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Linking winter habitat use, diet and reproduction in snowy
owls using satellite tracking and stable isotope analyses
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de biologie, chimie et géographie, Université du Québec à Rimouski, Rimouski, Canada

ABSTRACT
Coupling isotope values of feathers and satellite tracking of
individuals have the potential to reveal multi-season linkages
between wintering habitat, diet and carry-over effects on
reproductive parameters in migrating birds. Snowy owls Bubo
scandiacus have multiple wintering tactics as they can use both
terrestrial and marine resources during the non-breeding season,
but their nomadic behaviour complicates their study. We
assessed if inter-individual variability in the diet inferred by
feather isotopes could be explained by habitat use in winter as
determined by satellite telemetry and examined possible carry-
over effects on reproduction. Seventeen breeding female snowy
owls were equipped with satellite transmitters and sampled for
stable isotopes (δ13C and δ15N) in feathers. We found a positive
relationship between the use of the coastal and marine
environments in winter and the contribution of marine resources
to the diet of snowy owls in the previous year based on feather
analysis. The proportion of marine contribution to the winter diet
was variable among individuals and showed a weak negative
relationship to summer body mass but not with laying date or
clutch size. Our integrated approach shows the usefulness of
isotope analyses to infer habitat use and expand the temporal
coverage of radio-tracking studies.
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1. Introduction

Intra-population variability in resource use is ubiquitous as different individuals or groups
of individuals may specialize on various types of food or habitat at some time of the year
[1,2]. Variability in resource use during the non-breeding period can have important
fitness consequences in migratory animals, including carry-over effects on subsequent
breeding performance [3–5]. Indeed, reproductive success may be affected by diet
quality [6], food abundance [7–9] and habitat quality [10–12] during the previous non-
breeding season. The different wintering tactics may thus have significant impact on
fitness but few studies have been able to address those links at the individual level
[13]. The complexity of tracking individuals from wintering sites to distant breeding
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grounds makes it difficult to link intra-population variability in winter resource use to sub-
sequent breeding performance. This is especially true for nomadic species showing
complex and irregular patterns of annual movements, often associated to cyclic or fluctu-
ating resources [14,15].

The snowy owl is an Arctic top predator known for its nomadic and irruptive beha-
viours and for the diversity of its wintering tactics [16]. In North America, some snowy
owls migrate from their tundra breeding grounds to temperate sites far inland in the
Canadian Prairies and American Midwest, while others stay in the Arctic during the
winter and make extensive use of the marine environment (i.e. sea ice and coasts;
[17,18]). The shift to the marine environment is especially surprising for a species that
strongly specializes on small mammals during the breeding season [16,19]. Owls using
the marine environment are exposed to environmental conditions and food resources
radically different from those encountered in terrestrial environment.

Using stable isotope analyses of two elements (N and C), we previously showed that a
significant contribution of marine resources to the diet of snowy owl could be detected in
feathers of individuals captured in summer, indicative that some owls were at least partly
relying on marine resources during the non-breeding season [20]. Diet reconstruction
models showed that the level of marine resource contribution also varied greatly
among individuals [20]. In this study, we examine the hypothesis that inter-individual
variability in diet during the non-breeding season, inferred using feather isotope
values, is linked to individual wintering habitat use. To test this hypothesis, we related
habitat use of individual female owls tracked with satellite telemetry during the non-
breeding season with the contribution of marine sources in their diet. A secondary objec-
tive was to investigate potential carry-over effects of the diet and habitat use during the
non-breeding season on their subsequent reproduction performance and body condition
of females. Considering the large diversity of wintering tactics observed in this species,
the snowy owl is a good study model to link inter-individual variability in resource use
to subsequent reproduction in nomadic animals.

