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INTRODUCTION

Seabirds are a major component of the marine
ecosystem and generally thought to be at the top of
the marine food webs (Brooke 2004b, Karpouzi et al.

2007). However, their feeding ecology and move-
ments across marine ecosystems remain poorly
known for many species. This lack of knowledge
hampers our understanding of the role of seabirds in
marine ecosystems, our capability to identify the
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ABSTRACT: Trophic ecology and movements are critical issues for understanding the role of
marine predators in food webs and for facing the challenges of their conservation. Seabird forag-
ing ecology has been increasingly studied, but small elusive species, such as those forming the ‘lit-
tle shearwater’ complex, remain poorly known. We present the first study on the movements and
feeding ecology of the Barolo shearwater Puffinus baroli baroli in a colony from the Azores archi-
pelago (NE Atlantic), combining global location-sensing units, stable isotope analyses of feathers
(δ13C and δ15N), stomach flushings and data from maximum depth gauges. During the chick-rear-
ing period, parents visited their nests most nights, foraged mainly south of the colony and fed at
lower trophic levels than during the non-breeding period. Squid was the most diverse prey (6 fam-
ilies and at least 10 different taxa), but species composition varied considerably between years.
Two squid families, Onychoteuthidae and Argonautidae, and the fish family Phycidae accounted
for 82.3% of ingested prey by number. On average, maximum dive depths per foraging trip
reached 14.8 m (range: 7.9 to 23.1 m). After the breeding period, birds dispersed offshore in all
directions and up to 2500 km from the breeding colony, and fed at higher trophic levels. Overall,
our results indicate that the Barolo shearwater is a non-migratory shearwater feeding at the lowest
trophic level among Macaronesian seabirds, showing both diurnal and nocturnal activity and
feeding deeper in the water column, principally on small schooling squid and fish. These traits
contrast with those of 3 other Azorean Procellariiformes (Cory’s shearwater Calonectris diomedea,
the Madeiran storm-petrel Oceanodroma castro and Monteiro’s storm-petrel O. monteiroi), indi-
cating ecological segregation within the Azorean seabird community.
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threats to their populations and, thus, the conserva-
tion of these marine predators.

Trophic interactions have been typically studied
through diet analyses from e.g. stomach flushing
(Wilson 1984, Ridoux 1994, Neves et al. 2011). This
method has been extensively used in subantarctic
and Antarctic seabirds (e.g. Ridoux 1994, Connan et
al. 2008), but species of the sub-tropical northern
hemisphere, particularly the Atlantic Ocean, remain
poorly studied (Croxall & Prince 1996). Traditional
studies of diet composition, however, have mainly
been conducted during the breeding period, are
biased towards prey with hard parts and only give
information from the last meal. Nevertheless, they
are very important for determining prey type and
size, and especially useful when used in association
with other tracers of feeding ecology which integrate
the diet over longer periods, such as ratios of carbon
and nitrogen stable isotopes (e.g. Rau et al. 1982,
Hobson & Welch 1992, Thompson et al. 1999, Forero
et al. 2004). Despite a few exceptions however (e.g.
Petry et al. 2008), our knowledge of seabird diets dur-
ing the non-breeding period is very limited (Barrett
et al. 2007). Stable isotope analyses have been
increasingly used and are improving our understand-
ing of the role of seabirds in marine food webs, but
values are often difficult to interpret because in many
cases, such as in most Procellariiformes (petrels)
breeding in Macaronesian archipelagos, we still lack
basic knowledge of diet composition (Roscales et al.
2011a).

Isotope ratios in consumer tissues reflect those of
their prey in a predictable manner (DeNiro &
Epstein 1978, 1981, Hobson & Clark 1992a,b), and
since tissues turn over at different rates, they can
integrate trophic information over different temporal
periods and, if the animal migrates, over different
areas as well (Hobson & Clark 1992b, Ramos &
González-Solís 2012). In the marine environment,
higher ratios of 13C to 12C (δ13C) in seabird tissues
characterize inshore and benthic habitats compared
to offshore and pelagic environments (France 1995,
Kelly 2000). The ratio of 15N to 14N (δ15N) has been
largely used to delineate consumer trophic positions
because δ15N increases with trophic level due to
preferential incorporation of 15N into body tissues
(Minagawa & Wada 1984, Owens 1987). Moreover,
stable isotopes can also provide information about
the spatial component of the trophic niche because
tissues ultimately integrate the isotopic baseline lev-
els of the area where they were formed. Feathers
are especially useful for this purpose when moulting
patterns are known because they reflect the isotopic

forms assimilated through the diet when and where
they were grown (Hobson & Clark 1992b). This is
important in seabirds, whose main feeding areas
have been typically difficult to locate due to the
pelagic habits of these species. However, the spatial
resolution of stable isotopes is low or even null if
birds just move within a regional scale. For exam-
ple, movements within the Northeast Atlantic are
un likely to be isotopically detected because baseline
values are essentially homogeneous (Graham et al.
2010, Roscales et al. 2011a). Alternatively, tracking
devices can provide more detailed information on
bird movements (Burger & Shaffer 2008). As a con-
sequence, the use of light-based geolocators (global
location-sensing units) has increased substantially
over the last few years (although very incomplete,
the list presented at the British Antarctic Survey
website includes 8 peer-reviewed papers up until
2005 and 47 up until 2010). Despite their relative
lack of accuracy (about 200 km, Shaffer et al. 2005),
geolocators are useful for identifying broad foraging
areas during both the breeding and the non-breed-
ing periods. In addition, geolocators can also pro-
vide insights into the temporal component of the
trophic niche, since some of these loggers can also
record daily activity patterns at sea (e.g. Passos et
al. 2010).

