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1.  INTRODUCTION

Delineating migratory pathways and at-sea distri-
butions of marine birds during their non-breeding pe-
riods is important for identifying high-priority conser-
vation and management areas (Shaffer et al. 2006,
Guilford et al. 2009, Adams et al. 2012). Despite rapid
advances in the study of marine wildlife made
possible by new bio-logging techno logies, basic infor-

mation — including locations of mi gratory corridors,
stop-over sites, and non-breeding habitat at sea — is
poorly established, anecdotal, or unknown (Block et
al. 2011). In addition, long- distance migratory species
that cross international boundaries or utilize interna-
tional waters present complex conservation chal-
lenges which cannot be addressed without detailed
and accurate location data (Nevins et al. 2009, Yorio
2009, Croxall et al. 2012).
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Many shearwater species (Family Procellariidae)
breeding in temperate regions undertake long-
 distance, trans-equatorial migrations between the
breeding and non-breeding periods to take ad -
vantage of seasonally productive waters. Tracking
studies have described the migratory movements
of several of these species (Shaffer et al. 2006,
González-Solís et al. 2007, Guilford et al. 2009, Hedd
et al. 2012, Carey et al. 2014). For example, post-
breeding adult sooty shearwaters Ardenna grisea
from New Zealand travel to the North Pacific during
the boreal summer, with round-trip migratory dis-
tances exceeding 40 000 km (Shaffer et al. 2006).
Such long-distance movements enable shearwaters
to take advantage of multiple, widely dispersed
oceanic resources, but also expose them to at-sea
threats at an ocean-basin scale (Shaffer et al. 2006).

The pink-footed shearwater A. creatopus is known
to breed only on the Chilean islands of the Juan Fer-
nández Archipelago and Isla Mocha (Brooke 2004),
with the majority nesting on Isla Mocha (Guicking
et al. 2004). No reliable published world population
estimate exists, though estimates from breeding
colonies have consistently been <100 000 breeding
individuals (reviewed by Brooke 2004). Due to
threats at breeding colonies (e.g. invasive species,
habitat loss and degradation, and human harvest of
chicks; Guicking et al. 1999, Hinojosa Saez & Hodum
2007, Carle et al. 2016) and at-sea (primarily fisheries
bycatch; Mangel et al. 2012, Suazo et al. 2014), this
species is listed as endangered by Chile (Hinojosa
Saez & Hodum 2007), threatened by Canada (Envi-
ronment Canada 2008), Vulnerable by the Interna-
tional Union for Conservation of Nature (IUCN;
BirdLife International 2017), and is included in
Annex 1 of the Agreement on the Conservation of
Albatrosses and Petrels (ACAP 2015). Breeding pink-
footed shearwaters appear to forage exclusively in
Chilean waters (Guicking et al. 2001, Carle et al.
2019). During the non-breeding period, pink-footed
shearwaters migrate north from Chile to as far as the
USA and Canada; however, the locations and re -
lative importance of core non-breeding-season
areas and migratory pathways at sea are not well
understood.

Delineating migratory pathways and important
non-breeding-season habitat is critical for assessing
at-sea threats to pink-footed shearwaters, especially
the risk of fisheries bycatch. During their migration
between Chile and North America, birds have the
potential to pass through the exclusive economic
zones (EEZs) of all eastern Pacific nations as well as
international waters, where they may overlap with

many different fisheries. Mortality of pink-footed
shearwaters from fisheries bycatch has been re -
ported or documented in multiple countries, with the
greatest bycatch currently believed to occur in Chile
and Peru (estimates range from 500 to 1000s of birds
killed each year in each country; Mangel et al. 2012,
Suazo et al. 2014, Vega et al. 2018). There is exten-
sive overlap and bycatch mortality of pink-footed
shearwaters during the breeding season associated
with Chilean purse-seine fleets targeting Peruvian
anchoveta Engraulis ringens and common sardine
Strangomera (Clupea) bentincki (Suazo et al. 2014,
Vega et al. 2018, Carle et al. 2019). Because neither
fisheries effort nor shearwater habitat-use has been
comprehensively studied across their range at sea, it
is unknown if estimated or documented bycatch rates
are correlated with pink-footed shearwater use of any
specific region, regional fishing effort, or some com-
bination of both.

In this study, we tracked the non-breeding-season
movements of pink-footed shearwaters during multi-
ple years to describe timing and routes of migration,
locate and assess relative importance of core non-
breeding residency areas, describe at-sea charac -
teristics of important pink-footed shearwater non-
breeding-season habitat, and identify priority areas
for at-sea conservation of pink-footed shearwaters
during the non-breeding season. Based on at-sea sur-
vey data, we expected that pink-footed shearwaters
would use waters from Peru to southern Canada in
the non-breeding period. We also expected that
tracked birds would primarily use continental shelf
and slope waters, meaning that the majority of their
time would be spent in national territorial, rather
than international, waters.

