficiency, predator avoidance or maintain a dominant status,
which could ultimately increase individual fitness (Cresswell
2014, Blackburn and Cresswell 2016, Latta et al. 2016). Site
fidelity is generally favoured when resource levels are predict-
able in space and time (Newton 2006, 2008).

Nomadic species show highly variable and unpredictable
movements, both within and between years, often in response
to large-scale fluctuations in food availability (Swingland and
Greenwood 1984, Newton 2008, Rappole 2013). In those
species, determinants of habitat use during the non-breed-
ing season is poorly known due to the unpredictability of
their migratory patterns (Swingland and Greenwood 1984).
The snowy owl is considered one of the most nomadic bird
and extreme breeding dispersal has been documented in this
species (Therrien et al. 2014). In winter, snowy owls can
exhibit a bewildering diversity in movement and habitat use.
For instance, although snowy owls are regular winterers in
the Canadian Prairies and American Great Plains, they also
show periodic irruptions throughout the temperate regions
of North America (Kerlinger et al. 1985, Kerlinger and Lein
1988, Holt et al. 2015). Many adult snowy owls also remain
in the Arctic throughout the winter and can make extensive
use of the marine environment (Therrien et al. 2011, Robil-
lard et al. 2017). However, very little is known about indi-
vidual consistency and the effect of environmental factors on
patterns of space and habitat use during the winter in such
nomadic species.

Snowy owls wintering in different regions (e.g. Arctic vs
temperate areas) and feeding in different habitats (e.g. ter-
restrial vs marine) can face highly contrasted environmen-
tal conditions. During the summer, snowy owls specialize
on lemmings, which show high temporal and spatial vari-
ability in abundance on the tundra (Angerbjorn et al. 2001,
Krebs etal. 2002, Gruyer et al. 2008). In winter, they broaden
their diet and become more generalists. In terrestrial environ-
ment, small mammals (lemmings but also mice and voles at
more southern latitudes) typically remain their main prey
items but they must capture them under the snow (Boxall
and Lein 1982a, Detienne et al. 2008). Ptarmigans and hares
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can also be part of their wintering diet (Holt et al. 2015,
Doyle et al. 2017). Owls wintering in coastal and marine
environments can rely on other prey such as water and sea
birds (Campbell and Maccoll 1978, Smith 1997, Robertson
and Gilchrist 2003, Robillard et al. 2017). These prey can
often be found in high densities (Gilchrist and Robertson
2000, Therrien et al. 2011) in open water in the sea ice (e.g.
polynyas), which are fairly recurrent at the same locations
and periods each year (Smith and Rigby 1981, Barber and
Massom 2007). Therefore, we could expect this prey base to
be more predictable from year to year in the marine environ-
ment than in the tundra.

We used satellite telemetry to describe the behavior of
wintering snowy owls breeding in eastern Canada and to
examine factors affecting their wintering behavior. In par-
ticular, we 1) assessed how space use patterns in winter varied
according to the type of environment (marine vs terrestrial),
latitudinal zone (Arctic vs temperate), local snow conditions
and lemming densities in summer and winter, and 2) inves-
tigated winter habitat use and site fidelity. We predicted that
snowy owls would show greater fidelity to wintering than to
breeding sites due to the relatively higher predictability of
food resources in the former. Due to differences in migration
length, we also expected individuals wintering in the Arc-
tic to settle earlier on their wintering site in autumn and to
depart later in spring than individuals wintering in southern
temperate regions. Moreover, in winters with reduced food
availability in the terrestrial environment (low small mammal
abundance or thick snow), we expected a greater use of the
marine habitat.

Material and methods

Study area and snowy owl captures

Between 2007 and 2014, 31 snowy owls (30 females and
1 male) were captured at three different sites in the eastern
Canadian Arctic: Bylot Island, Nunavut (73°08'N, 80°00"W;
High Arctic) in 2007 (n=12) and 2014 (n=10), Mary River,
Nunavut (71°10'N, 79°21'W; High Arctic) in 2011 (n=1)
and Deception Bay, Nunavik, QC (62°02'N, 74°49"W; Low
Arctic) in 2013 (n=38; see Fig. 1 for study site locations).
Landscapes of Bylot Island and Mary River are similar and
dominated by broad river valleys and gently rolling hills with
a mosaic of mesic and wet habitats with lush vegetation (see
Gauthier et al. 2011 for a detailed description of Bylot Island’s
study area); these sites belong to the Arctic bioclimate sub-
zone C (Walker et al. 2005). Deception Bay is dominated by
mesic habitats and rocky terrains, with small patches of wet
habitats scattered in the landscape and lush vegetation along
the river banks; the site corresponds to the Arctic bioclimate
subzone D. On Bylot Island, nest searching of snowy owls
was carried out in suitable nesting habitat over a ~450 km?
area of the south plain on foot or by helicopter. At Deception
Bay and Mary River, nest searching was carried out along the
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Figure 1. Highly-used areas by 21 wintering snowy owls tracked between 2007 and 2016 estimated with Kernel densities in ArcMap 10.2.
Capture sites (Bylot Island: star; Mary River: diamond; Deception Bay: square) are also depicted.

roads in the vicinity of the mining facilities present at both
sites. Captures of snowy owls were performed with bow-nets
positioned over the nest or with a bal-chatri between 29 June
and 4 August.

