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Abstract
Shearwaters are among the most abundant seabirds globally and breeding birds often travel thousands of kilometres during 
foraging trips to productive marine areas. Great Shearwaters Ardenna gravis are endemic breeders of the Tristan da Cunha 
Archipelago with a population of 5–6 million breeding pairs making them key top predators within the South Atlantic Ocean. 
We deployed satellite transmitters on 42 breeding and non-breeding shearwaters at two nesting islands and one foraging 
site in the northern hemisphere to quantify their movements and space use with respect to age, sex, colonies and breeding 
phases. During the pre-laying period, birds from Gough Island made trips of 2400 km to the Benguela upwelling region 
off South Africa, or > 4000 km to the Patagonian Shelf; patterns which overlapped with immature birds from the Bay of 
Fundy, Canada. During the incubation period, males and females from Inaccessible Island showed differences in trip dura-
tions, but no difference in foraging ranges: both sexes made trips of 1500–2000 km to the Sub-Antarctic Front or 4000 km 
to the Patagonian Shelf, among the furthest foraging trips of breeding seabirds observed to date. Although the colonies are 
separated by only 400 km, during the incubation period, the at-sea distribution of non-breeding birds from Gough Island 
was spatially segregated from breeding and failed birds from Inaccessible Island, whereas immature birds from Fundy over-
lapped with birds from both colonies. During the post-breeding period, all tagged populations overlapped on the Patagonian 
Shelf. Argentina’s Exclusive Economic Zone was used extensively during pre-laying, incubation, and post-breeding periods, 
highlighting the global importance of the Patagonian Shelf for this species.

Introduction

Seabirds are highly mobile marine predators that may travel 
vast distances during breeding and non-breeding periods 
to obtain prey. In particular, birds of the order Procellari-
iformes, such as shearwaters and petrels, are capable of 
traveling thousands of kilometers during single foraging 
trips from their breeding colonies (Pinet et al. 2012; Clee-
land et al. 2014; Pollet et al. 2014). Due to these extraor-
dinary abilities, it has been difficult to accurately quantify 
the spatial and temporal patterns of marine space use from 
observations alone. Bio-logging technology has revolution-
ized our ability to answer questions about how individuals 
and populations partition their use of space in the marine 
environment (Jouventin and Weimerskirch 1990; Raymond 
et al. 2010; de Grissac et al. 2016).

Seabirds may partition their marine habitats in a variety 
of ways to reduce competition among or within species. Spe-
cies may reduce competition by segregating their diet (Bond 
et al. 2010; Steenweg et al. 2011; Delord et al. 2016), space 
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use (Masello et al. 2010; Ronconi and Burger 2011), or by 
breeding at different times (Friesen et al. 2007). Moreover, 
neighbouring colonies of the same species may also show 
spatial segregation at sea (Grémillet et al. 2004; Masello 
et al. 2010; Wakefield et al. 2013; Clay et al. 2016), likely 
owing to density-dependent resource depletion around 
their breeding sites (Lewis et al. 2001; Gaston et al. 2007). 
Intrinsic factors, such as age (Gutowsky et al. 2014) and sex 
(Phillips et al. 2004; Pinet et al. 2012; Ludynia et al. 2013), 
may further lead to species-specific patterns of space use 
and habitat partitioning. Thus, a complete understanding of 
marine habitat use by avian species requires representative 
samples of sexes, ages, and colonies, ideally tracked during 
multiple periods of the annual cycle.

The Great Shearwater Ardenna gravis is a medium-
sized seabird with a widespread distribution in the North 
and South Atlantic Oceans. Apart from a few hundred pairs 
in the Falkland Islands, they are endemic to the islands 
of the Tristan da Cunha Archipelago in the center of the 
South Atlantic, roughly 2500 km west of South Africa and 
3500 km east of South America. Nesting occurs within 
this archipelago, but these birds also undertake impressive 
transequatorial migrations of over 15,000 km twice a year, 
moving between the breeding colonies during the austral 
summer to feeding areas in the North Atlantic during the 
boreal summer. With a breeding population of approximately 
5–6 million pairs (Ryan 2007), the total global population 
is estimated around 16.5 million individuals, inclusive of 
pre-breeding age birds (Fishpool and Evans 2001). Feed-
ing mainly on fish and squid, this species is ranked 13th 
among more than 300 seabird species in terms of total prey 
consumed by weight (de Brooke 2004). Although they have 
a conservation status of Least Concern with an apparently 
stable population (BirdLife International 2017), threats at 
sea include interactions with offshore infrastructure (Ron-
coni et al. 2015), mortality in oil spills (Haney et al. 2014), 
and, especially, bycatch in numerous fisheries throughout 
their global range (Barnes et al. 1997; Glass et al. 2000; 
Bugoni et al. 2008; Jiménez et al. 2009; ICES 2013; Hatch 
et al. 2016). Moreover, mass mortality events of emaciated 
birds during their northern, post-breeding migration have 
been increasing in frequency over the past two decades, 
although the causes of these incidents are unknown (Lee 
2009; Haman et al. 2013).