2.  MATERIALS AND METHODS

During 5 years between 2006 and 2015, we cap-
tured and tagged pink-footed shearwaters at breed-
ing colonies in Chile (Isla Santa Clara in the Juan
Fernández Archipelago [n = 5 birds], Isla Mocha [n =
25]), and at-sea off southern California (n = 12;
Table 1, Fig. 1). Tags deployed in Chile provided
information on post-breeding-season migration, non-
breeding-season residency areas, and occasionally
the return migration to Chilean breeding areas when
tag retention/functionality was sufficient. Tags de -
ployed off southern California provided additional
information on North American non-breeding move-
ments and habitat use, as well as return migration to
Chile. In Chile, we captured birds by hand at night
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when they returned to the colony late in
the breeding season (March−April). Off
southern California, we captured shear-
waters at sea in the Santa Barbara Chan-
nel using a handheld spotlight and dip
net from a small skiff at night early in the
non-breeding season (May−June). All
birds were confirmed to be of after-hatch-
year age based on flight feather molt pat-
terns. We attached satellite platform ter-
minal transmitters (PTTs; potted solar
PTT100 12g [Microwave Telemetry; 17g
final mass; <3% of mean pink-footed
shearwater mass; Guicking et al. 2004]) to
individuals’ mid-dorsum using a suture-
tape-glue combination (MacLeod et al.
2008, Adams et al. 2012) and programmed
PTTs to transmit at duty cycles designed
to prolong battery life (Table 1).

Our objective was to track pink-footed
shearwaters for as long as possible during
their extended (~7 mo) non-breeding sea-
son, while minimizing the risk of tag
effects. Therefore, we considered several
available attachment techniques used on
similar-sized shearwaters and alcids (e.g.
glue, tape, and harness). Although water-
proof tape has been used effectively with
penguins to achieve relatively long (sev-
eral months) device attachments (Wilson
et al. 1997), penguins have comparatively
short, robust feathers and dense dorsal
plumage compared with shearwaters and
alcids. Using tape and/or epoxy to attach
similar sized PTTs to shearwaters, re -
searchers have only been able to obtain
tracking durations of 1 to 46 d (Klomp &
Schultz 2000, Söhle et al. 2000, Guicking
et al. 2001, Einoder & Goldsworthy 2005).
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Year Tagging location n Duty cycle Mean days Mean distance Mean % of locations
(hours on:off) tracked (range) (km) tracked (range) retained after SDA

filter (range)

2006 Chile (JFA) 5 10:48 47 (12−95) 5200 (1664−10361) 81.6 (75.1−84.9)
2009 California 5 10:48 157 (114−217) 16038 (11959−19345) 83.7 (78.3−88.5)
2011 Chile (Isla Mocha) 9 6:8 157 (98−248) 18775 (8515−7926) 81.1 (62.2−91.8)
2013 Chile (Isla Mocha) 6 7:36 112 (23−213) 11075 (6174−1023) 75.3 (64.5−82.0)

California 7 6:8 139 (110−165) 15786 (8130−22770) 88.0 (86.2−89.5)
2015 Chile (Isla Mocha) 10 6:8 159 (100−236) 18964 (9257−33003) 86.9 (84.7−89.7)
All years 42 135 (12−248) 15280 (1023−33003 83.2 (62.2−91.8)

Table 1. Summary of pink-footed shearwater Ardenna creatopus satellite tagging effort, tracking time, cumulative distance 
tracked, and speed-distance-angle (SDA) filter results, 2006−2015. JFA: Juan Fernández Archipelago

Fig. 1. Pink-footed shearwater Ardenna creatopus breeding- and non-
breeding-season residency areas, and migratory corridors of birds tracked
from Chile and California (n = 42 birds), 2006−2015. Interpolated tracking
data are shown in red, and tagging sites and years are labeled. Thick black
dashed lines indicate latitudinal breaks between different regions, as de-
termined by speed (see Fig. 2). Boundaries of exclusive economic zones
(EEZ) used by pink-footed shearwaters are also shown (thin black dashed 

lines with gray outline)
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Ristow et al. (2000) used teflon harnesses to track 4
post-breeding Cory’s shearwaters Calonectris bore-
alis for 3 to 6 mo, but these birds were not success-
fully relocated at the colony during the following sea-
son. Furthermore, modified leg-loop harnesses for
northern fulmars Fulmarus glacialis caused nest
abandonments and likely resulted in adult mortality
(Mallory & Gilbert 2008). Based on these results indi-
cating relatively short-duration tape/glue attach-
ments and concerns regarding harness techniques,
we opted for non-surgical, external PTT attachments
using previously established suture techniques for
seabirds (Newman et al. 1999) modified for attach-
ments to petrels (Macleod et al. 2008; J. Adams
unpubl. data) and shearwaters (Adams et al. 2012).
Recapture and removal of similar PTTs attached with
the same methods to breeding Hawaiian petrels
Pterodroma sandwichensis (J. Adams & A. Raine
unpubl. data) upon return to nesting sites after 2 to
4 wk indicated expected wear and loss of some
sutures, with no apparent abnormalities associated
with remaining sutures. Because the pink-footed
shearwaters studied herein were not associated with
known burrows in the colony and we were tracking
adults after they dispersed, similar to several other
studies using our methods (Adams et al. 2012, Reid et
al. 2014, Powers et al. 2017, Ronconi et al. 2018), we
were unable to directly measure device effects on
bird condition or behavior. Instead, we visually eval-
uated transmissions for changes in the tag’s internal
tilt counter (i.e. reduced motion), battery voltage, or
locations associated with land that might indicate
compromised bird condition, tag failure, or strand-
ing, respectively.

