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ABSTRACT. Long-distance movements are characteristic of most seabirds in the order Procellariiformes.
However, little is known about the migration and foraging ranges of many of the smaller species in this order,
especially storm-petrels (Hydrobatidae). We used Global Location Sensors to document the year-round
movements of sympatrically breeding Fork-tailed Storm-Petrels (Oceanodroma furcata) and Leach’s Storm-
Petrels (O. leucorhoa) from the Gillam Islands located northwest of Vancouver Island, British Columbia,
Canada. In 2016, breeding Fork-tailed (N = 5) and Leach’s (N = 2) storm-petrels traveled maximum
distances of ~1550–1600 km from their colony to a region that has a wide shelf with major canyons creating
a highly productive foraging area. After the breeding season, Fork-tailed Storm-Petrels (N = 2) traveled to
similar areas west of the Gillam Islands, a maximum distance of ~3600 km from the breeding colony, and
remained in the North Pacific Ocean and north of the Subarctic Boundary for an average of 5.4 mo. Post-
breeding Leach’s Storm-Petrels (N = 2) moved south to the Eastern Tropical Pacific, west of central Mexico,
Ecuador, and northern Peru, an estimated maximum distance of ~6700 km from their breeding colony, and
remained there for an average of 7.2 mo. Carbon (d13C) and nitrogen (d15N) stable isotope analyses of
feathers revealed niche separation between Fork-tailed (N = 21) and Leach’s (N = 53) storm-petrels. The wide
range of d15N values in the feathers of Leach’s Storm-Petrels (N = 53) suggests that they foraged at a variety
of trophic levels during the non-breeding season. Our results demonstrate that storm-petrels have large core
foraging areas and occupy vast oceanic areas in the Pacific during their annual cycle. However, given the
coarse precision of Global Location Sensors, additional study is needed to identify the specific areas used by
each species during both breeding and non-breeding periods.

RESUMEN. Movimientos anuales de los simp�atricos Pa�ı~no rabihorcado (Oceanodroma
furcata) y Pa�ı~no boreal (O. leucorhoa)
Los moviemientos a larga distancia son caracter�ısticos de la mayor�ıa de las aves marinas del orden
Procellariiformes. Aun as�ı, poco se sabe de la migraci�on y los rangos de forrajeo de las especies m�as peque~nas
del orden, especialmente los petreles de las tormentas o pa�ı~nos (Hydrobatidae). Usamos Sensores de Ubicaci�on
Global para documentar los movimientos durante todo el a~no de dos especies que cr�ıan simp�atricamente, el
Pa�ı~no rabihorcado (Oceanodroma furcata) y el Pa�ı~no boreal (O. leucorhoa), desde las Islas Gillam ubicadas al
noroeste de la Isla de Vancouver, Columbia Brit�anica, Canad�a. En 2016, los pa�ı~nos rabihorcados (N = 5) y
boreales (N = 2) reproductivamente activos viajaron distancias m�aximas de ~1550–1600 km desde su colonia
a una regi�on que tiene una placa ancha con grandes ca~nones que crean un �area de forrajeo altamente
productiva. Luego de la temporada reproductiva, los pa�ı~no rabihorcados (N = 2) viajaron a �areas similares al
oeste de las Islas Gillam, una distancia m�axima de ~3600 km desde la colonia reproductiva, y se mantuvieron
en el Oc�eano Pac�ıfico Norte y al norte del L�ımite Sub�artico por un promedio de 5.4 meses. Los pa�ı~no
boreales (N = 2) post reproductivos se movieron al sur al Pac�ıfico Tropical del Este, al oeste de M�exico
central, Ecuador, y el norte de Per�u, una distancia estimada de ~6700 km desde de su colonia reproductiva, y
se quedaron ah�ı por un promedio de 7.2 meses. Los an�alisis de isotopos estables de carb�on (d13C) y nitr�ogeno
(d15N) en plumas revelaron una separaci�on de nichos entre los pa�ı~nos rabihorcados (N = 21) y boreales
(N = 53). El amplio rango de valores de d15N en las plumas de los pa�ı~nos boreales (N = 53) sugiere que
forrajearon en una variedad de niveles tr�oficos durante la temporada no reproductiva. Nuestros resultados
demostraron que los pa�ı~nos tienen �areas de forrajeo amplias y que ocupan vastas �areas oce�anicas en el Pac�ıfico
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durante su ciclo anual. Sin embargo, dada la precisi�on poco fina de los Sensores de Ubicaci�on Global, estudios
adicionales son necesarios para identificar las �areas espec�ıficas usadas por cada especie tanto durante los
per�ıodos reproductivos como los no reproductivos.