In this study, the spatio-temporal patterns of marine space 
use by Great Shearwaters in the South Atlantic Ocean were 
investigated using satellite telemetry of birds tracked from 
two breeding colonies in the southern hemisphere and one 
feeding site in the northern hemisphere. We tested for dif-
ferences in foraging trip characteristics and space use by 
sex, age classes, breeding locations, and breeding phase. 
We hypothesized that spatial segregation of neighbouring 
populations would be strongest during breeding periods 

(Grémillet et al. 2004; Wakefield et al. 2013) relative to post-
breeding periods when individuals are more likely to overlap 
(Clarke et al. 2010; Catry et al. 2011). During the breeding 
period, we expected little segregation between sexes for this 
monomorphic species (e.g. Hedd et al. 2014), but seasonal 
segregation may be associated with age because immature, 
non-breeding birds would not be restricted to central-place 
foraging. We also investigated their spatial overlap within 
the Exclusive Economic Zones (EEZ) of surrounding coun-
tries where birds may be captured as incidental take in 
fisheries. Specifically, we investigated whether use of shelf 
waters off South American and Africa differed among colo-
nies or age classes.

Materials and methods

Study species

Great Shearwaters breed over a 7.5-month period from Sep-
tember to April. The phenology includes arrival at the col-
ony in mid-September, courting and mating until mid-Octo-
ber, a 1-month pre-laying exodus, and egg laying upon return 
in mid-November (Cuthbert 2005; Ryan 2007). Their single 
egg is incubated for ~ 53 days, hatching in mid-January, and 
chicks fledge around the last week of April, ~ 108 days after 
hatching (Elliott 1957; Cuthbert 2005). Sexes are mono-
morphic, although males average slightly larger in some 
morphological measurements (Hockey et al. 2005). Both 
sexes incubate eggs and provision young, with males taking 
the first incubation shift post-laying (Ronconi unpubl. data) 
and chick provisioning occurring on average every 3–4 days 
(Cuthbert 2005). Birds forage by surface seizing and shal-
low diving typically less than 10 m deep, in cold and warm 
waters up to 4000 km away from the colony (Ronconi et al. 
2010a). Individuals migrate to the northern hemisphere from 
April through September, although some individuals remain 
in the North Atlantic until November (Harrison 1985).

Tracking data

Birds were tagged at three sites during breeding and non-
breeding periods (Table 1). Between 2006 and 2009, 24 
birds were captured in August from small vessels with 
the use of chumming and dip-nets or hoop-nets (Ronconi 
et al. 2010b) in the Bay of Fundy, Canada (44.47–44.87°N, 
66.82–66.52°W). Other studies of Great Shearwaters in 
the Bay of Fundy and adjacent Gulf of Maine suggest that 
most (~ 90%) of birds using this area, including the same 
tagged individuals in this study, are < 3 years old (Pow-
ers et al. 2017), therefore, most tagged birds from Fundy 
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were likely immature. In 2009, 22 birds were caught in 
their burrows at breeding colonies: 6 on Gough Island 
(40.35°S 9.88°W; population size 1 million pairs) and 
8 males and 8 females on Inaccessible Island (37.29°S 
12.70°W; 2 million pairs), one of the islands in the Tristan 
da Cunha Archipelago (Ryan 2007). On Gough, birds were 
tagged in late September and early October (mean mass 
at tagging = 789 g ± 30 SD), so their breeding status 
was not confirmed because pre-breeding age birds may 
also attend their nest during this time. On Inaccessible, 
males were tagged on 21st November towards the end of 
their first incubation shift (mass 797 ± 57 g), and females 
were tagged between 25 and 30 November upon returning 
for their first foraging trip post-laying (mass 941 ± 52 g). 
Birds were sexed by cloacal inspection shortly after 
egg-laying.

Birds were fitted with battery-powered platform ter-
minal transmitters (PTTs) attached dorsally, between the 
wings, central to the body mass of the bird. Tags were 
attached using a combination of waterproof tape (Tesa 
4651), glue (Loctite 422), and four sub-cutaneous sutures 
(Prolene 4-0, Ethicon) as per MacLeod et  al. (2008). 
Three types of PTTs were used: North Star (model 30G, 
36 g, n = 3 birds in Fundy 2008), Wildlife Computers 
(AC1, 19 g, n = 2 birds in Fundy 2008), and SirTrack 
Wildlife Tracking Solutions (Kiwi Sat 202, 32–34 g, all 
other sites and years). PTTs represented less than 3% 
of body mass for non-breeding birds captured in Fundy 
(mass 1039 ± 90 g, range 920–1280 g) and approximately 
3.5–4% of body mass for breeding birds. Duty cycles for 
tags deployed in Fundy were set at 8-h (on) and 16-h (off), 
whereas tags deployed on breeding birds were set at 6-h 
(on) and 42-h (off). During a typical on period this resulted 
in 2–8 estimated locations through the Argos satellite sys-
tem (overall 5.1 ± 2.1 SD locations per day per bird). Each 
observed location included an associated location class 
(LC) quality ranking which varies in accuracy from less 
than 1 km (LC-3) to 10 s of km error (LC-A and LC-B) 
for free-ranging marine animals (Costa et al. 2010). These 
errors were reduced with the use of state-space models 
(details below).