Locations of radio-marked individuals

Snowy owls were ficted with ARGOS satellite transmitters
(Microwave telemetry, USA, PTT-100, n=14; North Star
Science and Technology, LLC, USA, PTT-30G, n=17).
Transmitters were installed on the owls as a backpack using
a harness made of Teflon strips (Steenhof et al. 2006) and
weighed 40g (i.e. 1.8% of the birds’ body mass). It has been
shown that these transmitters do not significantly impact
survival or reproductive performances of owls (Therrien et al.
2012, Heggoy etal. 2017). Between 2007 and 2010, locations
were obtained over a 4-6 h period at ~2-3 d intervals, from
mid-June to November and ~5 d intervals from December to
mid-June. Between 2011 and 2016, locations were obtained

OIKOS_jav_01707_nIm_indd_57353.indd 3

more often during the non-breeding period (i.e. at ~2-3 d
intervals from December to mid-June and ~5 d intervals
from mid-June to November). Locations were assigned a class
corresponding to their estimated precision, which followed a
normal distribution with a standard deviation of < 1500 m,
< 500 m and < 250 m, respectively, for the classes we
retained (i.e. 1, 2 and 3; CLS 2016). Locations with a lower
estimated precision (i.e. classes 0, A, B, Z) were excluded.
Because of early transmission failure, 10 female owls could
not be included in any of the analyses; therefore, effective
sample size was 21 individuals.

As multiple locations were recorded for each transmission
period, positions were averaged to a single mean daily coor-
dinate to avoid non-independence of spatial data. Distances
between consecutive daily locations were estimated using
the ‘as.ltraj” function in the adehabitatl’T package (Calenge
2006) in R ver. 3.2.3 (R Development Core Team) and
divided by the number of days between locations to evalu-
ate the daily movement of individuals. The distance from
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each daily location to the nearest coast was estimated by the
Env-Data annotation system in Movebank (Dodge et al.
2013), with positive values when birds were on land and
negative values when they were at sea.

Environmental covariates

Small mammal abundance data on Bylot Island was obtained
for both summer and winter periods between 2007-2016,
as this is the only site in eastern Arctic of North America
where it was measured annually. Summer densities of lem-
mings were estimated using live-trapping and winter abun-
dance of lemmings was measured by sampling remnants of
winter nests (see Supplementary material Appendix 1 for
details). We considered summer abundance of lemmings
because we believed that it could affect owl behaviour in win-
ter through carry-over effects. For snow depth, we obtained
data through the Movebank Env-Data system (Dodge et al.
2013) using the NCEP NARR dataset which interpolates the
snow depth at small spatial resolution (i.e. 0.3 deg=32 kmy;
see Supplementary material Appendix 1 for details).
A snow depth was associated with each owl location and aver-
aged over specific time-frames (e.g. autumn) but was ignored
for owl locations over sea ice because availability of prey in
this habitat (primarily seabirds in open water) should not be
affected by snow depth.

Data analysis

Determination of breeding and wintering periods

Annual settlement and departure dates on the breeding and
wintering sites were determined for each individual. The
duration of the breeding or wintering period of each indi-
vidual owl was defined as the difference between its depar-
ture and settlement dates. The autumn period corresponded
to the period between the departure from the breeding site
and the settlement in the wintering site. Throughout the
text, we make a distinction between the non-breeding sea-
son (i.e. the entire period outside the breeding season, which
includes migratory periods in autumn and spring) and the
wintering period as defined above. Details of the methods
used to estimate settlement and departure dates are presented
in Supplementary material Appendix 2.

Determination of habitat categories

To analyse space and habitat use, each individual location
was assigned to one of the two main types of environment
used by owls based on its distance from the closest marine
coast: land (= 0 km from coast), and sea (< 0 km from coast;
negative distance values were assigned when birds were at sea,
see above). We calculated the proportion of time spent by
individuals in each of these environments during the winter-
ing period and assigned birds as being terrestrial when more
than 50% of locations were on land (referred to as inland) or
marine when more than 50% of locations were at sea. Each
bird was also categorized according to a wintering latitudi-
nal zone as Arctic or temperate (localisations ranged from
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43.7°N to 76.7°N), depending if they wintered above or
below the tree line (in North America, this line runs roughly
from 57°N in the east to 63°N in the central portion).