We determined the geographic coordinates of indi-
vidual birds using the Argos System (CLS America
2011) and archived data via the Satellite Tracking
and Analysis Tool (STAT; Coyne & Godley 2005). We
used STAT to flag and manually correct ‘mirror’ loca-
tions, and we removed duplicate records (i.e. when
Argos returned 2 records with the same time), retain-
ing the record with the more accurate location class
(LC) or greater number of satellite messages. To re -
move data points requiring unrealistic flight speeds
and movement spikes, we removed LC-Z Argos data
and filtered remaining data (LC-3 through LC-B)
using a speed-distance-angle (SDA) filter in R (ver-
sion 3.4.3, R Core Team 2017; sdafilter function in the
argosfilter package; Freitas et al. 2008), specifying a
16.7 m s–1 speed threshold and default settings for
distances and angles (Adams et al. 2012). Applying
this type of filter to paired GPS-Argos avian tracking
data has been shown to remove most locations with

>21 km error (Douglas et al. 2012). We accounted for
variable sampling frequencies by applying a contin-
uous-time- correlated random walk (CRAWL) model
to filtered tracking data (R package crawl; Johnson et
al. 2008). We predicted shearwater movement paths
across the entire duration of each tag deployment
and incorporated previously measured Argos loca-
tion class error values from Douglas et al. (2012) into
the model framework (LC-3 = 0.4 km, LC-2 = 1.0 km,
LC-1 = 2.5 km, LC-0 = 7.9 km, LC-A = 4.8 km, LC-B =
10.0 km). These error measurements from paired
GPS-Argos animal-borne tags better represent the
accuracy of each location class than those estimated
by Argos (Le Boeuf et al. 2000, Costa et al. 2010, Witt
et al. 2010, Douglas et al. 2012). Hourly locations
were predicted from each shearwater’s fitted model;
these predicted locations were used in all subsequent
analyses.

To define boundaries for non-breeding-season resi-
dency areas and migratory corridors, we calculated
the mean distance traveled between successive pre-
dicted hourly locations for all birds in 1° latitude bins
throughout the geographic extent of the telemetry
data (Fig. 1). Latitude bins with mean speeds less
than the median of all bins were defined as residency
areas, and those greater than the median were classi-
fied as migratory corridors where birds likely were
transiting and interacting less with local habitat. We
compared this result with the same classification
method applied to SDA-filtered (un-interpolated) data
to investigate if predicting movement paths across
PTT off-duty periods had any effect. Waters south of
32° S were defined as breeding range because this
latitude was found to be the northern extent of breed-
ing season foraging trips of birds tracked from
Chilean colonies (Guicking et al. 2001, Carle et al.
2019). For each individual, we determined the date of
departure from, date of arrival into, and time spent
within each non-breeding-season residency area and
migratory corridor. For birds tagged in Chile, we cal-
culated the proportion of individuals that ultimately
reached and spent the majority of the non-breeding
period within specific residency areas. If a bird re-
mained off northern South America after initial post-
breeding migration and its tag stopped transmitting,
it was inferred to have used that region as an ultimate
non-breeding residency area only if it remained past
the latest observed departure among the birds that
departed from South American to North American
waters; otherwise, ultimate non-breeding residency
area was considered unknown.

We calculated the 95% (home range) and 50%
(core) contours of the kernel utilization distribution
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(UD; Worton 1989) within non-breeding residency
areas to spatially describe non-breeding-season
habitat use. CRAWL-predicted data for all individu-
als were pooled in each area, and UDs were calcu-
lated in R (kernelUD function in adehabitat package;
Calenge 2006) with a smoothing factor (h) equal to
the mean error of locations predicted during interpo-
lation (21.1 km). We computed the volume intersec-
tion of these UDs with those created using only the
SDA-filtered (un-interpolated) data to investigate if
significant differences existed due to interpolation
across PTT off-duty periods. The first 6 days of track-
ing data for shearwaters tagged at sea off California
were removed to reduce the potential effect of tag-
ging location bias on UD calculation. In addition to
describing spatial hotspots within non-breeding-
 season residency areas, we compared the mean pro-
portions of individuals’ time spent over continental
shelf (<200 m depth), slope (200−1000 m depth), and
rise/ abyssal waters (>1000 m depth) in the combined
core use areas in each non-breeding-season resi-
dency area. Depth values were extracted at all pre-
dicted bird locations from ETOPO1 bathymetry
(Amante & Eakins 2009) using ArcGIS 10.3 (ESRI).
Results are reported as mean ± SD unless otherwise
noted.

Finally, we calculated the percent of all tracking
time (pooled for all individuals) spent in each EEZ
where shearwaters traveled within the non-breeding
range and summarized reported and documented
pink-footed shearwater bycatch for fisheries in those
EEZs from both peer-reviewed and gray literature.