Location estimation

To improve the confidence of Argos location estimates and 
the evenness of sampling intervals along foraging tracks 
(Reid et al. 2014; Jodice et al. 2016), we fitted a Bayes-
ian switching state-space model (SSSM) to all tracking data 
using bsam R package (Jonsen et al. 2005, 2013). While 
a standard state-space model provides improved location 
estimates and evenness of sampling, the “switching” part 
of the model provides an estimated behaviour on a scale 
between 1 and 2, representing transitory or area-restricted 
search (i.e., foraging) behaviours, respectively (Jonsen et al. 
2013; Powers et al. 2017). This behaviour estimate was used 
to determine, and omit, the portions of the tracks associated 
with migration (see Analysis section). Estimated locations 
were derived using the hierarchical first-difference corre-
lated random walk with switching (hDCRWS), which was 
run in batches on groups of four birds, keeping batches sepa-
rate for Fundy and Gough/Inaccessible birds. The model-
ling approach uses a Markov chain Monte Carlo method 
with 10,000 iterations (thinned by every 10th record) after 
a burn-in of 40,000 iterations to eliminate the effects of ini-
tial values. The model was run with a 6-h time-step so that 
estimated locations were normalized over a regular inter-
val for the entire tracking period. Previous SSSM analysis 
found similar results between model outputs when a 3-h time 
step was applied to duty-cycled tags (8 on and 16 off) and 
continuously transmitting tags (Powers et al. 2017). How-
ever, due to the longer “off” period of the Inaccessible and 
Gough birds, we opted for a slightly longer (6-h) time-step 
to produce more generalized tracks. Examples of the appli-
cation and results of these models for tracking data of Great 
Shearwaters are illustrated in the supplementary materials 
of Powers et al. (2017).

Analysis

Tracking data were selected and classified in three steps to 
focus analysis on non-migratory periods in the southern 
hemisphere from September to May. First, we classified all 
tracking data into migratory and non-migratory periods by 

Table 1  Deployment details 
of Great Shearwaters Ardenna 
gravis tracked with satellite tags

n = 4 birds from the Bay of Fundy were not tracked to the South Atlantic (2 from each of 2008 and 2009) 
and, therefore, were not included in the subsequent analyses. Fundy birds are thought to be immature (see 
“Results” section)

Deployment date Location Individuals (n) Breeding status Sex

August 2006 Fundy 6 Unknown Known
August 2008 Fundy 9 Unknown Unknown
August 2009 Fundy 9 Unknown Unknown
Sept–Oct 2009 Gough 6 Unknown Unknown
November 2009 Inaccessible 16 Breeding Known
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investigating the “behaviour” state (b) from the SSSM and 
the direction of movement. Migration initiation was defined 
by 3 days of continuous movement (b < 1.5) in an expected 
migratory direction (i.e., southward for Fundy tagged birds 
and northward for birds tagged at colonies). Migration termi-
nation was defined by 2 days of area-restricted search behav-
iour (b > 1.7) after a prolonged migratory period and after 
reaching expected destination latitude (< 30° S or > 30° N 
for south-bound- and north-bound migrations, respectively). 
Subsequent analysis included only non-migratory periods in 
the southern hemisphere.

Within the southern hemisphere, tracking data was classi-
fied into three phases based on expected timing of breeding 
phenology (Cuthbert 2005) and observed behaviour of the 
birds with respect to colony attendance. The “pre-laying” 
period included birds tracked from Gough in late September 
until their first return to the colony in early November, and 
birds tracked from Fundy once their south-bound migration 
was completed (see above) until their first arrival at any col-
ony in early November. For Gough and Fundy tagged birds 
which did not return to a colony, the end of the “pre-laying” 
was defined as 10 November, which coincides approxi-
mately with peak egg-laying (Elliott 1957; Cuthbert 2005) 
and observed patterns of colony visits from Fundy tagged 
birds (see Results section). The “incubation” period included 
all days after the “pre-laying” period, until the last visit to 
the colony or 14 January, which ever came later (all birds 
stopped attending the colony by the first week of February 
and, therefore, are presumed to have failed). Hatching was 
expected around mid-January (Elliott 1957; Cuthbert 2005), 
therefore, we present no data related to the chick-rearing 
period. The “post-breeding” period included all remaining 
locations until the onset of migration (average = 26 May, 
range 15 May to 05 June, n = 11 birds tracked until migra-
tion on-set).

Breeding status was also inferred from observed behav-
iour of colony attendance. Fundy birds were thought to be 
“immatures” and Gough birds appeared to be “non-breed-
ers” (see details in the results). Birds tagged on Inaccessible 
Island were confirmed breeders (eggs laid) but some did not 
return to the colony after tagging (abandoned) or ceased 
colony attendance part-way through incubation. Therefore, 
within the incubation period we classified birds as “breed-
ing” or “failed”, relative to the last visit to the colony.