Key words: geolocation, migration, pelagic seabirds, seabird distribution, stable isotopes

Tubenose seabirds in the order Procellari-
iformes are well-known as central place for-
agers with large ranges during the breeding
season and even longer distance movements
when not breeding (Shaffer et al. 2006, Ray-
ner et al. 2016, Clay et al. 2017). However,
we lack information about the foraging ranges
and migratory movements of many seabirds
in the order, particularly the smaller species.
As highly pelagic long-distance migrants,
many seabirds embark on extended migratory
journeys, including trans-hemispheric move-
ments to marine regions far removed from
breeding areas. Conditions in these distant
marine regions during the non-breeding per-
iod may influence their survival and repro-
ductive performance in subsequent breeding
seasons (Sorensen et al. 2009, Harrison et al.
2011). Therefore, additional study of migra-
tion routes, non-breeding areas, and foraging
ranges is needed for a more complete under-
standing of life histories and behavior
(Nathan et al. 2008).
In many parts of the world, storm-petrel

populations are reported to be declining
(Robertson et al. 2006, Newson et al. 2008,
Fife et al. 2015). In the northeast Pacific
Ocean, the number of storm-petrels is esti-
mated to be in the millions (Harris 1974,
Sowls et al. 1978, Rodway 1991, Briggs et al.
1992, Boersma and Groom 1993), but infor-
mation about their breeding-season foraging
distributions and wintering areas is limited
(Huntington et al. 1996, Boersma and Silva
2001). The year-round range of Fork-tailed
Storm-Petrels (Oceanodroma furcata) is
thought to be limited to the North Pacific
Ocean, the Bering Sea, and the Sea of
Okhotsk (Boersma and Silva 2001, Kenyon
et al. 2009). Their breeding colonies are
located on islands throughout the eastern
North Pacific, ranging from northern Califor-
nia to Alaska and, in the northwest Pacific, in
Russia (Boersma et al. 1980, Boersma and
Groom 1993). In Pacific Canada, large breed-
ing colonies are located in the Haida Gwaii
archipelago, British Columbia, and along the
northwest coast of Vancouver Island, British

Columbia (Rodway 1991). An estimated
300,000–1.3 million individuals nest in Brit-
ish Columbia (Rodway 1991, Boersma and
Groom 1993), with a global population esti-
mate of 5–10 million birds (Boersma and
Groom 1993, Boersma and Silva 2001).
Leach’s Storm-Petrels (O. leucorhoa) range

widely throughout the Pacific and Atlantic
oceans, breeding in sympatry with Fork-tailed
Storm-Petrels in the north and northeast
Pacific (Huntington et al. 1996). Breeding
colonies are located on islands throughout the
Northern Hemisphere (Huntington et al.
1996). British Columbia supports a breeding
population of Leach’s Storm-Petrels estimated
to exceed 1 million birds (Rodway 1991).
The global breeding population was estimated
to exceed 10 million individuals (Boersma
and Groom 1993, Huntington et al. 1996),
but recent information indicates that numbers
are declining in many parts of the world
(Robertson et al. 2006, Newson et al. 2008,
Fife et al. 2015).
After breeding, storm-petrels need to

replenish body reserves and replace worn plu-
mage in preparation for the next breeding
season. Analysis of stable isotope ratios of car-
bon (13C/12C, expressed as d13C) and nitro-
gen (15N/14N, expressed as d15N) in feathers
grown during the non-breeding period is fre-
quently used to infer trophic level, latitude,
or relative reliance on inshore vs. offshore
habitats (Furness et al. 2006, Inger and Bear-
hop 2008, Quillfeldt et al. 2010). Isotopic
values of feathers are metabolically inert and
primary feathers of storm-petrels grown dur-
ing the non-breeding season (Ainley et al.
1976) maintain isotopic signatures as a record
of diet composition during this period (Bear-
hop et al. 2002). The heavy isotope of nitro-
gen (15N) is incorporated into the tissues of a
consumer from its diet, resulting in stepwise
enrichment (or depletion) in 15N at each
trophic level (Kelly 2000). Conversely, d13C
is linked to primary productivity, with
trophic fractionation increasing the d13C in a
consumer’s tissues by 0.5–1& relative to its
trophic level (Michener and Kaufman 2007).
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Therefore, d13C is typically used to infer
either foraging in nearshore vs. offshore
waters (Hobson et al. 1995) or latitude
(Cherel and Hobson 2007).
We combined Global Location Sensor

tracking and stable isotope analysis to exam-
ine the year-round movements of Fork-tailed
and Leach’s storm-petrels from populations in
the North Pacific Ocean. Our main objectives
were to: (i) identify the marine foraging
ranges and core-use areas of birds tracked
during the breeding season from a mixed-spe-
cies colony on Gillam Island (50°260N
127°580W) in Quatsino Sound, northwest of
Vancouver Island, British Columbia, Canada,
and (ii) describe the migratory movements
and identify non-breeding core-use areas of
Fork-tailed and Leach’s storm-petrels.