Determination of space use parameters

Both home range (95% utilization) and core area size (50%
utilization) were estimated using the Brownian bridge
kernel method with the function kernellbb of the package
adehabitatHR (Calenge 2006) in R (R Development Core
Team) for each individual, year and period (breeding and
wintering). This method takes into account the path travelled
between successive locations and not only the static positions
recorded (Bullard 1991, Calenge 2006, Horne et al. 2007).
The Brownian bridge kernel method requires time-specific
locations, a defined distribution of location errors (here
assumed to be normally distributed with mean centered on
the estimated location), a parameter related to the impre-
cision of the locations (i.e. the estimated error associated
with location data; Si¢2) and a Brownian motion variance
parameter (62 ; Sigl). This latter parameter is related to the
tracked individual’s mobility and can be estimated with the
‘liker’ function in package adehabitatHR through maximum-
likelihood (Calenge 2006, Horne et al. 2007) based on the
Sig2 parameter. Because this method characterizes individual
space use very finely, we also extracted the number of distinct
home ranges and core areas used by each individual in each
season. Overlaps in home ranges and core areas between year
t and year ¢ — 1 were calculated with the Intersect tool in
ArcMap 10.2 (ESRI 2013).

The Kernel density tool in the spatial analyst toolbox
of ArcMap 10.2 (ESRI 2013) was used to calculate and
illustrate areas of low to high use by snowy owls based on
mean daily locations for all birds tracked for at least one com-
plete winter (n=21). The default search radius (bandwidth)
was used as this approach relies on the spatial configuration
and number of input points and corrects for spatial outliers,
thereby selecting the relevant search radius while minimizing
overestimation.

Centroids of all locations during the winter and breeding
periods were calculated as mean laticude and longitude
for each individual and year. Geodesic distances between
centroids were measured in ArcMap 10.2 (ESRI 2013) and

were used to estimate dispersal distance.

Statistical analyses

To assess the effect of latitudinal zone, snow depth, lemming
density and, when applicable, wintering environment, on
the different wintering space use variables (i.e. marine habi-
tat use, length of stay on a wintering site, distance travelled,
winter dispersal distances, distance to the coast, number of
core areas, home range and core area size), we used LMMs
with bird ID as random effect (as individuals could be
tracked over multiple winters). We used the same models
(LMMs with bird ID as random effect) to analyse differences
in annual dispersal distances (between consecutive breed-
ing or wintering centroids), length of stay, home range and
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core area sizes between summer and winter and differences
in migration distances in autumn and spring. For analyses of
the marine environment use, defined as proportion of loca-
tions of an individual at sea, we used GLMMs with binomial
family and bird ID as a random effect. The term weights was
added to account for the total number of locations per winter
and per individual. To meet normality requirements, disper-
sal distances, distances travelled, home range and core area
size were log-transformed while length of stay on a wintering
site, migratory distances between breeding and wintering
sites and core area numbers were square-root transformed.
We also tested for possible year effects by including year as an
additional random factor in all analyses. However, because
results were always similar whether year was included or not,
we report results without this variable to minimize the risk
of having over-parameterize models. All means are presented
#+ SD unless otherwise specified.

We used the package influence. ME (Nieuwenhuis et al.
2012) to investigate whether some individual data points
could be over-influential on some parameter estimates. We
identified one outlier (i.e. female J; Supplementary material
Appendix 3) in the analysis linking the marine environment
use with summer small mammal abundance based on the
Cooks’ distances (Cooks’ D=16.1; cut-off value=10.24; Van
der Meer et al. 2010), the percentile change between models
including and excluding the ID (155%) and the ‘sigtest’
function (which evaluates how an individual affects the
significance of the fixed factors; Nieuwenhuis et al. 2012).
This specific female spent 87% of her time in the marine
environment in year 1 and 0% in year 2. We thus excluded
this female in the relevant statistical analysis but nonetheless
present the data points on the graphs.

Results
Habitat use and distance travelled

The 21 tracked owls allowed us to record 42 complete
wintering periods, 25 of which were spent predominantly
inland (16 in the Arctic, 9 in temperate areas) and, 17 in the
marine environment (15 in the Arctic, 2 in temperate areas;
Supplementary material Appendix 3 and 4). Among birds
classified as marine, 80 = 11 % (range 55 to 98%) of their
locations in winter were at sea whereas for those classified as
wintering in the terrestrial environment, 85 = 17 % (range
54 to 100%) of their locations were inland. Highly-used
areas were concentrated in the Arctic marine and coastal
environments, especially in the Hudson strait (i.e. northern
Nunavik and southern Baffin areas) and to a lesser extent in
the American Midwest (i.e. North and South Dakota; Fig. 1).