2. Material and methods

2.1. Study system

Snowy owls were captured at two different sites in the eastern Canadian Arctic: Deception
Bay, QC (62°02N 74°49W; Low Arctic) in 2013 and Bylot Island, NU (73°08N 80°00W; High
Arctic), in 2014. Deception Bay is situated in the Nunavik region of the province of Quebec
and characterized by mesic tundra and rocky terrain with lush tundra vegetation in river
valleys. Nest search at Deception Bay was carried out along the road from the coastal port
of Deception Bay to the Raglan mine. Bylot Island is a coastal study site composed of a
mosaic of mesic (85 %) and wet (15 %) habitats (see [21] for a detailed description of
the study area). Nest search was carried out in an area of ∼450 km2 on the south plain
of the island. Captures of snowy owls were performed with bow-nets positioned over
the nest or with a bal-chatri trap (one case) set a few metres away from their nest from
8 to 18 July 2013 at Deception Bay and 29 June to 5 July 2014 on Bylot Island. Differences
in capture dates between the two sites are explained by logistic constraints that delayed
our arrival at Deception Bay, and not due to differences in breeding phenology.
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2.2. Capture and marking of owls

We captured 10 breeding females at Deception Bay and 8 on Bylot Island. We fitted each
owl with an ARGOS satellite transmitter (Microwave telemetry, USA, PTT-100, N = 2; North
Star Science and Technology, LLC, USA, PTT-30G, N = 16). The transmitter and harness
weighed 40 g, which corresponds to 1.8 % (range 1.6 % to 2.1 %) of the birds’ body
mass. It has been shown that these transmitters do not significantly impact survival or
reproductive performances of owls [22,23]. Transmitters were installed on the owls as a
backpack using a harness made of Teflon strips [24].

Locations were obtained over a 4–6 h period 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; [25]). Positions were averaged to a single mean
daily coordinate to avoid non-independence of spatial data (see [18] for details).

2.3. Feather and prey sampling

Selecting feathers that grow during winter and can adequately reflect the diet at that time
is challenging in snowy owl, a species with a complex, asynchronous and poorly known
molt pattern [26,27]. Robillard et al. [20] examined in detail this question and rec-
ommended sampling multiple feathers from various body regions, excluding wing feath-
ers, to investigate winter diet and habitat use of snowy owls. This approach should
minimize the impact of inter-individual variability in the timing and sequence of molt
on winter diet reconstruction. Following these recommendations, we collected feathers
from five body regions on each captured snowy owl: head, neck, breast, flank and
rump. Neck feathers were missing for 2 individuals, so analyses were performed on 4
body regions for these birds. Tissue samples collected in the field were stored frozen at
–20 °C until laboratory analyses.

To reconstruct snowy owl diet, we obtained muscle and liver samples of potential prey
items from different locations and environments within their known winter range in
eastern Canada (Bylot Island NU, Belcher Islands NU, Deception Bay QC, Kuujjuaq QC, Twi-
lingate NL; see Appendix 2 for details). They included: (1) marine birds collected in winter
(common eider Somateria mollissima, thick-billed murre Uria lomvia, common murre Uria
aalge, razorbill Alca torda and long-tailed duck Clangula hyemalis), (2) terrestrial birds (i.e.
rock ptarmigan Lagopus muta), and (3) terrestrial small mammals (i.e. brown Lemmus tri-
mucronatus, collared Dicrostonyx groenlandicus and Ungava Dicrostonyx hudsonius lem-
mings, and meadow vole Microtus pennsylvanicus). Seabird samples were obtained
from the Tissue bank at Environment and Climate Change Canada and rock ptarmigans
were given to us by Inuit hunters (Appendix 2).

2.4. Isotope analyses

Prior to stable isotope analyses, feathers were washed with a 2:1 chloroform: methanol
solution, oven dried at 50 °C for 24 h, homogenized by cutting them with scissors into
approximately 1–3 mm fragments, subsampled (i.e. ∼0.7 mg of feathers; N = 88) and
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packed into tin capsules. Muscle and liver samples of prey were freeze-dried at –50 °C,
ground to a fine powder with mortar and pestle and lipid-extracted with chloroform
using a Soxtec apparatus (Tecator system 1043) before isotope analyses to reduce the
risk of introducing significant biases in δ13C values [28,29]. All values reported are lipid
extracted values. Isotope analyses were performed at the Laboratoire d’Océanographie
of Université Laval, Québec, Canada. Details on laboratory techniques and on determi-
nation of the diet–tissue discrimination factor are presented in Appendix 1.

