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1.  INTRODUCTION

Migratory seabirds can travel long distances across
the planet, connecting distant ecosystems and expos-
ing themselves to a diversity of environmental condi-
tions and resources along the way. Migration path
and phenology, and wintering area used, can have a
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ABSTRACT: Long-distance migratory seabirds need
to adjust their migration strategy according to inter-
nal (breeding, molting) and external factors (season-
ality, resource availability). Time-minimizing strate-
gies are common during spring migration to arrive at
the optimal time to breed. We studied the annual
movements and migration strategy of the long-tailed
jaeger Stercorarius longicaudus, a small arctic-nest-
ing seabird. First, we documented year-round move-
ments (routes, wintering sites) of male and female
jaegers breeding in the Canadian Arctic. We then
compared their migration strategies between seasons
(phenology, stopover use, travel distance, speed) to
determine whether they adopt a time-minimizing
strategy in spring. Over 6 yr, we collected 43 tracks
from geolocators deployed on Bylot and Igloolik
Islands. Jaegers departed the breeding site over a
5 wk period and traveled on average 32375 km (round
trip) before returning to breed, one of the longest
documented migrations on Earth. Birds used a major
stopover area east of the Grand Banks of Newfound-
land in spring and fall, and wintered in high marine
productivity areas of the South Atlantic. Unexpect-
edly, the spring migration was 40% longer and 32%
slower than in fall, and birds increased their time
spent on water (foraging and/or resting) by 61%. A
time-minimizing strategy in fall may help to reach
the wintering site rapidly and start molting early. In
spring, a fly-and-forage strategy seems to be adopted
to increase foraging effort, probably for the accumu-
lation of body reserves before breeding and in antic-
ipation of unfavorable conditions that may prevail at
arrival on their arctic breeding site.
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with a geolocator to monitor its year-round movements
and migration strategy between the Canadian Arctic and
the southern Atlantic.
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strong impact on key demographic traits such as sur-
vival or reproduction if individuals are not at the
right place at the right time (Norris et al. 2004, New-
ton 2008, Klaassen et al. 2014, Senner et al. 2019).
Be cause of seasonal and annual variations in re -
source availability, seabirds should adjust their
migration strategy (e.g. timing of migration, travel
speed, use of stopover and wintering areas) to maxi-
mize their fitness. In addition, intrinsic factors such as
body condition and reproductive or molting state can
also influence the migration strategy (Newton 2008,
2011, Alerstam 2011).

Migratory birds can face different environmental
conditions and selection pressures during their pre-
breeding (spring) and post-breeding (fall) migration
(Newton 2008, Horton et al. 2016), which can lead to
seasonal variation in optimal migration strategy
(Nilsson et al. 2013, Zhao et al. 2017, Schmaljohann
2018). For instance, competition for breeding territo-
ries and high reproductive success in early breeders
can favor birds arriving early and in good body condi-
tion on their breeding grounds (Rowe et al. 1994,
Kokko 1999, Verhulst & Nilsson 2008). Under these
conditions, individuals are expected to complete their
spring migration as fast as possible, given constraints
on flying speed and energy acquisition rate. Such a
time-minimization strategy is commonly thought to
play a major role during the pre-breeding migration
(Heden ström & Alerstam 1997, Zhao et al. 2017) and
may explain why spring migration is faster than fall
migration in many long-distance migrants (Nilsson et
al. 2013, Schmaljohann 2018). This may be especially
important in species breeding at high latitudes where
the summer is brief (Reséndiz-Infante & Gauthier
2020).

Seasonal variation in environmental conditions
such as weather pattern or food availability on the
wintering and stopover sites can also have a strong
effect on migratory behavior, and the benefits of a
fast spring migration can be counterbalanced by var-
ious costs (Schmaljohann 2018, Deng et al. 2019). For
instance, unfavorable wind and limited resources at
stopovers when individuals need to build up body
reserves can reduce the pace of the spring migration
(Petrie & Wilcox 2003, Kölzsch et al. 2016, Deng et al.
2019). Moreover, individuals nesting in highly sea-
sonal environments, such as the Arctic, could suffer
from unfavorable weather or food shortage if they
arrive on their breeding grounds too early and in
poor body condition (Bêty et al. 2004, Nuijten et al.
2014, Jean-Gagnon et al. 2018). In contrast, a high
abundance of energy-rich food during late summer
on the breeding grounds may allow prolonged non-

stop flights in fall in some species, shortening the
post-breeding migration (Bustnes et al. 2013, Alves
et al. 2016, Kölzsch et al. 2016). The timing of the
post-breeding molt is another factor that can influ-
ence the timing and speed of the fall migration (Jahn
et al. 2013, Kulaszewicz & Jakubas 2015, Kiat &
Izhaki 2016). Overall, the optimal migration strate-
gies can vary between taxa (Schmaljohann 2018),
and between populations of the same species (Klaas -
sen et al. 2012, Bustnes et al. 2013) depending on
environmental conditions and selection pressures
faced by individuals during their entire annual cycle.

The long-tailed jaeger Stercorarius longicaudus
(hereafter jaeger) represents a good study model to
investigate seasonal variations in migratory behavior.
It is a relatively small seabird that achieves one of the
longest documented migrations on Earth, from its
High Arctic breeding sites to its subtropical wintering
areas in the southern hemisphere (Gilg et al. 2013,
van Bemmelen et al. 2017). Jaegers are pelagic for
most of the year, but they switch to the terrestrial en-
vironment to breed. Their breeding season is con-
strained by the short arctic summer and food abun-
dance that often decreases as the summer progresses
(Gauthier et al. 2011, Fauteux et al. 2015). They con-
sume exclusively terrestrial prey during the summer,
and they rely on lemming populations to breed suc-
cessfully in most parts of their range (Maher 1970,
Furness 1987, Therrien et al. 2014). Once they acquire
a territory, individuals can return and use the same
site yearly (Maher 1970, Seyer et al. 2020). However,
food accessibility can be highly unpredictable when
approaching the arctic breeding ground and on
arrival due to the timing of ice cover at sea and
snowmelt on land, as well as cyclic population fluctu-
ations in lemmings.

In this study, we document for the first time the
year-round movements of long-tailed jaegers breed-
ing in the Canadian Arctic by tracking more than 45
males and females. We first describe their fall and
spring oceanic migratory routes and identify their
main stopover and wintering sites. We then compare
the marine productivity, a proxy of food availability,
at the different wintering and stopover sites used by
jaegers. We also analyze their migration strategy in
fall and spring in terms of phenology, stopover loca-
tion, travel distance, travel speed, and time spent in
flight vs. on the water to determine if jaegers have a
more rapid spring migration as found in many bird
species. Due to the constraints imposed by the short
arctic summer on their breeding grounds, we ex -
pected jaegers to adopt a time-minimizing migration
strategy in spring.
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2.  MATERIALS AND METHODS

2.1.  Study site and field methods

The field work was conducted during the long-
tailed jaeger breeding season (mid-June to early
August) in 2008 and from 2014 to 2019 at Bylot
Island (73° 08’ N, 80° 00’ W), and from 2016 to 2019
at Igloolik Island (69° 39’ N, 81° 54’ W). Both sites are
located in Nunavut in the Canadian High Arctic.
Nests of long-tailed jaegers are spaced out on the
tundra, and systematic nest searches were carried
out annually in late June and early July to find
breeding pairs. Territorial pairs were identified by
their alarm calls, and nests were found by spotting
incubating birds returning to their nest. Some nests
were also found opportunistically during other field
activities on the outskirts of the main study area. All
nests were georeferenced when found and moni-
tored until hatching or failure. Because jaegers are
faithful to their nesting site (Seyer et al. 2020),
we also made systematic searches where marked
jaegers previously nested.

We captured most jaegers at their nest using a
bownet trap, but also sometimes in the nest vicinity
using a noose carpet, a netgun, or a bal-chatri trap
baited with a lemming. All captured birds were
marked with metal and plastic numbered bands for
individual identification and sexed by DNA analysis
using feather pulp, except for a few birds in 2008 (see
Seyer et al. 2019 for more details).

From 2014 to 2018, we equipped birds with a
geolocator (light-level loggers; Intigeo-C65, Migrate
Technology) attached to the plastic band with a cable
tie through 2 small holes (Fig. S1 in Supplement 1 at
www. int-res. com/ articles/ suppl/ m677 p001 _ supp/).
Geolocators measured 14 × 8 × 6 mm and weighed
1 g, representing about 0.7% (geolocator with the
band) of the body mass (female: 318 g, male: 286 g;
Seyer et al. 2019). They were equipped with both
light and wet-immersion sensors. We deployed 65
geolocators on Bylot Island (2014−2016: n = 20 yr−1,
2018: n = 5) and 5 on Igloolik Island in 2016 be tween
20 June and 10 July (Table S1 in Supplement 2). We
attempted to recover geolocators from 2015 to 2019
be tween 19 June and 10 July (i.e. during the incuba-
tion). Considerable effort was made to recapture
breeding birds on their nest and non-breeding birds
in their previous nesting territory using the capture
methods previously described.

