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Abstract

Although the Atlantic puffin Fratercula arctica is well studied throughout its temperate and
low Arctic breeding range, few have studied the species in its far northern distribution. This
study is the first to present data on the migratory movements of the “large-billed” subspe-
cies, F. a. naumanni, that breeds in the high Arctic and which has significantly larger body
size than those farther south. During 2013-2015, migration tracks were collected from nine
adult puffins (6 males and 3 females) tagged with geolocators in northwest Greenland.
Overall, female puffins traveled farther than males on their annual migration, with one
female puffin traveling over 13,600 km, which was nearly a third farther than any tagged
male in our study. Differential migration was observed in migratory phenology and route,
with males using a form of chain migration with acute synchrony between individuals while
females appeared to largely use leap-frog migration and showed little synchrony between
individuals. Extreme sexual segregation in wintering areas was evidenced by two females
that migrated to the southern limit of the species’ range while the six males remained at the
northern limit, and wintered along the sea ice edge during portions of the non-breeding sea-
son. Male puffins thus wintered in regions with sea surface temperatures up to 10° C cooler
than female puffins, and in areas with generally colder sea surface temperatures when com-
pared to previously known wintering areas of temperate and low Arctic puffin breeding popu-
lations. The degree to which body size enables male F. a. naumannito remain in colder
waters likely reflects differing life history constraints between sexes and populations (i.e.,
subspecies). Further study is warranted to investigate how recent changes in climate have
further exacerbated the observed differences between sexes in high Arctic puffins and pos-
sibly other marine avian species.
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Introduction

Arctic marine and terrestrial environmental conditions such as sea surface temperature (SST),
sea ice coverage, and extreme weather are changing with the most rapid and intense shifts
occurring in the high Arctic [1]. These environmental conditions are known to influence ani-
mal survival and reproduction [e.g., 2-7], and act as migration drivers (for review of drivers of
animal migration see [8]). The impact these changing environmental conditions have on ani-
mal migratory movements in the low and sub-Arctic region of the North Atlantic are increas-
ingly well studied [e.g., 9-12], however, they are less well studied in the more remote high
Arctic where species exist at the most northern edge of their breeding ranges [13-16], where
climatic conditions are generally more severe, and where environmental conditions are chang-
ing most rapidly [1].

Atlantic puffins Fratercula arctica (hereafter puffin) are a charismatic pelagic seabird spe-
cies of the North Atlantic Ocean. Puffins breed from temperate regions (as far south as Maine,
USA (43° N) and Brittany, France (50° N)) to the high Arctic (northwest Greenland (~77.5°
N) and Svalbard, Norway (~80° N)), with small populations in northwest Russia and Novaya
Zemlya (Russia) (~77.0° N) [17-19]. The species is currently listed as vulnerable, with decreas-
ing colony size and low breeding success reported for many European colonies (which consti-
tutes 90% of all puffins) and the European population is predicted to decline by an estimated
50-79% between 2000 and 2065 [20,21]. Throughout their range the species demonstrates a
clinal increase in body size from south to north, with individuals breeding in the far north sig-
nificantly larger than those nesting farther south [15,18,22]. Additionally, despite an overlap in
body sizes between sexes, the species is sexually dimorphic with males on average being
heavier (mass) and larger (wing length, bill length, bill depth, etc.) than females [15,18].

Greenland has an estimated 5000 pairs of puffins. The population is considered “near
threatened” and appears to be in decline [23]. The breeding range is predominantly on the
west coast and extends from Kitsissut Avalliit (60° N) in the southwest to the high Arctic in the
northwest (77.5° N) (Fig 1) [24-26]. Aside from Salomonsen’s [26] general description of the
puffin in 1950 and a recent study describing morphology differences in Burnham et al. [15],
limited information exists on the biology of puffins in Greenland, with sporadic and anecdotal
information provided in the literature on colony size and location. Only a single colony-spe-
cific study has been published that we are aware of [15] and apart from a single band recovery
from a puffin chick originating in Nuuk (64.10° N, Fig 1) in July 1954, and recovered in Con-
ception Bay, Newfoundland in December, 1954 ([27]; P. Lyngs pers. comm. 2019), no infor-
mation exists about winter movements of puffins breeding in Greenland.

The high Arctic of northwest Greenland is home to the most northern population of puffins
in the western North Atlantic with an estimated 150-250 pairs distributed among ~8 colonies
([15,29]; K. Burnham unpubl. data). The population is considered to be the high Arctic “large-
billed” F. a. naumanni subspecies, which is also in Svalbard (excluding Bjerneya) and Novaya
Zemlya, and is characterized by its extremely large body size compared to the other puffin sub-
species [15,18,30,31]. Puffins belonging to the naumanni subspecies in northwest Greenland
are among the largest puffins documented, and are significantly larger (mass, bill, wing) than
puffins in populations farther south in temperate and low Arctic areas [15]. However, extreme
variation in body size exists both within and between sexes in this population when compared
with more southern populations, and the largest males are over 50% heavier than the smallest
females [15]. The reason(s) behind these differences are unknown, but environmental condi-
tions may play an important role.

Increasingly, research on puffins has focused on the migratory strategies and drivers of
adult movement during the non-breeding season and the large degree of variation that exists
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Fig 1. Study area map and geographic place names. Map indicating location of study colony (black star) and place
names used throughout the paper. Country boundaries from [28].

https://doi.org/10.1371/journal.pone.0252055.9001

[32-37]. These strategies can include dispersive [8] or directional migration [9], which can be
driven by factors such as food availability, environmental conditions, competition, and sex,
and frequently a combination of drivers play a role (see [38] for review). For example, seabirds
breeding in the most northern regions of the high Arctic are forced to migrate as a result of
multiple months of almost total darkness and a complete lack of prey due to sea ice coverage,
with open water in some cases well over a thousand kilometers away from their breeding terri-
tories. Drivers and pressures vary frequently between seabird colonies, resulting in differences
in migratory phenology, route, and wintering area between populations [e.g., 39-43]. Similar
differences in migratory patterns also occur within colonies, and can be a result of sexual seg-
regation, frequently due to differences in body size [e.g., 44-46]. For example, the body size
hypothesis suggests that larger individuals are better able to survive in colder temperatures and
more harsh environments, as may arise in sexual dimorphic species [47-49].

Puffin migration studies to date have focused only on breeding colonies from temperate
and low Arctic Europe and eastern North American regions (for review see [50]). No informa-
tion has been published on breeding colonies in the high Arctic that experience more harsh
environmental conditions. Here we provide results from a three-year geolocator study of
Atlantic puffins that breed in high Arctic northwest Greenland. The goals of the study were to:
1) identify migratory routes and phenology, and determine non-breeding spatial distribution
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patterns, 2) compare migratory behavior and spatial interactions with puffins from other colo-
nies across the North Atlantic, and 3) identify possible migratory drivers of non-breeding sea-
son spatial distributions.

Materials and methods

Ethics Statement: All applicable ethical guidelines for use of birds in research were followed,
including those presented in the Ornithological Council’s Guidelines to the use of wild birds in
research [51]. All research in Greenland was conducted after ethical approval and issuance of
permits by the Government of Greenland, Department of Fisheries, Hunting and Agriculture
(High Arctic Institute permit numbers: Sags nr. 2013-083369, Dok. nr. 1204884, Sags nr.
2014-099682, Dok nr. 1594176, Sags nr. 2015-115204, Dok. nr. 1975643). Bird bands were
provided by Zoological Museum, Natural History Museum of Denmark, University of
Copenhagen.

Fieldwork on puffins was carried out during their breeding season from 2013-2015 at Dal-
rymple Rock (Iganaq) (76.47° N, 70.22° W), a small island in the high Arctic municipality of
Avannaata in northwest Greenland (Fig 1). Weather during the breeding season can be severe,
with snow possible in every month and wind speeds in excess of 45 m/s [13]. Air temperature
during the breeding season averages 3.5° C, with June being the coolest (2.5 C) and July the
warmest (5.4° C) (calculated from [52]). Summer ice-free SST in northern Baffin Bay ranges
from 1-4° C [53], with a long-term warming trend observed [54]. Sea ice breakup in the study
area does not begin until May and refreezes by mid-October [55]. Sea ice coverage expands
southward through the Davis Strait from October to March [55], limiting prey availability and
thus forcing puffins to migrate south. There was no indication that puffins from this study
occupied the open water of the nearby North Water Polynya (Pikialasorsuaq) (Fig 1) during
fall or winter.

The colony has an estimated 15-35 pairs, with puffins arriving at the start of June and
departing by mid-to-late September ([15]; K. Burnham unpubl. data). Due to near surface per-
mafrost, puffins on Dalrymple Rock are unable to excavate burrows and nest only in crevices
or under boulders [15,26]. Information on breeding chronology is limited to a single chick
that fledged on 13 September in 2017 as captured on a camera trap (K. Burnham unpubl.
data).