3.  RESULTS

In 5 different years, we tracked 42 pink-footed
shearwaters for an average of 135 ± 55 d (range =
12−248 d; Table 1, Table S1 in the Supplement at
www. int-res. com/ articles/ suppl/ n039 p269 _ supp. pdf).
In total, 21% (9 of 42) of individual PTTs indicated
that a voltage drop occurred at the end of the trans-
mission period before transmissions ceased alto-
gether, pointing to potential battery failure. No indi-
vidual PTT records demonstrated final transmissions
on land that would suggest stranding. Only 2 PTTs
exhibited tilt sensor records indicative of anomalous
inactivity before transmission ceased, both in 2006
when we recorded shorter duration transmission
periods (47 ± 34 d, n = 5 birds) than in other study
years (range of annual means 112 −159 d; Table 1,
Table S1). These 2 birds were tracked for relatively
short durations (PTT 64 379, 18 d; PTT 64377, 12 d),

and contributed little to the overall results. Although
no formal effort was made to re-sight tagged indi vi -
duals at colonies post-tracking, 1 individual pink-
footed shearwater (PTT 137990) that was tagged at
Isla Mocha in 2015 was opportunistically recaptured
within the same area of the colony in 2016, in good
condition and without its transmitter (R. D. Carle
pers. obs.).

Speed-distance-angle filtering retained 83.2 ±
6.8% of original locations (Table 1, Table S2 in the
Supplement). The percentage of original locations
retained corresponded to location class quality (LC-
3: 97.5%; LC-2: 96.5%; LC-1: 92.6%; LC-0: 78.6%;
LC-A: 75.8%; LC-B: 70.2%; Table S2). For the dura-
tion of each tag’s lifetime, the average cumulative
distance traveled by individuals was 15 280 ± 7462 km
(range = 1023−33 003 km; Table 1, Table S1). Outside
of the breeding range (north of 32° S), average cu -
mulative distance traveled was 13 992 ± 6895 km
(range = 164−31 271 km; excluding 1 tag that ceased
transmitting before departure from breeding waters;
Table S1). Tagged pink-footed shearwaters ranged
as far north as Vancouver Island, Canada (51° N),
during the non-breeding period (Fig. 1). The latitu -
dinal boundaries of breeding-season waters, non-
 breeding-season residency areas, and migratory cor-
ridors were well defined by rapid transitions in speed
at specific latitudes (Fig. 2). Classifications of latitudi-
nal boundaries using SDA-filtered data and CRAWL-
predicted data were identical; we used CRAWL-
 predicted locations for subsequent analyses. We
classified latitudinal bins with mean speeds <7.8 km
h−1 (187.2 km d−1; the median value across all bins) as
residency areas and all other bins as migratory corri-
dors. Birds exhibited migratory transit speeds from
central Chile to southern Peru (32°− 17° S; ~1600 km),
and from northern Peru to southern Baja California,
Mexico (4° S−23° N; ~4300 km; Fig. 2).

Shearwaters stopped over between southern and
northern Peru (17° and 4° S, respectively) and either
spent the entire non-breeding period there or con-
tinued northward to spend most of the non-breeding
period off North America between southern Baja
California, Mexico, and Vancouver Island, Canada
(22°−51° N; Fig. 3). Most birds departing for North
America from Peru left early in the post-breeding
season; 72% (13 of 18 birds) left earlier than the
midpoint day-of-year value (151) of the overall
range (117−184; Fig. 3). If a bird’s tag ceased trans-
mitting while off Peru after Day 184, it was inferred
to have spent the remainder of the non-breeding
period there. Of the individuals tagged in Chile for
which we could determine an ultimate non-breed-
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ing residency area (25 of 30 birds, all
years  combined), 28% spent the non-
breeding period off northern South
America (2 birds confirmed from com-
plete round-trip tracks, 5 inferred) and
72% traveled to waters off North Amer-
ica. Of the 5 birds for which we inferred
Peru as an ultimate residency area, 4
birds’ tags lasted for ~2 mo after our cut-
off (Day 184) and 1 tag lasted for nearly
1 mo before transmission ceased (Fig. 3).
Sample sizes were too small to assess
inter-annual variation in non-breeding
residency destination (Table 1).

Most post-breeding pink-footed shear-
waters left the central Chilean breeding
region between late April and early
May and returned there between mid-
October and late-November (Fig. 3). The
timing of movements was consistent be -
tween individuals, with standard devia-
tions of individual day-of-year values for
arrival or departure into breeding and
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Fig. 3. Deployment plot of individual pink-footed shearwater Ardenna creatopus tracking data mapped to breeding (<32°S;
orange), migratory corridor (yellow), and non-breeding-season residency (blue) areas over the year (by day of year) for all
tagged birds, 2006−2015. Light blue indicates Peru and dark blue North America (NorAm). Vertical black line indicates latest 

known day of the year that any individual tagged in Chile migrated north from Peru to North America

