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ABSTRACT
Understanding susceptibility of seabirds to fisheries bycatch requires quantifying overlap of seabird at-sea habitat with fisheries’ 
distribution and effort. Pink-footed Shearwaters (Ardenna creatopus) are vulnerable seabirds that breed only in Chile. Recently, 
high rates of Pink-footed Shearwater bycatch (i.e. >1,500 observed mortalities 2015–2017) were documented by observers 
in central Chilean purse-seine fisheries. We present analysis of Pink-footed Shearwater at-sea movements and overlap with 
central Chilean purse-seine fleets targeting common sardine (Strangomera bentincki), Peruvian anchoveta (Engraulis ringens), 
and Chilean jack mackerel (Trachurus symmetricus). To determine overlap during 2015–2017, we paired locations from 49 Pink-
footed Shearwaters rearing nestlings at Isla Mocha, Chile, with locations and number of observed purse-seine sets in cen-
tral Chile. Pink-footed Shearwaters typically visited waters ≤30 km offshore throughout central Chile. Foraging trip durations 
varied interannually, with longer trips in 2016, but all years revealed persistent foraging hotspots near Valdivia, the Gulf of 
Arauco, and Isla Mocha, Chile. Greatest overlap between Pink-footed Shearwaters and fisheries occurred with the sardine/
anchoveta fleet near Valdivia (artisanal and industrial) and the Gulf of Arauco (artisanal); overlap with the jack mackerel fleet 
was minimal. Given Pink-footed Shearwater bycatch documented in these fisheries, this overlap may indicate risk of bycatch 
for these birds, although we did not directly quantify shearwater–fisheries interaction. Our results can inform further fishery 
monitoring efforts, as well as collaboration among scientists, managers, and fishers to identify, quantify, and reduce fisheries 
bycatch of Pink-footed Shearwaters within Chile and internationally.

Keywords: Ardenna creatopus, at-sea distribution, endangered species, foraging trip, GPS tracking, Peruvian 
anchoveta, seabird conservation, seabird–fishery interaction

Traslape de zonas de alimentación de Ardenna creatopus y pesquerías de cerco de la zona central de Chile: 
Implicancias para el riesgo de captura incidental

RESUMEN
El entendimiento de la susceptibilidad de las aves marinas a captura incidental en pesquerías requiere cuantificar la 
sobreposición del hábitat marino de las aves con la distribución y el esfuerzo pesquero. Ardenna creatopus es un ave ma-
rina vulnerable que anida solamente en islas de Chile. Recientemente, se han reportado altas tasas de captura incidental de 
fardela blanca (i.e. >1.500 aves muertas entre 2015–2017) en pesquerías de cerco en Chile central. En el presente trabajo, 
presentamos un análisis de los movimientos de A. creatopus en el mar y su sobreposición con pesquerías de cerco que pescan 
sardina común (Strangomera bentincki), anchoveta peruana (Engraulis ringens), y jurel (Trachurus symmetricus) en Chile central. 
Para determinar sobreposición durante 2015–2017, superpusimos la distribución de 49 A. creatopus que se encontraban en 
el periodo de cría en Isla Mocha, Chile, con la posición y el número de lances de cerco en Chile central. A. creatopus usaron 
principalmente zonas ubicadas a ≤30 km del continente a lo largo de Chile central. La duración de los viajes de alimentación 
variaron interanualmente con viajes más largos en 2016, no obstante, se identificaron “hotspots” de alimentación persistentes 
cerca de Valdivia, el Golfo de Arauco, e Isla Mocha. La mayor sobreposición entre A. creatopus y las pesquerías ocurrió con 
las flotas de sardina/anchoveta cerca de Valdivia (artesanal e industrial) y el Golfo de Arauco (artesanal). Las altas tasas de 
captura incidental de A. creatopus documentadas en estas flotas y el nivel de sobreposición observada, posiblemente indican 
un elevado riesgo de captura incidental, sin embargo, en este estudio no cuantificamos interacciones entre A. creatopus y 
pesquerías directamente. Nuestros resultados apoyan el aumento de esfuerzos de monitoreo de pesquerías, la colaboración 
entre científicos, administradores de recursos y pescadores para identificar, cuantificar, desarrollar medidas de mitigación y 
reducir la captura incidental de A. creatopus en Chile e internacionalmente.

Palabras clave: anchoveta peruana, Ardenna creatopus, conservación de aves marinas, distribución de aves marinas, 
especies en peligro, GPS, interacciones aves marinas-pesquerías, viajes de alimentación
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INTRODUCTION

Worldwide, mortality from fisheries bycatch has caused 
population declines among many seabird species (Hall 
et al. 2000, Melvin and Parrish 2001, Anderson et al. 2011). 
However, significant data gaps remain regarding extent and 
magnitude of seabird bycatch, and identification of specific 
fisheries that pose risks to birds due to habitat overlap and 
behavior at sea (Lewison et al. 2004, Anderson et al. 2011). 
A  critical preliminary step to inform future fisheries ob-
servation programs and mitigate risk of seabird bycatch 
includes quantifying overlap of seabird at-sea habitat use 
with the distributions and efforts of fisheries (Phillips et al. 
2006, Tuck et al. 2011, Waugh et al. 2016).