METHODS

Geolocator programming and
deployment. We used Intigeo-P65A11-7-
sea Global Location Sensors (Migrate Tech-
nology Ltd., Cambridge, UK) to estimate the
year-round movements of Fork-tailed and
Leach’s storm-petrels. Global Location Sen-
sors (hereafter, GLS tags) record changes in
ambient light-levels over time that are used to
estimate locations. Mean estimates (� SD) of
spatial error of positions derived from GLS
data in temperate polar regions have ranged
from 186 � 114 km (Phillips et al. 2004) to
202 � 171 km (Shaffer et al. 2005). Despite
their coarse precision relative to positions
derived from devices using the global posi-
tioning system (GPS, < 10 � 5 m, Hulbert
and French 2001) and ARGOS satellites (~1–
3 km, Burger and Shaffer 2008), GLS tags
are nonetheless considered suitable for assess-
ing the at-sea distribution and movements of
seabirds (Phillips et al. 2004, Quillfeldt et al.
2017).
Each GLS tag used in our study had a pro-

truding 7-mm light pipe to prevent plumage-
shading of the light sensor, and two plastic
tubes (1-mm-diameter) at each end for suture
attachment. Prior to GLS deployment, we
calibrated GLS tags by activating them at a
known location in an area free of artificial
light, and within 10 km of the study colony
for a minimum of 4 d. GLS tags retrieved in
2017 were re-calibrated in the same location
for at least 2 d to account for changes in

opacity of the GLS light sensors between
deployment and recapture.
Storm-petrels were captured in their nests

and fit with GLS tags during daylight hours.
We fit 11 incubating Fork-tailed Storm-Pet-
rels and 30 incubating Leach’s Storm-Petrels
with GLS tags between 19 and 22 May and
between 27 June and 1 July 2016, respec-
tively. GLS tags were attached to the back of
each bird (between the scapulae) using sutures
(Ethicon Prolene 4–0, FS-2.19 mm, Ethicon
US LLC, Cincinnati, OH, USA). We steril-
ized skin at suture sites beneath contour
feathers between scapulae with Povidone-
iodine, followed by 70% ethanol to remove
residual iodine solution. We then lifted the
skin between the scapulae and threaded
sutures at the front and rear ends of the GLS
tags at 1.5-cm distance between sutures. A
small strip of Tesa� tape (4651, Tesa Tape
Inc., Charlotte, NC, USA) was cut to fit the
length of the underside of the GLS tags to
facilitate straightforward removal of the device
should the need occur. One drop of glue
(LePage� Gel Control, Henkel, Rocky Hill,
CT, USA) was placed on the taped underside
of the GLS tags, which were then placed on
contour feathers before we tied sutures. Each
suture was tied with a surgical knot followed
by ≥ 3 double square knots. Birds were then
returned to their nests. The entire procedure
took < 10 min.
Weighing 0.8 g, GLS tags represented

~1.5% of the mean body mass of adult Fork-
tailed Storm-Petrels (55.1 � 3.8 [SD] g;
N = 12), and ~1.9% of adult Leach’s Storm-
Petrels (41.9 � 3.9 [SD] g; N = 35), consis-
tent with guidelines for reducing deleterious
effects of telemetric devices on birds (~3–5%)
(Phillips et al. 2003, Barron et al. 2010). To
reduce risk of nest abandonment, we only
selected birds that had begun incubation and
had eggs with an embryonic development age
of at least 4 d determined by candling
(Weller 1956). Prior to GLS attachment, we
weighed (with a 100-g Pesola scale, � 1 g)
each bird. A uniquely identified stainless steel
band was also attached to the right leg of
each bird.
To explore the possible effect of GLS tag

attachment on annual return rate and changes
in body mass, we included a control cohort
of 29 breeding Leach’s Storm-Petrels. We
randomly selected birds in the control group
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and matched the selection process for GLS-
tagged birds. Controls were captured and
restrained for the same duration as GLS-
tagged birds (i.e., ≤ 10 min). We did not
include a control group for Fork-tailed
Storm-Petrels because we were unable to
locate enough individuals of the species dur-
ing allotted field time. Due to limited field
time in 2016, we did not band the mates of
GLS-tagged and control birds so we were
unable to determine return rates of the mates
of birds in those groups.

Geolocator retrieval. Between 27 June
and 1 July 2016, we recaptured five Fork-
tailed Storm-Petrels for download of mid-sea-
son GLS data during the chick-provisioning
phase. This was timed to coincide with GLS
deployment on Leach’s Storm-Petrels. Because
Fork-tailed Storm-Petrels were provisioning
nestlings at this time, we used one-way wire
traps at nest entrances to facilitate capture.
Nests were checked each morning, and chicks
were weighed to determine if they had been
fed, concurrently determining if parent birds
had escaped the traps. The one-way traps
were removed if mates of the tagged birds
had been captured, and were not replaced
until the non-tagged mate had departed. In
2017, after a ~1-yr deployment, we recap-
tured Fork-tailed Storm-Petrels (between 19
and 24 May) and Leach’s Storm-Petrels (be-
tween 24 June and 1 July) during their incu-
bation periods.