Adult puffins were captured at the colony using a combination of dip nets and noose car-
pets. After capture, puffins were banded (Danish government leg band and Darvic color
band), weighed [15], sampled (feathers and blood), aged (adults possess two or more bill
grooves) [18], tagged with an archival light tag (hereafter referred to as geolocators), and
shortly after release were observed entering and exiting nests. Puffins were sexed using a stan-
dard molecular method as described elsewhere [56] using primers 2550F and 2718R [57] and
DNA extracted from either blood or breast feathers with the DNeasy Blood and Tissue Kit
(Qiagen Inc.). No information was collected on breeding success although individuals were
regularly observed entering and exiting their apparent nests. No adults were observed return-
ing to the colony with fish in their bills during our fieldwork at the breeding colony, suggesting
that our visits took place during the incubation period.

From 11 to 24 July in 2013 and 2014 a total of 25 Mk4093 geolocators (1.5 g, Biotrack,
United Kingdom) were deployed on adult puffins via attachment to a colored Darvic leg band
using a cable tie and amalgamating tape [58]. The weight of the geolocator, band, cable tie, and
tape combined (2.4 g) were less than 0.6% of total puffin body mass at time of initial geolocator
deployment (mean + standard deviation (sd) = 559.0 + 64, range = 426-716, n = 23). The geo-
locators recorded ambient light data and wet/dry data, but not temperature data, and had an
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expected battery life of over two years. For puffins re-captured after a single year, data were
downloaded from the geolocator when possible and the bird was released with the original
unit in place to collect an additional year’s movement information or until the battery no lon-
ger functioned. In two instances the geolocator was removed and replaced with a new unit.
The handling process to deploy birds with geolocators took 8 to 12 minutes (min) and up to 20
min for birds that required data download while the geolocator remained on the bird. Visits to
the colony were limited in both overall duration and frequency to minimize disturbance.

Light data from geolocator units was processed using the BASTrak software package (Brit-
ish Antarctic Survey, Cambridge, UK) using a light threshold of 10. Determination of sun
angle was made using control data from units left on site for one year. A sun elevation angle of
-3.0 was used for all but one geolocator (-2.5; a male), which resulted in the smallest location
bias. Wet/dry sensor data were utilized to verify plausibility of land-based migratory pathways
and to validate appropriate sun angle selection, and in a single instance a sun angle of -2.5 was
used to provide a more realistic path aligned with wet/dry sensor data. Data were filtered using
a minimum dark period of 4 hr. Geolocators record ambient light, from which a sunset and
sunrise time are determined, and thus data were excluded during periods of 24 hr daylight in
June, July, and August (see [59] for more information on geolocators). Resulting locations
were smoothed in R (R Core Team, Vienna, Austria) using a three-position moving average
based on spherical trigonometry [60] to reduce the impact of outliers on our distance calcula-
tions since geolocators have substantial errors that have been previously estimated at up to 185
km [59]. Positions recorded on dates 15 days on either side of the spring and fall equinox were
removed because locations are likely unreliable during that time period due to weak latitudinal
trends in day length [36,59]. Filtering was applied to remove points with unrealistic move-
ments (i.e., movement > 500 km/day) and points were visually inspected for accuracy and
plausibility [35]. Only inland points greater than 100 km from the sea were removed to avoid
offshore distribution bias [61,62]. ArcGIS 10.7.1 (ESRI, Redlands, CA, USA) was used for dis-
play, analysis, and distance measurements.

Tri-monthly median locations (three locations per month) for each bird were calculated
using ArcGIS for 10-day periods between October and May with months divided into three
equal parts (e.g., 1-10 Dec, 11-20 Dec, 21-31 Dec); however, not all 10-day periods had equal
number of days due to removal of anomalous data as described above. Daily movements
described in the results are thus not always visible in presented figures as a result of tri-
monthly median location use and this is noted when applicable. Tri-monthly medians were
used instead of kernel density estimation as a result of the limited number of geolocators
retrieved, the long distances traveled relatively quickly by some individuals (which would have
likely been obscured if kernel density had been used), and to better highlight the differences
between sexes, years, and individual puffins.

Total migration distance was calculated by summing the great-circle distances (GCD) from
the colony to the first tri-monthly median location, from the first to second location (and so
on), and the last median location back to the colony [50]. Mean latitude and longitude of the
eight most distant validated locations from the colony (not always in the same month) were
used to calculate the farthest GCD from the colony, and all validated points within a month
were used to calculate monthly mean GCD from colony. When calculating total migration dis-
tance, farthest GCD from colony, and mean monthly GCD from colony, adjustments were
made if an individual appeared to cross the Greenland Ice Sheet. The shortest possible at-sea
route around the southern tip of Greenland was used since puffins are not thought to travel
great distances over land [50]. The start of return migration was defined as when an individual
began moving northward in the general direction of the breeding colony.
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For spatial comparisons between colonies, data from Fayet et al. [50] (Figure S1, F-J) were
georeferenced in ArcGIS and the mapped maximum monthly occupancy kernels for each col-
ony were traced as continuous polygons. Maximum monthly occupancy kernels for colonies
overlapped in some instances and thus individual polygons may represent more than one col-
ony. Furthermore, some colonies are represented by more than one polygon during any given
month. These data are thus modified and are not identical to the original image. For examina-
tion of potential environmental migratory drivers, maximum sea ice extent [55] and SST [53]
were overlaid with puffin spatial locations in ArcGIS and observed patterns were noted and
described.

Data were analyzed using Minitab 19 (Minitab, Inc., State College, PA, USA). Only descrip-
tive statistics are provided due to the small sample size of adult female puffins.

Results

Geolocators were recovered from 9 of the 23 tagged individuals (39%) and an additional seven
tagged adults were observed but not re-captured for a total of 70% return rate. Recovered geo-
locators yielded single years of data for six individuals (4 males, 2 females) and two years of
data for three (2 males, 1 female) (Table 1). Units on females 8408 and 7314 failed part way
through deployment and provided only partial years of data, however, the failed geolocator on
female 8408 was replaced with a new unit in 2014, thus resulting in a partial year of data in
year one and a complete year of data in year two (Table 1). Mean mass of males and females at
initial capture, and for which complete migrations were recorded, was 598 + 36 g (n = 6) and
441 + 21 g (n = 2), respectively, and males were on average 157 g heavier than females

(Table 1). Notable differences in migratory phenology, route, and distance were observed
between male and female puffins and among females, but not among males.

Table 1. Total migration distance and farthest distance from breeding colony for nine Atlantic puffins breeding at a colony in northwest Greenland.

Puffin

8406
7360

7363

7314

8408

8413
8420
8422
8427

Sex

2 IR|E|E

Year

2013/14
2013/14
2014/15
2013/14
2014/15

2014/
15¢

2013/
14°

2014/15
2014/15
2014/15
2014/15
2014/15

Total migration distance Farthest distance from colony Farthest location from Period farthest from Mass (g)"
(km)® (km)® colony* colony
13,670 5199 34.1°N, 27.8° W 5-21 Apr 426
8341 2549 56.8" N, 39.0° W 9 Apr-2 May 626
7103 2401 58.4°N, 37.8° W 16-25 Feb
8504 2443 60.6" N, 25.6° W 5-17 Apr 546
7867 2780 56.9°N, 27.0° W 5 Apr-3 May
5784 2229 59.6°N, 39.9° W 14-25 Nov 542
7670 4473 41.7° N, 23.8°W 9-26 Jan 456
10,261 4463 38.4°N,50.2° W 8 Apr-13 May
8562 2644 55.6°N, 41.0° W 14-26 Apr 602
7490 2914 53.5°N, 38.6° W 11-22 Apr 627
7030 2372 58.3° N, 40.0° W 7-17 Apr 627
8896 2821 54.7°N, 36.2° W 5-18 Apr 562

* sum of distances to and from colony and tri-monthly median locations from recorded geolocator data entry points

" mean great-circle distance of the eight farthest locations from the breeding colony

© mean of eight farthest locations from breeding colony

4 incomplete migration, geolocator data only available through mid-November

¢ incomplete migration, geolocator data only available through January in 2013/14

f mass when initially tagged with geolocator

https://doi.org/10.1371/journal.pone.0252055.t001
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Outward migration

Male puffins had similar migratory phenology and routes during outward migration. All six
males (and two males in multiple years) were in southern Baffin Bay in mid-October and had
moved south to the Davis Strait by month’s end (Figs 2 and 3). Through November and
December, the male puffins congregated along the northern edge of the Labrador Shelf and
the encroaching sea ice edge (Figs 2 and 3). Between late-January and the end of February the
majority of males moved rapidly from the Davis Strait to southeast Greenland or the Denmark
Strait (Figs 2 and 3). The remaining males likely followed a similar pattern, but their proximity

October

November December January

\2T
bR

February

2014-2015 monthly
sea ice extent

o if( Study colony
O Female (2013-2015)

%
o

April o May Tooorm | @ Male (2013-2015)