In 2008, we deployed 10 satellite transmitters (PTT-
100, Microwave Telemetry) on adults (8 females, 2 un -
known) from 1 to 12 July on Bylot Island (Table S1).

The devices weighed 10 g, representing about 3% of
the body mass following the recommendation of
Phillips et al. (2003). Transmitters were attached with
a backpack harness made of Teflon ribbons (Fig. S2;
Steenhof et al. 2006). All protocols were ap proved by
the Animal Care Committee of Université Laval fol-
lowing the guidelines of the Canadian Council on
Animal Care.

2.2.  Analyses of geolocator data

Geolocators sampled light intensity each minute
and recorded its maximum value every 5 min. A wet-
immersion sensor measured conductivity every 30 s
and was programmed to record a wet count only for
immersion in saltwater (value >63 on an arbitrary
scale from 0–127; Fox 2013). Wet counts were
summed, and the values were saved every 4 h.

Beforedeployment,weperformedacalibration inan
open field in southern Québec (46° 44’ N, 71° 28’ W),
and during the deployed period, we performed a Hill-
Ekstrom calibration during the longest stable posi-
tion (i.e. the wintering period; Lisovski et al. 2012).
Twilight events were identified using the threshold
method (Ekstrom 2004, Lisovski & Hahn 2012) with
the ‘TwGeos’ package (Lisovski et al. 2016) in R
(other packages mentioned below are also in R). We
set the threshold value to 1.15 lux to avoid noise in
the night-time light levels. To determine the geo-
graphic locations, we analyzed light-level data using
a Baye sian approach with the ‘SGAT’ package
(Wother spoon et al. 2013). We simulated a total of
11 700 samples. We provided the model with (1) raw
location estimates calculated with the threshold
method, (2) a spatial mask where inland positions
were less likely than at-sea positions, and (3) a move-
ment model defining probable flight speed. We
assumed a mean travel speed of 14 km h−1 with a
maximum at 61 km h−1 (Spear & Ainley 1997, Sittler
et al. 2011). More details about the geolocator data
analysis are provided in Supplement 3.

Saltwater immersion data were used to estimate
the maximum time spent in flight daily throughout
the non-breeding period. Each wet count recorded
was associated with a contact with saltwater. How-
ever, wet signals could not be assigned to a specific
activity, as jaegers may be on the water to forage or
to rest. In contrast, considering that jaegers are
highly pelagic and seldom rest on land outside the
breeding season (Wiley & Lee 2020), each dry period
(no wet count) was associated with flight (Mejías et
al. 2017, Schacter & Jones 2018, Studholme et al.
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2019). Accordingly, a higher number of immersions
was associated with less time spent in flight. At sea,
some stercorariids use kleptoparasitism, with about
20% of the chases being successful (Furness 1987).
The extent to which the small long-tailed jaeger
relies on kleptoparasitism to feed is unclear, but it
appears less important than in other members of the
Stercorariidae (Furness 1987, Wiley & Lee 2020).
Thus, we assumed that kleptoparasitism represented
a negligible portion of the time spent flying.

Because jaegers become entirely terrestrial during
breeding, we used a changepoint analysis (Killick &
Eckley 2014) to identify the start and end of migra-
tion based on a sudden change in the daily number
of immersions when the birds switch between marine
and terrestrial lifestyles (Fauchald et al. 2019). To
identify fall and spring migration stopovers, we looked
at stationary periods estimated by the ‘ChangeLight’
function in the ‘GeoLight’ package (Lisovski & Hahn
2012) with a minimum duration of 3 d. Finally, to
define the wintering period, we used a 3-step ap -
proach based on the ‘Migratory Analytical Time
Change Easy Detection’ method (Chen et al. 2016,
Doko et al. 2016). More details about the estimation
of the start and end of these periods are provided in
Supplement 3.

We calculated the total distance for each migration
step by summing the distance between successive
locations using the great-circle distance (‘distVincen-
tyEllipsoid’ function in the ‘Geosphere’ package;
Hijmans 2019). Because geolocators are inaccurate in
24 h daylight regions, we estimated the distance
traveled between the arctic breeding site and the
first location estimated by the geolocator (or vice
versa) based on the path recorded by satellite trans-
mitters (see Section 3).

To estimate the duration of migration, we calcu-
lated the difference between departure (or arrival)
date from the breeding site and arrival (or departure)
on the wintering site, excluding the stopover dura-
tion. To estimate the duration of the stopover and the
wintering periods, we calculated the difference be -
tween the arrival and departure dates at each site.
Finally, to estimate the travel speed for each migra-
tion leg, we divided the distance traveled by its dura-
tion using only portions of the tracks recorded by the
geolocators (i.e. excluding the segments in the Arctic
where no positions were available).

We estimated the individual home range (75% uti-
lization) and core area size (50% utilization) during
the wintering and stopover periods using the kernel
utilization distribution method with the  ‘kernelUD’
function of the package ‘adehabitatHR’ (Calenge

2006). We used the bivariate normal kernel method
and the least-square cross-validation algo rithm to
find the best smoothing parameter value (h, Table S2
in Supplement 3) controlling for the amount of varia-
tion in each component of the estimate (Worton
1989). We repeated the same methods for the home
range and core area sizes at the population level or to
compare males vs. females. To delimit the main win-
tering sites, we used the 50% minimum convex poly-
gon for each site ob served, considering separately all
the locations recorded at each site.

2.3.  Analysis of satellite transmitter data

Satellite transmitters were programmed to transmit
a signal continuously during 6 h at 4 d intervals. We
received the locations via the Argos system (Collecte
Localisation Satellites 2016), and each location was
assigned to a class (0, 1, 2, 3, A, B, Z) depending on
its estimated precision. The estimated accuracy of
the location classes 0, 1, 2, and 3 followed a normal
distribution with a standard deviation of >1500,
<1500, <500, and <250 m, respectively, and classes A
and B had no accuracy estimation. Locations of class
Z failed and were excluded, and in the case of multi-
ple records with the same time label, we retained the
most accurate one. All remaining locations were fil-
tered using a speed-distance-angle filter (‘argosfilter’
package; Freitas et al. 2008, Freitas 2012). We speci-
fied a speed threshold of 67 km h−1, corresponding to
the predicted mean + 1 SD ground flight speed of
jaegers and skuas with tailwinds (Spear & Ainley
1997), a value slightly higher than the maximum
flight speed recorded by Sittler et al. (2011). We used
the default settings for distances and angles, remov-
ing locations requiring turning angles of 165° and
155° if the track leading to them was longer than 2.5
and 5.0 km, respectively (Freitas et al. 2008). Our
3-step filter retained 88 ± 3% (SD) of the original
locations among individuals.

To avoid non-independence of spatial data be -
cause of the multiple recorded locations for each
period of transmission, we averaged to a single mean
daily location. We considered that a bird had started
its migration when its movement at sea was direc-
tional without turning back for a 6 h recording period
or when it reached a distance ≥150 km away from
Bylot Island. Departure date was defined as the
median between the previous recorded date and the
first one recorded on migration. We applied the same
method to estimate the arrival date on the fall stop -
over area off Newfoundland.
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2.4.  Marine productivity

We used marine productivity as a proxy of food
availability at the main wintering and stopover sites
used by jaegers. We used the MODIS-Aqua Level-3
chlorophyll a (chl a) data at 9 km resolution (NASA
OB DAAC 2018), which is a good proxy of marine
productivity (Ware & Thomson 2005). We calculated
the mean annual concentration of chl a from 2002 to
2020 within each wintering site and the mean over
32 d in spring (23 April to 24 May) and in fall (29
August to 29 September) for stopover sites used by
jaegers.

2.5.  Statistical analyses

We assessed the influence of the period of the
annual cycle on the total distance traveled with a lin-
ear mixed-effect model (LMM) based on a restricted
maximum likelihood approach in the package ‘nlme’
(Pinheiro et al. 2018). We used bird IDs as a random
factor for all LMMs because some individuals were
monitored more than once. However, we applied lin-
ear models (LMs) when we had ≤2 individuals moni-
tored twice to avoid overfitting and because the ran-
dom effect explained a negligible portion of the
variance. We used LMs to assess if sex affected the
total distance traveled annually (from the breeding to
the wintering site and back to the breeding site), and
the size of the individual core wintering area. We
also used LMs to compare the chl a concentration
between the different wintering sites or between fall
and spring stopovers.