Individual foraging trips were identified from the tracking 
data when there was a clear departure and return to the col-
ony, of more than 2 days. This included Gough birds during 
the pre-laying period and Inaccessible birds during the incu-
bation period. Foraging trip characteristics, including num-
ber of days, total distance travelled and maximum distance 
from colony, were obtained by creating trajectories of SSSM 
location estimates using adehabitatLT R package (Calenge 
2006). Welch Two Sample t-tests or non-parametric 

Wilcoxon’s rank-sum tests were used to determine if there 
were significant differences between foraging trip charac-
teristics of birds from Gough and Inaccessible Island, and 
between males and females from Inaccessible Island.

Spatial analysis was performed on estimated locations 
from the SSSM analysis, which provided a regular sampling 
interval required for kernel density analysis. The kernel uti-
lization distribution of tracked birds was estimated using the 
kernelUD function of adehabitatHR R package (Calenge 
2006) with a constant smoothing parameter (h = 2). Given 
the small sample sizes of individuals tracked during some 
periods (Table 1), we calculated the kernel areas [50 and 
90% utilization distributions (UD)] for different sample 
sizes (from 1 to the maximum/true sample) and plotted 
these to see if the size of the distribution area reaches an 
asymptote (e.g., Gutowsky et al. 2015). For most popula-
tions tracked within each breeding period, both the 50 and 
90% UD appeared to reach an asymptote with 5–10 tracked 
birds (Online Supplementary Material 1); therefore, areas 
used may be slightly underestimated for birds from Gough 
Island (all periods) and Fundy birds during the post-breeding 
period when only six tags were still active.

The overlap between distribution estimates were done 
with the kerneloverlaphr function in adehabitatHR (Calenge 
2006) using the Bhattacharyya’s affinity (BA) and the utili-
zation distribution overlap index (UDOI), as recommended 
by Fieberg and Kochanny (2005). The BA method quantifies 
the degree of similarity among utilization distributions and 
is a value bounded between 0 (no overlap) and 1 (complete 
overlap), whereas the UDOI quantifies space-use sharing 
where, relative to uniform space use, values < 1 indicate less 
overlap and values > 1 indicate higher than normal overlap. 
Additionally, the amount of overlap of tracked points with 
the EEZ of different countries was calculated as the percent-
age of points falling within each EEZ.

Results

From 46 tags deployed, we collected more than 25,000 
locations (82.3% with Argos LC 0–3) during 4919 bird-
tracking days (excluding days when the tags were “off”). 
Overall mean tracking duration of all individuals was 
158.6 days ± 70.0 SD (range 32–361 days). Birds from 
Gough and Inaccessible were tracked for an average of 
196.9 ± 36.3 and 201.9 ± 76.2 days, respectively, compared 
with an average of 120.2 ± 47.8 days from deployments 
in the Bay of Fundy. After omitting migratory periods this 
retained 16,035 locations from 3432 bird-tracking days and 
42 birds (omitting 4 birds tracked from Fundy which showed 
incomplete migrations to the southern hemisphere, Table 1). 
Argos data processed with state-space models resulted in 
21,600 estimated locations used for the kernel utilization 
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density analysis (tracking data are illustrated in Online Sup-
plementary Materials 2).

Of the 18 Bay of Fundy tagged birds which were tracked 
to the South Atlantic, only one visited a colony during the 
courtship period (arrived at Nightingale Island 26 Sep) and 
showed some indication of regular colony attendance dur-
ing the incubation period (returning 05 Nov). None of the 
others showed behaviour consistent with breeding patterns, 
confirming previous suggestions that most Fundy birds are 
not of breeding age (Powers et al. 2017). First arrival of 
other birds at colonies coincided roughly with the egg-laying 
period: Nightingale (n = 5, mean = 18 Nov, range 7 Oct–3 
Jan), Inaccessible (n = 6, mean = 13 Nov, range 10–18 Nov), 
Gough (n = 3, mean = 10 Nov, range 5–13 Nov). Three 
Fundy birds (17%) showed no colony association. Hereafter, 
we refer to Fundy tagged birds as “immatures”.

For birds tagged on Gough during the courtship 
period, five of six individuals returned to the colony but 
none showed regular colony attendance, so these birds 
may have been failed breeders or were pre-breeding age 
birds. Five complete foraging trips were obtained during 
the pre-laying period. Average pre-laying trip duration 
was 61.4 ± 13.6 days (range 41–76 days, Table 2). Birds 
departed within one or 2 days of tag deployment (range 
30 Sept–4 Oct) and returned on 12 November (n = 1), 26 
November (n = 1), 7 December (n = 2), and 19 Decem-
ber (n = 1). For each bird, transmissions ceased for 1 or 2 
cycles upon returning to the island, suggesting they were 

attending burrows. However, this occurred well after esti-
mated peak laying date for this colony (21 Nov, Cuthbert 
2005). Though all individuals appear to have visited or at 
least approached the colony again in January, no foraging 
trips during the incubation period were evident; therefore, 
trip characteristics were not directly comparable to deploy-
ments during incubation on Inaccessible Island. Together, 
these behaviours suggest that birds tagged on Gough were 
non-breeders, or skipped breeding (possibly due to device 
effects, see “Discussion”). Hereafter, we refer to Gough-
tagged birds as “non-breeders”.