Fig 2. Tri-monthly median locations of nine adult Atlantic puffins from northwest Greenland. Monthly maps indicate segregation of puffins by sex during the
non-breeding season with each individual bird represented by a maximum of three points per month. Locations on the Greenland Ice Sheet are a result of individuals
rapidly transiting around the southern tip of Greenland from the southwest to southeast, thus resulting in a median location on the Greenland Ice Sheet. Data source
for country boundaries is [28] and monthly sea ice extent data is from [55].

https://doi.org/10.1371/journal.pone.0252055.9002
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Fig 3. Migratory paths of nine individual Atlantic puffins tagged in northwest Greenland. Each color-coded month has two or three median
locations (e.g., 1-10 Dec, 11-20 Dec, 21-31 Dec). Panels A-C include locations for individuals with two years of data and panels D-I have
individuals with a single year of data. Locations and migratory routes on the Greenland Ice Sheet are a result of individuals rapidly transiting around
the southern tip of Greenland from west to east resulting in the median location or path crossing the Greenland Ice Sheet. No data for September or
March were included due to equinox periods making location identification problematic. Country boundaries from [28].

https://doi.org/10.1371/journal.pone.0252055.9003

to the spring equinox produced unrealistic movement patterns and their positions during that
time period were excluded from the analysis. By early April all males had moved into the
North Atlantic, south of Greenland or Iceland (Figs 2 and 3). All but one male was at its far-
thest point from the colony in April and the most southern migration point for males ranged
from 53.5° N to 60.6° N (Fig 3; Table 1). During this time period males appeared to be more
dispersed from one another than at any other period of the study.
The two male puffins with two years of data (7363 and 7360) showed low between-year var-
iation in migratory phenology and route (Fig 3B and 3C). The average distance variation
between tri-monthly median locations for males 7363 and 7360 was 262 km (median = 242
km, n =19, sd + 151 km, range = 56-597 km) and 308 km (median = 249, n = 20, sd + 249 km,
range = 19-1005 km), respectively. The larger average, standard deviation, and range for male
7360 was the result of a small reverse migration north prior to transiting Cape Farewell
(Nunap Isua; most southern point of Greenland) during the spring equinox (March) in 2013/
14 versus transiting Cape Farewell in late January to early February in 2014/15 (Fig 3C).
Migration patterns for the three female puffins varied widely. One female (8406) departed
the breeding area and traveled rapidly south along the west coast of Greenland. This female
crossed Cape Farewell and traveled southeast in early-to-mid November, until it was approxi-
mately 5200 km from the colony at ~34.1° N, in the mid-Atlantic Ocean south of the Azores in
April (Fig 3G; Table 1). A second female (7314) was in southern Baffin Bay in early October
and by mid-October had transited Cape Farewell to southeast Greenland, ultimately reaching
northwest Iceland at the end of January (destination obscured on map through use of tri-
monthly median points) where at that point the geolocator failed to record additional data

(Fig 3D).

The third female (8408), which had two years of data, showed distinct variation in migra-
tory phenology and route between years and between the other two females. In year one
(2013/14), the female was first recorded in the Denmark Strait at the start of October and then
moved southeast to an area northeast of the Azores, where it reached as far as ~20° W, the far-
thest east of any puffin in this study (Fig 3A). From there it began rapidly moving west, after
which the geolocator failed and no additional data were recorded (Fig 3A). Throughout year
two (2014/15) the same female remained in the western North Atlantic for the entire non-
breeding season. It was in southern Baffin Bay in early October and moved south to ~700 km
off the coast of Newfoundland, Canada, where it spent the month of April and first half of May

Table 2. Mean monthly distance of male and female puffins from the breeding colony in northwest Greenland.

Oct Nov Dec Jan
Male 1207+169, 908- 1444+178, 1160- 1595+125, 1440- 1799+148, 1520-
1459, n =8 1654, n =8 1777, n=8 1938, n =8
Female 1701£1006, 998- 2724+887, 1635- 31891987, 2085- 38851765, 1938—
3194, n=4 3795, n=4 3987, n=3 4441, n=3
Difference male vs 494 1280 1594 1952
female

Values for male and female presented as mean = sd, range, sample size. Distances given in km.

https://doi.org/10.1371/journal.pone.0252055.t002

Feb

2521+570, 1617-
3005, n=28

3672+375, 3406—
3937, n=2

1698

Apr
28904367, 2509
3458, n =8

4581+109, 4509-
4653, n=2

1691

May

2798+245, 2558-
3269,n=38

3614+376, 3348-
3880, n=2

1249
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(Fig 3A; Table 1). In both years the farthest distance from the colony was approximately 4500
km and the most southern latitude reached was similar (41.7° N vs. 38.4° N), however, the dis-
tance and latitude was reached in January 2014 (no data after this point during 2013/14) and
in 2014/15 it was not reached until mid-April (Fig 3A: Table 1). Over 15° of longitude sepa-
rated these most distant points, but the female in 2013/14 was moving rapidly west in the gen-
eral direction of the April 2014/15 location when the geolocator failed in January (Fig 3A).

Return migration

Male and female puffins generally reached the farthest average distance from their breeding
colony in mid-April (Figs 2 and 3; Tables 1 and 2). All six males (two in multiple years) initi-
ated return migration between late April and early May, congregating off the coast of southeast
Greenland in an apparent staging area, where they remained until mid-May. Four individuals
moved southwest from this congregation point between 21 and 31 May and appeared to start
transit around Cape Farewell, although this is not apparent in Fig 3 due to the use of tri-
monthly medians. It is likely that all males followed a similar path, but the time period coin-
cided with the onset of continuous sunlight which influenced data reliability for several birds.
The two males with two complete years of data (7360 and 7363) were in the same general loca-
tion off the coast of southeast Greenland in both May of 2014 and 2015 (Fig 3B and 3C).

The two females with available return migration data (8406 and 8408 [2014/15]) were over
2000 km farther from the colony than males at the start of return migration (Figs 2 and 3A and
3G). In late April female 8406 was over 2500 km southeast of the males and began rapidly
moving north. By mid-May 8406 had joined the males off the coast of southeast Greenland
(Figs 2 and 3). Female 8408 did not start moving north until the end of May when it was south-
east of Newfoundland (Fig 3G), and as with males, the northern movement was somewhat
obscured in Fig 3 by using tri-monthly medians.

Total migration distance, distance from colony, and latitude

Female and male puffins traveled an average total migration distance of 11,966 km (n = 2,

sd + 2411 km, only years with complete tracks) and 7974 km (n = 8, sd + 708 km, includes
repeated measures from two males), respectively (Table 1). Females traveled approximately
one-third farther than males and female 8406 traveled the farthest at 13,670 km, or >3400 km
more than the other female. Less variation in total migration distance was observed among
males with an approximate 1900 km difference between the shortest and longest of the eight
complete migrations.

Farthest distance traveled from the colony for puffins with complete migration tracks
showed females traveled almost twice as far as males. Females achieved a mean distance of
4831 km (sd + 520 km, n = 2, range = 4463-5199 km) at their farthest point from the colony
while males traveled a mean distance of 2616 km (sd + 207 km, n = 8, range = 2401-2914 km).
Latitudinally, the average farthest position reached by the two females with complete migra-
tion tracks was 36.3° N (sd + 3.0°, range = 34.1-38.4° N) while males traveled only to an aver-
age 56.8° N (sd +2.3°, n = 8, range = 53.5-60.6" N), over 20° farther north than females
(Table 1).

Monthly mean distance from the colony varied widely between the sexes (Table 2). The
average difference between males and females was smallest in October (494 km) and largest in
January (1952 km).

Although the small sample sizes prevented us from making statistical comparisons between
sexes, the observed patterns do suggest that differences between sexes exist. Additional study is
warranted with larger sample size to verify that consistent patterns exist.
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Inter-colony spatial comparisons

Puffins from northwest Greenland generally wintered in different areas than those from colo-
nies in temperate and low Arctic North America and Europe (Fig 4). Male puffins predomi-
nantly remained north of other known puffin wintering areas while females overlapped with
other populations from October to December, and then moved south of them. Variation was
also apparent between colony winter use areas and SST. Male puffins wintered in mostly colder
waters than females and puffins from other populations.

Discussion

Atlantic puffins breeding in northwest Greenland (76.5° N) traveled between 7000 and at least
13,700 km during their annual migration, and the southern extent of their migration ranged
from 34-61° N in the North Atlantic. The two females traveled to significantly more southern
latitudes and farther than all six males, which is reflected by differences in migratory phenol-
ogy, route, and wintering area between the sexes. This is the first migratory study of puffins
breeding in northwest Greenland, and the high Arctic in general. Below we discuss the distinct
differences between our study population and previously studied puffin populations in tem-
perate and low Arctic regions and what role body size and environmental conditions may have
played in our findings.