Mean distance to the coast in winter ranged from —75 km
to 1368 km (171 * 454 km, n=42; negative distance values
indicate birds at sea). Individuals wintering in the Great Plains
were much furthest inland (distance to the coast: 1267 = 75
km; n=06) compared to birds wintering inland in the Arctic
or in temperate southeastern Canada (i.e. Newfoundland;
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7 *£ 14 km, n=19; Fig. 1). Individuals wintering in the
marine environment were at similar distance from the coast
in the Arctic (=31 * 16 km, n=15) and in temperate areas
(45 * 43 km, n=2; t-test: t=0.46, p=0.7).

Straight-line distances between centroids of breeding and
wintering sites (autumn migration) were shorter for birds
wintering in the Arctic (831 * 504 km) than for birds win-
tering at temperate latitudes (2517 * 787 km; p=21.7; CL:
[14.1; 29.2]) but not different for birds wintering in marine
(1009 = 511 km) or terrestrial environments (1451 * 1132
km; p=0.7; CI: [-7.7; 9.3]). On their wintering sites, mean
distance travelled by individuals was greater in marine (2729
+ 1378 km) than in terrestrial environments (1190 = 695
km) but not different between the Arctic (1817 =1036 km)
and temperate areas (1801 = 1838 km; Table 1). Snow depth
in winter and summer lemming densities on Bylot did not
affect the distance travelled in winter but there was a trend
for shorter distances travelled at high densities of lemmings
in winter (Table 1; Fig. 2a).

Individuals that wintered outside the Great Plains were
highly variable in their use of the marine environment (i.e.
range 0-98%; mean 48.2 = 33.5%; n=236). One female (M)
spent up to 169 days at sea in the High Arctic and only 4
individuals were never located at sea during a given wintering
season. Individuals made a greater use of the marine environ-
ment when snow depth on land was low but this relationship
was driven by only two data points at very high snow density
(Table 1, Fig. 2b). Use of the marine environment in win-
ter also increased when lemming density during the previous
summer was high (Table 1, Fig. 2¢).

Settlement and departure dates

The average settlement and departure dates from the winter-
ing ground were 16 November and 7 April, and from the
breeding ground 27 May and 23 August, respectively (Fig. 3).
Settlement dates on the wintering grounds were on average
earlier for birds wintering in terrestrial environment than
those wintering in marine environment, and tended to be
earlier for birds that wintered in the Arctic than for birds
in temperate areas (Table 1; Fig. 3). Settlement on a winter-
ing site also occurred later when snow on land was deep in
autumn (Table 1; Fig. 2d). Inversely, arctic birds departed
later from their wintering site than temperate ones and ter-
restrial winterers also tended to depart carlier than marine
wintering birds (Table 1; Fig. 3). Departure dates from
wintering sites were not affected by snow depth or lemming
density in winter.

Length of stay on the wintering ground for all individu-
als averaged 142 * 32 d and was longer than the length of
stay on the breeding site (86 = 22 d; p = 2.7, CI = 2.2, 3.2;
n=98). Owls wintering at temperate latitudes tended to
have shorter wintering periods than owls wintering in Arctic
(Table 1), but neither the wintering environment, snow
depth nor the lemming density significantly affected length
of stay on wintering grounds.
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Table 1. Statistical results of the relationships between different parameters of winter space and habitat use by snowy owls tracked by satel-
lite telemetry and selected explanatory variables: type of wintering environment (Environment; marine vs terrestrial), wintering latitudinal
zone (LatitudinalZone: Arctic vs temperate), snow depth (SnowAutumn: autumn and SnowWinter; winter) and small mammal abundance
on Bylot Island (LemmSummer: previous summer and LemmWinter: current winter). Response variables include: distance travelled (km;
n=42 winter-individual), marine environment use (n=36 winter-individual; excluding the birds wintering in the prairies), settlement and
departure dates (n=42 winter-individual), length of stay (days; n=42), home range and core area size (km? n=42 winter-individual) and
number of core areas (n=42 winter-individual). Bird ID was included in all models as random effect. Latitudinal zone of reference =Arctic.
Environment of reference =marine. Complete results with all explanatory variables are presented in Supplementary material Appendix 6.