The Pink-footed Shearwater (Ardenna creatopus) has a 
breeding range restricted to 3 Chilean islands and a global 
breeding population currently estimated at ~60,000 indi-
viduals (Muñoz 2011, Hodum et al. 2016). Despite research 
on many species of shearwaters, few studies describe the 
ecology of the Pink-footed Shearwater (Guicking et  al. 
1999, 2001, 2004). This may be due to the species’ remote 
breeding locations in South America and a global geo-
graphical bias among at-sea studies of seabirds toward 
the northern hemisphere and countries with high GDPs 
(Mott and Clarke 2018). About 30% of the Pink-footed 
Shearwater global breeding population nests on the Juan 
Fernández Archipelago, Chile (33.640°S, 78.850°W; 670 km 
offshore), and 70% nests on Isla Mocha, Chile (38.383°S, 
73.900°W; 30 km offshore; Guicking et  al. 1999, Muñoz 
2011, Hodum et  al. 2016). After breeding during austral 
summer, most Pink-footed Shearwaters undertake a trans-
equatorial migration (about April–May) to the Pacific 
coast of North America (Guzman and Myres 1983, Felis 
et al. 2019). Due to threats on breeding colonies (Guicking 
et al. 1999, Hinojosa and Hodum 2007, Carle et al. 2016) 
and at sea (Suazo et al. 2014), the Pink-footed Shearwater is 
listed as endangered by Chile (Hinojosa and Hodum 2007), 
threatened by Canada (Hodum et al. 2008), vulnerable by 
IUCN (Birdlife International 2017), and under Annex 1 of 
the Agreement on the Conservation of Albatrosses and 
Petrels (ACAP 2013).

Little is known about at-sea overlap of Pink-footed 
Shearwaters with fisheries, but mortality from fisheries 
bycatch has been documented in Chile (Suazo et al. 2014, 
Vega et  al. 2018), Peru, Ecuador (Mangel 2012, Mangel 
et al. 2012), Guatemala (Davila Perez et al. 2009), Mexico 
(E. Velarde, Universidad Veracruzana, personal communi-
cation), and the United States (Gladics et al. 2017, Jannot 
et  al. 2018). Based on interviews with fishers, Mangel 
et  al. (2012) estimated mortality of ~1,000 Pink-footed 
Shearwaters annually in Chilean gill-net, purse-seine, and 
long-line fisheries. Bycatch of Pink-footed Shearwaters in 
central Chilean purse-seine fisheries occurs mainly when 

birds are trapped as the net is being hauled in, leading to 
death from drowning or trauma in the net or intake system 
(Suazo et al. 2016, 2017; D. Soto, personal communication). 
Based on on-board observations, 500–1,000 Pink-footed 
Shearwaters die annually in Peruvian gill-net, drift-net, 
and long-line fisheries (Mangel et  al. 2012). In central 
Chilean purse-seine fisheries from 2015 to 2017, govern-
ment fisheries observers documented bycatch mortality of 
1,510 Pink-footed Shearwaters during 1,630 observed sets 
targeting Peruvian anchoveta (Engraulis ringens; hereafter 
“anchoveta”), common sardine (Strangomera bentincki; a 
clupeid that is not a true sardine; hereafter “sardine”), and 
Chilean jack mackerel (Trachurus symmetricus; hereafter 
“jack mackerel”; Vega et al. 2018). Pink-footed Shearwater 
was the most frequently documented seabird species cap-
tured in both the government observer program (Vega 
et al. 2018) and a small-scale, trial observer study (Suazo 
et al. 2014) of central Chilean artisanal and industrial sar-
dine/anchoveta purse-seine fisheries. Documented fish-
eries bycatch of Pink-footed Shearwaters appears lower 
in the U.S. fisheries (Jannot et al. 2018); few data exist on 
bycatch in Mexico, Peru, Ecuador, and other countries.

Pink-footed Shearwaters may interact with central 
Chilean artisanal and industrial purse-seine fisheries be-
cause fishing activities concentrate prey. Although little 
is known about Pink-footed Shearwater diet, sardine and 
anchoveta likely are important prey (P. Hodum, personal 
observation; C.  Suazo, Birdlife International, personal 
communication); the importance of jack mackerel as prey 
is unknown. In central Chile, seasonal abundances of sar-
dine, anchoveta, and jack mackerel are influenced by en-
vironmental conditions (Arcos et  al. 2001, Cubillos et  al. 
2001), including seasonally high primary productivity 
due to upwelling (September–March) in the Humboldt 
Current (Morales et  al. 1996, Cubillos and Arcos 2002). 
Sardine and anchoveta are abundant over the shelf break 
during austral summer (Cubillos et al. 2001), whereas jack 
mackerel typically occur farther offshore (Arcos et al. 2001, 
Bertrand et al. 2004).

Sardine, anchoveta, and jack mackerel fisheries are eco-
nomically important to central Chile (Castillo and Dresdner 
2013). Fishing effort for sardine and anchoveta increased 
during the early 1990s to late 2000s, averaging annual land-
ings of 700,000 tons (Cubillos et al. 2012). Landing compos-
ition of sardine and anchoveta has recently shifted toward 
sardine (Aranis et al. 2018). Jack mackerel annual take de-
clined from 4,000,000 tons in the mid-1990s to an average 
of 225,000 tons from 2012 to 2017, due to declining stocks 
and new regulations (Arcos et al. 2001, Aranis et al. 2018).

Given Pink-footed Shearwater bycatch reported in cen-
tral Chilean purse-seine fisheries, and the lack of infor-
mation on at-sea distribution of Pink-footed Shearwaters, 
better understanding of where shearwaters and fisheries 
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overlap within Chilean waters is important for informing 
bycatch mitigation and at-sea conservation measures for 
the species (Hinojosa and Hodum 2007, ACAP 2013). Our 
goal was to track breeding Pink-footed Shearwaters from 
Isla Mocha during the chick-rearing period to (1) quantify 
at-sea distribution and foraging areas within Chile during 
the breeding season and (2) identify spatial overlap of 
Pink-footed Shearwaters with central Chilean purse-seine 
fishing effort.