Comparison of migratory strategies between colonies

Puffins from northwest Arctic Greenland have the longest total migration distance recorded to
date of any puffin breeding colony. When compared to the two puffin colonies in Ireland and
Norway that previously had the longest average migration distances (4736 + 238 km and

4465 + 357, respectively [50]), Greenland males (n = 6) traveled almost 3000 km farther and
females (n = 2) over 7000 km farther. However, data from puffins in Ireland and Norway were
collected from 2010 to 2013 [50] and 2012 to 2015 [50], respectively, and variation in environ-
mental conditions across years could account for some of the observed difference. No migra-
tion data from other high Arctic puffin breeding colonies have been published to date, and
therefore no comparisons can be made with other high Arctic F.a. naumanni populations.

While we demonstrate sex-specific differences in migratory phenology, route, and distance
in puffins from northwest Greenland, such differences have been observed infrequently else-
where throughout their distribution. Fayet et al. [36] found that sex was not correlated with
migration route for puffins tagged on Skomer Island, Wales, UK; however, females remained
significantly closer to the colony than males in November-January. The mean difference in
distance from the colony between sexes was ~200 km in the Fayet et al. [36] study, whereas in
our study, females were an average of 494 km farther from the colony than males in October
and progressively increased to nearly 2,000 km in January, and remained over 1,000 km into
May. The only other studies to investigate sex-specific differences occurred at colonies in
southwest Ireland [35] and southeast Scotland [33], and no differences were found.

Both Guilford et al. [34] and Fayet et al. [36] found that male and female puffins showed
strong consistency in migratory routes between years. Although males in this study did show
high levels of consistency between years, the migratory phenology and route used by the single
female with two years of data were different between years. Guilford et al. [34] found puffins
from Skomer Island had a dispersive migratory strategy, with no general wintering area. The
females from our study could also be described as dispersive (longitudinally), but male puffins
possessed a strong degree of similarity in both migratory phenology and overwintering loca-
tion. Additional female samples are needed to determine if the observed pattern is consistent
among female puffins within northwest Greenland.
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Fig 4. Atlantic puffin monthly winter range and sea surface temperature. Tri-monthly median locations of puffins from northwest
Greenland and monthly puffin winter use areas from Fayet et al. [50] overlaid with 2013/14 average monthly sea surface temperatures
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Female and male puffins from northwest Greenland showed distinct differences in overlap
with the winter ranges of North American and European puffin populations. Male puffins
from northwest Greenland spent October through December just to the north of puffins from
Iceland, occupying an area near southwest Greenland, a known seabird hotspot [63-66] (Figs
1 and 2). With the exception of some minor overlap, Greenland male puffins generally
remained north of areas where Icelandic puffins congregated and did not share the same area
based on our location data (Fig 4). This general pattern continued from January through Feb-
ruary, with male puffins from northwest Greenland only moving into known puffin use areas
once they had been vacated by puffins from other geographic populations, or into areas shown
to be sparsely or not used by puffins from other populations ([47]; Fig 4). Only in April, when
puffin populations studied by Fayet et al. [50] began returning to their breeding colonies, did
male puffins from our study colony disperse to the most southern and eastern extent of their
wintering area (Fig 4). Throughout the non-breeding season, male puffins from northwest
Greenland remained farther north and generally separate from other overwintering puffin
populations, only moving into new areas after puffins from other breeding colonies had
departed (Fig 4). This migratory pattern is strongly suggestive of a form of chain migration
(see [67]), which has not previously been described in puffins and is uncommon in seabirds
(but see [68]), and would reduce intraspecific competition for prey.

In contrast, as female puffins from northwest Greenland migrated south, they overlapped
in their use areas from October to December with puffins from Iceland, Celtic Sea, and Ireland
([50]; Fig 4). From January onward they demonstrated minimal overlap, and migrated south
of puffins included in Fayet et al. [50] to what is generally considered the southern limit of the
species’ non-breeding range, south of the Azores and far off the coast of the northeast United
States [18,19,21]. This migratory pattern fits well with the description of leapfrog migration,
which is when individuals that nest at higher latitudes over-fly populations breeding at lower
latitudes to winter farther south, and similar to chain migration would thus reduce intra-spe-
cific competition for prey [67]. Although leapfrog migration has been described in other sea-
bird species (see [69,70]), the migratory behavior is generally uncommon. This pattern has not
been shown in puffins; however, our sample size for female puffins is small and additional
samples from northwest Greenland are needed to confirm this pattern.

Return migration

Tri-monthly median locations showed that most puffins congregated off the coast of southeast
Greenland and started their return migration at the end of May in 2014 and 2015. Camera
traps at the study colony documented puffins first arriving on 9 June in 2018 and 2 June in
2019 (K. Burnham unpubl. data; includes puffins tagged with geolocators), indicating a rapid
return migration rate. Based on this information it seems likely that puffins traveled the ~2000
km distance to the breeding colony in a week or less, which fits with the generally accepted
maximum daily flight distance of 500 km per day for puffins (8 hr of sustained flight at a mean
speed of 64 km/h, [36, 71]). This general pattern of a more rapid return migration than out-
ward migration has also been found in many other long-distance migrants, including seabirds
[e.g., 72,73]. There was no indication that males arrived earlier at the breeding colony than
females despite wintering much closer, although as previously mentioned, our samples size for
females was low.

Use areas of geographic importance

During our study, male puffins spent the majority of December along the sea ice edge, with
more limited use from January through May (Fig 2). The importance of this over-wintering
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habitat for both birds and mammals is well documented [74-76]. Recent advances in tracking
technology have increased our knowledge on how these areas are used and have documented
additional species previously not known to utilize that habitat [e.g., 77,78]. For example, some
gyrfalcons Falco rusticolus that breed in northeast Greenland spend their winter months along
the sea ice edge in the North Atlantic likely due to the high abundance of overwintering sea-
birds as prey in the same area [78]. Prior to this study, it was assumed that puffins overwin-
tered much farther away from the sea ice edge and did not utilize that habitat during the non-
breeding season.

Puffins from northwest Greenland utilized limited marine conservation areas of the North
Atlantic during migration, with phenology and use areas differing by sex. From October
through December male puffins utilized portions of three Canadian conservation areas in the
Davis Strait, but starting in February they utilized areas without conservation status off south-
east Greenland (Fig 5). At-sea surveys are rare for southeast Greenland, but multi-colony stud-
ies have shown that the area is rarely used by seabirds during this period (e.g., black-legged
kittiwake Rissa tridactyla [57], thick-billed murre Uria lomvia [42], little auk Alle alle [79],
Atlantic puffin [47]). In contrast, female puffins traveled farther south and utilized Canadian
conservation areas and ecologically and biologically significant marine areas (EBSA) of the
western North Atlantic and marine protected areas (MPA) of the high seas along the mid-
Atlantic, areas known to have large numbers of wintering seabirds [80-83].

Body size and climate as potential migratory drivers

The substantial differences in migratory phenology, route, and wintering area between male
and female puffins in this study may be driven by the observed difference in body size. For the
male puffins that had complete migration routes in our study (n = 6), their body mass was on
average 157 g greater (35.6% of mean female body mass) than the two female puffins with
complete migrations (Table 1). It is worth mentioning, however, that the body mass of these
two females (426 and 456 g) was low compared to other non-tagged female puffins from the
same study population (mean = 526 + 51.3, range 426-611, n = 22; Table 1 in [15])). For ani-
mals in general, and male puffins in particular, a larger body size may influence their ability to
remain farther north during the non-breeding season in areas with colder temperatures and
shorter days compared to individuals that breed farther south in their geographic distribution.
For example, the fasting endurance hypothesis, one of several possible mechanisms proposed
for within-species body size variation as described by Bergmann’s Rule, suggests that increased
body size is favored in animals that live in more unpredictable and seasonal environments
[89,90]. The larger body size may allow for greater fat storage and a lower weight-specific met-
abolic rate, which can increase survival during periods of limited food availability or stress
[90].

The resting metabolic rate (RMR) and heat loss in seabirds increases as water and air tem-
perature decrease, thus smaller individuals lose heat faster than larger individuals [91]. Within
alcids, heat loss also rapidly increases as water temperature decreases [91]. Male puffins from
northwest Greenland overwintered in regions with generally colder monthly mean SST com-
pared to other puffin populations, and in areas as much as 10° C cooler than the two females
from this study (Fig 4), likely resulting in a much higher RMR and daily energy expenditure
(DEE). Similar results were noted by Fayet et al. [50], who also found that puffins wintering in
colder waters (and higher latitudes) had higher DEE and spent more time foraging than birds
wintering farther south in warmer waters. In our study, the increased energy used in flight by
small female puffins to migrate nearly twice as far as males may thus be negated by the effect of
warmer waters on RMR, in addition to less intra-specific competition for prey. Pelletier et al.
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[92] found similar results for northern gannets Morus bassanus, where the energetic costs of
individuals that migrated much farther to warmer waters were outweighed by the benefits of
lower costs in foraging and thermoregulation. Further research is warranted to explore how
puffin body size and sex may interact with physiological constraints relative to overwintering
location. Additionally, future use of geolocators with the ability to record temperature is sug-
gested as temperature data assimilated with geolocation data has been shown to enhance the
accuracy of the resulting positions [93,94].