Response variables Explanatory variables B Lower CI Upper Cl
Distance travelled within wintering area Environment -0.788 -1.195 -0.381
LemmWinter -0.027 -0.059 0.006
Marine environment use SnowWinter -0.089 -0.110 -0.068
LemmSummer’ 0.121 0.056 0.185
Dates of settlement on wintering ground Environment -14.393 -28.025 -0.761
LatitudinalZone 11.745 -3.849 27.339
SnowAutumn 2.732 1.623 3.841
Dates of departure from wintering ground Environment -8.733 -21.922 4.456
LatitudinalZone -18.812 -37.397 -0.227
Length of stay on wintering site LatitudinalZone -0.907 -1.859 0.045
Wintering home range size Environment -1.452 -2.229 -0.675
LemmWinter -0.077 -0.149 -0.005
Wintering core area size Environment -1.698 -2.579 -0.817
LemmWinter -0.083 -0.161 -0.005
Number of core areas in wintering area Environment -0.571 -0.977 -0.165
LatitudinalZone -0.426 -0.881 0.029
LemmWinter -0.044 -0.082 -0.005

' Female ] was removed from this model (n=34).

Home range size

The average winter home range size was 7.11 X 10* km?
(£ 8.77 X 10% n=42; Fig. 4). Home range sizes were greater
in winter than summer (summer=2.02 = 4.57 X 10% km?,
p=06.28, 95% CI=5.71, 6.84, n=52). Home range size
was greater for owls wintering in the marine environment
(11.6 = 9.0 X 10* km? n=17) than inland (4.1 = 7.4 X
10%, n=25) but did not vary among wintering latitudinal
zones (Fig. 4) and was greater in winters of low lemming den-
sity (Table 1, Fig. 2¢). The number of distinct home ranges
within a given winter ranged from 1 to 5 (i.e. 1.9 = 1.0;
Supplementary material Appendix 5).

Similatly, the mean winter core area size was 9.4 X 10°
km? (= 13.5 X 10% Fig. 4) and was also greater in marine
habitats than inland as well as in winters of low lemming
density (Table 1). Generally, multiple core areas were present
in individual home ranges (4.6 = 2.8 core areas per individ-
ual; range: 1-12). The number of core areas were greater in
the marine (5.8 £ 2.3) than the terrestrial environment (3.8
* 2.9) and also tended to be greater for birds wintering in
the Arctic (5.1 £ 3.0) than in temperate regions (3.3 = 2.0;
Table 1). The number of core areas decreased with increasing
lemming density in winter (Fig. 2f).

Fidelity

Most individuals that were tracked for two consecutive
years used the same wintering environment and latitudinal
zone (16 out of 21 cases; Table 2). Two individuals switched
from the marine to the terrestrial Arctic environment the
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following year whereas one switched from a terrestrial to a
marine environment and back to a terrestrial environment
in the third winter. Only one individual changed latitudinal
zone in the following winter, from the Arctic to temperate
latitudes.

The mean distance between centroids of wintering loca-
tions for individuals tracked in consecutive years was 389 km
+ 624 km (i.e. winter dispersal; range=20-2731 km,
n=21), and was lower than breeding dispersal which was
710 km * 466 km (range=85-1617 km, n=35; [ =-1.00,
95% Cl=-1.55,-0.44]; Fig. 5). However, if we excluded the
individual that switched wintering latitudinal zone from one
year to the next (Table 2), mean distance between centroids
of wintering birds was 271 = 327 km (range =20-1479 km).

Mean home range overlap for individual tracked over
two consecutive winters was 29 = 28% (range 0-100%)
and mean core areas overlap was 12 = 17% (range 0-62%;
n=21; Supplementary material Appendix 5). These values
remained highly similar if we excluded the five individu-
als that changed wintering environment or latitudinal zone
between consecutive winters. In comparison, breeding home
range or core area never ovetlapped in consecutive sum-
mers (n=29). Neither the wintering environment nor the
latitudinal zone affected the level of home range overlap.

Discussion

Our study is the first to examine the large-scale spatial win-
tering ecology of a highly nomadic species like the snowy
owl. We found that space use patterns strongly differed
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Figure 2. Relationships between distance travelled (a), proportion of use of the marine environment (b, c), dates of settlement on wintering
site (c), wintering home range size (d), number of core areas in winter (¢) and lemming densities on Bylot Island (previous summer or cur-
rent winter) or snow depth (autumn or winter). Coeflicients were predicted with LMM or GLMM (from Table 1). Regressions with confi-
dence intervals excluding zeros (full lines) and trends (dashed lines) are depicted along with their SE (dotted lines). Confidence levels are
0.95 in all graphs. Raw data points (pale gray dots) and outliers (encircled dark gray dots; removed from analysis) are also depicted.

among individuals using different types of wintering envi-
ronment (marine vs terrestrial) and latitudinal zones (Arctic
vs temperate) and part of this variability could be explained
by environmental factors like snow depth and density of their

OIKOS_jav_01707_nIm_indd_57353.indd 7

main terrestrial prey (lemmings). We also found that individ-
uals were generally faithful to their wintering environment
and latitudinal zone, and to some extent to their specific
wintering location.
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Figure 3. Settlement (gray squares; mean=dashed line) and departure (black squares; mean=dotted line) dates from wintering areas of
snowy owls (n=21 individuals tracked over one to three wintering periods) in different types of wintering environment (top) or at different

latitudinal zones (bottom).