Fig. 2. Mean speed in 1° latitude bins of tracked pink-footed shearwaters
Ardenna creatopus across their non-breeding-season range (32°S−51°N).
Horizontal black line indicates median value used to determine migratory
corridor (>median) vs. non-breeding residency (<median) areas. Migra-
tory corridors between Chilean breeding range and Peru, and between
Peru and North America, are highlighted in yellow. Non-breeding resi-
dency  areas off Peru and North America are highlighted in light and dark 

blue, respectively
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non-breeding residency areas ranging from 9.6−
22.5 d. Birds spent 4.3 ± 1.6 d (range 2−8) during
northward migration and 8.1 ± 3.4 d (range 5−17)
during southward migration traveling between the
breeding region and southern Peru. Migrants ulti-
mately bound for North America stopped off north-
ern South America for 17.8 ± 15.2 d (northward;
range 5−50 d; late April−late May) and 17.3 ± 3.8 d
(southward; range 10−23 d; late September−mid-
November). Birds traveling to North America spent
10.8 ± 4.7 d (northward; range 6−21 d;) and 14.2 ±
7.9 d (southward; range 8−37 d;) migrating between
northern Peru and Baja California,
Mexico. Once off North America,
most movements progressed north-
ward throughout the non-breeding
season to connect several high-use
areas; individuals conducted more
direct and unabbreviated southward
movements through and out of this
residency area during the return
migration.

When traveling between the breed-
ing region and southern Peru, pink-
footed shearwaters utilized coastal to
pelagic waters up to 1100 km from
shore (Fig. 1). While migrating be -
tween South and North America, birds
typically traveled throughout a broad
offshore region 400−1700 km from
shore (Fig. 1). Although individual
migration pathways were dispersed,
most travel was direct between coastal
Peru and the west coast of Baja Ca -
lifornia (Fig. 1). Exceptions included
temporary entry into the Gulf of Ca -
lifornia (northbound only; 3 birds),
and an extreme case of 1 individual
approaching Baja California from the
south after likely having become en -
trained in a series of northwestward-
moving hurricanes for 2 wk (hurri-
canes Andres and Blanca; National
Hurricane Center 2018). This bird was
displaced 1400 km offshore, over
1000 km farther than all other birds
tracked at that latitude. (Fig. 1).

The volume intersections between
SDA-filtered and CRAWL-predicted
kernel UDs calculated in the North
America and Peru non-breeding re -
sidency areas were high (89.1 and
92.7%, respectively), therefore we

used CRAWL-predicted outputs for subsequent ana -
lysis and interpretation. In the non-breeding resi-
dency area off Peru, the 50% UD contour indicated
core-use areas from Trujillo to Lima (north-central
Peru) and an overall home range extending north
from southern Peru to southern Ecuador (Fig. 4). In
North America, core-use areas included waters off
central Baja California (Mexico), southern to central
California (USA), and central Oregon (USA) to south-
ern Vancouver Island (Canada; Fig. 4). In both resi-
dency areas, core use was located over continental
shelf (mean individual time [± SE] 58.8 ± 5.2% in
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Fig. 4. Core (50%, red outline) and home range (95%, black outline) contours
of kernel utilization distributions calculated for tagged pink-footed shearwa-
ters Ardenna creatopus in non-breeding-season residency areas off (A) North
America and (B) Peru. Continental shelf break (200 m isobath) is shown as
blue line. (C) Mean (± SD) of percent individual time spent over continental
shelf (≤200 m depth), slope (201−1000 m depth), and rise/abyssal (>1000 m 

depth) waters in core use areas off Peru and North America
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North America, 57.8 ± 4.5% in South America) and
continental slope waters (33.9 ± 4.3% in North Amer-
ica, 41.4 ± 4.4% in South America), with little core-
use time spent over abyssal waters (Fig. 4).

Pink-footed shearwaters visited 12 unique EEZs
and international high seas. For all pooled tracking
data collected north of breeding waters (32° S),
birds primarily utilized the EEZs of the USA. (34%
of total tracking time), Peru (30%), and Mexico

(24%), and to a lesser extent Chile (4%), Canada
and Ecuador (1−2%), and various central American
nations (<1% combined; Costa Rica, Colombia,
France [Clipperton Island], Panama, Guatemala, El
Salvador; Table 2). We found literature reporting or
documenting pink-footed shearwater bycatch from
fisheries in 6 of those EEZs (USA, Mexico,
Guatemala, Ecuador, Peru, Chile), and international
waters (Table 2).
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National EEZ % total Fisheries with reported or documented pink-footed shearwater bycatch Citation
(listed north pink-footed Fishery typea Methodb Magnitude (mortality)c

to south) shearwater
tracking time

Canada 1.6 None identified N/A Unknown N/A

United States 34.1 Long line Trial fishery study 1 bird per 33 sets Gladics et al. (2017)
Observer program Estimated 3.33−6.77 Jannot et al. (2018)

(95% CI: 0.8−14.1) birds yr−1

from 2010−2016
Trawl Observer program Estimated 0.48−2.35 Jannot et al. (2018)

(95% CI: 0−7.8) birds yr−1

from 2010−2016

Mexico 23.7 Purse seine Observer program Present E. Velarde unpubl. data

France (Clipper- 0.2 None identified N/A Unknown N/A
ton Island)