We used LMMs to assess sex differences in depar-
ture date from the breeding site and to compare
departure date from the breeding site and arrival
date at the stopover between tracking devices (geo -
locators vs. satellite transmitters). We used LMMs or
LMs to test the influence of sex or wintering site on
the duration of stopover and wintering periods, ar -
rival and departure dates from the wintering site,
and arrival date at the breeding site. Finally, we used
an LMM to test if the combined duration of migration
and stopover changed between fall and spring
migrations.

We assessed the influence of the period of the an -
nual cycle on travel speed during migration and at
stopovers and on the daily number of immersions
(proxy of the time spent in flight vs. resting or forag-
ing at sea) with LMMs. We tested the influence of
sex, wintering site used, departure date from the
breeding or wintering site, and type of tracking de -

vice on fall and spring migration travel speed with
LMs or LMMs. Finally, we tested if the daily number
of immersions varied according to travel speed and
between fall and spring migrations using an LMM.
For all LMMs, we calculated the marginal R2 (for
fixed effects) and the conditional R2 (for fixed and
random effects) based on Nakagawa & Schiel zeth
(2013). All analyses were done using the software R
(R Core Team 2020) and we used a significance value
(α) of 0.05. Means are presented ±SD throughout.

3.  RESULTS

We retrieved 42 geolocators (Bylot Island: n = 40;
Igloolik Island: n = 2) 1−5 yr after deployment, giving
an overall recovery rate of 60% (Table S1). We col-
lected 43 tracks from 34 different individuals (19
females and 15 males), including 23 complete 2-way
migrations (5 devices yielded no or little information).

We received positions of birds marked with satel-
lite transmitters from 42−95 d after their deployment
(Table S1). None of the 10 individuals marked in
2008 with transmitters were ever seen again in the
following breeding seasons up to 2019.

3.1.  Migratory path and distance

Long-tailed jaegers departing the eastern
Canadian Arctic traveled through Baffin Bay and
Davis Strait to the North Atlantic and then crossed
the ocean to the western African coast (Fig. 1; Anima-
tion S1 at www. int-res. com/ articles/ suppl/ m677 p001
_ supp/). In the austral regions, most birds continued
through the eastern part of the Atlantic Ocean. Dur-
ing both migrations, most individuals (fall: 88%, n =
43; spring: 83%, n = 23) had one major stopover lo-
cated east of the Grand Banks of Newfoundland
(Fig. 2), while the others did not use any stopover.
The fall stopover area of the population was more
spatially restricted (60% smaller) than the spring one.
Stopover sites were generally similar for males and
females, although their core area overlapped more
in fall (60–65% depending of sex) than in spring
(33−39%; Fig. S4 in Supplement 4).

The total distance traveled annually by jaegers
estimated from geolocators averaged 61 344 ±
9101 km (range = 43 227− 76 021 km; n = 23). If we
exclude the stopovers and the wintering period, they
traveled on average 32 375 ± 6546 km during migra-
tions (range = 20 437− 44 743 km; n = 23). The dis-
tance traveled during the spring migration, exclud-
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ing the stopover, was significantly longer by about
20% compared to the fall (Table 1; Table S4 in Sup-
plement 5) and the total distance traveled annually
during migration did not differ between males
(32 505 ± 6482 km) and females (32 256 ± 6890 km).

3.2.  Wintering period

Based on individual core area used, we were able
to delimit 6 different wintering sites, all of which
were associated with major oceanic currents, 4 in the

eastern Atlantic (i.e. Canary, Guinea, Benguela, and
Agulhas Currents) and 2 in the western Atlantic (i.e.
North Equatorial and Brazil Currents; see Figs. 2 & 3;
Fig. S5 in Supplement 4). The Benguela Current was
the most heavily used site (68% of the individuals;
n = 40), whereas other sites were used by about
3−15% of the individuals. Males and females used
the same wintering sites (Fig. 2). The mean size of
individual core areas tended to be higher for females
(290 414 ± 111 619 km2; n = 14) than for males
(223 285 ± 107 774 km2; n = 12), but we found no sig-
nificant difference (Table S4).

6

Fig. 1. (A) Fall and (B) spring migratory paths of long-
tailed jaegers breeding in the eastern Canadian Arctic
on Bylot Island (red triangle) and Igloolik Island (or-
ange triangle) and recorded with geolocators. (C) Fall
migratory path of long-tailed jaegers recorded with
satellite transmitters. Each point represents the mean
daily location recorded every 4 d. The gray shaded area
represents the 95% minimum convex polygon and de-
limits the fall stopover area. Each color represents a 

different individual
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Among the individuals with a complete wintering
period, 18 used only 1 site for the whole period: 10 in
the Benguela Current, 4 in the Canary Current, 3 in
the Brazil Current, and 1 in the Guinea Current. If we
also consider incomplete wintering periods, individu-
als used on average 1.3 different sites during the
winter (range: 1−2; n = 40). Individuals from the same
pair did not systematically use the same wintering
sites (Table S3 in Supplement 4).

3.3.  Marine productivity

The second most heavily used wintering sites (Ca -
nary Current) had the highest mean annual chl a
concentration (1.14 ± 0.22 mg m−3; Fig. 3; Fig. S6 in
Supplement 6) and was significantly higher than
other wintering sites (Guinea: 0.19 ± 0.03, Benguela:
0.23 ± 0.02, Agulhas: 0.30 ± 0.03, North Equatorial:
0.31 ± 0.09, Brazil: 0.36 ± 0.04 mg m−3; Table S5 in

7

Fig. 2. (A) Fall and (B) spring stopover sites, and winter distributions of (C) female and (D) male long-tailed jaegers breeding in
the eastern Canadian Arctic on Bylot Island (red triangle) and Igloolik Island (orange triangle) and recorded with geolocators.
Blue lines enclose the 75% area and red lines enclose the 50% core area used. Gray shading represents the intensity of the
kernel utilization distribution based on all locations recorded during the period; darker colors represent a higher utilization
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Period                            na           Distance (km)       Duration (d)         nb      Travel speed (km d−1)     No of daily immersions

Fall migration               40           14730 ± 3053        42.7 ± 16.0         43                 385 ± 90                          1055 ± 269
Fall stopover                37c          3682 ± 2341        19.7 ± 12.8         37                 190 ± 33                          1112 ± 209
Wintering                      26           20487 ± 4574        144.8 ± 34.4         40                 149 ± 27                          2005 ± 267
Spring migration           23           17705 ± 4610        63.6 ± 21.1         26                 263 ± 60                          1702 ± 303
Spring stopover           19c          5597 ± 3873        26.8 ± 16.0         19                 199 ± 46                          1872 ± 332

aSample size for distance and duration; bSample size for travel speed and daily number of immersions in saltwater;
cIndividuals with no fall or spring stopover were excluded

Table 1. Movement characteristics (mean ± SD) for different periods of the annual cycle of long-tailed jaegers breeding in the
eastern Canadian Arctic and recorded with geolocators. Sample sizes (n) for the duration and the distance only include indi-
viduals tracked for the whole period, whereas those for travel speed and the number of daily immersions include incomplete 

tracks. Fall and spring migration periods exclude the stopover periods

Fig. 3. Oceanic chlorophyll a concentration estimated
for various periods of the annual cycle of long-tailed
jaegers in 2016. (A) Fall stopover (mean over 32 d); (B)
spring stopover (mean over 32 d); (C) wintering period
(annual mean). Red solid lines enclose the 50% core
area used by jaegers during stopovers based on the
kernel utilization distribution. Red dashed lines en-
close the main wintering sites of jaegers based on the
kernel utilization distribution. Currents are numbered:
(1) North Equatorial, (2) Brazil, (3) Canary, (4) Guinea,
(5) Benguela, and (6) Agulhas Current. Maps modified 

from NASA OB DAAC (2018)
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Supplement 5). However, the Benguela and Agulhas
Currents presented the lowest coefficients of varia-
tion through time, 8.6 and 9.8%, respectively, com-
pared to 19.5% for the Canary Current (Fig. S6). The
mean 32 d chl a concentration was 3.8 times higher
on the spring stopover than on the fall stopover
(Fig. S6, Table S5) but showed a similar coefficient of
variation (18%).