Intraspecific variation in space and habitat use in
winter

Adult female snowy owls that bred in the eastern Canadian
Arctic showed a clear latitudinal dichotomy in their use of
wintering areas. Most tracked owls wintered in the Arctic
(74%) whereas the rest wintered in temperate regions of
North America. Wintering in the Arctic rather than at tem-
perate latitudes may confer several advantages. First, travelling
distances during migration are shorter for birds wintering in
the Arctic and thus such migration should be physiologically

less demanding (Pennycuick 1989). The longer migration
of birds travelling to temperate areas can explain why they
tended to settle later on their wintering site and departed ear-
lier than birds spending the wintering season in the Arctic.
This result is consistent with the general pattern of latitcudinal
variation in timing of migration reported in other bird species
(King and Mewaldt 1981, Newton 2008). Second, birds win-
tering in the Arctic are close to potential future breeding sites,
which should facilitate prospection for suitable settling areas
in spring (Therrien et al. 2014) and may ultimately confer
reproductive advantages (Mehl et al. 2004, Bregnballe et al.
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Figure 4. Overlapping wintering home range contours of individuals tracked for at least one complete winter between 2007 and 2016
(n=21 individuals tracked over one to three wintering periods). One to three individuals only are plotted in the same graph (different color
for each individual) to facilitate visual assessment of home range overlaps of the same individuals between years. Solid line = Ist winter,
small dashed line=2nd winter, large dashed line=3rd winter for each individual. Wintering environments and latitudinal zones of each

individual are listed in Supplementary material Appendix 3.
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Table 2. Individual consistency in winter habitat use (main wintering environment and latitudinal zones) by snowy owls tracked over con-
secutive years. Bold numbers represent individuals that use the same habitat in consecutive years.

Winter 2
Marine Marine Terrestrial Terrestrial
Arctic Temperate Arctic Temperate Total
Winter 1 Marine 4 0 3 0 7

Arctic
Marine 0 1 0 0 1
Temperate
Terrestrial 1 0 6 1 8
Arctic
Terrestrial 0 0 0 5 5
Temperate
Total 5 1 9 5 21

X: environment switch between 2 consecutive winters.
X: latitude switch between 2 consecutive winters.

20006). Third, being an archipelago, the Canadian High Arc-
tic is rich in coastal habitats, which may provide access to
both marine and terrestrial food sources. Even though half
of the owls wintering in the Arctic were classified as inland
birds, most were located close to coasts (Fig. 1) and made
use of the marine environment (e.g. up to 46% of their loca-
tions were there), which likely allowed them to exploit both
marine and terrestrial prey (Holt et al. 2015, Doyle et al.
2017). Despite the availability of marine food sources in the
Arctic, the diversity of terrestrial prey may be lower than in
temperate regions and snow cover may reduce their acces-
sibility. In contrast, the Prairies and Great Plains are thought
to provide snowy owls with a relatively high abundance of
small mammals and birds easily accessible due to a thin snow
cover (Boxall and Lein 1982a, Detienne et al. 2008, Naugh-
ton 2012), but further away from their arctic breeding sites.
Exploitation of the marine environment in winter may
confer several benefits. First, food supply may be abundant
and offer highly profitable prey as sea birds wintering at north-
ern latitudes are much larger than small mammals and often
aggregate at high local densities in small polynyas (Gilchrist

and Robertson 2000, Mallory and Gilchrist 2005). Second,
the fidelity of sea ducks to wintering sites in ice-free areas
provides a potentially predictable prey base in this environ-
ment (Petersen et al. 2012). Third, few predators have been
documented exploiting this food source in winter except for
gyrfalcons Falco rusticolus (Burnham and Newton 2011) and
ravens Corvus corax (Gilchrist and Robertson 2000), which
should reduce interspecific competition and energetic costs
associated with territorial strife.