A total of 13 foraging trips (11 individuals) were obtained 
from Inaccessible birds during the incubation period 
(Table 2), before apparent nest failures. Average incubation 
trip duration was 25.1 ± 6.2 days (range 12–34 days). At 
Inaccessible, the duration of foraging trips during incuba-
tion was longer for males (28.2 ± 3.7 days, n = 7) than 
for females (21.5 ± 6.8 days, n = 6; t = 2.28, df = 11, 
p = 0.043). Five birds (31%) departed the colony by mid-
December and did not return, ten birds (63%) made one 
or two foraging trips until mid-January, and one bird (ID 
96802a) made two trips with the last trip returned to the 
colony during the first week of February. This suggests that 
birds abandoned early on or experienced reproductive failure 
during late incubation (see “Discussion” section for implica-
tions of results).

There was no significant difference in maximum distance 
from the islands between the two sites (W = 44, p = 0.257; 

Table 2  Foraging trip 
characteristics of adult Great 
Shearwaters Ardenna gravis 
tracked from Gough and 
Inaccessible Islands

Last digit of the Bird ID indicates first (1) and second (2) trips recorded from individuals. M  =  male; 
F = female. Points refers to the number of estimated locations used to reconstruct the trip

Bird ID Location Sex Stage Duration (days) Distance (km) Maximum 
distance 
(km)

n points

96794a1 Gough ? Pre-laying 67.5 8566 2400 271
96795a1 Gough ? Pre-laying 67.5 15,287 4373 271
96796a1 Gough ? Pre-laying 41.0 8213 2598 165
96797a1 Gough ? Pre-laying 55.0 13,928 4395 221
96798a1 Gough ? Pre-laying 76.0 8728 2032 305
96800a1 Inaccessible M Incubation 25.5 3640 1569 103
96801a1 Inaccessible M Incubation 23.75 8097 3834 96
96802a1 Inaccessible M Incubation 29.5 9348 4117 119
96802a2 Inaccessible M Incubation 30.75 9005 3905 124
96803a1 Inaccessible M Incubation 25.75 5431 1970 104
96804a1 Inaccessible M Incubation 34.5 9941 4070 139
96805a1 Inaccessible M Incubation 28.0 8893 4058 113
96808a1 Inaccessible F Incubation 27.75 10,139 4071 112
96809a1 Inaccessible F Incubation 30.0 4367 1728 121
96811a1 Inaccessible F Incubation 22.75 8704 4048 92
96812a1 Inaccessible F Incubation 16.25 3316 1500 66
96812a2 Inaccessible F Incubation 12.25 3479 1682 50
96814a1 Inaccessible F Incubation 20.0 4099 1591 81
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Fig. 1, Table 2). During pre-breeding, maximum distance 
from Gough Island was either 2000–2500 km east to deep 
water or continental slope waters off the coast of South 
Africa, or more than 4000 km west to the Patagonian shelf 
off the coast of Argentina. Incubating birds from Inacces-
sible Island travelled similar maximum distances: either 
1500–2000 km south-east to the Sub-Antarctic Front or 
approximately 4000 km to the Patagonian Shelf. Maximum 
distance from the colony was correlated with trip dura-
tion for birds during the incubation phase on Inaccessible 
Island (R2 = 0.275, F1,11 = 5.55, p = 0.038): shorter trips 

up to ~ 2000 km averaged 21.6 ± 6.7 days, whereas long 
trips to ~ 4000 km averaged 28.1 ± 4.0 days. Total distance 
travelled and the maximum distance from the island was not 
significantly different between males and females from Inac-
cessible Island (W = 30 and 29, p = 0.20 and 0.25, respec-
tively); both sexes performed shorter and long-distance trips 
(Table 2, Fig. 1). Consecutive trips were recorded for two 
individuals: one female conducted two shorter trips and one 
male conducted two long trips (Table 2).

Great Shearwaters overlapped with the EEZs of five 
countries, but birds from all tagged populations spent most 

Fig. 1  Foraging trips of Great Shearwaters Ardenna gravis from two 
breeding colonies. Birds were tracked from a Gough Island during 
the pre-laying period (n  =  5) and b Inaccessible Island during the 
incubation period with male (blue, n  =  6) and female (red, n  =  5) 
differentiated. Colonies are indicated by a pentagon (Inaccessible 

Island) and black star (Gough Island). Maximum distances are indi-
cated with a yellow star for each foraging trip. Underlying environ-
mental variables include 3000  m bathymetric contours (grey lines), 
the Sub-Antarctic Front (black-dashed line), and boundaries of exclu-
sive economic zones (EEZ; black solid line)
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time within the Argentinean EEZ during all three phases 
of the breeding period (Table 3). One notable difference 
among populations was the absence of birds from Inac-
cessible Island in the South African EEZ, despite the rela-
tively large sample size of birds from this island (Table 3). 
During the pre-laying period, Gough birds went east of 
the island towards South Africa or west to the coastal 
waters off Argentina (Figs. 1 and 2). Fundy birds were 
found mostly within Argentinean waters, where most of 
the overlap with Gough birds occurred (Fig. 2a, Table 4). 
During the incubation period, birds from Fundy and Inac-
cessible Island were mainly west of the breeding colonies, 
while Gough birds were mainly east (Fig. 2b). During the 
incubation period, the overlap between Gough and Inac-
cessible birds was lower than the overlap of Fundy and 
Inaccessible birds; breeding and failed birds from Inacces-
sible had the greatest overlap during this period but UDOI 
values were still < 1, suggesting lower than uniform space-
use sharing (Table 4). During the post-breeding period (15 
Jan–May), Great Shearwaters from all sites were west of 
the breeding colonies, concentrated along the Argentinean 
coast (Fig. 2c). Birds from all three sites were found close 
to the coast of Argentina, with a high degree of overlap 
(> 80%) during the post-breeding period; immature birds 
from Fundy and non-breeders from Gough showed higher 
than normal space-use sharing (UDOI = 1.27) during this 
period (Table 4). Both the kernel utilization distributions 
(Fig. 2) and the raw tracking data (Fig. 1 and Online Sup-
plementary Material 2) suggest that the southern limit of 
Great Shearwater foraging distribution may be defined by 
the Sub-Antarctic Front.  