3.4.  Migration phenology

Jaegers marked with geolocators left Bylot Island
over a 5 wk period (12 August ± 9 d, range: 23 July to
27 August; n = 41; Fig. S7 in Supplement 7), and
the 2 individuals from Igloolik Island left on 8 and
21 August. Departure dates did not differ between
sexes (Table S6 in Supplement 5). Individuals marked
with satellite transmitters had similar departure
dates (17 August ± 4 d, range: 12 to 25 August; n = 9;
Table S6). Jaegers arrived within 14 ± 5 d at the
North Atlantic stopover site and at the same time
for geolocators (26 August ± 10 d, range: 29 July to
8 September, n = 38) and satellite transmitters
(24 August ± 4 d, range: 16 to 28 August, n = 7;
Table S6). Jaegers stayed there about 20 ± 13 d
(Table 1), but individuals wintering at the most dis-
tant sites (Ben gu ela and Agulhas Currents) spent
less time on the fall stopover than individuals winter-
ing at the closest one (Canary Current; Table S6).

Individuals arrived on their wintering site on 10 Oc -
to ber ± 17 d (range: 1 September to 21 November;
n = 40) and departed on 6 March ± 32 d (range:
14 January to 13 May; n = 26). We found no differ-
ence in the arrival date to the different wintering
sites, but the departure date from the northernmost
wintering site (Canary) was 47 d later than for other
sites and the duration of the wintering period was
32% longer (Table S6). We found no sex difference in
the arrival and departure dates, nor in the duration of
the wintering period (Table S6).

Jaegers arrived at the North Atlantic stopover site
around 23 April ± 17 d (range: 20 March to 19 May;
n = 19) and spent about 27 ± 16 d there (Table 1).
Jaegers wintering at the southernmost site spent
more time on the stopover than birds from the north-
ernmost site. Females also spent more time than
males (30 ± 18 vs. 15 ± 15 d) at the spring stopover,
contrary to the fall period (12 ± 14 vs. 22 ± 12 d,
respectively; Table S6). Arrival at the breeding site
occurred over a 2.5 wk period (average: 3 June ± 4 d,
range: 26 May to 13 June; n = 23), a shorter span than
for the departure date. Arrival date did not differ

between sexes or wintering sites (Table S6). Arrival
date of individuals of the same pair was on average
5 ± 2.6 d apart (Table S3). The total time spent in
migration and at the stopover was shorter in fall (60 ±
16 d) than in spring (86 ± 31 d; Table S6).

3.5.  Travel speed and immersions

The average daily travel speed differed between
periods, ranging from 149 km d−1 during the winter-
ing period to 385 km d−1 during the fall migration
(Table 1; Table S4). Fall migration was on average
46% faster than spring migration (Table 1). When
birds were using stopover areas, their daily travel
speeds were similar in spring and fall but 27−33%
higher than in winter (Table 1). Both sexes traveled
at the same speed in fall and spring (Table S4). Aver-
age fall migration travel speed was similar for birds
heading to different wintering sites, but birds winter-
ing in the Guinea Current traveled at a slightly lower
speed in spring compared to birds originating from
other sites (Table S4). During spring, migration
speed increased with the departure date from the
wintering site, but not in fall (Fig. 4; Table S4). Travel
speed of birds tracked with satellite transmitters
 during the first part of the fall migration (428 ±
155 km d−1; n = 7) was similar to birds tracked with
geolocators (385 ± 90 km d−1; n = 43; Table S4).

The average daily number of immersions in salt -
water was 61% higher during the spring migration
than during the fall migration (Table 1; Table S4). In
spring, the daily number of immersions after the
stopover was 12% higher than before the stopover
(1857 ± 344 vs. 1658 ± 309 immersions per day) and
equal to the stopover period (1872 ± 332; Table S4).
The daily number of immersions also decreased as
individual travel speed increased, and this relation-
ship was steeper in spring than in fall (Fig. 5;
Table S4). The immersions were also 7–90% higher
during the wintering period than in other periods
(Table 1; Table S4).

4.  DISCUSSION

We documented for the first time the annual move-
ments and migration phenology of the Canadian pop-
ulation of long-tailed jaegers, long-distance migrants
breeding in the Arctic. We confirmed the presence of
a major stopover in the North Atlantic and found that
their main wintering sites are located in the aus -
tral region of the Atlantic Ocean, predominantly off
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the African coast. Contrary to most migratory bird
species, and especially species breeding in the Arctic
where the reproductive season is very short, jaegers
traveled faster during the fall migration than during
the spring migration and did not adopt a time-mini-
mizing strategy during the spring migration.

4.1.  Migratory path

The migration of long-tailed jaegers roughly fol-
lowed a figure-eight pattern, turning clockwise in
the North Atlantic and somewhat counter-clockwise
in the South Atlantic. This pattern is displayed by
several other trans-equatorial migrating seabirds
(González-Solís et al. 2007, Egevang et al. 2010,
Hedd et al. 2012). Jaegers breeding in the Eurasian
Arctic displayed a similar migratory route across the
Atlantic Ocean to those breeding in the Canadian
Arctic and also showed a similar wider migratory
path in spring compared to the fall (Gilg et al. 2013,

van Bemmelen et al. 2017). These paths do not follow
the shortest distance between the breeding and win-
tering sites but they follow the dominant winds in the
Atlantic (González-Solís et al. 2007, Felicísimo et al.
2008, Egevang et al. 2010). Therefore, these paths
probably represent an energy-optimization strategy
to benefit from tailwinds (Alerstam 2011).

Long-tailed jaegers breeding in the eastern Cana-
dian Arctic used the same stopover area in the North
Atlantic during both spring and fall migrations.
Located east of the Grand Banks of Newfoundland,
this area was used for 3 to 4 wk by most individuals.
It is associated with the subpolar front between the
Grand Banks and the Charlie-Gibbs fracture zone. It
is recognized as a hotspot for seabirds because of its
important productivity and predictability, especially
in spring as also shown by our results (Boertmann
2011, Scales et al. 2014, Davies et al. 2021). Many
seabirds use this area either as a stopover (e.g. Cory’s
shearwater Calonectris borealis, Arctic tern Sterna
paradisaea, European and Greenlandic long-tailed
jaegers) or as a wintering site (e.g. great skua Sterco-
rarius skua, sooty shearwater Ardenna grisea, Cory’s
shearwater; Egevang et al. 2010, Dias et al. 2011,
Hedd et al. 2012, Magnúsdóttir et al. 2012, Gilg et al.
2013, van Bemmelen et al. 2017, Davies et al. 2021).
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Fig. 5. Relationship between the daily number of immersions
in saltwater and travel speed during (A) fall and (B) spring
migrations of long-tailed jaegers. Each point represents the
mean number of immersions during fall or spring migration
for one individual. Solid line represents a significant relation-

ship (gray shading is the 95% confidence interval)
Fig. 4. Relationship between travel speed during migration
and departure date (A) from the breeding site and (B) from
the wintering site in long-tailed jaegers. Each point repre-
sents the mean travel speed during fall or spring migration
for 1 individual. Solid line represents a significant relation-
ship and dashed line a non-significant one (gray shading is 

the 95% confidence interval)
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This area should therefore be considered as a major
refueling stop for the migrating long-tailed jaegers
and reinforces the need to protect it to ensure the
sustainability of many seabird populations (Davies et
al. 2021).

4.2.  Wintering period

We identified 6 main wintering sites used by long-
tailed jaegers breeding in eastern Canada. These
sites were predominantly located in the south Atlan -
tic Ocean and most jaegers wintered, at least partly,
in the Benguela Current. European and eastern
Green landic populations are also concentrated along
the west African coast in winter, from the Guinea to
the Benguela Current, with the latter site being the
most heavily used site (Gilg et al. 2013, van Bemme-
len et al. 2017). Overall, these results indicate a weak
migratory connectivity in long-tailed jaegers, as indi-
viduals originating from the same breeding site can
spread over several distant wintering sites and are
mixed with birds originating from different breeding
populations. Weak migratory connectivity makes it
more difficult to target particular areas to protect
specific populations that could be in trouble (Webster
et al. 2002).

Jaegers wintered in areas of high marine produc-
tivity; thus, presumably in predictable and food-rich
areas. All of their wintering sites, especially the 2
most heavily used, the Benguela and Canary Cur-
rents, are influenced by strong upwellings leading
to high productivity. The Benguela Current is one of
the most important and stable upwelling regions in
the world, providing high productivity year-round
(Chavez & Messié 2009). It is a known wintering
area for many seabird species (e.g. Cory’s shear -
waters, Sabine’s gull Xema sabini; Dias et al. 2011,
Stenhouse et al. 2012, Davis et al. 2016), and is also
an important migratory passage (e.g. Arctic tern;
Egevang et al. 2010) and breeding (e.g. cape gannet
Morus capensis; Crawford 2007) area for other spe-
cies. Its consistent productivity between years prob-
ably makes this area more attractive for jaegers
than other sites. Despite a high marine productivity,
the Canary Current is influenced by strong season-
ality (Chavez & Messié 2009) and displays important
inter-annual variability.