METHODS

Shearwater Tracking
During March 17–28, 2015, February 18–March 5, 2016, 
and February 19–March 5, 2017, we used global posi-
tioning system (GPS) tags to determine foraging habitat 
use of adult Pink-footed Shearwaters breeding at Isla 
Mocha, Chile. We studied breeding birds during the chick-
rearing period because we expected them to have greater 
nest-site fidelity during this stage, facilitating higher recap-
ture rates to recover GPS tags. In addition, fishing effort for 
artisanal and industrial sardine/anchoveta and jack mack-
erel fleets (Vega et al. 2018) coincided with the Pink-footed 
Shearwater chick-rearing period (February–April; Hodum 
and Wainstein 2003).

We captured birds by hand when they left their burrows 
after chick provisioning and deployed GPS tags (modified 
i-gotU GT-120 GPS loggers, Mobile Action Technologies, 
New Taipei City, Taiwan) to record at-sea locations during 
foraging trips. We stripped the loggers from their hous-
ings and sealed them within 2:1 low-shrink-temperature, 
polyolefin heat-shrink tubing to create a lightweight, water-
proof housing (final tag mass = 17 g). We attached tags to 
several central back feathers using 4 strips of tape (Tesa 
4651, Norderstedt, Germany). Tag mass was 2.4% of the 
mean mass of adult Pink-footed Shearwaters measured on 
Isla Mocha (703 g, males and females combined; Guicking 
et  al. 2004), and within the 3% body-mass maximum re-
commended for devices attached to procellariiform sea-
birds (Phillips et al. 2003). GPS loggers collected location 
data every 5 min to achieve a maximum expected duration 
of 10–14 days. During recapture, we blocked burrow en-
trances and recaptured birds outside burrows, removed 
tags, and returned birds to their burrows.

For analyses, we defined unique foraging trips as ex-
cursions beyond a 1.5-km radius around the colony. Pink-
footed Shearwaters always depart and arrive at the colony 
nocturnally; we excluded trips when birds left and re-
turned during the same night, because visual inspection of 
these trips indicated nocturnal circling of the colony. To 
examine interannual variability in at-sea behaviors, we cal-
culated mean annual trip duration, distance traveled, and 
maximum range for all foraging trips. For each foraging 
trip metric, we tested the effect of year using ANOVAs and 

tested differences between years with post-hoc Student’s 
t-tests, with P-values adjusted for multiple comparisons 
using the sequential Bonferroni method (Holm 1979). 
We used the statistical package JMP (SAS Institute, Cary, 
North Carolina, USA) for all statistical tests. Statistical sig-
nificance was defined as P ≤ 0.05.

Fisheries Effort and Overlap
We evaluated Pink-footed Shearwater locations in rela-
tion to spatial fishing effort data from a government ob-
server program administered by the Chilean Instituto de 
Fomento Pesquero (IFOP; Vega et al. 2018). Fishing effort 
data included observed set locations and target species 
captured from 2015 to 2017 for artisanal and industrial 
purse-seine fisheries operating in central Chile between 
approximately 35°S and 40°S (from Chilean Region V 
[Valparaíso] to Region XIV [Los Rios]). During 2015–2017, 
the industrial purse-seine fleet (vessels >18 m in length; 
Castillo and Dresdner 2013) was composed of 25–28 ves-
sels operating out of the ports of Coronel, San Vicente, and 
Lota in Region VIII (Biobío) of Chile (Aranis et al. 2018). 
Industrial vessels switched between targeting either sar-
dine/anchoveta or jack mackerel. The artisanal purse-seine 
fleet in this region primarily fished for sardine/anchoveta 
and the number of vessels ranged from 472 to 506 during 
2015–2017 (Aranis et al. 2018). The main ports of landing 
for this artisanal fleet are Talcahuano and Coronel (Region 
VIII), near Concepción to the north of Isla Mocha, and 
Corral, just west of Valdivia (Region XIV) to the south 
of Isla Mocha (Aranis et al. 2018). Although officially re-
ferred to as “artisanal” in Chile (vessels ≤18 m; Castillo and 
Dresdner 2013), by global standards most vessels in this 
heterogeneous fleet would be considered “semi-industrial.” 
We refer to this fleet hereafter as “artisanal.” Chilean law 
prohibits the industrial fleet from operating ≤10 km off-
shore; artisanal vessels may fish within and beyond that 
boundary (Castillo and Dresdner 2013).

Annual observer coverage of trips during 2015–2017 
was 15.8–23.1% in the industrial sardine/anchoveta fishery, 
11.6–12.2% in the industrial jack mackerel fishery and 1.3–
2.1% in the artisanal sardine/anchoveta fishery (IFOP and 
Servicio Nacional de Pesca y Acuicultura [SERNAPESCA], 
personal communication). Fishing effort described here 
should be regarded as a minimum as it only covers ob-
served sets. The sardine/anchoveta industrial and artisanal 
fisheries are closed each year from late December to early 
March during the fish recruitment season, with fishing typ-
ically beginning in late March (Aranis et al. 2018). Fishing 
activity is lower in the second half of the year, including 
closure from August to October during the fish species’ 
reproductive seasons (Aranis et  al. 2018). During 2015–
2017, the industrial jack mackerel fleet fished throughout 
the year, except for September and October (Vega et  al. 
2018). Despite official seasonal closures, during 2015–2017 
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observers recorded artisanal sardine/anchoveta sets during 
all months of the year, and industrial sardine/anchoveta 
sets during all months except September, December, and 
January (Vega et  al. 2018). Officially open fisheries over-
lapped with the Pink-footed Shearwater breeding season 
during October–December (prospecting/incubation) and 
March–April (chick rearing).