Guatemala <0.1 Long line Trial observer study Present Dávila Pérez et al. (2009)
El Salvador <0.1 None identified N/A Unknown N/A
Costa Rica 0.5 None identified N/A Unknown N/A
Panama 0.1 None identified N/A Unknown N/A
Colombia 0.3 None identified N/A Unknown N/A

Ecuador (incl. 1.2 Demersal long line Trial observer study 2 birds per 417 sets Mangel (2012)
Galapagos) (capture rate; fate unknown)

Peru 29.8 Gill net Trial observer study 3 birds per 914 sets; estimated Mangel et al. (2012)
500−1000 birds yr−1

Trial fishery study 3 birds per 729 sets Bielli (2017)

Chile 4.2 Purse seine Observer program 1510 birds per 1630 sets Vega et al. (2018)
Trial fishery study Present Suazo et al. (2014)

Gillnet, long line, Fisher interviews Estimated 911 birds yr−1 Mangel et al. ((2012)
purse seine (mostly gillnet)

Trawl Trial fishery study Present ATF (2013),
Suazo et al. (2014)

Demersal long line Fisher interviews Present Mangel et al. (2012)

International 4.4 Driftnet Observer program Present Johnson et al. (1993)
waters Observer program Estimated 412 birds yr−1 Ogi et al. (1993)

aFishery types are general and may represent small- or large-scale fisheries (or a combination) that may vary in vessel size, fleet size,
and spatiotemporal fishing effort within a nation. Consult original sources for specific fishery information; b’Observer program’ is a gov-
ernment-sanctioned, fleet-wide, bycatch observation program. ‘Trial observer study’ is an independent bycatch observation research
project, often on a smaller scale. ‘Trial fishery study’ is research-oriented fishing effort to study bycatch and/or gear modifications.
‘Fisher interviews’ is information on bycatch collected from interviewing fishers in a particular fishery or region; cUnless otherwise
noted, Magnitude indicates the observed number of birds killed per number of sets monitored. Additional birds may have been captured
and released alive. An annual mortality estimate is presented when it was provided by the original source. Magnitude is noted as ‘pre-
sent’ if pink-footed shearwater bycatch was reported or documented but no quantification was provided in the original study

Table 2. Relative use of distinct exclusive economic zones (EEZ) by tracked pink-footed shearwaters Ardenna creatopus in the non-breed-
ing period (i.e. all track locations north of 32° S) and summary of fisheries with reported or documented pink-footed shearwater bycatch
from peer-reviewed literature, gray literature, and personal communications with fisheries investigators (Enriqueta Velarde of Universidad

Veracruzana, Mexico). Set: unique deployment of fishing gear; N/A: not available
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4.  DISCUSSION

In this study, we found that satellite-tracked pink-
footed shearwaters performed trans-equatorial mi -
grations up to ~11 000 km from their breeding sites in
Chile, with cumulative travel distances as great as
~31 000 km outside of the breeding range. During the
non-breeding season, tagged shearwaters utilized
continental shelf and slope habitats in distinct resi-
dency areas along the Pacific coasts of Peru and
North America (primarily the USA and Baja Califor-
nia, Mexico), and birds traveled relatively rapidly
through migratory corridors between these areas
and breeding waters. The distinction between non-
breeding-season residency areas and migratory cor-
ridors was well-defined by rapid transitions in speed
across relatively short distances at specific latitudes.
Pink-footed shearwaters predominately used the
waters of Peru, Mexico, and the USA in the non-
breeding period.

Individuals were generally consistent in timing and
duration of migratory movements, and travel speeds
were greatest in the migratory corridors we identi-
fied (Table 1, Figs. 1 & 2). Standard deviations of
individual day-of-year values for arrival or departure
at breeding and non-breeding residency areas
ranged from ~1−3 wk, indicating that most major
pink-footed shearwater movements occur at similar
times of year. Mean travel speeds were slower within
the northern Chile migration corridor, suggesting
some foraging or resting may occur there, compared
with the migratory leg between Peru and Mexico
spanning deep, offshore waters. Sooty shearwaters
stop foraging and migrate rapidly across low latitude
waters that have lower primary productivity (Shaffer
et al. 2006). The migratory waters between Peru and
Mexico over which pink-footed shearwaters rapidly
traveled in this study could have lower productivity
and/or not support desired prey, although we did not
investigate that in this study. All tracked birds spent
some portion of the non-breeding period off Peru,
and the majority of tracked birds ultimately spent
the non-breeding period off North America (Fig. 2,
Table 1).

Distribution patterns documented in this study are
consistent with nonbreeding distributions measured
during ship and aerial at-sea surveys in the Califor-
nia Current (Briggs et al. 1987, Mason et al. 2007,
Adams et al. 2014), which report similar aggrega-
tions regionally and with respect to bathymetry. Fur-
thermore, the overall mean tracking duration among
individual pink-footed shearwaters herein (135 ±
55 d) is similar to the mean durations reported using

the same attachment technique applied to spectacled
petrels Procellaria conspicillata (130 ± 53 d; Reid et
al. 2014), sooty shearwaters (108 ± 26 d; Adams et al.
2012), and greater shearwaters Puffinus gravis (159 ±
70 d; Ronconi et al. 2018). In this study, we observed
normal behavior and/or tag voltage drops when tag
transmissions ceased. Although we do not know how
these transmitters may have affected individuals
specifically, we believe that these data accurately
represent the non-breeding-season movements of
pink-footed shearwaters. Nevertheless, attachment
durations for the suture-tape-glue method likely vary
by species, researcher experience, or unknown ex -
trinsic factors. To further investigate tagging effects,
future studies involving post-breeding dispersal and
tracking using this attachment method could benefit
by concerted efforts to re-sight individuals and study
reproductive success during following seasons.