Gilg et al. (2013) suggested that by concentrating
their activity at sites heavily used by other seabirds,
jaegers may incur additional benefits due to their
occasional kleptoparasitic habit, but this hypothesis
remains to be validated. Moreover, it is possible

that long-tailed jaegers benefit from fishing vessels,
which also concentrate in upwelling and high pro-
ductivity areas, by feeding on fishing discards from
ships (Wiley & Lee 2020). However, this may pose a
risk for their survival due to bird bycatch associated
with fisheries (Dias et al. 2019).

4.3.  Travel speed and phenology

Migratory birds often travel faster in spring than
in fall, which allows them to arrive early on the
breeding site before competitors and at the optimal
time for breeding (Kokko 1999, Alerstam 2011, Nils-
son et al. 2013, Schmaljohann 2018). However, our
results showed the opposite in long-tailed jaegers,
with the fall migration being the faster one, as pre-
viously found by Gilg et al. (2013). Jaegers may use
this strategy to arrive rapidly at their wintering site
and start molting their flight feathers as soon as
possible. Although information on molting pattern is
limited in this species (Wiley & Lee 2020), van Bem-
melen et al. (2018) showed that molt only starts after
completion of the fall migration, once birds have
reached their wintering site. This pattern is common
in long- distance migrants (Alerstam 1990, Kjellén
1994, Newton 2011), including seabirds (Voelker
1997, Lee et al. 2020). As molting can reduce flight
efficiency, birds rarely molt flight feathers during
long-distance migrations and especially in fall when
feathers are old and worn (Newton 2011).

Jaegers traveled a greater distance and spent much
more time traveling and on stopovers in spring than in
fall. This pattern differs from other seabirds that
follow similar migratory paths. For instance, Arctic
terns migrate 1.5 times faster in spring than in fall
while covering similar distances (Egevang et al. 2010,
Hromádková et al. 2020). The slower travel speed in
spring and the higher number of daily immersions
(more time in contact with saltwater) compared to fall
provide evidence that jaegers adopt some sort of fly-
and-forage migration strategy in spring (Strandberg
& Alerstam 2007). This is especially true after the
spring stopover when jaegers increased their number
of immersions compared to before the stopover, sug-
gesting a reduction of time spent in flight and an in-
crease in foraging and/or resting on the water. It is
unlikely that the fly-and-forage strategy is due to a
lower food availability considering the higher marine
productivity found at the stopover site in spring com-
pared to fall (Fig. S6; NASA OB DAAC 2018). Jaegers
may use a fly-and-forage strategy to increase their
feeding effort during the spring migration and the
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stopover in anticipation of unfavorable conditions that
may prevail upon arrival at the breeding site. Exten-
sive sea-ice cover restricts access to open water in
spring in the Arctic. Thus, feeding opportunities are
likely limited to a few polynyas or the mouth of thaw-
ing rivers in the Baffin Bay and Foxe Basin regions in
spring (Hunt 1991, Barber & Massom 2007). On land,
lemming density varies considerably between years
(Fauteux et al. 2015), and the presence of snow cover
in spring greatly reduces their accessibility to avian
predators (Therrien et al. 2015). Therefore, the high
unpredictability of arctic marine and terrestrial food
re sources in spring may favor increased feeding at
sea during the stopover and the last portion of their
migration. This would allow birds to arrive in good
body condition and invest in reproduction shortly
after arrival while minimizing the risk of starvation
(de Korte 1985, Lamarre et al. 2017, Jean-Gagnon et
al. 2018). Our results thus support the idea that migra-
tory seabirds that depend on terrestrial prey on their
arctic breeding grounds may reduce travel speed in
spring to prevent adverse effects on their fitness (Bêty
et al. 2004, Nuijten et al. 2014, Deng et al. 2019).

In spring, the spread of arrival dates at the breed-
ing site was almost halved compared to the spread of
departure dates in late summer (2.5 vs. 5 wk), a pat-
tern typical of what we would expect for most spe-
cies. In spring, the timing of arrival can be critical
because laying date is an important determinant of
breeding success, especially in the Arctic due to the
shortness of the breeding season (Bêty et al. 2004,
Reséndiz-Infante & Gauthier 2020). A concentrated
arrival period may appear contradictory with their
slow travel speed during spring migration. However,
jaegers may adjust their arrival date by changing
their travel speed near the end of the migration in
response to local environmental conditions. Unfortu-
nately, we could not verify this hypothesis due to the
lack of positions at high latitudes in spring with the
24 h daylight. In the fall, departure dates may be less
critical and depend on weather conditions or food
availability on the breeding grounds (Newton 2008).

4.4.  Sex variability

Our results suggest no or few sex differences in the
phenology, migratory movements, and wintering
site. Parental roles in avian reproduction often con-
tribute to sex differences in the migration phenology,
with males typically arriving earlier in spring to de -
fend a good territory (Alerstam 2011, Newton 2011,
De Felipe et al. 2019). Size dimorphism could also ex -

plain differences in the migratory distance (Müller et
al. 2015). The absence of sex-specific differences in
jaegers is thus not surprising, as males and females
have rather similar roles and investment in reproduc-
tion (Furness 1987), and size dimorphism is small
(Seyer et al. 2019). The few pairs that we tracked did
not migrate together and used different wintering
sites most of the time. Thus, pair reunification could
also be an additional factor behind the smaller vari-
ance in arrival dates during spring compared to the
departure dates in late summer. A synchronous ar -
rival should facilitate pair reunification on the breed-
ing territory. Indeed, a long interval between the
arrival of pair members may increase the chances
that the first arriving bird decides to form a new pair
bond to avoid losing a breeding opportunity (Choud-
hury 1995, González-Solís et al. 1999).

4.5.  Negative impact of satellite transmitters

The signal of all individuals marked with satellite
transmitters was lost within a few weeks after the start
of the fall migration, as also reported by Sittler et al.
(2011) on the same species. Despite important field ef-
forts to monitor jaegers for >10 yr at the breeding site,
none of the 10 marked individuals was ever resighted,
unlike individuals marked with geo locators (minimum
return rate of 74%, n = 70). This strongly suggests that
satellite transmitters installed as backpack harnesses
had a negative impact on the survival of long-tailed
jaegers, as reported in other seabirds (great skuas,
Thaxter et al. 2016; herring gulls Larus argentatus,
Anderson et al. 2020). Thaxter et al. (2016) suggested
that a reduction in flight agility and foraging effi -
ciency could have affected the kleptoparisitic behav-
ior of skuas. It is also possible that the device and/or
the harness affected flight performance during their
long migration, created friction on the skin, or com-
promised insulation due to feather wear, thus increas-
ing mortality due to ex haustion (Thaxter et al. 2016). If
plumage gets damp, pelagic seabirds do not have the
possibility to rest on land to dry, which may rapidly
lead to death due to chilling. Even though satellite
transmitters respected the 3% of body mass rule
(Phillips et al. 2003), this additional weight may also
have affected survival through an increase in energy
expenditure during their long migration. However,
transmitters apparently had a minimal effect on travel
speed and migration phenology since these parame-
ters were similar to those of individuals tracked with
geolocators during early migration. Nonetheless, for
future research on long-tailed jaegers, we strongly
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recommend the use of small and light devices such as
geolocators to avoid the problems reported here and
by Sittler et al. (2011).

5.  CONCLUSIONS

We reported for the first time migratory movements
of long-tailed jaegers breeding in the Canadian Arc-
tic. Only a few arctic seabirds are long-distance
trans-equatorial migrants like long-tailed jaegers
(Egevang et al. 2010, Stenhouse et al. 2012, Davis et
al. 2016, Hromádková et al. 2020). Although several
of these species share similar migratory paths and
stop over areas (Davies et al. 2021), the optimal migra-
tion strategies appear species specific. Contrary to
most other species, the fall migration of  arctic-nesting
jaegers was 46% faster and more direct than the
spring migration. A time-minimizing strategy in fall
may be partly favored by the need to molt as soon as
possible after the completion of the migration. In
spring, a fly-and-forage strategy could be the best
strategy, as higher foraging effort during migration
may allow birds to arrive in the Arctic in good body
condition, hence in a better position to face unpre-
dictable and adverse environmental conditions.