To quantify overlap of Pink-footed Shearwaters and 
fishing effort, we limited our spatial analysis by latitude 
(35–40°S) and distance offshore (≤170 km) according 
to the measured extent of overlap between Pink-footed 
Shearwater foraging trips from Isla Mocha and fishing ef-
fort, both from this study. Using ArcGIS (Environmental 
Systems Research Institute, Redlands, California, USA), we 
created a 10 × 10 km grid-cell network in this region and 
conducted all analyses on a per-grid-cell basis. We used 
this grid-cell size because 10 km was slightly greater than 
the distance a Pink-footed Shearwater could travel during 
the GPS sampling interval (5 min) at the mean maximum 
observed speed per trip (27 m s−1), thus, a location point 
likely occurred in any cell crossed. We calculated Pink-
footed Shearwater area use at sea in 2 ways: (1) the mean 
annual proportion of time spent by all tracked individuals 
in each cell for each study year (Pt) and (2) the mean annual 
proportion of tracked individuals that entered each cell for 
any amount of time for each study year (Pi). For fishing 
data, we calculated the mean annual proportion of total 
sets by each fishery in each cell during February–April 
(S). We restricted fishery analyses to February 1–April 30, 
2015–2017, coincident with the Pink-footed Shearwater 
chick-rearing period. We calculated fishery-specific rela-
tive spatial overlap indices (FO) for each cell using the fol-
lowing equations for the 2 different shearwater-use metrics 
(Pi and Pt):

FOi =
Pi × S
A

and FOt =
Pt × S
A

where A = grid cell area, and FOi is overlap based on Pi and 
FOt is overlap based on Pt. For both metrics, we calculated 
FO as a per-unit-area metric by dividing by grid cell area 
because grid cells intersecting the coastline represented 
less physical area than those entirely at sea. We classified 
FO into 4 categories based on the quartiles of the distribu-
tion of all cell values to map the spatial distribution of FO 
for each fishery. Areas with no overlap were not included 
in overlap calculations.

Finally, we created a metric of relative shearwater-
fishery overlap directly comparable across fisheries by 
identifying all grid cells in the study area where fishing ef-
fort and tagged Pink-footed Shearwaters co-occurred. We 
calculated the sums of Pt and S that occurred within those 
cells and graphed them against each other to visualize the 
degree of cumulative overlap between tagged Pink-footed 
Shearwaters and each fishery. All results are reported as 
means ± SD.

RESULTS

Pink-footed Shearwater Tracking
We recovered GPS tags with usable tracking data from 
18 Pink-footed Shearwaters in 2015 (25 deployed, 19 re-
covered), 16 in 2016 (23 deployed, 16 recovered), and 15 in 
2017 (25 deployed, 22 recovered). In total, we documented 
83 unique foraging trips by 47 individuals. Across all years, 
mean trip duration, maximum range, and distance traveled 
were 93.7  ±  72.5  hr (3.9  ±  3.0 d), 164.7  ±  137.4 km, and 
909.8 ± 872.0 km, respectively (Table 1). Across all foraging 
trips recorded, year had a significant effect on trip duration 
(F2,79 = 9.50, P ≤ 0.001), maximum trip range (F2,80 = 7.08, 
P = 0.002), and distance traveled (F2,79 = 12.20, P ≤ 0.001; 
Table 1). Mean trip duration and distance traveled were 
significantly greater during 2016 than during either 2015 
(duration t79 = 4.13, P ≤ 0.001, distance t79 = 4.77, P ≤ 0.001) 
or 2017 (duration t79 = 3.42, P = 0.002, distance t79 = 3.68, 

TABLE 1.  Mean ± SD duration, maximum range, and distance travelled of foraging trips (excluding intra-night trips) made by Pink-
footed Shearwaters breeding on Isla Mocha, February–April 2015–2017. “Short” foraging trips were <30 hr duration (spanning a single 
day between nocturnal visits) and “long” foraging trips were ≥30 hr duration (with at least one night spent away from the colony). Some 
trips are from the same individuals because some birds were tracked for more than one trip

Trip type Birds Trips Duration (hr) Range (km) Distance travelled (km)

Short 2015 8 13 19.0 ± 3.3 28.2 ± 17.3 122.6 ± 47.6
2016 4 5 18.3 ± 2.5 17.1 ± 7.1 98.9 ± 40.7
2017 3 4 17.8 ± 3.1 15.2 ± 7.7 69.8 ± 32.6
Short total 15 22 18.6 ± 3.0 23.3 ± 15.1 107.6 ± 46.8

Long 2015 18 24 100.7 ± 41.6 159.4 ± 70.4 858.7 ± 453.5
2016 16 18 179.4 ± 82.6 303.3 ± 167.6 1,989.4 ± 1,078.8
2017 13 19 90.2 ± 26.5 203.8 ± 87.4 878.8 ± 326.6
Long total 47 61 121.2 ± 65.9 215.7 ± 125.6 1,203.9 ± 845.7

All trips 2015 18 37 72.0 ± 51.7 113.3 ± 85.4 600.1 ± 509.0
2016 16 23 144.3 ± 99.4 241.1 ± 190.5 1,578.4 ± 1,239.1
2017 15 23 77.1 ± 37.3 171.0 ± 107.7 731.7 ± 434.2
Grand total 49 83 93.7 ± 72.5 164.7 ± 137.4 909.8 ± 872.0

D
ow

nloaded from
 https://academ

ic.oup.com
/condor/advance-article-abstract/doi/10.1093/condor/duz026/5520776 by AO

S M
em

ber Access user on 25 June 2019



R. D. Carle, J. J. Felis, R. Vega, et al.� Pink-footed Shearwater overlap with purse-seine fisheries  5

The Condor: Ornithological Applications XX:1–13, © 2019 American Ornithological Society

P ≤ 0.001). The 2015 and 2017 trip duration and distances 
did not significantly differ (duration t79 = 0.29, P = 0.78, dis-
tance t79 = 0.63, P = 0.53; Table 1). Trip range was signifi-
cantly greater during 2016 vs. 2015 (t80 = 3.75, P ≤ 0.001) 
but did not differ 2016 vs. 2017 (t80 = 1.85, P = 0.13) or 2015 
vs. 2017 (t80 = 1.69, P = 0.09; Table 1).