Variation in climatic conditions and sea ice extent or
thickness can influence polynyas and leads within and among
years (Barber and Massom 2007). Although polynyas are
generally recurrent ice structures at large scale due to local
topography, at a smaller spatial scale and within a given win-
ter they may open or close depending on local wind or cur-
rent, thus forcing seabirds to move among different patches
of open water (Gilchrist et al. 2006, Lovvorn et al. 2014).
The mobility of large avian predators like owls allows them to
move quickly and potentially over large areas to track varia-
tions in the distribution of their prey. This may explain why
we found that owls wintering in the marine environment
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Figure 5. Summer (circles, left panel) and winter (triangles, right panel) centroids of locations for individual snowy owls tracked by satellite.
The dispersal distance between consecutive seasons (lines) is also indicated for birds tracked over successive years. Capture sites (Bylot
Island: star; Mary River: diamond; Deception Bay: square) are also depicted. Individuals’ colour identification are the same as in Fig. 4.
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travelled over longer distances during the winter, had larger
home ranges and used more core areas than those wintering
inland.

Home range size of wintering snowy owls in eastern
North America are among the largest ever reported in strigi-
dae, and possibly in all raptors, with a maximum extent of
363 915 km? This far exceeds the maximum winter home
ranges reported for other avian predators such as gyrfal-
cons (172 007 km?* Burnham and Newton 2011) or lesser
spotted eagle Aquila pomarina (22 500 km? Meyburg et al.
2004), but is surprisingly close to a mammalian predator, the
polar bear Ursus maritimus, which also predominantly uses
the marine environment (367 547 km? Auger-Méthé et al.
2016). We found a large inter-individual variability in home
range size, with some owls having relatively small ranges with
few core areas whereas other had large ranges with up to 12
core areas. Burnham and Newton (2011) also reported a large
variability in gyrfalcon winter home ranges around Greenland
where variable ice conditions forced some individuals to track
sea bird prey over large areas. Overall, individuals wintering
in a marine environment may need to use multiple centers
of activities and move more to fulfill their needs than those
wintering in a terrestrial environment.

Timing of sea ice formation may also limit the ability of
snowy owls to exploit the marine environment. As autumn
progresses, sea ice will expand and eventually force sea birds
to aggregate in relatively small ice-free areas. Sea ice phe-
nology may therefore explain why owls wintering in the
marine environment tend to settle later than birds in ter-
restrial environments. Similarly, in spring, the persistence of
sea-ice and the late onset of sea ducks™ pre-breeding migra-
tion from polynyas (e.g. king eiders Somateria spectabilis in
April; Oppel 2008) may extend the time of prey availability
and explain the later departure by birds wintering in marine
environments compared to terrestrial ones.

Fidelity to wintering site and environment

Migratory birds often show a high level of fidelity to their
breeding and wintering sites (Greenwood 1980, Weather-
head and Forbes 1994). The concept of site fidelity, when
aplied to breeding birds, is typically defined at a relatively
fine spatial scale as migratory birds often use sites separated
by few meters from one year to another (Greenwood 1980).
In contrast, snowy owls are considered a nomadic species
(Holt et al. 2015), as shown by the extreme breeding dis-
persal distance between consecutive breeding attempts, on
the order of several hundred km (Therrien et al. 2014; this
study). Therefore, applying the concept of winter site fidelity
to snowy owl must be done at a spatial scale relevant to the
biology of the species, which is much larger than in most
other bird species when considering breeding dispersal.

The extreme breeding dispersal observed in snowy owl is
likely due to cyclic, large amplitude population fluctuations
of lemmings in the Arctic, leading to a highly unpredictable
summer food supply both spatially and temporally (Krebs
2011). Because snowy owls show a greater flexibility in their
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use of prey, habitat and geographical areas in winter than in
summer and because the abundance of some of their winter
prey is more predictable than the availability of their main
summer prey, we expected a greater fidelity of owls to their
wintering sites compared their breeding sites. This predic-
tion was supported because inter-annual distances between
centroids of winter home ranges were about half of the
breeding dispersal observed in summer. Nonetheless, these
inter-annual distances were still quite lengthy (i.e. of the
order of ~200-300 km) and overlap in winter home ranges
between consecutive years was moderate (~30%), despite
their very large size. We also observed no difference in over-
lap extent between birds wintering in marine vs terrestrial
environments, nor for birds that wintered in the Arctic vs
temperate areas. Considering the geographic range and the
diversity of environments where snowy owls can be found
in winter (Fig. 4 and 5; Boxall and Lein 1982b, Fuller et al.
2003, Holt et al. 2015), it is interesting that these birds even
overlapped their wintering home ranges and core areas at
all. Therefore, although owls showed a propensity to partly
reuse the same wintering site from one year to the next, some
factors may limit their ability to do so (see below).