Documenting travel paths of long-distance migrat-
ing seabirds allows the identification of key areas for
the conservation of these species, such as the eastern
end of the Grand Banks of Newfoundland or the
Benguela Current in the case of long-tailed jaegers.
This provides baseline information to evaluate how
threats such as climate warming or increased fishing
activity may potentially affect these distant areas and
ultimately the seabirds using them. Furthermore,
integrating events and constraints faced during the
entire annual cycle can increase our ability to explain
variations in migration strategies used by seabirds or
demographic trends observed at their breeding site
due to carry-over effects. Ultimately, this will im -
prove our ability to take proper conservation actions
when needed.

Acknowledgements. We are grateful to J. Vincent, K. Chatila-
Amos, A. Roy, A. Robillard, A. Beardsell, F. LeTourneux, M.
Poirier, M. Valcourt, G. Bergeron, J. A. Otis, and everyone
else who contributed to the important nest search effort in
the field. Thanks to J. F. Lamarre, D. J. Léandri-Breton, D.
Pinaud, D. Pelletier, P. Legagneux, M. Babin, and P. Massi-
cotte for their help with data analyses. Special thanks to M.
C. Cadieux for her help with data management and field
logistics. We appreciate the invaluable assistance and help
from the community of Pond Inlet and Igloolik, in particular
M. Qrunuk and the Hunters and Trappers Organizations.
Funding for this project was provided by the Natural Sci-

ences and Engineering Research Council of Canada, the
Fonds de recherche du Québec Nature et Technologies, the
Network of Centre of Excellence ArcticNet, the Polar Conti-
nental Shelf Program of Natural Resources Canada, the
Northern Scientific Training Program of Polar Knowledge
Canada, the Canada Research Chair Program, the Canadian
Foundation for Innovation, Université de Moncton, the Gov-
ernment of Nunavut, and the Garfield Weston Foundation.

LITERATURE CITED

Alerstam T (1990) Bird migration. Cambridge University
Press, Cambridge

Alerstam T (2011) Optimal bird migration revisited.
J Ornithol 152: 5−23

Alves JA, Dias MP, Méndez V, Katrínardóttir B, Gunnarsson
TG (2016) Very rapid long-distance sea crossing by a
migratory bird. Sci Rep 6: 38154

Anderson CM, Gilchrist HG, Ronconi RA, Shlepr KR and
others (2020) Both short and long distance migrants use
energy-minimizing migration strategies in North Ameri-
can herring gulls. Mov Ecol 8: 26

Barber DG, Massom RA (2007) The role of sea ice in Arctic
and Antarctic polynyas. In:  Smith WO Jr, Barber DG
(eds) Polynyas — windows to the world. Elsevier
Oceanography Series. Elsevier, Amsterdam, p 1−54

Bêty J, Giroux JF, Gauthier G (2004) Individual variation in
timing of migration:  causes and reproductive conse-
quences in greater snow geese (Anser caerulescens
atlanticus). Behav Ecol Sociobiol 57: 1−8

Boertmann D (2011) Seabirds in the central North Atlantic,
September 2006:  further evidence for an oceanic seabird
aggregation area. Mar Ornithol 39: 183−188

Bustnes JO, Moe B, Helberg M, Phillips RA (2013) Rapid
long-distance migration in Norwegian lesser black-
backed gulls Larus fuscus fuscus along their eastern fly-
way. Ibis 155: 402−406

Calenge C (2006) The package ‘adehabitat’ for the R soft-
ware:  a tool for the analysis of space and habitat use by
animals. Ecol Model 197: 516−519

Chavez FP, Messié M (2009) A comparison of eastern bound-
ary upwelling ecosystems. Prog Oceanogr 83: 80−96

Chen W, Doko T, Fujita G, Hijikata N and others (2016)
Migration of tundra swans (Cygnus columbianus) win-
tering in Japan using satellite tracking:  identification of
the eastern Palearctic flyway. Zool Sci (Tokyo) 33: 63−72

Choudhury S (1995) Divorce in birds:  a review of the
hypotheses. Anim Behav 50: 413−429

Collecte Localisation Satellites (2016) Argos user’s manual.
CLS America Inc., Lanham, MD

Crawford RJM (2007) Food, fishing and seabirds in the
Benguela upwelling system. J Ornithol 148: 253−260

Davies TE, Carneiro APB, Tarzia M, Wakefield E and others
(2021) Multispecies tracking reveals a major seabird
hotspot in the North Atlantic. Conserv Lett 2021: e12824

Davis SE, Maftei M, Mallory ML (2016) Migratory connec-
tivity at high latitudes:  Sabine’s gulls (Xema sabini) from
a colony in the Canadian High Arctic migrate to different
oceans. PLOS ONE 11: e0166043

De Felipe F, Reyes-González JM, Militão T, Neves VC and
others (2019) Does sexual segregation occur during the
nonbreeding period? A comparative analysis in spatial
and feeding ecology of three Calonectris shearwaters.
Ecol Evol 9: 10145−10162

13

https://doi.org/10.1007/s10336-011-0694-1
https://doi.org/10.1038/srep38154
https://doi.org/10.1186/s40462-020-00207-9
https://doi.org/10.1007/s00265-004-0840-3
https://doi.org/10.1111/ibi.12022
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1002/ece3.5501
https://doi.org/10.1371/journal.pone.0166043
https://doi.org/10.1007/s10336-007-0228-z
https://doi.org/10.1006/anbe.1995.0256
https://doi.org/10.2108/zs150066
https://doi.org/10.1016/j.pocean.2009.07.032


Mar Ecol Prog Ser 677: 1–16, 2021

de Korte J (1985) Ecology of the long-tailed skua, Sterco-
rarius longicaudus Vieillot, 1819, at Scoresby Sund East
Greenland. Part three:  clutch size, laying date and
incubation in relation to energy reserves. Beaufortia 35: 
93−127

Deng X, Zhao Q, Fang L, Xu Z and others (2019) Spring
migration duration exceeds that of autumn migration in
Far East Asian greater white-fronted geese (Anser alb-
ifrons). Avian Res 10: 19

Dias MP, Granadeiro JP, Phillips RA, Alonso H, Catry P
(2011) Breaking the routine:  individual Cory’s shearwa-
ters shift winter destinations between hemispheres and
across ocean basins. Proc R Soc B 278: 1786−1793

Dias MP, Martin R, Pearmain EJ, Burfield IJ and others
(2019) Threats to seabirds:  a global assessment. Biol
Conserv 237: 525−537

Doko T, Chen W, Higuchi H (2016) Development of
MATCHED (Migratory Analytical Time Change Easy
Detection) method for satellite-tracked migratory birds.
ISPRS Ann Photogramm Remote Sens Spatial Inf Sci
III−2: 61−68

Egevang C, Stenhouse IJ, Phillips RA, Petersen A, Fox JW,
Silk JRD (2010) Tracking of Arctic terns Sterna paradis-
aea reveals longest animal migration. Proc Natl Acad Sci
USA 107: 2078−2081

Ekstrom PA (2004) An advance in geolocation by light. Mem
Natl Inst Polar Res Spec Issue 58: 210−226

Fauchald P, Tarroux A, Bråthen VS, Descamps S and others
(2019) Arctic-breeding seabirds’ hotspots in space and
time — a methodological framework for year-round mod-
elling of environmental niche and abundance using
light-logger data. NINA Report 1657. Norwegian Insti-
tute for Nature Research, Tromsø

Fauteux D, Gauthier G, Berteaux D (2015) Seasonal demog-
raphy of a cyclic lemming population in the Canadian
Arctic. J Anim Ecol 84: 1412−1422

Felicísimo ÁM, Muñoz J, González-Solis J (2008) Ocean sur-
face winds drive dynamics of transoceanic aerial move-
ments. PLOS ONE 3: e2928

Fox JW (2013) Instructions for operating Intigeo® geoloca-
tors (v1.3). Migrate Technology Ltd, Cambridge

Freitas C (2012) Argosfilter:  Argos locations filter. R pack-
age version 0.63. https://CRAN.R-project.org/ package
=argosfilter

Freitas C, Lydersen C, Fedak MA, Kovacs KM (2008) A sim-
ple new algorithm to filter marine mammal Argos loca-
tions. Mar Mamm Sci 24: 315−325

Furness RW (1987) The skuas. T & AD Poyser, Calton
Gauthier G, Berteaux D, Bêty J, Tarroux A and others (2011)

The tundra food web of Bylot Island in a changing cli-
mate and the role of exchanges between ecosystems.
Ecoscience 18: 223−235