Conclusion

Puffins in northwest Greenland demonstrated unique migratory strategies when compared
with all other puffin colonies studied to date. Whether these strategies are specific to northwest
Greenland is unknown, and further research is needed to both increase the sample size in our
study area, particularly among females, and to determine if similar patterns are observed
among other high Arctic puffin colonies. The role larger body size may play in influencing
overwintering location is similarly unknown, but is likely related to survival and environmen-
tal constraints, and should be further studied in puffins as well as other clinal seabird species
with a similar latitudinal distribution. As Arctic sea ice continues to diminish and SST contin-
ues to warm, it is probable that puffins of the high Arctic may respond by shifting (or perhaps
have already shifted) their non-breeding spatial distribution in the North Atlantic. To what
degree the sexes may respond differently to these changes requires further study.

Acknowledgments

Thank you to Bridger Konkel, Calen Offield, Julie Konkel, Fallon Meyer, Sarah Baugh, and
Claire Behnke for assistance in the field, and to Zoe Robb for preliminary GIS analysis. Logis-
tics help was provided by Polar Field Services and Jessy Jenkins, The Idaho Bureau of Land
Management and Virginia Hoffman, the United States Air Force and the National Science
Foundation. Permits were provided by the Greenland Home Rule Government, and we greatly
appreciate them letting us conduct scientific research in Greenland. Special thanks to the resi-
dents of Thule Air Base for their assistance in supporting our research. We thank multiple
anonymous reviewers for providing helpful feedback and revisions to this manuscript.

Author Contributions

Conceptualization: Kurt K. Burnham.

Data curation: Kurt K. Burnham, Jennifer L. Burnham.

Formal analysis: Kurt K. Burnham, Jennifer L. Burnham, Abby Huffman.
Funding acquisition: Kurt K. Burnham, Jennifer L. Burnham.
Investigation: Kurt K. Burnham, Jennifer L. Burnham, Jeff A. Johnson.
Methodology: Kurt K. Burnham, Jennifer L. Burnham, Jeff A. Johnson.
Project administration: Kurt K. Burnham.

Supervision: Kurt K. Burnham, Jennifer L. Burnham.

Visualization: Jennifer L. Burnham.

Writing - original draft: Kurt K. Burnham, Jennifer L. Burnham.

Writing - review & editing: Kurt K. Burnham, Jennifer L. Burnham, Jeff A. Johnson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252055 May 28, 2021 16/21


https://doi.org/10.1371/journal.pone.0252055

PLOS ONE

Migratory movements of high arctic Atlantic puffins

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Thoman RL, Richter-Menge J, Druckenmiller ML, editors. Arctic Report Card 2020. Washington, DC:
NOAA,; 2020. https://doi.org/10.25923/mn5p-t549

Mallory ML, Gaston AJ, Forbes MR, Gilchrist HG. Influence of weather on reproductive success of
northern fulmars in the Canadian high Arctic. Polar Biol. 2009; 32:529-538. https://doi.org/10.1007/
s00300-008-0547-4

Kovacs KM, Lydersen C, Overland JE, Moore SE. Impacts of changing sea-ice conditions on Arctic
marine mammals. Mar Biodivers. 2011; 41:181-194. https://doi.org/10.1007/s12526-010-0061-0

Stirling |, Derocher AE. Effects of climate warming on polar bears: a review of the evidence. Glob
Change Biol. 2012; 18:2694—2706. https://doi.org/10.1111/j.1365-2486.2012.02753.x

Hovinen JEH, Welcker J, Descamps S, Strem H, Jerstad K, Berge J, et al. Climate warming decreases
the survival of the little auk (Alle alle), a high Arctic avian predator. Ecol Evol. 2014; 4(15):3127-3138.
https://doi.org/10.1002/ece3.1160 PMID: 25247069

Loe LE, Hansen BB, Stien A, Albon SD, Bischof R, Carlsson A, et al. Behavioral buffering of extreme
weather events in a high-Arctic herbivore. Ecosphere. 2016; 6:e01374. https://doi.org/10.1002/ecs2.
1374

Berger J, Hartway C, Gruzdev A, Johnson M. Climate degradation and extreme icing events constrain
life in cold-adapted mammals. Sci Rep. 2018; 8:1156. https://doi.org/10.1038/s41598-018-19416-9
PMID: 29348632

Milner-Gulland EJ, Fryxell JM, Sinclair ARE, editors. Animal migration. Oxford: Oxford University
Press; 2011.

Bailleul F, Lesage V, Power M, Doidge DW, Hammill MO. Migration phenology of beluga whales in a
changing Arctic. Clim Res. 2012; 53:169-178. https://doi.org/10.3354/cr01104

Cherry SG, Derocher AE, Thiemann GW, Lunn NJ. Migration phenology and seasonal fidelity of an Arc-
tic marine predator in relation to sea ice dynamics. J Anim Ecol. 2013; 82:912-921. https://doi.org/10.
1111/1365-2656.12050 PMID: 23510081

Corre ML, Dussault C, Cété SD. Weather conditions and variation in timing of spring and fall migration
of migratory caribou. J Mammal. 2017; 98(1):260-271. https://doi.org/10.1093/jmammal/gyw177

Chambault P, Tervo OM, Garde E, Hansen RG, Blackwell SB, Williams TM, et al. The impact of rising
sea temperatures on an Arctic top predator, the narwhal. Sci Rep. 2020; 10:18678. https://doi.org/10.
1038/s41598-020-75658-6 PMID: 33122802

Burnham KK, Burnham WA, Newton |, Johnson JA, Gosler AG. The history and range expansion of per-
egrine falcons in the Thule area, Northwest Greenland. Monographs on Greenland, Bioscience. 2012;
352(60):1-106.

Strgm H, Boertmann D, Gavrilo MV, Gilchrist HG, Gilg O, Mallory M, et al. Ivory gull: status, trends and

new knowledge. In: Richter-Menge J, Druckenmiller ML, Jeffries M, editors. Arctic Report Card 2019.
Washington, DC: NOAA; 2019. pp 66—71. Available from https://www.arctic.noaa.gov/Report-Card

Burnham KK, Burnham JL, Johnson JA. Morphological measurements on Atlantic puffin Fratercula arc-
tica naumanniin high Arctic Greenland. Polar Res. 2020; 39. https://doi.org/10.33265/polar.v39.5242

Schulenberg TS, Keeney BK, Billerman SM, editors [Internet]. Birds of the World. Ithaca, NY: Cornell
Lab of Ornithology; 2020 [cited 2021 Jan 4]. Available from https://birdsoftheworld.org/bow/home

Gaston AJ, Jones IL. The auks. Oxford: Oxford University Press; 1998.
Harris MP, Wanless S. The puffin. Yale: Yale University Press; 2011.

Lowther PE, Diamond AW, Dress SW, Robertson, Russell K, Nettleship DN, et al. [Internet]. Atlantic
puffin (Fratercula arctica), version 1.0. In: Billerman SM, editor. Birds of the world. Ithaca, NY: Cornell
Lab of Ornithology; 2020 [cited 2021 Jan 8]. https://doi.org/10.2173/bow.atlpuf.01

BirdLife International. European Red List of Birds. Luxembourg: Office for Official Publications of the
European Communities; 2015. 67 p. https://doi.org/10.2779/975810

BirdLife International [Internet]. Species factsheet: Fratercula arctica. [cited 2021 January 11]. Available
from http://datazone.birdlife.org/species/factsheet/atlantic-puffin-fratercula-arctica

Barrett RT, Fieler R, Anker-Nilssen T, Rikardsen F. Measurements and weight changes of Norwegian
adult puffins Fratercula arctica and kittiwakes Rissa tridactyla during the breeding season. Ringing
Migr. 1985; 6(2):102—112. https://doi.org/10.1080/03078698.1985.9673865

Boertmann D. Greenland’s Red List. Danish Environmental Research, Department for Arctic Environ-
ment, Aarhus University. Nuuk: Greenland Home Rule Government, Directorate for Environment and
Nature; 2007. Available from https://www.nationalredlist.org/greenland-red-list-2007/

PLOS ONE | https://doi.org/10.1371/journal.pone.0252055 May 28, 2021 17/21


https://doi.org/10.25923/mn5p-t549
https://doi.org/10.1007/s00300-008-0547-4
https://doi.org/10.1007/s00300-008-0547-4
https://doi.org/10.1007/s12526-010-0061-0
https://doi.org/10.1111/j.1365-2486.2012.02753.x
https://doi.org/10.1002/ece3.1160
http://www.ncbi.nlm.nih.gov/pubmed/25247069
https://doi.org/10.1002/ecs2.1374
https://doi.org/10.1002/ecs2.1374
https://doi.org/10.1038/s41598-018-19416-9
http://www.ncbi.nlm.nih.gov/pubmed/29348632
https://doi.org/10.3354/cr01104
https://doi.org/10.1111/1365-2656.12050
https://doi.org/10.1111/1365-2656.12050
http://www.ncbi.nlm.nih.gov/pubmed/23510081
https://doi.org/10.1093/jmammal/gyw177
https://doi.org/10.1038/s41598-020-75658-6
https://doi.org/10.1038/s41598-020-75658-6
http://www.ncbi.nlm.nih.gov/pubmed/33122802
https://www.arctic.noaa.gov/Report-Card
https://doi.org/10.33265/polar.v39.5242
https://birdsoftheworld.org/bow/home
https://doi.org/10.2173/bow.atlpuf.01
https://doi.org/10.2779/975810
http://datazone.birdlife.org/species/factsheet/atlantic-puffin-fratercula-arctica
https://doi.org/10.1080/03078698.1985.9673865
https://www.nationalredlist.org/greenland-red-list-2007/
https://doi.org/10.1371/journal.pone.0252055

PLOS ONE

Migratory movements of high arctic Atlantic puffins

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Boertmann D. An annotated checklist to the birds of Greenland. Monographs on Greenland, Bioscience.
1994; 38:1-63.