For stable isotope mixing models, sources were pooled in two groups: marine (N = 5
species) and terrestrial sources (N = 5 species), given equal weight to each species
within group. We also assumed that prey isotope ratios did not vary significantly from
year to year, based on the high winter site fidelity of some prey species (e.g. [30–32])
or small and overlapping home ranges of others (e.g. [33–35]), which suggest that
these prey feed on similar resources inter-annually. However, even if this assumption
was not entirely met, annual variation in isotope values within prey species is likely to
be small compared to the large differences between the terrestrial and marine prey
(See Results) and thus should have little impact on our results. Another issue arose
because one individual wintered in the Prairies (see Results) where it had access to
prey that could have different isotope values than those encountered in the Arctic. For
instance, deer mice (Peromyscus maniculatus) in Saskatchewan have isotope values
(δ15N: 7.6 ± 1.6 ‰, δ13C: –23.4 ± 1.0; [36]) slightly higher than terrestrial prey in the
Arctic (Appendix 2). Therefore, for the individual that wintered in the Prairies, we repeated
the stable isotopes mixing models using deer mice as a third prey source besides terres-
trial and marine arctic prey.

2.5. Habitat use data

We used locations of snowy owls provided by the transmitters to characterize habitat use.
First, we measured the distance to the coast for each location with the nearest-neighbor
interpolation method of NASA available in the Movebank Env-Data system [37]. Distances
(d) to the coast were signed (positive values on land, negative values at sea) and were
averaged to a mean daily distance. Each location was then assigned to a habitat class:
marine (d < –5 km), terrestrial (d > 5 km) or coastal (i.e. marine coasts only; 5 km > d >
−5 km). The width of the coastal habitat (i.e. 10 km) was chosen based on the mean
daily distance covered by individuals in this study (i.e. 7.3 ± 2.8 km, N = 1949 locations
for 11 individuals) during the winter (i.e. January–February–March), which was less than
the width of our coastal strip. Nonetheless, we ran sensitivity analyses by using a
coastal width of 15 and 20 km. We obtained very similar results (not shown) and thus pre-
sented only analyses based on the 10 km width. Proportions of locations at sea (i.e.
number of locations at sea/total number of locations) and proportions of locations at
sea or in the coastal area (i.e. [number of locations at sea + number of locations along
the coast]/total number of locations) as well as mean wintering latitude were calculated.

2.6. Statistical analyses

To infer the contribution of marine prey to the isotope ratios of each individual, we used
stable isotopes mixing models (R, package SIAR; Parnell and Jackson 2013). We
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determined the marine contribution to each feather in each individual using the function
siarsolomcmcv4 in R, which is based on a Markov chain Monte Carlo (MCMC) procedure.
Models were ran using the following parameters: iterations = 500,000, burnin = 50,000
and flat priors [38,39]. Diet–tissue discrimination factors estimated for snowy owl feathers
(δ13C: 1.88 ± 0.04‰; δ15N: 4.12 ± 0.26‰; see Appendix 1) were used as trophic enrich-
ment factors in the models.

We analysed the link between the inferred marine proportion in the diet and wintering
habitat use variables at different periods of the year using linear models. In a previous
analysis, we found large intra- and inter-individual variability in marine proportion
among body feathers [20]. To account for that, we used two response variables in our ana-
lyses: mean marine proportion across all feathers (N = 5 per individual) and mean marine
proportion in the two feathers with the most marine signal on each individual, i.e. with the
highest δ13C and δ15N values regardless of their origin (hereafter called most marine
feathers). This category allowed us to target feathers that most likely grew during the pre-
vious winter when owls potentially fed on marine prey [18,20,40]. All marine proportions
were log-transformed in subsequent analyses to meet normality requirements.

To examine inter-individual variability in the marine contribution to feather isotope
values, we ran linear models using four explanatory variables: (1) proportion of all
locations at sea, (2) proportion of all locations at sea and along the coast, (3) mean dis-
tance to the nearest coast (km) and (4) latitude, as conditions experienced by birds win-
tering in the Arctic are different than those at more southern latitudes. Each explanatory
variable was tested in separate models to avoid over-parametrization and because most
of them were highly correlated. We examined these relationships over three periods of
the annual cycle: (1) autumn (1 Sep–31 Dec), (2) winter (1 Jan–31 Mar) and (3) all year
(starting at capture date and including all locations until the next breeding season). To
ensure enough temporal coverage of each period used in the analyses (autumn, winter
and entire year), we selected individuals that were tracked during more than half of
the period for the autumn and winter periods (autumn: N = 17; winter: N = 12 individuals),
and individuals that were tracked from summer (capture date) to 1 May or later for the
entire year period (N = 11 individuals). For all models, collection year was also entered
as a fixed effect because this variable affected both δ13C and δ15N values of snowy owl
feathers from which the diet was inferred [20]. Models with year as a fixed variable
always performed better than models without it in terms of AICc. Statistical analyses
were performed using R 3.2.0 software [41]. Results are presented as means ± SD,
unless otherwise stated.