Analysis of geolocator data. Data were
downloaded from GLS tags using IntiGeo
software (Migrate Technology Ltd.). We
imported raw light-level GLS data into
R v3.4.1 (R Core Team 2010) and defined
twilight events (i.e., sunrise and sunset) using
the “twilightCalc” function in the package
“GeoLight” (Lisovski et al. 2012) using a
threshold level of 1.5 to automatically delimit
sunrises and sunsets. Light intensity levels that
pass over the specified threshold level are
automatically identified as twilight events
(Lisovski and Hahn 2012). A threshold level
of 1.5 was above ambient nighttime light in
our data. However, twilights can sometimes
be erroneously demarcated by the automated
process when artificial shading of a GLS sen-
sor occurs (e.g., weather events and feathers
obscuring the sensor). Therefore, we con-
ducted a visual inspection of all twilights gen-
erated by GeoLight and removed any false

twilight demarcation. Processed light-level
data were analyzed in the FLightR package
(Rakhimberdiev et al. 2015) and included
calibration light-level data recorded by GLS
tags before deployment and after recapture.
We used FLightR to estimate the spatial like-
lihood of occurrence for all processed twi-
lights using a template-fit method (Ekstrom
2004, Rakhimberdiev et al. 2015). We chose
FLightR over traditional threshold methods
because it has been demonstrated to produce
locations with lower spatial errors, can esti-
mate locations during the equinoxes when
global day length is uniform, is less sensitive
to potential error from light-sensor shading,
and provides estimates of spatial uncertainty
(Ekstrom 2007, Rakhimberdiev et al. 2016).
However, location estimates during equinox
periods remain susceptible to error and
should be treated with caution (Rakhim-
berdiev et al. 2015). We did not exclude
locations around the equinoxes from analyses,
but provide estimates of spatial uncertainty in
Figure S1. We used a spatial mask to restrict
locations more than 1 km inland and
restricted maximum flight distance between
twilights to 1500 km (Rakhimberdiev et al.
2016), using a large 50-km spatial grid that
encompassed the entire Pacific Ocean. Last,
to calculate year-round storm-petrel locations,
we ran the FLightR particle filter with one
million particles produced over the spatial
grid, and used the median of the posterior
probability distribution as the estimates of
storm-petrel locations for further spatial anal-
ysis in ArcGIS v. 10.2 (ESRI 2013).

Spatial analysis. Following the FLightR
analysis, we projected storm-petrel locations
in the World Geodetic System (WGS) 1984
in ArcGIS (ESRI, v. 10.2, Redlands, CA) and
exported shape files for subsequent kernel
density estimation. We generated kernel den-
sities using the “kde” tool in Geospatial
Modeling Environment (GME) Version 0.7.3
(Beyer 2012) with a raster resolution of
50 km and a search radius of 200 km to
reflect average reported error of GLS locations
in kilometers (Phillips et al. 2006). We used
the “iso” tool in GME to calculate utilization
distributions (UD) representing areas of use
at different densities (30, 50, 70, and 90%).
We focused on the 50% UD to define

core-use areas of foraging ranges. Some esti-
mated locations were over land (i.e., within
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the 1-km inland restriction) and, although
those were almost certainly erroneous, they
were not removed to avoid biasing overall
centers of storm-petrel distribution (Guilford
et al. 2009). We report the duration of track-
ing for each storm-petrel and used ArcGIS
10.2 for Desktop (ESRI 2013) to calculate
estimated spatio-temporal characteristics of
storm-petrel movements including: (i) average
great-circle distance from the colony during
breeding (km � SD), (ii) total distance trav-
eled (km) during the breeding period,
(iii) post-breeding departure date, (iv) maxi-
mum foraging range (furthest great-circle dis-
tance from the colony) during migration
(km), (v) total distance traveled (km) during
the post-breeding period, and (vi) date of return
to the breeding area. Distances are rounded to the
nearest 50 km to account for error associated with
GLS locations. All reported distances are ortho-
dromic (great-circle distance) measurements.

Breeding and non-breeding season
distributions. We grouped estimated loca-
tions of tracked storm-petrels into categories
based on whether positions were associated
with breeding or non-breeding movements
and calculated UDs using these two cate-
gories. We used GLS locations that indicated
obvious southward or westward movements
away from the general breeding area to define
the onset of fall migration. To identify
implausibly early departures by adults relative
to projected chick fledging dates and to con-
currently infer if GLS-tagged birds likely bred
successfully, we estimated egg development
stage at time of capture to approximate
hatching dates and subsequent dates when
nestlings likely fledged and compared these to
the date of the onset of fall migration.
To estimate the stage of embryonic devel-

opment on a scale of 0–44 d, we used criteria
adapted from Weller (1956) that were used
successfully with Leach’s Storm-Petrels nesting
in Nova Scotia and Newfoundland, Canada
(Pollet et al. 2014a). We selected this metric
for estimating breeding stage rather than day
of the year because neither species breeds syn-
chronously (Boersma et al. 1980, Huntington
et al. 1996).
To delineate the at-sea movements of the

storm-petrels during the breeding season, we
used all available GLS locations preceding the
estimated post-breeding departure date for
each individual. Non-breeding season

distributions included all locations from the
date of an individual’s departure from the
breeding area to the first date when it was
detected in its nest burrow the following
breeding season.