Boertmann D, Merkel F, Gilg O. Seabird breeding colonies in East and North Greenland: a baseline.
Arctic. 2020; 73(1):20-39. https://doi.org/10.14430/arctic69885

Salomonsen F. Grgnlands Fugle. Copenhagen: Munksgaard; 1950.

Lyngs P. Migration and winter ranges of birds in Greenland: an analysis of ringing recoveries. Dansk
Ornitolgisk Forenings Tidsskrift. 2003; 97:1-167.

ESRI ArcGIS [Internet]. World Countries Boundaries. ArcGIS REST Service Directory; c2020. [cited
2020 February 9]. Available from https://services.arcgis.com/P3ePLMYs2RVChkJx/ArcGlIS/rest/
services/World_Countries_(Generalized)/FeatureServer/0. Esri grants the recipient of the Esri informa-
tion contained within the esri.com Web site the right to freely reproduce, redistribute, rebroadcast, and/
or retransmit this information for personal, noncommercial purposes, including teaching, classroom
use, scholarship, and/or research, subject to the fair use rights enumerated in sections 107 and 108 of
the Copyright Act (Title 17 of the United States Code). Additional credits: National Geographic, Garmin
International, Inc., and U.S. Central Intelligence Agency.

Boertmann DA, Mosbech A, Falk K, Kampp K. 1996. Seabird colonies in western Greenland (60°~79°
30" N. lat). Copenhagen: National Environmental Research Council; 1996: NERI Technical Report No.
170.

Salomonsen F. The Atlantic Alcidae. Meddelanden fran Géteborgs Musei Zoologiska Avdelning. 1944;
108

Vaurie C. The birds of the Palearctic fauna: non-passeriformes. London: H.F. & G. Witherby Limited;
1965.

Anker-Nilssen T, Aarvak T. 2009. Satellite telemetry reveals post-breeding movements of Atlantic puf-
fins Fratercula arctica from Rast, north Norway. Polar Biol. 2009; 32:1657—-1664. https://doi.org/10.
1007/s00300-009-0665-7

Harris MP, Daunt F, Newell M, Phillips RA, Wanless, S. Wintering areas of adult Atlantic puffins Frater-
cula arctica from a North Sea colony as revealed by geolocation technology. Mar Biol. 2010; 157
(4):827-836. https://doi.org/10.1007/s00227-009-1365-0

Guilford T, Freeman R, Boyle D, Dean B, Kirk H, Richard R, et al. A dispersive migration in the Atlantic
puffin and its implications for migratory navigation. PLOS One. 2011; 6(7):e21336. https://doi.org/10.
1371/journal.pone.0021336 PMID: 21799734

Jessop MJ, Cronin M, Doyle TK, Wilson M, McQuatters-Gollop A, Newton S, et al. Transatlantic migra-
tion by post-breeding puffins: a strategy to exploit a temporarily abundant food resource? Mar Biol.
2013; 160:2755-2762. https://doi.org/10.1007/s00227-013-2268-7

Fayet AL, Freeman R, Shoji A, Boyle D, Kirk HL, Dean BJ, et al. Drivers and fitness consequences of
dispersive migration in a pelagic bird. Behav Ecol. 2016; 27(4):1061-1072. https://doi.org/10.1093/
beheco/arw013 PMID: 27418752

Baran MA. Overwinter movement of Atlantic puffins (Fratercula arctica) breeding in the Gulf of Maine.
MSc Thesis, The University of New Brunswick; 2019. Available from https://www.researchgate.net/
profile/Tony_Diamond/publication/339883116_Overwinter_Movement_of_Atlantic_Puffins_
Fratercula_arctica_Breeding_in_the_Gulf_of_Maine/links/5e6a4862299bf135e60a2bb7/Overwinter-
Movement-of-Atlantic-Puffins-Fratercula-arctica-Breeding-in-the-Gulf-of-Maine.pdf

Phillips RA, Lewis S, Gonzalez-Solis, Daunt F. Causes and consequences of individual variability and
specialization in foraging and migration strategies of seabirds. Mar Ecol Prog Ser. 2017; 578:117—-150.
https://doi.org/10.3354/meps12217

Tranquilla LAM, Montevecchi WA, Hedd A, Fifield DA, Burke CM, Smith PA, et al. Multiple-colony winter
habitat use by murres Uria spp. in the Northwest Atlantic Ocean: implications for marine risk assess-
ment. Mar Ecol Prog Ser. 2013; 472:287-303. https://doi.org/10.3354/meps10053

Ratcliffe N, Crofts S, Brown R, Baylis AMM, Adlard S, Horswill C, et al. Love thy neighbor or opposites
attract? Patterns of spatial segregation and association among crested penguin populations during win-
ter. J Biogeogr. 2014; 41:1183-1192. https://doi.org/10.1111/jbi. 12279 PMID: 25505357

Weimerskirch H, Delord K, Guitteaud A, Phillips RA, Pinet P. Extreme variation in migration strategies
between and within wandering albatross populations during their sabbatical year and their fithess con-
sequences. Sci Rep. 2015; 5:8853. https://doi.org/10.1038/srep08853 PMID: 25747757

Frederiksen M, Descamps S, Erikstad KE, Gaston AJ, Gilchrist HG, Grémillet D, et al. Migration and
wintering of a declining seabird, the thick-billed murre Uria lomvia, on an ocean basin scale: conserva-
tion implications. Biol Conserv. 2016; 200:26—35. https://doi.org/10.1016/j.biocon.2016.05.011

PLOS ONE | https://doi.org/10.1371/journal.pone.0252055 May 28, 2021 18/21


https://doi.org/10.14430/arctic69885
https://services.arcgis.com/P3ePLMYs2RVChkJx/ArcGIS/rest/services/World_Countries_(Generalized)/FeatureServer/0
https://services.arcgis.com/P3ePLMYs2RVChkJx/ArcGIS/rest/services/World_Countries_(Generalized)/FeatureServer/0
https://doi.org/10.1007/s00300-009-0665-7
https://doi.org/10.1007/s00300-009-0665-7
https://doi.org/10.1007/s00227-009-1365-0
https://doi.org/10.1371/journal.pone.0021336
https://doi.org/10.1371/journal.pone.0021336
http://www.ncbi.nlm.nih.gov/pubmed/21799734
https://doi.org/10.1007/s00227-013-2268-7
https://doi.org/10.1093/beheco/arw013
https://doi.org/10.1093/beheco/arw013
http://www.ncbi.nlm.nih.gov/pubmed/27418752
https://www.researchgate.net/profile/Tony_Diamond/publication/339883116_Overwinter_Movement_of_Atlantic_Puffins_Fratercula_arctica_Breeding_in_the_Gulf_of_Maine/links/5e6a4862299bf135e60a2bb7/Overwinter-Movement-of-Atlantic-Puffins-Fratercula-arctica-Breeding-in-the-Gulf-of-Maine.pdf
https://www.researchgate.net/profile/Tony_Diamond/publication/339883116_Overwinter_Movement_of_Atlantic_Puffins_Fratercula_arctica_Breeding_in_the_Gulf_of_Maine/links/5e6a4862299bf135e60a2bb7/Overwinter-Movement-of-Atlantic-Puffins-Fratercula-arctica-Breeding-in-the-Gulf-of-Maine.pdf
https://www.researchgate.net/profile/Tony_Diamond/publication/339883116_Overwinter_Movement_of_Atlantic_Puffins_Fratercula_arctica_Breeding_in_the_Gulf_of_Maine/links/5e6a4862299bf135e60a2bb7/Overwinter-Movement-of-Atlantic-Puffins-Fratercula-arctica-Breeding-in-the-Gulf-of-Maine.pdf
https://www.researchgate.net/profile/Tony_Diamond/publication/339883116_Overwinter_Movement_of_Atlantic_Puffins_Fratercula_arctica_Breeding_in_the_Gulf_of_Maine/links/5e6a4862299bf135e60a2bb7/Overwinter-Movement-of-Atlantic-Puffins-Fratercula-arctica-Breeding-in-the-Gulf-of-Maine.pdf
https://doi.org/10.3354/meps12217
https://doi.org/10.3354/meps10053
https://doi.org/10.1111/jbi.12279
http://www.ncbi.nlm.nih.gov/pubmed/25505357
https://doi.org/10.1038/srep08853
http://www.ncbi.nlm.nih.gov/pubmed/25747757
https://doi.org/10.1016/j.biocon.2016.05.011
https://doi.org/10.1371/journal.pone.0252055