A limitation of our study is that movements of snowy owls and the marine contribution
to their diet could not be estimated over the same time period. Indeed, feathers collected
during the summer reflect the diet of owls at the time when feathers were grown in the
previous year (i.e. prior to capture) whereas tracking of individuals took place after
capture (Figure 1). A previous radio-tracking study revealed that most individuals
(76 %; N = 21; [18]) were consistent in their use of marine/coastal and inland environ-
ments over successive winters although fidelity was not absolute. To further address
this issue, we ran repeatability analyses of our explanatory variables for individual owls
that were tracked for two consecutive years or more [18]. Repeatability analyses were per-
formed with the rpt function of the rptR package in R [42] using a logit link for proportion
data and a Gaussian distribution for other variables, and bird id as a random effect. These
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analyses revealed that our explanatory variables were highly repeatable between con-
secutive winters of tracking (R ± SE: proportion of locations at sea = 0.72 ± 0.12, pro-
portion of locations at sea and along the coast = 0.72 ± 0.08, distance to the nearest
coast = 0.73 ± 0.12, absolute distance to the nearest coast = 0.82 ± 0.09 and latitude =
0.97 ± 0.02; all N = 20; P < 0.001). Hence, we assumed that birds were consistent in their
pattern of habitat use from one year to the next. Consequences of failure of this assump-
tion on our results are addressed in the Discussion.

3. Results

3.1. Habitat use

Among the 18 marked owls, 17 females were tracked for extended time periods,
ranging between 132 and 714 days (mean = 411 ± 222 days), which allowed the recording
of 18 to 256 daily locations (mean = 154 ± 87 locations) after location-class filtering. One
transmitter emitted for only 2 weeks, and hence this individual was excluded from
analyses.

Owls tracked during our study period exploited different areas throughout the years.
We successfully tracked 12 of the 17 individuals throughout the winter, of which 10
stayed in the Arctic (e.g. Hudson Bay and Hudson and Davis straits) while one travelled
to the southern Canadian Prairies and one to the coast of Newfoundland and Labrador.
The mean distance of daily locations to the nearest coast in winter (175 ± 461 km) was
greater than in autumn (89 ± 280 km) or throughout the year (104 ± 330 km; Table 1), con-
sistent with the fact that some females wintered far inland while others made extensive
use of sea ice and coast. Proportion of locations at sea and along the coast also exhibited a
large variability among individuals in winter, ranging from 0 to 1 (Table 1).

In terms of time spent in the marine environment (i.e. number of days between the first
and last location at sea), one female spent the whole winter (i.e. 186 days) at sea, while 4
others spent a considerable amount of time there (respectively 143, 141, 138 and 122
days). For females that spent a large proportion of their time (>50 %) at sea in winter,
their average distance to the coast ranged from –7 to –68 km. At the opposite end, two
females that travelled to the central part of the continent spent 100 % of their time
inland in winter and their average distance to the nearest coast were 617 and 1214 km.

Figure 1. Schematic timeline depicting the sampling of snowy owl tissues in Deception Bay, QC, 2013
(black box) and on Bylot Island, NU, 2014 (gray box) along with the potential period (months of the
year, indicated by uppercase letters) from which isotope data may origin (dashed arrows) and the
period when owls were tracked by satellite telemetry (solid lines).
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3.2. Link between diet and habitat use

Marine prey had considerably higher δ13C and δ15N values than terrestrial prey
(Appendix 2), and individual isotope values of owl feathers were located much
closer to the isotope values expected from a diet of terrestrial than marine prey
despite a large variation in isotope values among feathers type and individual owls
(Appendix 3). Mean estimated proportion of marine sources in the diet of individual
owls ranged from 0.04 to 0.29 when using all feathers and from 0.04 to 0.57 when
using the two most marine feathers (Figure 2). Coefficients of variation were large
(55 % when using all feathers and 69 % with the most marine feathers), indicating
marked inter-individual variability in the contribution of the marine environment to
the diet. For the individual that wintered in the Prairies, including deer mice as a
third source in the mixing model slightly reduced the marine contribution to its
diet (individual C, mean marine contribution for all feathers with two vs. three
sources: 0.04 vs. 0.03, Figure 2).