Assuming that colony visitations of Fundy tagged birds 
are indicative of their natal or future breeding sites, we 
further investigated the distribution of immature (or pre-
breeding age) birds with respect to their presumed colony 
(Fig. 3). During the pre-laying period, all birds overlapped 
extensively on the Patagonian Shelf (Fig. 3a). During the 
incubation period, Gough-associated birds showed distribu-
tions east of Gough Island, mostly segregated from immature 
birds of other colonies (Fig. 3b). One immature bird associ-
ated with Nightingale Island (near to Inaccessible) showed 
high usage of waters in the South African EEZ (Fig. 3).

Discussion

Individual foraging trips during pre-laying (Gough) and 
early incubation (Inaccessible) revealed foraging destina-
tions more than 4000 km away. To date, these are among the 
furthest foraging trips of any breeding seabird (see Table 3 
in Pollet et al. 2014), comparable to Short-tailed Shearwa-
ters Ardenna tenuirostris tracked from colonies in Tasmania 
(mean ~ 2200 km, maximum 5056 km; Cleeland et al. 2014), 
and much further than other petrel species tracked from 
Inaccessible Island (Reid et al. 2014). These extraordinary 
distances highlight the importance of the Patagonian Shelf 
to this species, even when other foraging areas are avail-
able within 2000 km at the Sub-Antarctic Front (Ronconi 
et al. 2010a) and shelf waters off the coast of South Africa 
(Crawford et al. 1991; Delord et al. 2014). Moreover, the 
Patagonian Shelf was extensively used by Great Shearwa-
ters during the pre-laying and post-breeding periods (Fig. 2). 

Table 3  Overlap of Great Shearwaters Ardenna gravis tracked from the Bay of Fundy, Gough and Inaccessible Islands with exclusive economic 
zones (EEZ) in the South Atlantic Ocean during three different periods

Percentage values indicate the proportion of observed locations (n points) which occurred within EEZ boundaries, during each of three breeding 
phases (see methods). Breeding status was determined by the behaviour of tagged birds: Fundy and Gough populations are thought to be imma-
tures (imm) and/or non-breeders (nb), and Inaccessible birds were classified as “failed” after the last visit to the colony

Population (status) EEZ location n Points n Individuals

Argentina (%) Uruguay (%) Brazil (%) Tristan da 
Cunha (%)

South 
Africa (%)

Pre-laying period (prior to 11 Nov)
 Fundy (imm) 49.8 19.1 1.3 3.5 6.1 2686 19
 Gough (nb) 26.2 0.2 0.2 15.1 4.0 1387 6

Incubation period (11 Nov–15 Jan)
 Fundy (imm) 14.0 0.4 0.4 23.1 5.0 2718 19
 Gough (nb) 6.6 0 0 35.3 5.9 1128 6
 Inaccessible (failed) 28.0 0 0 16.7 0 1248 13
 Inaccessible (breeding) 16.7 0 0 43.4 0 2001 14

Post-breeding period (after 15 Jan)
 Fundy (imm) 60.2 0 0 4.5 4.3 1057 6
 Gough (nb) 51.4 2.2 0.8 2.6 4.0 2201 6
 Inaccessible (failed) 88.2 3.3 0.1 0.4 0 7174 16
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However, it is important to consider that most birds tracked 
in this study appear to have failed breeding by mid- to late-
January (see methods), when hatching would have occurred. 
Therefore, foraging ranges and areas for chick-rearing Great 
Shearwaters are still unknown and likely differ from results 
reported here given that chicks are fed at 3–4 day intervals 

(Cuthbert 2005), suggesting trips of shorter distance and 
duration. Hatching success for this species is typically 56%, 
similar to that of other shearwaters (Cuthbert 2005), suggest-
ing that higher nest failure rates that we observed could have 
been caused by the stress of capture or the added burden of 
carrying tags weighing 3–3.5% of their body mass, at the 