Pink-footed shearwaters appear unique among
Pacific shearwater species in that they rely exclu-
sively on the 2 Pacific Ocean eastern boundary cur-
rent upwelling systems across their entire annual
cycle, in this case the southern Humboldt Current
(Chile) during the breeding season and the northern
Humboldt (Peru) and California currents during the
non-breeding season. Sooty shearwaters breeding in
southern Chile may perform a similar migration;
however, this population has not been tracked and
individuals breeding in New Zealand migrate to both
the western and eastern north Pacific (Shaffer et al.
2006). In the Atlantic Ocean, Scopoli’s shearwaters
Calonectris diomedea utilize a similar strategy by
migrating from Mediterranean breeding sites to
either the Canary or Benguela eastern boundary cur-
rents off western Africa (Ramos et al. 2009). Pink-
footed shearwater core use was concentrated over
shelf and upper slope waters in both the northern
Humboldt (north-central Peru) and California cur-
rents (central Baja California, southern to central
California, and central Oregon to southern Vancou-
ver Island; Fig. 3). In the California Current, pink-
footed shearwater distribution appears to overlap
 latitudinally with non-breeding-season sooty shear-
water habitat, although pink-footed shearwaters
tend to be found farther offshore over the shelf-break
and upper-slope (Briggs et al. 1987, Ainley et al.
2005, Mason et al. 2007, Adams et al. 2012, 2014).

As productivity wanes at the end of the austral
summer in the southern Humboldt Current, pink-
footed shearwaters likely move north to access the
more year-round, albeit variably so, productive up -
welling waters of the northern Humboldt Current off
Peru (Alheit & Niquen 2004, Vargas et al. 2007). This
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area might benefit pink-footed shearwaters during
the austral summer also, as individuals are known
to be present there year-round (Hinojosa Saez &
Hodum 2007). However, these individuals likely are
non-breeders because the northern Humboldt Cur-
rent is beyond the foraging range of breeding adults
foraging from Chilean colonies (Carle et al. 2019).
While in the California Current during the boreal
spring and summer, pink-footed shearwaters likely
exploit waters with persistent seasonal upwelling
and productivity off Baja California, Mexico, and
central/ southern California, USA. (Checkley & Barth
2009). Shearwaters also utilized productive waters
off central Oregon to northern Washington, USA,
where seasonally intermittent upwelling, combined
with large freshwater and nutrient inputs, typically
drive increased productivity (Venegas et al. 2008,
Checkley & Barth 2009). In Chile and Peru, pink-
footed shearwaters are known to forage on and asso-
ciate with sardine (Clupeidea) and anchovy (Engrau -
lidae; Guicking et al. 2001, Jahncke et al. 1998a,b).
Off central and southern California, pink-footed
shear waters have been observed foraging on squid
and engraulid fishes (COSEWIC 2004). De pendence
on these prey types, which are predominantly anti-
tropical and tied to the seasonal up welling of nutri-
ent-rich waters (Parrish et al. 1989), may explain why
pink-footed shearwaters do not utilize oligotrophic
tropical waters off Central America during the non-
breeding period. The lower relative productivity,
lower seasonal variability, and patchily distributed
prey resources (e.g. flying fish Exocoetidae) of these
systems dictate a dependence of most tropical sea-
birds on subsurface predators (e.g. tuna) to facilitate
foraging in both the breeding and non-breeding
periods (Jaquemet et al. 2004, Catry et al. 2009, Le
Corre et al. 2012, Cecere et al. 2013, McDuie & Con-
gdon 2016). Future study of pink-footed shear water
diet could illuminate how preferred prey availability
may drive small- and large-scale non-breeding
movements.

Although we lacked sufficient annual sample sizes
to evaluate inter-annual variability in the timing of
migration and relative importance of waters off Peru
versus North America, it is possible that annual vari-
ability in the strength of upwelling and productivity
in the Humboldt Current could influence the propor-
tion of birds remaining off Peru for the entire non-
breeding period and/or how long they stop there en
route to the California Current off North America.
For example, enhanced prey availability off Peru
could cause birds to remain longer before continuing
northward, or even cause a greater proportion of the

population to remain there throughout the non-
breeding period (Ainley 1976). Alternatively, suffi-
cient prey availability off Peru could provide birds
the fuel needed to continue to North America after
a relatively brief stopover, assuming the California
Current is the desired destination. As evidenced by
the one individual in our study that was diverted by a
hurricane (a phenomenon documented in other sea-
bird studies; Hass et al. 2012), meteorological con -
ditions may also play a role in determining migratory
destination. Variations in wind patterns have been
hypothesized to affect the timing of trans-hemi-
spheric migration of Cory’s shearwaters in the At -
lantic (Felicí simo et al. 2008), but have also been
shown to be unrelated to ultimate migratory destina-
tion (Dell’Ariccia et al. 2018). In addition, colony-
level, individual-level, and sex-specific differences in
migratory behavior could be important determinants
of migratory routes (Catry et al. 2011, Müller et al.
2014).