PLOS ONE

Migratory movements of high arctic Atlantic puffins

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

Paiva VH, Fagundes Al, Roméao V, Gouveia C, Ramos JA. Population-scale foraging segregation in an
apex predator of the North Atlantic. PLOS One. 2016; 11(3):e0151340. https://doi.org/10.1371/journal.
pone.0151340 PMID: 27003687

Weimerskirch H, Wilson RP. Oceanic respite for wandering albatrosses. Nat. 2000; 406:955-956.
https://doi.org/10.1038/35023068 PMID: 10984040

Gonzales-Solis J, Croxall JP, Afanasyev V. Offshore spatial segregation in giant petrels Macronectes
spp.: differences between species, sexes and seasons. Aquat Conserv. 2008; 17:522—-S36. https://doi.
org/10.1002/agc.911

Deakin Z, Hamer KC, Sherley RB, Bearhop S, Bodey TW, Clark BL, et al. Sex differences in migration
demography of a wide-ranging seabird, the northern gannet. Mar Ecol Prog Ser. 2019; 622:191-201.
https://doi.org/10.3354/meps 12986

Ketterson ED, Nolan V Jr. Geographic variation and its climatic correlates in the sex ration of eastern-
wintering dark-eyed juncos (Junco hyemalis hyemalis). Ecol 1976; 57(4):679-693. https://doi.org/10.
2307/1936182

Cristol DA, Baker MB, Carbone C. Differential migration revisited: latitudinal segregation by age and
sex class. In: Nolan V, Ketterson ED, Thompson CF, editors. Current Ornithology, Volume 15. New
York: Plenum Publishers; 1999. pp. 33-88.

Catry P, Phillips RA, Croxall JP. Sexual segregation in birds: Patterns, processes and implications for
conservation. In: Ruckstuhl KE, Neuhaus P, editors. Sexual segregation in vertebrates: ecology of the
two sexes. Cambridge: Cambridge University Press; 2005. pp. 351-380.

Fayet AL, Freeman R, Anker-Nilssen T, Diamond A, Erikstad KE, Fifield D, et al. Ocean-wide Drivers of
migration strategies and their influence on population breeding performance in a declining seabird. Curr
Biol. 2017; 27(4):3871-8. https://doi.org/10.1016/j.cub.2017.11.009 PMID: 29199078

Fair JM, Paul E, Jones J, editors. Guidelines to the use of wild birds in research, 3rd ed. Washington,
D.C: Ornithological Council; 2010. Available from https://birdnet.org/info-for-ornithologists/guidelines-
to-the-use-of-wild-birds-in-research/

Danish Meteorological Institute. Weather observations from Greenland 1958—-2018 —observation data
with description. Cappelen, J, editor. DMI Report 20—-08. Available from http://www.dmi.dk/laer-om/
generelt/dmi-publikationer/

NOAA [Internet]. NOAA NCEP EMC CMB Global Reynolds Smith Ol v2 monthly SST data. Washing-
ton, DC: NOAA. [cited 5 August 2020]. Available from http://iridl.Ideo.columbia.edu/SOURCES/.
NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOlv2/.monthly/.sst/

Timmermans ML, Labe Z. Sea Surface Temperature. In. Thoman RL, Richter-Menge J, Druckenmiller
ML, editors. Arctic Report Card 2020. Washington, DC: NOAA; 2020. pp. 54-58. https://doi.org/10.
25923/v0fs-m920

Fetterer F, Knowles K, Meier WN, Savoie M, Windnagel AK [Internet]. Updated daily, sea ice index, ver-
sion 3. Boulder, CO: National Snow and Ice Data Center. [cited 2019 Mar 15]. https://doi.org/10.7265/
N5K072F8

Bond AL, Standen RA, Diamond AW, Hobson KA. Sexual size dimorphism and discriminant functions
for predicting the sex of Atlantic puffin (Fratercula arctica). J Ornithol. 2016; 157:875-8883. https://doi.
org/10.1007/s10336-016-1332-8

Fridolfsson A-K, Ellegren H. A simple and universal method for molecular sexing of non-ratite birds. J
Avian Biol. 1999; 30(1):116—121. https://doi.org/10.2307/3677252

Limited Biotrack. M-Series Geolocator User Manual, v.11. United Kingdom: Biotrack Limited; 2013.

Phillips RA, Silk JRD, Croxall JP, Afanasyev V, Briggs DR. Accuracy of geolocation estimates for flying
seabirds. Mar Ecol Prog Ser. 2004; 266:265-272. https://doi.org/10.3354/meps266265

Frederiksen M, Barge M, Daunt F, Phillips RA, Barrett RT, Bogdanova MI, et al. Multicolony tracking
reveals the winter distribution of a pelagic seabird on an ocean basin scale. Divers Distrib. 2012; 18
(6):530-542. https://doi.org/10.1111/j.1472-4642.2011.00864.x

Surman CA, Nicholson LW, Phillips RA. Distribution and patterns of migration of a tropical seabird com-
munity in the Eastern Indian Ocean. J Ornithol. 2018; 159:867—-877. https://doi.org/10.1007/s10336-
018-1556-x

Glew KJ, Wanless S, Harris MP, Daunt F, Erikstad KE, Strem H, et al. Sympatric Atlantic puffins and
razorbills show contrasting responses to adverse marine conditions during winter foraging within the
North Sea. Mov Ecol. 2019; 7:33. https://doi.org/10.1186/s40462-019-0174-4 PMID: 31695919

Durinck J, Falk K. The distribution and abundance of seabirds off southwestern Greenland in autumn
and winter 1988—1989. Polar Res. 1996; 15(1):23—42. https://doi.org/10.3402/polar.v15i1.6634

PLOS ONE | https://doi.org/10.1371/journal.pone.0252055 May 28, 2021 19/21


https://doi.org/10.1371/journal.pone.0151340
https://doi.org/10.1371/journal.pone.0151340
http://www.ncbi.nlm.nih.gov/pubmed/27003687
https://doi.org/10.1038/35023068
http://www.ncbi.nlm.nih.gov/pubmed/10984040
https://doi.org/10.1002/aqc.911
https://doi.org/10.1002/aqc.911
https://doi.org/10.3354/meps12986
https://doi.org/10.2307/1936182
https://doi.org/10.2307/1936182
https://doi.org/10.1016/j.cub.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29199078
https://birdnet.org/info-for-ornithologists/guidelines-to-the-use-of-wild-birds-in-research/
https://birdnet.org/info-for-ornithologists/guidelines-to-the-use-of-wild-birds-in-research/
http://www.dmi.dk/laer-om/generelt/dmi-publikationer/
http://www.dmi.dk/laer-om/generelt/dmi-publikationer/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.monthly/.sst/
https://doi.org/10.25923/v0fs-m920
https://doi.org/10.25923/v0fs-m920
https://doi.org/10.7265/N5K072F8
https://doi.org/10.7265/N5K072F8
https://doi.org/10.1007/s10336-016-1332-8
https://doi.org/10.1007/s10336-016-1332-8
https://doi.org/10.2307/3677252
https://doi.org/10.3354/meps266265
https://doi.org/10.1111/j.1472-4642.2011.00864.x
https://doi.org/10.1007/s10336-018-1556-x
https://doi.org/10.1007/s10336-018-1556-x
https://doi.org/10.1186/s40462-019-0174-4
http://www.ncbi.nlm.nih.gov/pubmed/31695919
https://doi.org/10.3402/polar.v15i1.6634
https://doi.org/10.1371/journal.pone.0252055

PLOS ONE

Migratory movements of high arctic Atlantic puffins

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Mosbech A, Johnson SR. Late winter distribution and abundance of sea-associated birds in south-west-
ern Greenland, the Davis Strait and southern Baffin Bay. Polar Res. 1999; 18(1):1-17. hitps://doi.org/
10.3402/polar.v18i1.6554

Boertmann D, Lyngs P, Merkel FR, Mosbech A. 2004. The significance of southwest Greenland as win-
ter quarters for seabirds. Bird Conserv Int. 2004; 14(2):87—112. https://doi.org/10.1017/
S$0959270904000127

Yurkowski D.J., Auger-Méthé M., Mallory M.L., Wong S.N.P., Gilchrist G., Derocher A.E., et al. 2019.
Abundance and species diversity hotspots of tracked marine predators across the North American Arc-
tic. Divers Distrib. 25(3):328-345. https://doi.org/10.1111/ddi.12860

Newton I. The migration ecology of birds. London: Academic Press; 2008.