Fig. 2  Distribution of Great Shearwaters Ardenna gravis tracked from 
the Bay of Fundy, Inaccessible Island (pentagon) and Gough Island 
(star) during: a pre-laying exodus, b incubation and c post-breeding 
periods. Contours indicate the 50% (solid thicker colour lines) and 
90% (dashed thinner colour lines) kernel utilization densities. Breed-
ing status was determined by the behaviour of tagged birds: Fundy 

and Gough populations are thought to be immatures and/or non-
breeders, and Inaccessible birds were classified as “failed” after the 
last visit to the colony. Underlying environmental variables include 
3000  m bathymetric contours (grey lines), the Sub-Antarctic Front 
(black dashed line), and boundaries of exclusive economic zones 
(EEZ; black solid line)
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upper limit of “acceptable” tag size for shearwaters (Phil-
lips et al. 2003). In particular, on Inaccessible Island, any 
absence from the burrow or mistimed changeover of incuba-
tion duties can result in depredation of eggs by the endemic 
Tristan Thrush Nesocichla eremita (Ryan and Ronconi 
2010). The attachment method with sutures has not been 
shown to impact breeding success in other species (Pollet 
et al. 2014; Loring 2016). Smaller tracking devices, such as 
newer GPS technologies, would provide better information 
on marine space use during chick-rearing periods for this 
species. Nonetheless, trip durations during the incubation 
period reported in this study were similar to birds tagged 
with much smaller time-depth recorder tags at Inaccessible 
Island in the same year as the tracking study (Ronconi et al. 
2010a), suggesting that observed foraging trips were likely 
representative of this species during the incubation phase.

We observed some differences in trip duration between 
males and females, but no differences between sexes in the 
total or maximum distances travelled. Studies of sexually 
dimorphic seabirds have revealed sex partitioning of habitat 
during breeding periods (Phillips et al. 2004, 2011; Ludynia 
et al. 2013). Sexually monomorphic shearwaters and petrels 
exhibit behavioural and spatial partitioning between sexes 
during the pre-laying and egg-laying periods, but not during 
incubation or chick rearing (Pinet et al. 2012; Hedd et al. 
2014). While no pre-laying data of known sex birds were 
available in this study, the foraging trips of known sex birds 
from Inaccessible Island (Table 2) were associated with the 
first trips after egg laying for males, and the second trip of 

females (since females were tagged after returning to the 
colony following their first trip post-laying). Therefore, sex 
differences in trip duration may be related to post-laying 
recovery of females, whereby females would have taken a 
longer trip during their first departure after laying (Pinet 
et al. 2012). The few trips recorded and the very long dis-
tances to foraging grounds for both males and females may 
make it difficult to assess apparent sex-related foraging strat-
egies, if any. Sex-related habitat partitioning in shearwaters 
is more likely to occur during pre-laying periods (Hedd et al. 
2014), or possibly during chick-rearing periods (not tested 
in this study).

The most striking finding from this study was the appar-
ent at-sea segregation between birds breeding on Gough and 
Inaccessible Islands, which are only 400 km apart. Although 
raw tracking data and 90% kernel utilization distributions 
show general overlap of foraging ranges during the incuba-
tion period, overlap indices for “core” foraging areas (50% 
kernel utilization distributions) were very low between 
Gough non-breeders and Inaccessible breeding or failed 
birds. Likewise, the distributions of immature birds tagged 
in Fundy that associated with Inaccessible and Gough colo-
nies also support the conclusions about the east–west seg-
regation between these neighbouring sites (Fig. 3b). Some 
of the largest seabird species exhibit spatial segregation of 
foraging areas among neighbouring colonies (Grémillet et al. 
2004, Wakefield et al. 2013). Intraspecific competition and 
colony size may interact to determine density-dependent for-
aging ranges for several seabird species (Lewis et al. 2001; 

Table 4  Overlap of Great Shearwater Ardenna gravis distributions (50% kernel utilization densities) tracked from three sites during different 
periods

Values reported in the lower/left side of the table are Battacharyya’s affinity (BA) values whereby 1 = complete overlap, 0 = no overlap between 
distributions. Values reported in bold in the upper/right side of the table are the utilization distribution overlap index (UDOI; Fieberg and 
Kochanny 2005) which quantifies space-use sharing relative to uniform space use; values < 1 indicate less than normal overlap and values > 1 
indicate higher than normal overlap. No birds were tracked from Inaccessible Island during the pre-laying period. Breeding status was deter-
mined by the behaviour of tagged birds: Fundy and Gough populations are thought to be immatures and/or non-breeders, and Inaccessible birds 
were classified as “failed” after the last visit to the colony

Population (status) Fundy (immature) Gough (non-
breeders)

Inaccessible (failed) Inaccessible 
(breeding)

n Individuals

Pre-laying (prior to 11 Nov)
 Fundy (immature) 1.00/2.29 0.42 – – 19
 Gough (non-breeders) 0.73 1.00/1.38 – – 6

Incubation (11 Nov–15 Jan)
 Fundy (immature) 1.00/1.38 0.65 0.68 0.79 19
 Gough (non-breeders) 0.80 1.00/2.19 0.13 0.15 6
 Inaccessible (failed) 0.84 0.53 1.00/1.32 0.94 13
 Inaccessible (breeding) 0.80 0.49 0.88 1.00/2.22 14