At a broader scale, individuals were quite consistent in
their wintering habitat use, predominantly using the same
environment (marine or terrestrial) and latitudinal zones from
one winter to the next (76%). Nonetheless, some individu-
als switched in the use of their main environment between
winters and most individuals have been located in both
environments each winter. Switching from the terrestrial to
the marine environment may be facilitated in the Canadian
Arctic because both habitats are highly intertwined and thus
often close to each other. Age and experience are other factors
that can affect habitat use patterns in birds (Dolbeer 1982,
Cresswell 2014). In snowy owls, it is believed that young of
the year and immatures predominantly migrate to temperate
areas in winter whereas a high proportion of adult breeders
spend the winter in the Arctic (Fuller et al. 2003, Doyle et al.
2017). However, this is unlikely to be a factor in our study
because all our birds were experienced breeders and the only
switch detected between latitudinal zones was from the Arctic
to temperate areas, the opposite of what is expected as birds
get older.

Environmental determinants of space and habitat use

In top predators like the snowy owl, variation in food avail-
ability is thought to be a major factor affecting space and
habitat use pattern (Schliebe et al. 2008, Trierweiler et al.
2013, Lopez-Lopez et al. 2014). Annual variations in sea
ice dynamics may change the spatial distribution of seabirds
and could explain the moderate site fidelity shown by snowy
owls in the marine environment. Unfortunately, quantita-
tive information on the annual variation in the abundance
of seabirds wintering in the Canadian Arctic is too scarce to
address this question.

In terms of terrestrial prey, longitudinal data on small
mammal densities in winter and summer are rare and Bylot
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Island was the only site in the whole eastern Canadian Arctic
where this information was available. This is cleatly a limi-
tation to our analysis because owls range over a large por-
tion of the Canadian Arctic in winter, although we note that
lemming population fluctuations may be spatially synchro-
nous at a relatively large scale, (i.e. hundreds of kilometers,
Krebs et al. 2002). Despite these limitations, we found evi-
dences that lemming densities on Bylot Island affected some
aspects of habitat use by wintering owls. Home range sizes
were smaller in years of high lemming densities in winter as
found in other predatory birds. For instance, prairie falcons
Falco mexicanus dramatically reduced their home range size in
years of high ground squirrels Spermophilus townsendii densi-
ties (Marzluff et al. 1997).

Use of the marine environment increased during winters
following high summer densities of small mammals. Fau-
teux et al. (2015) showed that lemming populations in the
Canadian Arctic often declined during the autumn follow-
ing peak summer densities to reach very low densities in the
subsequent winter. Therefore, low lemming abundance after
a summer peak may explain the previous result rather than a
carry-over effect from the previous summer lemming abun-
dance. A good knowledge of the ecology of prey species in all
periods of the annual cycle is thus important when attempt-
ing to infer carry-over effects (Norris and Taylor 2006).

Over land, snow cover is another factor that may greatly
affect food availability for snowy owls, both directly and
indirectly. On the one hand, a thick snow cover may limit
the ability of owls to prey on small mammals living under-
neath (Chamberlin 1980) as it does for other avian preda-
tors (Sonerud 1986) or foxes (Duchesne et al. 2011). On the
other hand, a thick snow cover offers refuges from predators
and a good thermal insulation for lemmings, which should
favor their winter survival and positively affect their popula-
tion (Reid et al. 2012, Bilodeau et al. 2013). A thick snow
cover in autumn during the period of settlement for the
winter may hinder the ability of snowy owls to find suitable
areas, as suggested by their ecarlier settlement when snow in
autumn was thin. Similarly, snow cover and depth have been
shown to affect the pre-breeding movements of snowy owls
when prospecting for suitable breeding sites (Therrien et al.
2015). However, a thin snow cover through the winter may
eventually reduce small mammal populations by limiting
their reproduction and reducing their survival, which could
explain why snowy owls tended to make greater use of the
marine environment under these conditions.

Future perspectives in a changing climate context

Consistency in habitat use may provide advantages in terms
of familiarity and experience in exploiting specific prey but
some flexibility can also help to cope with changing envi-
ronmental conditions. Sea ice extent is known to show a
long-term decline (Stroeve et al. 2012) and changes in ice
structure have already been shown to affect seabirds (Bump
and Lovvorn 2004) and marine mammals (Laidre et al. 2008,
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Hunter et al. 2010, Amstrup et al. 2013). The reliance of
wintering snowy owls on both the marine and terrestrial arc-
tic environments may expose them to changes occurring in
both but their high mobility may also allow them to adapt to
changes at a fine scale. Further investigations are needed to
understand the effects of changing winter conditions on the
survival and subsequent reproductive performances of snowy
owls.
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