Stable isotope analysis and molecular
sexing. For analysis of stable carbon and
stable nitrogen isotope values representing
diet during the non-breeding period, we sam-
pled the tips of the tenth primary feathers
(P10) grown during the non-breeding period
(N = 21 and 53 for Fork-tailed and Leach’s
storm-petrels, respectively). We collected
blood and feather samples from all tagged
storm-petrels recaptured in their nest burrows
in 2017. We also sampled additional Fork-
tailed (N = 12) and Leach’s (N = 30) storm-
petrels inferred to be mates of individuals
from GLS-tagged or control groups, but
could not eliminate the possibility that some
were new nest occupants. To determine the
sex of each bird, we took 1–2 ll of blood
from the brachial vein using a 26-gauge nee-
dle and stored the sample on FTA classic
cards (Whatman International Ltd., Maid-
stone, UK). Sex of birds was determined by
PCR reactions using the Z43B molecular
marker identified by Dawson et al. (2016).
Stable isotope analysis was conducted at the

University of Waterloo Environmental Iso-
tope Laboratory in Waterloo, ON, Canada.
Isotope ratios are expressed as d values in
parts per thousand (&) according to the fol-
lowing equation:

dX ¼ ½ðRsample=RstandardÞ � 1� � 1000;

where X is d13C or d15N and R is the corre-
sponding ratio of 13C/12C or 15N/14N,
according to the corresponding primary refer-
ence scales: Rstandard is Vienna Pee Dee Belem-
nite (VPDB) Atmospheric Nitrogen (AIR) for
13C and 15N, respectively. Replicate runs indi-
cated measurement errors of � 0.2& for car-
bon and � 0.3& for nitrogen analyses.

Statistical analysis. To test for possible
effects of carrying GLS tags, we conducted
two-sample t-tests to compare the mean body
mass of returning Leach’s Storm-Petrels with
and without GLS tags. Because we did not
have a control group of Fork-tailed Storm-
Petrels to compare recapture rates, we per-
formed a paired t-test to compare body mass
of Fork-tailed Storm-Petrels before and after

Movements of North Pacific Storm-PetrelsVol. 89, No. 3 211



they had carried GLS tags. We used one-way
ANOVAs to test effects of species and sex on
d13C and d15N values obtained from P10
feathers. Results of statistical tests were con-
sidered significant if P < 0.05. Statistical
analyses were run in program R v3.4.1 (R
Core Team 2010), and values are presented
as means � 1 SD.

RESULTS

Geolocator retrieval and device
effects. We recaptured five of 11 GLS-
tagged Fork-tailed Storm-Petrels halfway
through the 2016 breeding season and down-
loaded the data stored on the GLS. Three of
these appeared to have healthy chicks, one
was incubating an egg, and one had neither
an egg nor a chick, indicating nest failure. Of
the six Fork-tailed Storm-Petrels that were
not recaptured, two had apparently healthy
chicks, two had empty nests, one had a nest
with a dead chick, and one had a nest with
one cold egg and an adult Leach’s Storm-
Petrel incubating its own egg. Mean body
mass of Fork-tailed Storm-Petrels recaptured
halfway through breeding did not change signif-
icantly between when they were first captured
(55.9 � 4.9 g, N = 5) and when recaptured
(60 � 3.6 g, t4 = 1.1, P = 0.32).
Recapture rates of birds with GLS tags for

part or all of the previous year were 82% (9
of 11 birds) and 33% (10 of 30 birds) for
Fork-tailed and Leach’s storm-petrels, respec-
tively. However, retention rates of GLS tags
were low, with only 22% of Fork-tailed and
20% of Leach’s storm-petrels retaining GLS
tags after 1 yr. The recapture rate of Leach’s
Storm-Petrels in the control group was 45%
(13 of 29 birds). Mean body mass of Fork-
tailed Storm-Petrels before (54.9 � 4.2 g)
and 1 yr after tagging (57 � 2.9 g, N = 9)
did not differ (t8 = �1.1, P = 0.30). In addi-
tion, mean body mass of Leach’s Storm-Pet-
rels in the control group (43.5 � 5.1 g,
N = 12) did not differ (t20 = 0.7, P = 0.74)
from that of those fit with GLS tags the pre-
vious year (42.3 � 3.2 g, N = 10).
Both recaptured Fork-tailed Storm-Petrels