Although only 28% of tagged birds ultimately
spent the entire non-breeding period off Peru, this
region was a migratory bottleneck for the entire
migratory population (primarily in May and October
when North American migrants stopped over for
1−3 wk); therefore, waters off Peru are disproportion-
ately important to the population (even more so if
non-breeding birds spend additional time there dur-
ing the austral summer; Hinojosa Saez & Hodum
2007). This bottleneck in northern South America has
important conservation implications because rela-
tively high levels of bycatch have been reported in
Peruvian fisheries (Mangel et al. 2012). Based on
extrapolation of capture rates from on-board obser-
vations, Mangel et al. (2012) estimated annual mor-
tality of 500 to 1000 pink-footed shearwaters in Peru-
vian small-scale gill-net fisheries (Table 2). Industrial
purse-seine fishing in Peru has not been studied for
bycatch, although recent research indicates sub -
stantial spatial overlap during the breeding period
among pink-footed shearwaters and central Chilean
artisanal and industrial purse-seine fishing effort
(Carle et al. 2019). These fisheries are characterized
by relatively high rates of documented pink-footed
shearwater bycatch (i.e. >1500 observed mortalities
over 3 yr, Vega et al. 2018; Table 2), suggesting that
significant bycatch could exist in Peruvian purse-
seine fisheries as well (Mangel et al. 2012). In addi-
tion, Mangel et al. (2012) estimated ~1000 individu-
als were caught annually in central and northern
Chilean small-scale gill-net, purse-seine, and long-
line fisheries (mostly gill-net; Table 2). Coupled with
our tracking results, this evidence suggests that a
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significant portion of the global pink-footed shear-
water population could be threatened year-round by
fisheries interactions and associated mortality.

Bycatch rates in other important non-breeding-
season areas we identified are likewise little studied,
but existing evidence indicates that the risk of by -
catch may be much lower off North America than off
South America. For example, pink-footed shearwater
bycatch has been documented in Mexican purse-
seine fisheries in the Gulf of California at low levels
(i.e. <10 birds; Enriqueta Velarde unpubl. data; Table
2). Documented cases of pink-footed shearwater
bycatch in US long-line and trawl fisheries are also
low, with annual mortality estimated for these fish-
eries of <7 birds yr−1 (Gladics et al. 2017, Jannot et al.
2018; Table 2). Although purse-seine fisheries in
Chile are a major source of pink-footed shearwater
bycatch, similar purse-seine fisheries in California
waters (targeting northern anchovy Engraulis mor-
dax, Pacific sardine Sardinops sagax, Pacific mack-
erel Scomber japonicus, jack mackerel Trachurus
symmetricus, and market squid Doryteuthis opa les -
cens) are not monitored or observed for seabird by -
catch (California Department of Fish and Wildlife
2018). Additional assessments of fisheries bycatch in
countries supporting the greatest relative pink-
footed shearwater use during the non-breeding sea-
son (USA, Peru, and Mexico) could be informative
and benefit conservation of the species. Whereas
fisheries bycatch is considered one of the primary
threats to pink-footed shearwaters at sea, additional
at-sea threats may also exist to pink-footed shear -
waters during their non-breeding period, such as oil
spills (Hampton et al. 2003), chemical pollution (Ci -
fuentes et al. 2003), plastic ingestion (Hutton et al.
2008), potential offshore energy development (Kel -
sey et al. 2018), and competition with fisheries (Cury
et al. 2011).

During the non-breeding period, pink-footed
shear waters utilized the EEZ waters of 12 coun-
tries — most importantly USA, Mexico, and Peru
(Table 2, Fig. 3) — each with their own specific fish-
eries practices, and each with different conservation
laws and unique conservation listings for the species.
Our results highlight the importance of international
cooperation for the conservation and management of
pink-footed shearwaters and similar highly migra-
tory seabirds (see Nevins et al. 2009). The Agree-
ment on the Conservation of Albatrosses and Petrels
(ACAP) treaty provides an international framework
for multinational conservation actions, though not all
nations with core habitat for pink-footed shearwaters
are signatories (notably, the USA are not a signatory,

but Chile and Peru are). Major data gaps exist
regarding fisheries interactions and bycatch of pink-
footed shearwaters in each country, especially in
Peru, Ecuador, and Mexico. Chile has recently in -
creased awareness of bycatch issues, begun to docu-
ment bycatch capture rates and mortality (Vega et al.
2018), and implemented governmental action (i.e.
National Plan for Conservation of pink-footed shear-
water [Hinojosa Saez & Hodum 2007], and pending
fisheries national plans [e.g. SUBPESCA 2003]). The
results of the present study indicate that additional
data sharing, collaborative prioritization, and the
pursuit of collective implementation of conservation
actions among nations could benefit the pink-footed
shearwater.
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