Post-breeding (after 15 Jan)
 Fundy (immature) 1.00/2.81 1.27 0.89 – 6
 Gough (non-breeders) 0.86 1.00/2.29 0.70 – 6
 Inaccessible (failed) 0.83 0.81 1.00/1.37 – 16
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Gaston et al. 2013; Jovani et al. 2016), validating tenants of 
“Ashmole’s halo” effects and central-place foraging theory 
(Gaston et al. 2007). Thus, when breeding populations of 
adjacent colonies are very large, as with the millions of 
Great Shearwaters breeding at our two study islands, one 
might expect a high degree of spatial segregation to mini-
mize intraspecific competition (Masello et al. 2010). Alter-
natively, winds may play a crucial role in the movements 
and space use of shearwaters (Adams and Flora 2010) and 
the north–south separation between Gough and Inaccessi-
ble Islands may expose these populations to different wind 
regimes, facilitating spatial segregation during the breeding 
season when birds are strongly tied to the colony. However, 
Short-tailed Shearwater colonies of even greater population 
size, separated by similar distances, and exposed to different 
wind regimes still show considerable overlap in foraging 
areas (Raymond et al. 2010); thus, an explanation for the 

segregation between Gough and Inaccessible Island colonies 
requires further examination.

Despite the segregation between Gough and Inaccessi-
ble birds, we observed spatial overlap between failed and 
breeding birds from Inaccessible Island as well as between 
immature birds from the Bay of Fundy and adults from 
Inaccessible or Gough. The Tristan da Cunha Archipel-
ago, including Inaccessible and Nightingale Islands, com-
prises > 80% of the global population of Great Shearwaters, 
so if the Fundy birds were a random subset of immature 
shearwaters, then one would expect greater similarity 
in spatial overlap between these groups (see also Fig. 3). 
Necropsies of dead birds and plumage of live birds from 
the Gulf of Maine and Bay of Fundy suggest that most birds 
from this region are juvenile and immature birds (Lee 2009; 
Haman et al. 2013; Powers et al. 2017). Moreover, most 
birds tracked from Fundy to the South Atlantic showed no 

Fig. 3  Distribution of immature (non-breeding) Great Shearwaters 
Ardenna gravis tracked from the Bay of Fundy to the South Atlan-
tic during: a pre-laying exodus (September to 10 November), and b 
incubation period (11 November to 15 January). Contours indicate 
the 50% (solid thicker colour lines) and 90% (dashed thinner col-
our lines) kernel utilization densities. Immature birds were assigned 
a colony association if tracking data showed a visitation to one of 

three colonies: Inaccessible (orange), Nightingale (green), Gough 
(blue); “unknown” is indicated for birds that did not visit any colony 
(red; see methods and results for details). Underlying environmental 
variables include 3000 m bathymetric contours (grey lines), the Sub-
Antarctic Front (black dashed line), and boundaries of exclusive eco-
nomic zones (EEZ; black solid line)
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clear association with specific colonies until near or after 
the egg-laying period, supporting the notion that these were 
pre-breeding age birds. Few studies have tracked juvenile or 
immature seabirds (Hazen et al. 2012), or contrasted these 
findings with adult birds. Juvenile albatrosses tracked during 
the first few months of their life show flight paths and move-
ment behaviours similar to adults (de Grissac et al. 2016), 
but this may still result in habitat segregation (Gutowsky 
et al. 2014). Moreover, Short-tailed Albatrosses Phoebas-
tria albatrus showed age-related differences in core forag-
ing areas with first-year birds distributed more broadly than 
adults (O’Connor 2013). While there is some evidence that 
age classes of Great Shearwaters may segregate during non-
breeding periods in the North Atlantic (Lee 2009; Haman 
et al. 2013; Powers et al. 2017), our results suggest wide-
spread overlap between age classes in the South Atlantic.

Notwithstanding the possible effects of tags on the breed-
ing performance of Great Shearwaters (see above), our 
results indicate that the Patagonian Shelf, and the Argen-
tinian EEZ, is of particular importance for this species 
throughout its breeding and post-breeding season from Sep-
tember to May, for both breeding and non-breeding birds. 
Likewise, this area is extremely important for other marine 
top-predators that reside in the South Atlantic (Phillips et al. 
2006; Hedd et al. 2014; Gonzalez Carman et al. 2016) or 
migrate here from breeding areas in the northern hemisphere 
(Krüger et al. 2017). Several fisheries in Brazil, Uruguay 
and Argentina take large numbers of shearwaters, petrels, 
and albatrosses as bycatch (Bugoni et al. 2008; Jiménez 
et al. 2009, 2010; Favero et al. 2013). The population level 
impact of these fisheries on Great Shearwaters, along with 
additional take in gillnet fisheries in the northern hemisphere 
(ICES 2013; Hatch 2017), is not known, but further analyses 
of tracking data from different population segments (this 
study) in conjunction with bycatch data (e.g., Hatch et al. 
2016) may reveal which components of the population are 
most vulnerable to this cumulative bycatch. Refined spatial 
analysis of these tracking data may better identify fine-scale 
habitat associations of Great Shearwaters within the Patago-
nian Shelf ecosystem (e.g., Gonzalez Carman et al. 2016), 
revealing important areas of marine productivity, regions 
where bird distributions overlap with fisheries, and areas of 
international significance to marine biodiversity conserva-
tion (Krüger et al. 2017).
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