with GLS tags were incubating eggs, as were
all recaptured Fork-tailed Storm-Petrels that
had lost their GLS tags (identified by band
numbers). Both Leach’s Storm-Petrels recap-
tured with GLS tags still attached had brood

patches and one was incubating a 24-d-old
egg. One bird (x863) had retained its GLS
tag and was recaptured in the same nest
where first captured, but was sharing a nest
with a Fork-tailed Storm-Petrel chick esti-
mated to be 5–10 d old. All recaptured birds
appeared to be in good condition, and suture
sites of birds that either retained or lost GLS
tags showed no signs of infection or scar tis-
sue. In 2017, 12% of the nest sites occupied
by Leach’s Storm-Petrels in 2016 were occu-
pied by Fork-tailed Storm-Petrels in 2017; no
nest sites occupied by Fork-tailed Storm-
Petrels in 2016 were occupied by Leach’s
Storm-Petrels in 2017.

Breeding-season distribution. Mean
maximum great-circle distances traveled from
the colony during incubation and chick pro-
visioning were 1550 � 250 km for Fork-
tailed Storm-Petrels and 1600 � 300 km for
Leach’s Storm-Petrels (Table 1). Estimated
foraging ranges of both species extended
beyond the Canadian Exclusive Economic
Zone (EEZ; 370 km from British Columbia)
into the United States EEZ and international
waters (Fig. 1). The centroids of core UDs
were located 50 and 177 km from the colony
for Fork-tailed and Leach’s storm-petrels,
respectively (Fig. 1). During the 2016 breed-
ing season, the core UD of Fork-tailed
Storm-Petrels encompassed an area of
114 km2 confined to Canada’s EEZ (Fig. 1).
In contrast, the core UD of Leach’s Storm-
Petrels encompassed an area of 232 km2 that
extended beyond Canada’s EEZ and included
waters in the United States EEZ as well as
international waters. In calculating UDs of
breeding Fork-tailed Storm-Petrels, we
excluded data from one individual (x889;
Table 1) because its nest had failed and the
average distance of estimated positions from
the colony of this individual was far greater
than those of breeding individuals (Table 1).

Non-breeding-season distribution. Fork-
tailed Storm-Petrels foraged over a greater
longitudinal area than Leach’s Storm-Petrels
during the non-breeding season, but remained
in the North Pacific Ocean, generally north of
the Subarctic Boundary (Kanaji et al. 2016,
Fig. 2). Credible intervals associated with
storm-petrel positions estimated by FLightR
were greater around the vernal and autumnal
equinoxes. We provide estimates of spa-
tial uncertainty for storm-petrels tracked
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year-round in Figure S1. Analysis of the post-
breeding movements of one Fork-tailed Storm-
Petrel (x894) revealed five core UD areas
(Fig. 2). Although the geometric center of the
five core UD areas was � 1050 km northwest
of Gillam Island, this bird traveled a maximum
great-circle distance > 3500 km from the col-
ony during the non-breeding period (Table 2),
and its non-breeding season core UD encom-
passed an area of 542 km2 of North Pacific
waters. The core UD of the other tracked
Fork-tailed Storm-Petrel (x892) included
two areas encompassing 447 km2, with the
geometric center located � 700 km great-
circle distance west of the colony (Fig. 2).
Determination of egg stage was useful for esti-
mating departure dates and related well to GLS
positions that indicated obvious movements
away from the breeding colony (Table 2).
Leach’s Storm-Petrels began their south-

ward migrations at the end of the 2016
breeding season, with bird x900 departing on
30 September and bird x863 on 25 October
(Table 2). The centroid of bird x863’s
(Fig. 2) single-core UD was south of the
equator at � 6450 km great-circle distance
from the colony. The core UD encompassed
308 km2 and was centered over an area asso-
ciated with the South Equatorial Current, the
Peru-Chile Undercurrent, and the Humboldt
Current (Kessler 2006) west of Peru and
Ecuador. Throughout the non-breeding per-
iod, including its return to British Columbia,
x863 traveled over the EEZs of Canada, the
United States, Mexico, Colombia, Ecuador,
Chile, and France (̂Ile de Clipperton). This
individual remained in the breeding core UD
for approximately 1 mo after the estimated date
that its chick would have fledged (Table 2)
before beginning southward migration.
The other Leach’s Storm-Petrel (x900;

Fig. 2) also had a single wintering area, but it
was centered farther north to the west of cen-
tral Mexico over the Tehuantepec Bowl and
associated with the California Current and
the West Mexican Current (Kessler 2006).
The centroid of x900’s core UD was
~3400 km great-circle distance from the
breeding colony (Table 2) and encompassed
an area of 344 km2. During its migration,
x900 traveled through the EEZs of Canada,
the United States, Mexico, and France.