Table 1. Mean, SD, minimum and maximum values (in parentheses) of parameters describing habitat
use for each period analysed (N = number of individual snowy owls tracked by satellite).

Habitat parameter

Autumn
Sep–Dec
N = 17

Winter
Jan–Mar
N = 12

All year
N = 11

Number of locations 53 ± 20 (18–77) 63 ± 20 (28–83) 213 ± 38 (153–256)
Proportion of locations at sea (< –5 km) 0.09 ± 0.10 (0–0.32) 0.43 ± 0.31 (0–0.83) 0.24 ± 0.15 (0–0.44)
Proportion of locations at sea + along
the coast (<5 km)

0.41 ± 0.24 (0–0.82) 0.71 ± 0.43 (0–1) 0.49 ± 0.25 (0.04–0.85)

Distance to the coast (km; signed) 89 ± 280 (–201–1490) 175 ± 461 (–369 to
1480)

104 ± 330 (–369 to
1490)

Distance to the coast (km; absolute) 96 ± 278 (0–1490) 223 ± 440 (0–1480) 127 ± 322 (0–1490)
Latitude (°) 62.7 ± 6.3 (43.7–75.7) 58.1 ± 6.4 (44.2–71.7) 61.8 ± 6.9 (43.7–75.7)

Negative distances represent locations at sea and positive distances, locations on land.

Figure 2. Proportions of marine sources in the diet of individual snowy owls (ID) inferred from each
feather (gray circles) using the SIAR posterior probability distributions. Mean proportion of marine
sources for each owl based on all feathers (white triangle) and from the two most marine feathers
(black square) are also shown. Dotted and dashed gray lines depict respectively mean marine pro-
portions of all feathers and the two most marine feathers. Individuals A-J were sampled in 2013; indi-
viduals K-R in 2014.
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We found no link between marine proportions in the diet and habitat use during
the autumn period (Table 2). In winter, however, we found a negative relationship
between the proportion of marine sources in the diet of snowy owls and the dis-
tance to the coast when using either all body feathers or the most marine feathers
(Table 2). Feathers of birds wintering far from the coast (one in the Prairies and one
in northern Quebec) had a relatively low contribution of marine resources in their
diet compared to birds that were close to or in the marine environments, though
we noted a large variability in the latter group (Figure 3). The relationships were
significant even if we excluded the 2 most extreme inland birds (i.e. the two
birds wintering at an average of 617 and 1214 km from the coast) using the
most marine feathers (Est.: –4.01, CI low: –8.00, CI up: –0.002; Figure 3). In addition,
we also found a positive relationship between the proportion of marine sources in
the diet and the proportion of locations at sea and along the coast, and a near
significant relationship when using the proportion of locations strictly at sea
(Table 2, Figure 3). When using locations throughout the year, we also found an
inverse relationship between marine proportions estimated in feathers and distance
to the coast (Table 2).

We repeated the previous analyses using the marine contribution estimated by the
three-sources rather than the two-sources model for the bird that wintered in the
Prairies. Results with the three-sources model are consistent with the previous analy-
sis although most relationships were actually stronger (Appendix 4). Moreover, the
marine proportion in the diet was negatively related to distance to the coast in
autumn.

3.3. Carry-over effects on reproduction

Clutch size of individuals at the time of capture ranged from 1 to 9 eggs (mean: 6.1
± 1.8 eggs) and their body mass at capture varied from 1.92 to 2.49 kg (mean: 2.18 ±
1.12 kg). The mean laying date in 2013 was 31 May (N = 10) and 25 May in 2014 (N =
6) but ranged from 17 May to 13 June in both years. Clutch size and laying date
were not related to inferred marine proportions in the diet but a trend for an
inverse relationship was found for body mass (Table 3). Birds with a high proportion
of marine source in their feathers tended to be lighter than those with a low pro-
portion (Appendix 5) and we observed the same trends if we used all feathers or
only the most marine feathers (Appendix 5).