Gilg O, Moe B, Hanssen SA, Schmidt NM and others (2013)
Trans-equatorial migration routes, staging sites and win-
tering areas of a High-Arctic avian predator:  the long-
tailed skua (Stercorarius longicaudus). PLOS ONE 8: 
e64614

González-Solís J, Becker PH, Wendeln H (1999) Divorce and
asynchronous arrival in common terns, Sterna hirundo.
Anim Behav 58: 1123−1129

González-Solís J, Croxall JP, Oro D, Ruiz X (2007) Trans-
equatorial migration and mixing in the wintering areas
of a pelagic seabird. Front Ecol Environ 5: 297−301

Hedd A, Montevecchi WA, Otley H, Phillips RA, Fifield DA
(2012) Trans-equatorial migration and habitat use by

sooty shearwaters Puffinus griseus from the South
Atlantic during the nonbreeding season. Mar Ecol Prog
Ser 449: 277−290

Hedenström A, Alerstam T (1997) Optimum fuel loads in
migratory birds:  distinguishing between time and
energy minimization. J Theor Biol 189: 227−234

Hijmans RJ (2019) Geosphere:  spherical trigonometry.
R package version 1.5-10. https://CRAN.R-project.org/
package=geosphere

Horton KG, Van Doren BM, Stepanian PM, Farnsworth A,
Kelly JF (2016) Seasonal differences in landbird migra-
tion strategies. Auk 133: 761−769

Hromádková T, Pavel V, Flousek J, Briedis M (2020) Season-
ally specific responses to wind patterns and ocean pro-
ductivity facilitate the longest animal migration on Earth.
Mar Ecol Prog Ser 638: 1−12

Hunt GL (1991) Marine birds and ice-influenced environ-
ments of polar oceans. J Mar Syst 2: 233−240

Jahn AE, Cueto VR, Fox JW, Husak MS and others (2013)
Migration timing and wintering areas of three species of
flycatchers (Tyrannus) breeding in the Great Plains of
North America. Auk 130: 247−257

Jean-Gagnon F, Legagneux P, Gilchrist G, Bélanger S, Love
OP, Bêty J (2018) The impact of sea ice conditions on
breeding decisions is modulated by body condition in an
arctic partial capital breeder. Oecologia 186: 1−10

Kiat Y, Izhaki I (2016) Moult strategies affect age differences
in autumn migration timing in East Mediterranean
migratory passerines. PLOS ONE 11: e0147471

Killick R, Eckley IA (2014) Changepoint:  an R package for
changepoint analysis. J Stat Softw 58: 1−19

Kjellén N (1994) Moult in relation to migration in birds —
a review. Ornis Svec 4: 1−24

Klaassen RHG, Ens BJ, Shamoun-Baranes J, Exo KM, Bair-
lein F (2012) Migration strategy of a flight generalist, the
lesser black-backed gull Larus fuscus. Behav Ecol 23: 
58−68

Klaassen RHG, Hake M, Strandberg R, Koks BJ and others
(2014) When and where does mortality occur in migra-
tory birds? Direct evidence from long-term satellite
tracking of raptors. J Anim Ecol 83: 176−184

Kokko H (1999) Competition for early arrival in migratory
birds. J Anim Ecol 68: 940−950

Kölzsch A, Müskens GJDM, Kruckenberg H, Glazov P,
Weinzierl R, Nolet BA, Wikelski M (2016) Towards a new
understanding of migration timing:  slower spring than
autumn migration in geese reflects different decision rules
for stopover use and departure. Oikos 125: 1496−1507

Kulaszewicz I, Jakubas D (2015) Factors affecting post-
breeding moult in the Savi’s warbler Locustella luscinio -
ides in northern Poland. Ardea 103: 61−68

Lamarre V, Franke A, Love OP, Legagneux P, Bêty J (2017)
Linking pre-laying energy allocation and timing of
breeding in a migratory arctic raptor. Oecologia 183: 
653−666

Lee DS, Haney JC, Carboneras C, Jutglar F, Kirwan GM
(2020) Manx shearwater (Puffinus puffinus), version 1.0.
Birds of the World. https: //doi.org/10.2173/ bow.manshe.
01 (accessed 8 February 2021)

Lisovski S, Hahn S (2012) GeoLight — processing and
analysing light-based geolocator data in R. Methods Ecol
Evol 3: 1055−1059

Lisovski S, Hewson CM, Klaassen RHG, Korner-Nievergelt
F, Kristensen MW, Hahn S (2012) Geolocation by light: 
accuracy and precision affected by environmental fac-

14

https://doi.org/10.1186/s40657-019-0157-6
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21106591&dopt=Abstract
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.5194/isprs-annals-III-2-61-2016
https://doi.org/10.1073/pnas.0909493107
https://doi.org/10.1111/1365-2656.12385
https://doi.org/10.1371/journal.pone.0002928
https://doi.org/10.1111/j.1748-7692.2007.00180.x
https://doi.org/10.2980/18-3-3453
https://doi.org/10.1371/journal.pone.0064614
https://doi.org/10.1006/anbe.1999.1235
https://doi.org/10.1890/1540-9295(2007)5%5b297%3ATMAMIT%5d2.0.CO%3B2
https://doi.org/10.3354/meps09538
https://doi.org/10.1006/jtbi.1997.0505
https://doi.org/10.1642/AUK-16-105.1
https://doi.org/10.1111/j.2041-210X.2012.00185.x
https://doi.org/10.1111/j.2041-210X.2012.00248.x
https://doi.org/10.2173/bow.manshe.01
https://doi.org/10.1007/s00442-016-3797-9
https://doi.org/10.5253/arde.v103i1.a6
https://doi.org/10.1111/oik.03121
https://doi.org/10.1046/j.1365-2656.1999.00343.x
https://doi.org/10.1111/1365-2656.12135
https://doi.org/10.1093/beheco/arr150
https://doi.org/10.18637/jss.v058.i03
https://doi.org/10.1371/journal.pone.0147471
https://doi.org/10.1007/s00442-017-4002-5
https://doi.org/10.1525/auk.2013.13010
https://doi.org/10.1016/0924-7963(91)90026-Q
https://doi.org/10.3354/meps13274


Seyer et al.: Seasonal variations in migration strategy

tors. Methods Ecol Evol 3: 603−612
Lisovski S, Wotherspoon S, Sumner M (2016) TwGeos:  Basic

data processing for light-level geolocation archival tags.
R package version 0.1.2. https:// github. com/ slisovski/
TwGeos

Magnúsdóttir E, Leat EHK, Bourgeon S, Strøm H and others
(2012) Wintering areas of great skuas Stercorarius skua
breeding in Scotland, Iceland and Norway. Bird Study
59: 1−9

Maher WJ (1970) Ecology of the long-tailed jaeger at Lake
Hazen, Ellesmere Island. Arctic 23: 112−129

Mejías MA, Wiersma YF, Wingate DB, Madeiros JL (2017)
Distribution and at-sea behavior of Bermudan white-
tailed tropicbirds (Phaethon lepturus catesbyi) during
the non-breeding season. J Field Ornithol 88: 184−197

Müller MS, Massa B, Phillips RA, Dell’Omo G (2015) Sea-
birds mated for life migrate separately to the same
places:  behavioural coordination or shared proximate
causes? Anim Behav 102: 267−276

Nakagawa S, Schielzeth H (2013) A general and simple
method for obtaining R2 from generalized linear mixed-
effects models. Methods Ecol Evol 4: 133−142

NASA OB DAAC (2018) NASA Goddard Space Flight Center,
Ocean Ecology Laboratory, Ocean Biology Processing
Group. Moderate-resolution Imaging Spectroradiometer
(MODIS) Aqua Chlorophyll Data; 2018 Reprocessing. https: 
// oceancolor.gsfc.nasa.gov/l3/ (accessed 29 March 2021)

Newton I (2008) The migration ecology of birds. Elsevier
Academic Press, Amsterdam

Newton I (2011) Migration within the annual cycle:  species,
sex and age differences. J Ornithol 152: 169−185

Nilsson C, Klaassen Raymond HG, Alerstam T (2013) Differ-
ences in speed and duration of bird migration between
spring and autumn. Am Nat 181: 837−845

Norris DR, Marra PP, Kyser TK, Sherry TW, Ratcliffe LM
(2004) Tropical winter habitat limits reproductive suc-
cess on the temperate breeding grounds in a migratory
bird. Proc R Soc B 271: 59−64