Pink-footed Shearwaters demonstrated a bimodal 
foraging pattern of either short trips (<30 hr long; spanning 
only one day between two nocturnal visits; 27% of trips) or 
long trips (≥30 hr; at least one full night spent at sea away 
from colony; 73% of trips; Figure 1). We summarized trip 
metrics separately for short and long trips (Table 1). Across 
all years, means of trip duration, maximum range, and dis-
tance traveled of long trips were at least 5 times greater 
than those of short trips (Table 1).

In 2015 and 2017, Pink-footed Shearwaters used near-
shore (≤30 km from coast) waters and ranged from near 
Valdivia in the south to 150 km north of Concepción in 
the north (Figure 2A, 2C). During 2016, Pink-footed 
Shearwaters ranged farther (up to 680 km from Isla Mocha) 
to both the north and south, from near Isla Chiloé in the 
south to near the port of San Antonio in the north (33.833–
44.500°S; Figure 2B). The longest trip recorded during any 
year was 13  days in 2016. Pink-footed Shearwaters also 
traveled farther offshore in 2016 than in other years (often 
>100 km, and up to 170 km, offshore), with 50% of Pink-
footed Shearwaters traveling to deep waters over sub-
marine canyons and the Atacama Trench, in addition to 
widespread use of nearshore waters (Figure 2B).

Across all tracking years combined there were 2 distinct 
regions that we qualitatively considered hotspots, based 
on >70% of tagged Pink-footed Shearwaters visiting them 
in at least 1 study year (Figure 3). The most prominent 

interannual hotspot was south of Isla Mocha in an off-
shore area north of the city of Valdivia (approximately 
39.0–39.5°S; hereafter, “Valdivia hotspot”; Figure 3).  
Ninety percent of tracked Pink-footed Shearwaters 
visited the Valdivia hotspot in 2015, 100% in 2016, and 
30% in 2017 (Figure 2). Although tagged individuals 
traveled much farther north, south, and offshore in 2016 
compared with other years, the principal area used was 
the Valdivia hotpot (Figure 2B). A  second hotspot was 
throughout a larger coastal region to the north of Isla 
Mocha, from ~37.600°S north to Concepción (36.817°S), 
including the Gulf of Arauco (hereafter, “Gulf of Arauco 
hotspot”; the Gulf of Arauco is an obvious coastal fea-
ture located just north of the town of Arauco; Figures 2 
and 3). The Gulf of Arauco hotspot was secondary to the 
Valdivia hotspot in 2015 and 2016 (30–40% of birds), but 
during 2017 it was the primary area visited (70–80% of 
birds; Figure 2). In all years, a smaller percentage of birds 
also used waters north of the latitude of Concepción, 
and there was consistent use of waters surrounding Isla 
Mocha in all years (Figure 2). Areas of greatest use were 
consistent when analyzed as the proportion of tracked 
individuals visiting a grid cell (Pi) vs. proportion of bird 
time spent in each cell (Pt; Figure 3); however, in analysis 
based on Pt, the Valdivia and Gulf of Arauco hotspots 
and around Isla Mocha were prominent, with little time 
spent elsewhere (Figure 3B).

Fisheries Effort
During February–April 2015–2017, artisanal sardine/an-
choveta purse-seine fishery activity occurred primarily 
10–20 km offshore (Figure 4). Regions with greatest arti-
sanal fishing effort were near Valdivia (~39.167–39.833°S), 
from the Gulf of Arauco to the north of Concepción 
(~36.333–37.167°S), and around Isla Mocha (Figure 4A). 
A  total of 417 artisanal sardine/anchoveta sets occurred 
in the study area, representing 100% of observed sets re-
corded by observers in this fishery anywhere during those 
months (Figure 4A). Industrial sardine/anchoveta purse-
seine fishery sets (n = 190) occurred 10–30 km offshore, 
exclusively in the Valdivia region (~38.167–40.000°S; 
Figure 4B), representing 100% of observed sets recorded 
by observers in this fishery anywhere during the study 
period. The industrial jack mackerel fishery operated 
farther from the coast, with most sets ranging from 40 to 
several hundred kilometers offshore (Figure 4C). Within 
the study area, industrial jack mackerel sets (n  =  237) 
represented 42% of observed sets recorded anywhere by 
observers in this fishery during the study period (most 
sets occurred beyond 170 km from the coast and outside 
our study area boundary). The jack mackerel fishery was 
more dispersed than the industrial and artisanal sar-
dine/anchoveta fisheries, with few sets occurring in any 
single grid cell (Figure 4C).

FIGURE 1.  Pink-footed Shearwater foraging trip durations (days) 
from Isla Mocha, 2015–2017 (excluding intra-night trips; n  =  83 
foraging trips, 47 birds). The red line distinguishes short trips 
(<30 hr) and long trips (≥30 hr with at least one night spent at sea 
away from colony).
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Overlap of Pink-Footed Shearwaters with Fisheries
Nearly all Pink-footed Shearwater locations were within 
the fisheries overlap study area (35.0–40.0°S, ≤170 km off-
shore) except for the most distant locations of several long 
trips in 2016 (<10% of birds; we excluded these locations 
from analysis). Although the relative spatial distribution 
of shearwater-use metrics Pi and Pt differed somewhat 
(Figure 3), overlap locations and relative spatial magni-
tudes of indices FOi and FOt, calculated using Pi and Pt, re-
spectively, were similar, so we only report overlap results 
based on FOi.