4. Discussion

By combining data on habitat use derived from satellite telemetry with those on the diet
inferred by stable isotope analyses of feathers, we showed a link between the intra-popu-
lation variability in the use of the coastal and marine environments in winter and the con-
tribution of these environments to the diet of snowy owls. This confirms our hypothesis
that inter-individual variability in diet during the non-breeding season is linked with indi-
vidual wintering habitat use. However, we found no evidence of carry-over effects of
variability in the contribution of the marine environment to the diet inferred from feathers
on reproduction.
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Table 2. Coefficients (β with their 95 % confidence intervals) of linear regressions relating the mean marine proportions in the snowy owl diet inferred from all
body feathers sampled or the two feathers with the highest marine contribution (Most marine feathers) to different habitat use variables (Prop_locSea:
proportion of locations at sea; Prop_LocSea + Coast: proportion of locations at sea and along the coast; DistcoastSTD: standardized mean distance to the
coast in km; positive value over land, negative value over the sea; DistcoastAbsSTD: absolute standardized mean distance to the coast in km; and Latitude
in °) and for different periods of the annual cycle. Year was added as fixed effect in all models.

Explanatory variables

Autumn
1 Sep–31 Dec

N = 17

Winter
1 Jan–31 Mar

N = 12
All year
N = 11

β Lower CI Upper CI AIC β Lower CI Upper CI AIC β Lower CI Upper CI AIC

All feathers
Prop_locSeaa –0.28 –3.13 2.56 29.18 0.72 –0.32 1.76 20.96 1.93 –0.52 4.38 19.52
Prop_locSea + Coastb 0.64 –0.77 2.06 28.13 0.68 –0.15 1.51 19.96 1.10 –0.63 2.84 20.69
DistcoastSTD –0.21 –0.48 0.05 25.93 –0.34 –0.62 –0.06 16.59 –0.36 –0.68 –0.04 16.56
DistcoastAbsSTD –0.22 –0.48 0.04 25.67 –0.33 –0.62 –0.04 17.37 –0.35 –0.68 –0.02 17.07
Latitude 0.03 –0.04 0.09 28.46 0.02 –0.04 0.09 23.05 0.01 –0.10 0.13 23.22

Marine feathers
Prop_locSeaa –0.12 –3.48 3.25 34.92 0.96 –0.22 2.15 24.08 2.48 –0.26 5.23 22.02
Prop_locSea + Coastb 1.09 –0.52 2.70 32.52 0.95 0.04 1.85 22.14 1.55 –0.35 3.46 22.78
DistcoastSTD –0.28 –0.59 0.02 30.63 –0.41 –0.74 –0.07 20.51 –0.44 –0.80 –0.08 19.25
DistcoastAbsSTD –0.29 –0.59 0.01 30.33 –0.38 –0.73 –0.03 20.51 –0.42 –0.80 –0.05 20.11
Latitude 0.03 –0.05 0.11 34.19 0.02 –0.06 0.10 27.55 0.00 –0.14 0.14 26.80

alocSea: < –5 km.
bSeaCoast: < 5 km.
Significant relationships are shown in bold (N = number of females).
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4.1. Seasonal habitat use and diet

Our study confirms previous reports that snowy owls breeding in the eastern North
American Arctic can winter in a wide spectrum of habitats, including the arctic

Table 3. Coefficients (β with their 95 % confidence intervals) of linear regressions relating clutch size,
laying date and body mass (kg) of snowy owls to the mean marine proportions in their diet inferred
from all body feathers sampled or the two most marine feathers only (N = number of females).
Dependent variables β Lower CI Upper CI

All feathers
Clutch size (N = 18) 0.24 –1.22 1.70
Laying date (N = 16) 4.07 –1.09 9.23
Body mass (N = 17) –0.08 –0.17 0.01
Most marine feathers
Clutch size (N = 18) 0.28 –0.98 1.54
Laying date (N = 16) 3.34 –1.16 7.83
Body mass (N = 17) –0.07 –0.15 0.01