Nuijten RJM, Kölzsch A, van Gils JA, Hoye BJ and others
(2014) The exception to the rule:  retreating ice front
makes Bewick’s swans Cygnus columbianus bewickii
migrate slower in spring than in autumn. J Avian Biol 45: 
113−122

Petrie SA, Wilcox KL (2003) Migration chronology of East-
ern-Population tundra swans. Can J Zool 81: 861−870

Phillips RA, Xavier JC, Croxall JP (2003) Effects of satellite
transmitters on albatrosses and petrels. Auk 120: 
1082−1090

Pinheiro J, Bates D, DebRoy S, Sarkar D and others (2018)
Nlme:  linear and nonlinear mixed effects models.
R package version 3.1-137. https://CRAN.R-project.org/
package =nlme

R Core Team (2020) R:  a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna

Reséndiz-Infante C, Gauthier G (2020) Temporal changes in
reproductive success and optimal breeding decisions in a
long-distance migratory bird. Sci Rep 10: 22067

Rowe L, Ludwig D, Schluter D (1994) Time, condition, and
the seasonal decline of avian clutch size. Am Nat 143: 
698−722

Scales KL, Miller PI, Hawkes LA, Ingram SN, Sims DW,
Votier SC (2014) On the front line:  frontal zones as prior-
ity at-sea conservation areas for mobile marine verte-
brates. J Appl Ecol 51: 1575−1583

Schacter CR, Jones IL (2018) Confirmed year-round resi-
dence and land roosting of whiskered auklets (Aethia
pygmaea) at Buldir Island, Alaska. Auk 135: 706−715

Schmaljohann H (2018) Proximate mechanisms affecting
seasonal differences in migration speed of avian species.
Sci Rep 8: 4106

Senner NR, Verhoeven MA, Abad-Gómez JM, Alves JA and
others (2019) High migratory survival and highly vari-
able migratory behavior in black-tailed godwits. Front
Ecol Evol 7: 96

Seyer Y, Gauthier G, Bernatchez L, Therrien JF (2019) Sex-
ing a monomorphic plumage seabird using morphomet-
rics and assortative mating. Waterbirds 42: 380−392

Seyer Y, Gauthier G, Fauteux D, Therrien JF (2020) Re -
source partitioning among avian predators of the Arctic
tundra. J Anim Ecol 89: 2934−2945

Sittler B, Aebischer A, Gilg O (2011) Post-breeding migra-
tion of four long-tailed skuas (Stercorarius longicaudus)
from North and East Greenland to West Africa.
J Ornithol 152: 375−381

Spear LB, Ainley DG (1997) Flight speed of seabirds in rela-
tion to wind speed and direction. Ibis 139: 234−251

Steenhof K, Bates KK, Fuller MR, Kochert MN, McKinley
JO, Lukacs PM (2006) Effects of radiomarking on prairie
falcons:  attachment failures provide insights about sur-
vival. Wildl Soc Bull 34: 116−126

Stenhouse IJ, Egevang C, Phillips RA (2012) Trans-equator-
ial migration, staging sites and wintering area of Sabine’s
gulls Larus sabini in the Atlantic Ocean. Ibis 154: 42−51

Strandberg R, Alerstam T (2007) The strategy of fly-and-for-
age migration, illustrated for the osprey (Pandion haliae-
tus). Behav Ecol Sociobiol 61: 1865−1875

Studholme KR, Hipfner JM, Domalik AD, Iverson SJ,
Crossin GT (2019) Year-round tracking reveals multiple
migratory tactics in a sentinel North Pacific seabird,
Cassin’s auklet. Mar Ecol Prog Ser 619: 169−185

Thaxter CB, Ross-Smith VH, Clark JA, Clark NA and others
(2016) Contrasting effects of GPS device and harness
attachment on adult survival of lesser black-backed gulls
Larus fuscus and great skuas Stercorarius skua. Ibis 158: 
279−290

Therrien JF, Gauthier G, Korpimäki E, Bêty J (2014) Preda-
tion pressure by avian predators suggests summer limi-
tation of small-mammal populations in the Canadian
Arctic. Ecology 95: 56−67

Therrien JF, Pinaud D, Gauthier G, Lecomte N, Bildstein KL,
Bêty J (2015) Is pre-breeding prospecting behaviour
affected by snow cover in the irruptive snowy owl? A test
using state-space modelling and environmental data
annotated via Movebank. Mov Ecol 3: 1

van Bemmelen R, Moe B, Hanssen SA, Schmidt NM and oth-
ers (2017) Flexibility in otherwise consistent non-breed-
ing movements of a long-distance migratory seabird, the
long-tailed skua. Mar Ecol Prog Ser 578: 197−211

van Bemmelen RSA, Clarke RH, Pyle P, Camphuysen KCJ
(2018) Timing and duration of primary molt in Northern
Hemisphere skuas and jaegers. Auk 135: 1043−1054

Verhulst S, Nilsson JÅ (2008) The timing of birds’ breeding
seasons:  a review of experiments that manipulated tim-
ing of breeding. Philos Trans R Soc B 363: 399−410

Voelker G (1997) The molt cycle of the Arctic tern, with com-
ments on aging criteria. J Field Ornithol 68: 400−412

Ware DM, Thomson RE (2005) Bottom-up ecosystem trophic
dynamics determine fish production in the Northeast
Pacific. Science 308: 1280−1284

15

https://doi.org/10.1080/00063657.2011.636798
https://doi.org/10.14430/arctic3162
https://doi.org/10.1111/jofo.12198
https://doi.org/10.1016/j.anbehav.2015.02.005
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://oceancolor.gsfc.nasa.gov/l3/
https://doi.org/10.1007/s10336-011-0689-y
https://doi.org/10.1086/670335
https://doi.org/10.1098/rspb.2003.2569
https://doi.org/10.1111/j.1600-048X.2013.00287.x
https://doi.org/10.1139/z03-063
https://doi.org/10.1642/0004-8038(2003)120%5b1082%3AEOSTOA%5d2.0.CO%3B2
https://doi.org/10.1038/s41598-020-78565-y
https://doi.org/10.1086/285627
https://doi.org/10.1111/1365-2664.12330
https://doi.org/10.1642/AUK-17-235.1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15845876&dopt=Abstract
https://doi.org/10.1098/rstb.2007.2146
https://doi.org/10.1642/AUK-17-232.1
https://doi.org/10.3354/meps12010
https://doi.org/10.1186/s40462-015-0028-7
https://doi.org/10.1890/13-0458.1
https://doi.org/10.1111/ibi.12340
https://doi.org/10.3354/meps12965
https://doi.org/10.1007/s00265-007-0426-y
https://doi.org/10.1111/j.1474-919X.2011.01180.x
https://doi.org/10.2193/0091-7648(2006)34%5b116%3AEOROPF%5d2.0.CO%3B2
https://doi.org/10.1111/j.1474-919X.1997.tb04621.x
https://doi.org/10.1007/s10336-010-0597-6
https://doi.org/10.1111/1365-2656.13346
https://doi.org/10.1675/063.042.0403
https://doi.org/10.3389/fevo.2019.00096
https://doi.org/10.1038/s41598-018-22421-7


Mar Ecol Prog Ser 677: 1–16, 2021

Webster MS, Marra PP, Haig SM, Bensch S, Holmes RT
(2002) Links between worlds:  unraveling migratory con-
nectivity. Trends Ecol Evol 17: 76−83

Wiley RH, Lee DS (2020) Long-tailed jaeger (Stercorarius
longicaudus), version 1.0. Birds of the World. https: // doi.
org/10.2173/bow.lotjae.01 (accessed 1 March 2021)

Worton BJ (1989) Kernel methods for estimating the utilization
distribution in home-range studies. Ecology 70: 164−168

Wotherspoon S, Sumner M, Lisovski S (2013) R package
SGAT:  solar/satellite geolocation for animal tracking. R
package version 0.1.3. https://github.com/ SWotherspoon/
SGAT

Zhao M, Christie M, Coleman J, Hassell C and others (2017)
Time versus energy minimization migration strategy
varies with body size and season in long-distance migra-
tory shorebirds. Mov Ecol 5: 23

16

Editorial responsibility: Kyle Elliott, 
Sainte-Anne-de-Bellevue, Québec, Canada

Reviewed by: R. van Bemmelen and 2 anonymous referees

Submitted: June 16, 2021
Accepted: September 16, 2021
Proofs received from author(s): October 25, 2021

View publication stats

https://doi.org/10.1016/S0169-5347(01)02380-1
https://doi.org/10.2173/bow.lotjae.01
https://doi.org/10.1186/s40462-017-0114-0
https://doi.org/10.2307/1938423
https://www.researchgate.net/publication/354867096