Areas with the greatest overlap (FOi) of Pink-footed 
Shearwaters with artisanal sardine/anchoveta fisheries oc-
curred in the Valdivia hotspot, from the Gulf of Arauco to 
the north of Concepción, and around Isla Mocha (Figure 
5A). No cell >50 km offshore registered FOi with artisanal 
fisheries (Figure 5A). Pink-footed Shearwaters overlapped 
with industrial sardine/anchoveta fisheries exclusively 
at the Valdivia hotspot, and all grid cells with FOi were 
≤30 km from shore (Figure 5B). Areas of greatest overlap 
with the industrial jack mackerel fishery were scattered 

throughout the study area, with greatest overlap around 
Isla Mocha and offshore of the Gulf of Arauco (Figure 5C). 
It is important to note that each fishery is scaled relative to 
its own effort (S), so that FOi values are not directly com-
parable among fisheries. When comparing the cumulative 
shearwater–fishing overlap, a metric directly comparable 
across fisheries, 19% of Pink-footed Shearwater time (Pt) 
overlapped with 100% of industrial sardine/anchoveta 
fishing effort (S), 45% of Pt overlapped with 99% of artisanal 
sardine/anchoveta fishing S, and 6% of Pt overlapped with 
68% of industrial jack mackerel fishing S.

DISCUSSION

During 2015–2017, Pink-footed Shearwaters breeding on 
Isla Mocha used waters off central Chile from 33.833°S to 
44.500°S, with interannually persistent hotspots in areas 
≤30 km offshore near Valdivia, the Gulf of Arauco, and 
Isla Mocha (Figure 3). Throughout this range, tagged Pink-
footed Shearwaters overlapped extensively with industrial 
and artisanal purse-seine fisheries targeting sardine and 

FIGURE 2.  At-sea habitat use by Pink-footed Shearwaters tracked from Isla Mocha during (A) 2015 (March 17–25; n = 18 birds), (B) 
2016 (February 18–March 5; n = 16 birds), and (C) 2017 (February 19–March 5; n = 15 birds). Heat map indicates percentage of tracked 
individuals (cell size = 1 km, search radius = 3 km). Inset on (B) map shows full extent of 2016 tracking data.
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anchoveta (Figure 4), which are known to have Pink-footed 
Shearwater bycatch and mortality (Suazo et al. 2014, Vega 
et al. 2018).

Our Pink-footed Shearwater tracking results were 
consistent with small samples of previously tracked 
chick-rearing Pink-footed Shearwaters from Isla Mocha 
(Guicking et al. 2001) and the Juan Fernández Archipelago 
(Hodum and Wainstein 2003), which visited areas from 
the Gulf of Arauco to north of Concepción (~36.0–
37.0°S). However, the importance of the Valdivia hotspot 
to Pink-footed Shearwaters was undocumented prior to 
this study. Furthermore, simultaneously deployed time–
depth recorders on a subset of 6 GPS-tagged Pink-footed 
Shearwaters (this study) during 2015 indicated diving 
behavior (i.e. foraging) occurred most frequently near 
Valdivia followed by the Gulf of Arauco and around Isla 
Mocha (Adams et al. 2019). With a greater number of GPS 
tagged Pink-footed Shearwaters in this study, the Valdivia 
hotspot proved to be the most frequently used foraging 
area for chick-rearing shearwaters at Isla Mocha (~70% 

of the world breeding population), with 90% and 100% of 
tagged birds visiting it in 2015 and 2016, respectively.

Valdivia, the Gulf of Arauco, and Isla Mocha are associ-
ated with major upwelling centers on the central Chilean 
coast between Concepción and Valdivia (Atkinson et  al. 
2002). We suggest that Pink-footed Shearwaters from Isla 
Mocha may visit these areas to take advantage of increased 
prey availability in reliably productive waters. Foraging 
hotspots near Valdivia, the Gulf of Arauco, and Isla Mocha 
were persistent across years (based on both Pi and Pt met-
rics), with the relative importance of each area varying 
interannually (Figure 2). For example, the Valdivia hotspot 
was visited by tagged birds in all years but had much 
greater use in 2015 and 2016 than in 2017, when birds 
more often traveled north to the Gulf of Arauco (Figure 
2). Foraging trips with significantly longer durations and 
greater distances traveled during 2016 (Table 1, Figure 2B) 
coincided with a strong El Niño oceanographic event in the 
Humboldt Current during March 2015–April 2016 (Kogan 
and Guo 2017). El Niño events are characterized by reduced 

FIGURE 3.  Mean annual percentages of habitat use of Pink-footed Shearwaters tracked from Isla Mocha during 2015–2017 (see 
sample sizes in Figure 2 caption), in 10 × 10 km grid cells. (A) shows percentages of tracked individuals (Pi) that visited each cell and (B) 
shows percentages of total tracked bird time (Pt) in each cell. Gray cells had no bird use.
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primary productivity and decreased availability of forage 
fish (Barber and Chavez 1983, Espinoza-Morriberon et al. 
2017), which might partially explain different movements 
of Pink-footed Shearwaters during 2016. However, central 
Chilean fishery landings did not indicate a major decline in 
abundance or shift in distribution of forage fishes during 
2016, except for the jack mackerel fishery moving farther 
offshore (Aranis et al. 2018).