Figure 3. Relationships between proportion of marine sources in the diet inferred from all body feath-
ers (a) or the two most marine feathers (b, c, d) and distance to nearest coast (a, b), proportions of
locations at sea (c) and proportions of locations both at sea and along the coast (d) Proportions of
locations at sea and on coast (< 5km) during winter. Insets represent the relationships between pro-
portion of marine sources in the diet inferred from feathers and distance to the coast excluding the
two individuals wintering far inland. Regression lines are from models in Table 2. Gray lines depict the
95 % credible intervals estimated by SIAR. Positive distance values represent locations on land, while
negative distance values are associated to locations at sea.
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tundra, the arctic marine environment and the North American Prairies [17,18]. In this
study, most owls (i.e. 80 %) used the marine environment to some extent in winter
with some individuals (i.e. 8/12 owls) spending over 95 % of their time over sea
ice or along the coast. Our isotope analyses showed that a significant part of the
owls’ diet comes from the marine environment. This establishes that marine prey
are a major food source for wintering owls in the eastern Canadian Arctic. Although
owls also used the marine and coastal environments to some extent during autumn,
we found few relationships between the use of this habitat in autumn and the
marine contribution to their diet as inferred from the isotope composition of feathers.
It is possible that few of the sampled feathers grew in autumn and thus provided
little information on the diet at that time of the year [20]. Alternatively, and
perhaps more likely, the relative use of marine prey by owls is lower in autumn
than in winter in the Arctic.

Although the total abundance of marine prey like seabirds may be greater in
autumn, before some of them migrate south, than in winter, they may be harder
to catch at that time. In autumn, sea ice only began to freeze and therefore seabirds
are likely scattered over large expanses of water, rendering prey catching more
difficult for owls. On the other hand, snow cover is still low or nonexistent during
the autumn season, which allows owls to easily feed on terrestrial prey like small
mammals or land birds [43]. In winter, ice cover becomes more extensive, leaving
only small areas of open-water (i.e. polynyas and leads) where seabirds often concen-
trate in dense aggregations [44], thereby facilitating prey capture by owls. Robertson
and Gilchrist [45] reported that the number of snowy owls near polynyas of the
Belcher Island in Hudson Bay was positively related to the local abundance of sea
ducks in winter. In contrast, the availability and vulnerability of prey in the tundra,
primarily lemmings, decrease between autumn and winter. Lemming populations
are often at their lowest seasonal density at the beginning of the snow season
after suffering intense predation pressure during summer and autumn [19,46,47]. In
addition, catching lemmings may become harder once snow covers the ground
[48,49]. Snowy owls using mainly the marine environments also tended to settle
later during the non-breeding season than birds using terrestrial environments [18].
Therefore, some owls may progressively switch from a primarily terrestrial-based
diet in autumn to a predominantly marine one during winter.

Our results confirm that snowy owls can show a great flexibility in their diet during
the non-breeding season, and possibly more than previously recognized [16], in
response to variations in prey availability. However, the extensive use of sea ice
and reliance on marine prey observed in owls wintering in the eastern Canadian
Arctic contrast with observations made in Norway, Russia and the western North
American Arctic. In those areas, use of the sea ice by owls in winter is limited or neg-
ligible [50–52]. These differences may arise due to variability in prey availability or
accessibility among these regions in winter. For instance, the marine environment
of the eastern Canadian Arctic is more productive than in the western Arctic [53]
and may thus harbour a higher density of seabirds in winter (e.g. [54,55]). Alterna-
tively, other continental areas may offer a higher density and diversity of prey for
owls such as high density of snowshoe hares Lepus americanus and ptarmigans in
Alaska and Yukon [52].
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4.2. Potential limitations of the study

An important assumption in our analyses was that individuals were consistent in their
winter habitat use from year to year because feather stable isotopes reflected diet prior
to the period of satellite tracking (Figure 1). Even though fidelity of snowy owls to a
specific habitat (marine vs. terrestrial) is high [18] and they show a high inter-annual
repeatability in their habitat use pattern, some individuals could have changed wintering
habitats between years (i.e. individual wintering in the marine/coastal environment one
year and far inland the next year or vice versa). Such habitat shifts may be more likely
for young individuals that breed for the first time because immature individuals generally
move to southern inland areas rather than remaining in the Arctic [56,57]. The possible
occurrence of habitat shifts in some birds could account for part of the unexplained varia-
bility in our relationships. However, this likely rendered our analyses more conservative
because the ‘wrong’ wintering habitat would have been associated with the isotopic sig-
natures of feathers recorded in the previous year. The fact that we still find several signifi-
cant relationships despite such potential limitation suggests that they are robust.
Nonetheless, when the biology of the study species allows it, we recommend sampling
feathers that grew during the same time period than the satellite transmitters were active.