Stable isotope analysis. We found sig-
nificantly lower values of d13C in the P10T
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feathers of Fork-tailed Storm-Petrels than in
those of Leach’s Storm-Petrels (ANOVA
F1,72 = 99.5, P < 0.0001; Fig. 3, Table 3)
and higher values of d15N in the P10 feathers
of Fork-tailed Storm-Petrels than those of
Leach’s Storm-Petrels (ANOVA F1,72 = 10.1,
P = 0.002; Fig. 3). We found no differences
in values of d13C and d15N of males and
females for either Leach’s Storm-Petrels
(ANOVA for d13C: F1,51 = 3.4, P = 0.071;
ANOVA for d15N: F1,51 = 1.7, P = 0.20) or
Fork-tailed Storm-Petrels (ANOVA for d13C:
F1,19 = 2.3, P = 0.15; ANOVA for d15N:
F1,19 = 0.1, P = 0.82).

DISCUSSION

Both species of storm-petrels in our study
had large foraging ranges during the breeding
season and extensive post-breeding migra-
tions. During incubation and chick provision-
ing, estimated maximum foraging ranges of
storm-petrels were up to 1600 km from the
breeding colony. In comparison, Hedd et al.
(2018) reported that Leach’s Storm-Petrels in
the Atlantic Ocean ranged up to 830 km
from breeding colonies during incubation.
Other small Procellariiform seabirds are also
known to forage over large areas when

breeding (Pollet et al. 2014a), including Mur-
phy’s Petrels (Pterodroma ultima) that range
up to 4800 km from breeding colonies (Clay
et al. 2017) and Chatham Petrels (Pterodroma
axillaris) that range up to 2095 km from
breeding colonies (Rayner et al. 2012).
Our results for the breeding distribution of

Fork-tailed and Leach’s storm-petrels align
with observations reported in other studies.
For example, ship-based surveys in the region
have shown that the distribution of both spe-
cies tends to be concentrated seaward of the
continental shelf break (> 200 m isobath,
Kenyon et al. 2009), and other investigators
have reported that Leach’s Storm-Petrels for-
age further offshore than Fork-tailed Storm-
Petrels (Vermeer and Rankin 1984, Briggs
et al. 1987, Hoefer 2000, Yen et al. 2005).
Kenyon et al. (2009) noted that, during
spring (16 March–15 June), both Fork-tailed
and Leach’s storm-petrels were widely dis-
tributed west of Vancouver Island, including
the outer shelf, the continental slope, and far-
ther offshore.
The region where breeding birds in our

study foraged has a wide shelf with major
canyons creating a highly productive foraging
area (Burger et al. 2004) known to be impor-
tant for several migratory seabird species,

A B

Fig. 1. At-sea distribution of storm-petrels during the 2016 breeding season expressed as utilization
distributions calculated from combined estimated locations of Fork-tailed Storm-Petrels (A, N = 5,
May–August) and combined estimated locations of Leach’s Storm-Petrels (B, N = 2, July–October). The
location of Gillam Island is indicated by a black star. [Color figure can be viewed at wileyonlinelibrary.
com]
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including Sooty Shearwaters (Ardenna grisea),
Black-footed Albatrosses (Phoebastria nigripes),
and Cassin’s Auklets (Ptychoramphus aleuticus)
(Kenyon et al. 2009). Suryan et al. (2012)
identified an area that roughly approximated
the 50% UDs in our study as one location
with elevated chlorophyll a persistence, and
suggested that large areas with similar charac-
teristics might attract abundant mid- to
upper-trophic-level consumers (e.g., seabirds)
over large temporal scales.
Our tracking results during the non-breed-

ing season aligned well with results of long-
term ship-based surveys in the North Pacific.
For example, Kenyon et al. (2009) demon-
strated that, during fall and winter, Fork-
tailed Storm-Petrels were relatively abundant,
whereas Leach’s Storm-Petrels were nearly

absent from British Columbia waters. During
the 2016–2017 non-breeding period, Fork-
tailed Storm-Petrels in our study remained in
the northeast Pacific Ocean, primarily north
of the Subarctic Boundary and closely
matched areas identified by Sydeman et al.
(2012) as hotspots for the species. In contrast,
Leach’s Storm-Petrels in our study moved to
disparate highly productive areas in the East-
ern Tropical Pacific, with one bird (x900)
spending most of the non-breeding period in
the Tehuantepec Bowl that is associated with
the California Current and the West Mexican
Current. The other bird (x863) spent most of
the non-breeding period in the productive
waters of the South Equatorial Current, the
Peru-Chile Undercurrent, and the Humboldt
Current, primarily west of Peru and Ecuador.