Fort J, Pettex E, Tremblay Y, Lorentsen S, Garthe S, Votier S, et al. Meta-population evidence of ori-
ented chain migration in northern gannets (Morus bassanus). Front Ecol Environ. 2012; 10(5):237-242.
https://doi.org/10.1890/110194

Hallgrimsson GT, Gunnarsson HV, Torfason O, Buijs OR-J, Camphuysen KCJ. Migration pattern of Ice-
landic lesser black-backed gulls Larus fuscus graellsii: indication of leap-frog system. J Ornithol. 2012;
153:603-9. https://doi.org/10.1007/s10336-012-0816-4

Ramos R, Sanz V, Militdo T, Bried J, Neves VC, Biscoito M, et al. Leapfrog migration and habitat prefer-
ences of a small oceanic seabird, Bulwer’s petrel (Bulweria bulwerii). J Biogeogr. 2015; 42(9):1651—
1644. https://doi.org/10.1111/jbi.12541

Pennycuick CJ. Actual and ‘optimum’ flight speeds; field data reassessed. J Exp Biol. 1997; 200:2355—
2361. PMID: 9320274

Dias MP, Granadeiro JP, Catry P. Do seabirds differ from other migrants in their travel arrangements?
On route strategies of Cory’s shearwater during its trans-equatorial journey. PLOS One. 2012; 7(11):
e493786. https://doi.org/10.1371/journal.pone.0049376 PMID: 23145168

Nilsson C, Klaassen RHG, Alerstam T. Differences in speed and duration of bird migration between
spring and autumn. Am Nat. 2013; 181(6):837—-845. https://doi.org/10.1086/670335 PMID: 23669545

Hunt GL, Bakken V, Mehlum F. Marine birds in the marginal ice zone of the Barents Sea in late winter
and spring. Arctic. 1996; 49(1):53-61.

Mehlum F. Seabird species associations and affinities to areas covered with sea ice in the northern
Greenland and Barents Seas. Polar Biol. 1997; 18:116—127. htips://doi.org/10.1007/s003000050166

Stirling I. The importance of polynyas, ice edges, and leads to marine mammals and birds. J Mar Syst.
1997; 10:9-21. https://doi.org/10.1016/S0924-7963(96)00054-1

Gilg O, Strem H, Aebischer A, Gavrilo MV, Volkov AE, Miljeteig C, et al. Post-breeding movements of
northeast Atlantic ivory gull Pagophila eburnean populations. J Avian Biol. 2010; 41(5):532-542. https://
doi.org/10.1111/j.1600-048X.2010.05125.x

Burnham KK, Newton I. Seasonal movements of gyrfalcons Falco rusticolus include extensive periods
at sea. Ibis. 2011; 153(3):468—484. https://doi.org/10.1111/].1474-919X.2011.01141.x

Fort J, Moe B, Strem H, Grémillet D, Welcker J, Schultner J, et al. Multicolony tracking reveals potential
threats to little auks wintering in the North Atlantic from marine pollution and shrinking sea ice cover.
Divers Distrib. 2013; 19:1322-1332. https://doi.org/10.1111/ddi.12105

Boertmann D. Seabirds in the central North Atlantic, September 2006: further evidence for an oceanic
seabird aggregation area. Mar Ornithol. 2011; 39(2):183-188.

Montevecchi WA, Hedd A, Tranquilla LM, Fifield DA, Burke CM, Regular PM. Tracking seabirds to iden-
tify ecologically important and high risk marine areas in the western North Atlantic. Biol Conserv. 2012;
156:62—71. https://doi.org/10.1016/j.biocon.2011.12.001

Bennison A, Jessopp M. At-sea surveys confirm a North Atlantic biodiversity hotspot. Bird Study. 2015;
62(2):262—-266. https://doi.org/10.1080/00063657.2015.1011601

Afonso P, Fontes J, Giacomello E, Magalhdes MC, Martin HR, Morato T, et al. The Azores: a mid-Atlan-
tic hotspot for marine megafauna research and conservation. Front Mar Sci. 2020; 6:826. https://doi.
org/10.3389/fmars.2019.00826

Convention on Biological Diversity [Internet]. Ecologically and biologically significant marine areas.
[cited 2020 Nov 9]. Available from https://www.cbd.int/ebsa/

Dunn DC, Ardron J, Bax N, Bernal P, Cleary J, Cresswell |, et al. The Convention on Biological Diver-
sity’s ecologically or biologically significant areas: origins, development, and current status. Mar Policy.
2014; 49:137-145. https://doi.org/10.1016/j.marpol.2013.12.002

Environment and Climate Change Canada [Internet]. Canada’s conserved areas. [cited 2021 Jan 5].
Available from https://open.canada.ca/data/en/dataset/2888ff57-a21c-448c-a4fa-570c4cabd956

Marine Conservation Institute [Internet]. MPAtlas. [cited 2020 Nov 9]. Available from www.mpatlas.org

PLOS ONE | https://doi.org/10.1371/journal.pone.0252055 May 28, 2021 20/21


https://doi.org/10.3402/polar.v18i1.6554
https://doi.org/10.3402/polar.v18i1.6554
https://doi.org/10.1017/S0959270904000127
https://doi.org/10.1017/S0959270904000127
https://doi.org/10.1111/ddi.12860
https://doi.org/10.1890/110194
https://doi.org/10.1007/s10336-012-0816-4
https://doi.org/10.1111/jbi.12541
http://www.ncbi.nlm.nih.gov/pubmed/9320274
https://doi.org/10.1371/journal.pone.0049376
http://www.ncbi.nlm.nih.gov/pubmed/23145168
https://doi.org/10.1086/670335
http://www.ncbi.nlm.nih.gov/pubmed/23669545
https://doi.org/10.1007/s003000050166
https://doi.org/10.1016/S0924-7963%2896%2900054-1
https://doi.org/10.1111/j.1600-048X.2010.05125.x
https://doi.org/10.1111/j.1600-048X.2010.05125.x
https://doi.org/10.1111/j.1474-919X.2011.01141.x
https://doi.org/10.1111/ddi.12105
https://doi.org/10.1016/j.biocon.2011.12.001
https://doi.org/10.1080/00063657.2015.1011601
https://doi.org/10.3389/fmars.2019.00826
https://doi.org/10.3389/fmars.2019.00826
https://www.cbd.int/ebsa/
https://doi.org/10.1016/j.marpol.2013.12.002
https://open.canada.ca/data/en/dataset/2888ff57-a21c-448c-a4fa-570c4cabd956
http://www.mpatlas.org
https://doi.org/10.1371/journal.pone.0252055

PLOS ONE

Migratory movements of high arctic Atlantic puffins

88.

89.

90.

91.

92.

93.

94.

UNEP-WCMC and IUCN [Internet]. Protected planet: the world database on protected areas (WDPA).
Cambridge, UK: UNEP-WCMC and IUCN. [cited 2020 Nov 10]. Available from www.protectedplanet.
net

Lindstet SL, Boyce MS. Seasonality, fasting endurance, and body size in mammals. Am Nat. 1985; 125
(6):873-8. https://doi.org/10.1086/284385

Ashton KG. Patterns of within-species body size variation of birds: strong evidence for Bergmann’s
Rule. Glob Ecol Biogeogr. 2002; 11(6):505-523. https://doi.org/10.1046/j.1466-822X.2002.00313.x

Richman SE, Lovvorn JR. Effects of air and water temperatures on resting metabolism of auklets and
other diving birds. Physiol Biochem Zool. 2011; 84(3):316—-332. https://doi.org/10.1086/660008 PMID:
21527823

Pelletier D, Seyer Y, Garthe S, Bonnefoi S, Phillips RA, Guillemette. So far, so good. . . Similar fitness
consequences and overall energetic costs for short and long-distance migrants in a seabird. PLOS
One. 2020; 15(3):e0230262. https://doi.org/10.1371/journal.one/0230262

Lam CH, Nielsen A, Sibert JR. Incorporating sea-surface temperature to the light-based geolocation
model Tracklt. Mar Ecol Prog Ser. 2010; 419:71-84. https://doi.org/10.3354/meps08862

Merkel B, Phillips RA, Descamps S, Yoccoz N, Moe B, Strgm. A probabilistic algorithm to process geo-
location data. Mov Ecol. 2016; 4(26). https://doi.org/10.1186/s40462-016-0091-8 PMID: 27891228

PLOS ONE | https://doi.org/10.1371/journal.pone.0252055 May 28, 2021 21/21


http://www.protectedplanet.net
http://www.protectedplanet.net
https://doi.org/10.1086/284385
https://doi.org/10.1046/j.1466-822X.2002.00313.x
https://doi.org/10.1086/660008
http://www.ncbi.nlm.nih.gov/pubmed/21527823
https://doi.org/10.1371/journal.one/0230262
https://doi.org/10.3354/meps08862
https://doi.org/10.1186/s40462-016-0091-8
http://www.ncbi.nlm.nih.gov/pubmed/27891228
https://doi.org/10.1371/journal.pone.0252055