Another factor that may have contributed to unexplained inter-individual variability in
marine contribution to the diet of owls wintering near the coasts is differential prey selec-
tion. Among snowy owls’ potential marine prey items, long-tailed ducks, common murres
and thick-billed murres, which feed mainly on crustaceans and fish [58,59,60], are con-
sidered higher trophic-level prey than common eiders that feed on bivalve and mollusk
[61,62]. If some individuals specialized on marine prey at specific trophic levels, this
could have affected our estimation of the marine contribution to their diet. For instance,
high δ15N values in the feathers of some owls could be due to those individuals feeding
on prey of higher trophic level at the time of feather growth [61], and this greater ratio
would bias our estimates of marine proportion in their diet.

Another possible bias in the study is that one owl wintered in the continental Prairies
rather than in the Arctic, where the isotope values of small mammals are higher than in
the Arctic [20,36]. Including the Prairies small mammals as a third source for this individual
slightly reduced the marine contribution to its diet in an a posteriori analysis andmay have
better estimated its diet than the two-source model. This could explain why relationships
between habitat use and diet inferred from the isotopic analyses became stronger in this
situation. However, links uncovered between diet and habitat use remained significant
even when birds wintering inland were excluded (Figure 3).

4.3. Winter diet and carry-over effects

We did not find evidence that variability in the winter habitat use of owls inferred from
their diet affected subsequent reproduction. However, there are some indications that
using the marine environment may lead to lighter body mass in breeding snowy owls,
which could have implications for subsequent reproduction. Carry-over effects of winter-
ing conditions on subsequent reproduction have been shown in several migratory avian
species [11,12,63–65] but not in others [66,67]. Similar to our results, no impact of the
winter habitat use was found on the breeding phenology and productivity of Yellow war-
blers Setophaga petechia breeding in High Arctic as opposed to those breeding in Low
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Arctic, and the authors suggested that the increased migration distance dampened carry-
over effects rather than penalizing long-distance breeders [67].

Differences in the quality of habitat used in winter among individuals is often a key factor
leading to reproductive carry-over effects in migratory birds [11,12,68]. In the case of snowy
owls however, it is unclear whether the arctic marine environment is of higher quality than
the terrestrial one in winter, especially when the latter is located much further south (i.e. the
Prairies). Wintering conditions in the Arctic or over sea ice may bemore rigorous than in the
Prairies and increase physiological costs. Similarly, spatial distribution of prey (seabirds at
polynyas) may also be more patchy than in the terrestrial environment, thereby explaining
the trend for a reduced body mass in those birds. However, seabirds are much larger prey
than small mammals and their temporal occurrence rather predictable as they use polynyas
(i.e. fairly recurrent sea ice openings at the same locations and periods each year [69,70]).
Moreover, wintering in the Arctic also reducesmigration distance andmay allow individuals
to arrive earlier on the breeding site in spring [71].

Overall, it is possible that the advantages of wintering in one habitat or the other may
not differ much for owls, or may change from one winter to the other, for instance in
response to fluctuating lemming abundance. This may explain the absence of reproduc-
tive carry-over effects and the persistence of such diverse tactics. However, sample size
was small in these analyses and further investigations would be needed to confirm the
lack of association between wintering tactics and subsequent breeding.

5. Conclusion

Coupling feather isotopic signatures and satellite tracking of individuals has revealed
multi-season linkage and provided detailed information on intra-population variability
in resource use over a relatively large spatio-temporal scale in a nomadic species.
Merging these two techniques allowed us to explain some of the variability in wintering
diet based on the relative use of two contrasted habitats, the terrestrial and marine
environment. Caron-Beaudoin et al. [72] also showed the usefulness of combining such
approaches in a population of ring-billed gull Larus delawarensis exhibiting large inter-
individual variability in foraging behaviours, but few avian studies have coupled those
techniques to explore linkage between seasons [73–75]. This integrated approach
could have interesting ecological implications, such as extending the temporal coverage
of resource use prior to sampling and allowing the identification of habitat types or
important food resources for species targeted by conservation measures.
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