A

C D

B

Fig. 2. At-sea distribution of storm-petrels (individual bird IDs in parentheses) during the non-breeding
season expressed as utilization distributions calculated from estimated locations of Fork-tailed Storm-Pet-
rels (A, August 2016–January 2017, B, August 2016–January 2017) and Leach’s Storm-Petrels (C, Octo-
ber 2016–May 2017, D, September 2016–May 2017). The location of Gillam Island is indicated by a
black star. Estimates of spatial uncertainty of storm-petrels tracked year-round are provided in Figure S1.
[Color figure can be viewed at wileyonlinelibrary.com]
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Other investigators have also reported high
numbers of Leach’s Storm-Petrels in the East-
ern Tropical Pacific Ocean during the non-
breeding season (King 1974, Ribic et al.
1997, Spear et al. 2001, Spear and Ainley
2007). Similarly, post-breeding Leach’s
Storm-Petrels tracked from colonies in New-
foundland and Nova Scotia, Canada, spent
their non-breeding period at tropical latitudes
in the South Atlantic (Pollet et al. 2014b) in
approximately the area where the Atlantic
South Equatorial Current splits into the
southward flowing Brazil Current and north-
ward flowing North Brazil Current (Peterson
and Stramma 1991).
After breeding, one Leach’s Storm-Petrel

(x863) in our study remained in an area that
approximated its breeding core UD for
almost a month before embarking on its
southward migration. Few data exist on post-
breeding movements of Leach’s Storm-Petrels
in the Pacific, but we hypothesize that this
bird likely remained in the area due to high
prey abundance. High abundance of near-sur-
face prey (i.e., euphausiids and other zoo-
plankton) accompanied by mixed-species
flocks of seabirds are known to occur in this
region in the fall (Burger et al. 2004).
Our stable isotope analyses revealed differ-

ences in isotope ratios from which we inferred
niche separation of Fork-tailed and Leach’s
storm-petrels during the non-breeding period.
We demonstrated wider ranges of stable car-
bon (d13C) and nitrogen (d15N) isotope
ratios in Leach’s Storm-Petrel tissues than
those of Fork-tailed Storm-Petrels. The
observed differences in ranges of d13C and
d15N may be because Leach’s Storm-Petrels
occupied a wider range of trophic levels dur-
ing the non-breeding season (Hedd and Mon-
tevecchi 2006), or reflect more extensive
latitudinal movement. Individuals from Cana-
dian Atlantic colonies have been observed to
spend non-breeding periods in South African
waters (Pollet et al., unpubl. data), suggesting
wide latitudinal variation in the non-breeding
areas of Leach’s Storm-Petrels in the Atlantic
Ocean.
Although we found no measureable effect

of carrying GLS tags on annual recapture
rates, many recaptured individuals returned
without GLS tags. We are unaware of how
long these individuals retained GLS tags and
our ability to measure device effects isT
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consequently limited. Because the GLS tags
we used represented > 1% of storm-petrel
body mass, they may have affected survival
rates (Bodey et al. 2017). Even devices < 1%
of a bird’s body mass have been found to
cause elevated stress levels and associated
physiological effects in some small seabirds
(Quillfeldt et al. 2012).
The population status of storm-petrels in

British Columbia is currently unclear, but,

given the declining populations of Leach’s
Storm-Petrels reported elsewhere (Robertson
et al. 2006, Newson et al. 2008, Fife et al.
2015), identifying factors that may influence
survival during the breeding and non-breed-
ing seasons may be key for future conserva-
tion efforts for both species. Additional study
is also needed to identify the specific areas
used by each species during both breeding
and non-breeding periods. A better

Fig. 3. Variation in the stable isotope ratios of carbon (d13C) and nitrogen (d15N) in feathers of Fork-
tailed Storm-Petrels (●) and Leach’s Storm-Petrels (M) grown during the 2016-2017 post-breeding per-
iod. Solid black shapes indicate the species means with 95% CI. Values for tracked birds are labeled.

Table 3. Stable isotope ratios and descriptive statistics of carbon (d13C) and nitrogen (d15N) in P10 feath-
ers of Fork-tailed and Leach’s storm-petrels grown during the 2016/2017 non-breeding period.

Species Group N

d13C d15N

Mean d13C
(&) SD Range

Mean d15N
(&) SD Range

Fork-tailed
Storm-Petrels

All birds 21 �20.2 0.7 �21.4 to �18.4 14.7 1.2 12.0–17.8
Males 14 �20.1 0.7 �21.0 to �18.4 14.8 1.4 12.0–17.8
Females 7 �20.6 0.5 �21.4 to �20.0 14.6 0.5 13.6–15.2

Leach’s
Storm-Petrels

All birds 53 �18.7 0.6 �21.4 to �17.8 13.1 2.1 9.5–18.9
Males 29 �18.8 0.7 �21.4 to �18.0 13.5 2.0 9.5–18.9
Females 24 �18.5 0.4 �19.2 to �17.8 12.7 2.2 9.5–17.1
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understanding of the year-round distribution
of North Pacific storm-petrels will make it
possible to identify potential threats to their
survival at sea.
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Fig. S1. Uncertainty associated with loca-
tion estimates of two Fork-tailed Storm-
Petrels (FTSP) and two Leach’s Storm-Petrels
(LSPE) from the Gillam Islands, British
Columbia, Canada, tracked year-round with
geolocators.
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