The distribution of Pink-footed Shearwater foraging trip 
durations was bimodal, (Figure 1) similar to that described 
for other shearwaters (e.g., Weimerskirch 1998, Congdon 
et  al. 2005, Magalhães et  al. 2008) and albatrosses (e.g., 
Weimerskirch et  al. 1997, Hyrenbach et  al. 2002). Long-
duration foraging trips outnumbered short-duration trips 
and averaged much greater distances and ranges (Table 
1). However, Pink-footed Shearwater long foraging trips 
were relatively short (average annual distance traveled 
858.7 ± 453.5 km to 1,989.4 ± 1,078.8 km; Table 1) com-
pared with some Ardenna shearwaters, especially those 
breeding far from high-productivity waters, including 
Great Shearwaters (A. gravis; 9,257 ± 3,249 km; Schoombie 
et al. 2018), Short-tailed Shearwaters (A. tenuirostris; an-
nual averages >10,000 km; Berlincourt and Arnould 2015), 
and Sooty Shearwaters (A.  grisea; range of 4,500–12,700 
km; Shaffer et al. 2009). Pink-footed Shearwater foraging 

trips from Isla Mocha were more similar to those of their 
closest relative, Flesh-footed Shearwaters (A.  carneipes), 
breeding at Lord Howe Island, Australia (“long” trips 
724 ± 193 km; Thalmann et al. 2009). Although Pink-footed 
Shearwaters could have made trips longer than our study 
effort without being recaptured, 78% of all tags deployed 
were recovered, indicating longer trips may be infrequent. 
Nearby productive foraging areas associated with up-
welling centers (Atkinson et  al. 2002) may benefit Pink-
footed Shearwaters breeding at Isla Mocha by allowing 
them to expend less foraging effort than those breeding at 
the oceanic Juan Fernández Archipelago (670 km offshore). 
For example, Pink-footed Shearwaters from the Juan 
Fernández Archipelago occasionally traveled much greater 
distances to reach the same relatively nearshore foraging 
grounds offshore of the Concepción area used by the birds 
we tracked from Isla Mocha (Hodum and Wainstein 2003). 
Not only could this result in differences in reproductive 
success between the 2 colonies but it may indicate different 
exposure to fisheries overlap.

We identified areas of overlap between Pink-footed 
Shearwaters and central Chilean purse-seine fisheries 
that can be used to focus and inform further fisheries 
observing efforts and eventual bycatch mitigation efforts. 
The foraging range from Isla Mocha and aggregation in 

FIGURE 4.  Effort of (A) artisanal sardine/anchoveta, (B) industrial sardine/anchoveta, and (C) industrial jack mackerel purse-seine 
fisheries in the fisheries overlap study area, February–April 2015–2017 (n = 417 artisanal sardine/anchoveta sets, 190 industrial sardine/
anchoveta sets, and 237 industrial jack mackerel sets). Fishing effort (S) was summarized as mean annual number of sets in each 10 × 10 
km grid cell (n = 1,498 cells). Gray cells had no sets.
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nearshore areas resulted in overlap with sardine/anchoveta 
fisheries (Figures 5), especially near Valdivia (industrial and 
artisanal fleets) and the Gulf of Arauco (artisanal fleet only; 
Figure 5A, 5B). Overlap with the industrial jack mackerel 
fishery was much less extensive but did occur near Isla 
Mocha and the Gulf of Arauco (Figures 5C). The industrial 
sardine/anchoveta fishery had the greatest overlap with 
tagged Pink-footed Shearwaters (Figures 5B). It is notable 
that data from the observer program coincident with our 
study (all months of 2015–2017) indicated that the indus-
trial sardine/anchoveta fishery had the greatest bycatch 
rate of Pink-footed Shearwaters of observed purse-seine 
fleets, with 5.5 birds caught per set (Vega et al. 2018), vs. 
2.1 birds per set in the artisanal sardine/anchoveta fishery 
(Vega et al. 2018). Observer coverage was variable in these 
fisheries, with greater coverage of trips per year in the in-
dustrial sardine/anchoveta fishery (15.8–23.1%) and jack 
mackerel fishery (11.6–12.2%) than in the artisanal sar-
dine/anchoveta fisheries (1.3–2.1%). Given the relatively 
low observer coverage of the artisanal fishery, results of 
the spatial extent of that fishery and overlap with Pink-
footed Shearwaters should be interpreted cautiously. 
Nevertheless, tagged Pink-footed Shearwaters frequently 

used waters ≤10 km offshore, in the exclusive fishing zone 
of the artisanal fleet.

Whereas the importance of the Valdivia hotspot for 
tagged Pink-footed Shearwaters during 2015 and 2016 may 
indicate increased potential exposure to the industrial sar-
dine/anchoveta fishery, during 2017 they overlapped more 
with the artisanal sardine/anchoveta fishery at the Gulf of 
Arauco hotspot. Trips ranging farther offshore during 2016 
could have resulted in greater exposure to the jack mack-
erel fishery, which had relatively low bycatch rates of Pink-
footed Shearwaters during 2015–2017 (0.02 birds caught 
per set; Vega et al. 2018). Likewise, longer-distance foraging 
trips during 2016 may have exposed shearwaters to 4 add-
itional fisheries not analyzed here: an artisanal purse-seine 
fishery targeting Falkland sprat (Sprattus fuegensis) based 
in the Port of Calbuco (41.77°S, 73.13°W) near Isla Chiloé, 
anchoveta and jack mackerel purse-seine fisheries in nor-
thern Chile, a long-line swordfish (Xiphias gladias) fishery 
operating far offshore, and a trawl fishery targeting Chilean 
hake (Merluccius gayi gayi) in south-central Chile.

Pink-footed Shearwater foraging areas and overlap with 
fisheries may vary seasonally depending on phenology-
specific shearwater movement patterns. Foraging behavior 

FIGURE 5.  Relative overlaps (FOi) of Pink-footed Shearwaters (average percentage of tracked individuals per cell Pi) with fishing sets 
of (A) artisanal sardine/anchoveta, (B) industrial sardine/anchoveta, and (C) industrial jack mackerel purse-seine fishery effort (S) 
during February–April 2015–2017. Heat map categories indicate quartiles (Q1–Q4) for each value, with Q4 being greatest overlap and 
Q1 being least overlap. Cells where shearwaters and fishing effort did not co-occur (gray) had no overlap and were not included in 
calculations of FOi quartiles. Note that quartiles of each fishery are scaled relative to that fishery’s effort and are not directly comparable 
across fisheries.
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during chick-rearing is not necessarily representative of 
shearwater pre-breeding or incubation periods. For in-
stance, Cory’s Shearwaters (Calonectris borealis) made 
more “short” trips during chick-rearing than during in-
cubation, resulting in an overall decrease in home range 
(Paiva et  al. 2010), whereas the foraging range of Great 
Shearwaters was much greater during chick-rearing than 
incubation (Schoombie et  al. 2018). In addition, intra-
annual and interannual, and vessel-specific variability 
in fishing locations and effort, which we did not analyze, 
could influence the degree of overlap and/or bycatch of 
Pink-footed Shearwaters. For example, in various systems 
changes in seabird bycatch have been linked to interannual 
variability in fishing fleet effort and location (Torres et al. 
2013), poor seabird foraging conditions associated with 
environmental variability (Gilman et  al. 2016), and the 
practices of individual vessels with consistently high or 
low bycatch rates year to year (Weimerskirch et al. 2000, 
Dietrich et  al. 2009); indeed, the effects of these factors 
on bycatch rates could be synergistic and interrelated 
(Barbaud et al. 2012). Additional tracking or dietary ana-
lysis during pre-breeding and incubation coupled with 
detailed analysis of interannual and intra-annual fish-
eries activity would improve understanding of year-round 
overlap between Pink-footed Shearwaters and Chilean 
purse-seine fisheries (e.g., Waugh et al. 2018).

Because of the limited nature of available data on 
fishing effort, we could not directly assess the amount 
of interaction between Pink-footed Shearwaters and 
fishing vessels. It is possible that seabirds and fishing 
boats using overlapping areas interact minimally or 
not at all (e.g., Torres et  al. 2013). Nevertheless, Pink-
footed Shearwaters attended vessels during purse-seine 
gear deployment, resulting in fisheries interactions 
(Suazo et al. 2014), and industrial and artisanal central 
Chilean purse-seine fleets caught >1,500 Pink-footed 
Shearwaters as bycatch during 2015–2017 (Vega et  al. 
2018). Similarly, the greatest amount of Pink-footed 
Shearwater bycatch during 2015–2017 in the industrial 
and artisanal sardine/anchoveta fleet occurred at the 
Valdivia and Gulf of Arauco hotspots (Vega et al. 2018), 
where we identified the greatest overlap between tagged 
Pink-footed Shearwaters and fisheries. Although we 
stress that the overlap indices presented here indicate 
spatial overlap only, and not necessarily risk of inter-
action or bycatch, indices can be useful for targeting 
continued monitoring of fisheries interactions within 
Chile by focusing effort on the geographical areas where 
Pink-footed Shearwaters and purse-seine fisheries 
overlap.

Given the current degree of observer coverage in cen-
tral Chilean purse-seine fisheries, greater observer ef-
fort in areas with the greatest overlap with Pink-footed 

Shearwaters would provide meaningful insight about tem-
poral and spatial dynamics of fisheries and the risks of 
bycatch. Current annual observer coverage of the industrial 
sardine/anchoveta fishery (15.8–23.1% of trips; Vega et al. 
2018) is close to or within the range of 20–33% minimum 
observer coverage threshold recommended for accurate 
bycatch estimation in purse-seine fisheries (Lennert-
Cody 2001), although precision of bycatch estimates may 
depend on species-specific factors (Amande et  al. 2012). 
Current annual observer coverage of the artisanal sardine/
anchoveta fishery and jack mackerel fisheries (1.3–2.1%, 
and 11.6–12.2% of trips; Vega et  al. 2018) may be useful 
for identifying the existence of seabird bycatch, but <20% 
observer coverage is considered inadequate to document 
particular species’ interaction rates in both purse-seine 
and longline fisheries (Lennert-Cody et al. 2001, Amande 
et al. 2012, reviewed in Debsky et al. 2016). Furthermore, 
if a seabird species is infrequently captured but caught in 
large numbers at those times, as may be the case for Pink-
footed Shearwaters in central Chile (R. Vega, personal 
observation), higher levels of coverage may be required 
to achieve satisfactory levels of precision (Debsky et  al. 
2016). In addition to fisheries observer programs, further 
study documenting seabird beach-stranding events, some 
of which have been linked to discarded fisheries bycatch 
in Chile (Simeone et  al. 1999, Portflitt-Toro et  al. 2018), 
would help reveal the spatial extent and magnitude of sea-
bird bycatch in Chile.

Our results may also be useful for informing eventual 
efforts for mitigation, including promotion of gear modi-
fications that may reduce purse-seine bycatch (Suazo et al. 
2016, 2017), especially among vessels operating at fishing 
ports closest to Pink-footed Shearwater–fisheries overlap 
hotspots such as Corral (Valdivia hotspot) and Coronel 
(Gulf of Arauco hotspot). Additional research that could 
potentially help reduce Pink-footed Shearwater fisheries 
interactions includes analysis of Pink-footed Shearwater 
overlap, interaction, and bycatch in other Chilean fisheries. 
For example, bycatch of Sooty Shearwaters and unidenti-
fied Ardenna shearwaters has been documented in purse-
seine fleets targeting anchoveta off northern Chile (Vega 
et al. 2018), and Pink-footed Shearwater bycatch has been 
reported in Chilean gill-net, longline, and trawl fisheries 
(Mangel et al. 2012, Suazo et al. 2014). Further assessment 
of fisheries overlap and bycatch rates in waters of countries 
used by Pink-footed Shearwaters during post-breeding dis-
persal (Felis et al. 2019), especially Peru, Ecuador, Mexico, 
the United States, and Canada, also would be required to 
better understand the global extent of the bycatch threat. 
Lastly, collaborative efforts among scientists, fisheries 
managers, and fishers will help identify, quantify, and re-
duce fisheries bycatch of Pink-footed Shearwaters within 
Chile and internationally.
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