A combination of traditional approaches with more
recent methods can provide a broader picture of
seabird foraging ecology, since each method comple-
ments the limitations of the others (Hobson et al.
1994, Hobson 1999, Fry 2006, González-Solís et al.
2007a). In the present study, we used geolocators, sta-
ble isotope analyses of feathers (δ13C and δ15N), stom-
ach flushings and maximum depth gauges to study
the movements and feeding ecology of one of the spe-
cies forming the ‘little shearwater’ complex, the
Barolo shearwater Puffinus baroli. The Barolo shear-
water is endemic to the NE Atlantic oceanic islands,
breeding only in the Azores, Madeira, Salvages, Ca-
nary and Cape Verde archipelagos, with the P. baroli
baroli subspecies breeding in the former 4 archipela-
gos and the P. b. boydi subspecies breeding on the
Cape Verde islands (Brooke 2004a). Due to its re-
stricted range and its limited numbers (<7000 breed-
ing pairs), the Barolo shearwater is considered ‘Rare’
in the Palearctic (BirdLife International 2004). The
movements, foraging areas and diet of the smallest
and most secretive shearwater of the subtropical At-
lantic remain largely unknown. Therefore, it is essen-
tial to evaluate the factors that may alter the current
and future dynamics of its populations as well as help
identify important conservation areas at sea.
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The main aims of this study were: (1) to assess the
diet composition and main prey of the Barolo shear-
water; (2) to characterize its foraging behaviour; and
(3) to identify its main foraging areas during the
breeding and non-breeding periods.

MATERIALS AND METHODS

The present study was conducted in the Azores,
where the species reaches the northern limit of its
distribution. At this locality, the population of Barolo
shearwaters is estimated to consist of between 840
and 1530 breeding pairs (Monteiro et al. 1999), mak-
ing it the second most abundant procellariiform in
the region after Cory’s shearwater Calonectris
diomedea. Fieldwork was conducted on Vila islet
(36° 55’ N, 25° 10’ W; 8 ha), located ca. 300 m off Santa
Maria island, Azores archipelago, which holds about
50 breeding pairs of Barolo shearwaters (Monteiro et
al. 1999). Egg laying occurs from late January, chicks
hatch from mid-March and fledge from mid- to late
May (Monteiro et al. 1996). Adults stop visiting the
co lo nies between June and September. The primary
remiges are moulted in April and May when most
birds are renewing primaries 1 to 4, and the moult of
the secondary remiges occurs towards the end of the
non-breeding period (Monteiro et al. 1996).

Diet

Stomach contents were collected under license
between 26 and 29 March 1998 and between 20 and
25 April 2000, to coincide with the chick-rearing
stage. Barolo shearwaters can be very asynchronous
breeders (Monteiro et al. 1996, J. Bried unpubl.
data) and when we visited Vila islet in March 1999,
very few chicks had hatched, preventing us from
repeating the sampling. Therefore in 2000, we
decided to visit the islet some weeks later than in
1998 to ensure the success of sampling. Diet sam-
ples were obtained from adult birds using the
water-offloading technique (Wilson 1984); each indi-
vidual was sampled only once. For the water-
offloading procedure, we used a syringe and a plas-
tic suction catheter with an external diameter of
2.3 mm. Birds were ringed using individually num-
bered metal rings and released immediately after
being sampled. In the field, food samples were
drained and preserved in 70% etha nol. Samples
were examined and sorted under a bi nocular micro-
scope. Otoliths were kept dry and all the other

remains from fish, cephalopods and crustaceans
were stored in 70% ethanol. Fish were identified to
the lowest possible taxon from their otoliths using
available keys (Nolf 1985, Härkönnen 1986, Smale
et al. 1996) and reference collections. Otoliths were
paired to estimate the number of fish prey in each
sample. Cephalopods were identified from their
beaks and, when they were not too digested, from
flesh, shape, color and other physical features. The
body mass (M) and mantle length (ML) of ce pha lo -
pods were estimated from measurements of rostral
length, or hood length for octopods, of well-
 preserved lower beaks, using the equations pub-
lished by Clarke (1986). In the cases of Argonauta
argo and Tremoctopus violaceus, the equations of
Smale et al. (1993) were used. Given that the length
of the arms of cephalopods in relation to ML varies
considerably among species, we also provided esti-
mates of standard length (SL), which is the length of
a squid excluding the tentacles. SL may give a bet-
ter idea of the size of the prey from the predator’s
point of view. Estimates of SL are based on ML–SL
relationships from drawings published by Nesis
(1987). Diet composition is described by both fre-
quency of occurrence (FO, percentage of samples
containing each type of prey) and numerical fre-
quency (NF, individual numbers of each prey type).
Differences in the NF of prey types between years
were as sessed using chi-square tests. Stomach con-
tents consisted of a dense grey paste and no prey
items were found whole, precluding weighing indi-
vidual items. Crustaceans were too digested, pre-
venting specific identification and fish prey could
only be identified through otoliths since the other
hard structures were very small and eroded. Squid
beaks are known to be more resistant to digestion
than otoliths, and therefore tend to accumulate in
bird stomachs for a longer period, leading to an
overestimation of the squid contribution to the over-
all diet (Furness et al. 1984, Jackson & Ryan 1986,
Neves et al. 2006). To avoid this bias, Neves et al.
(2006) suggested using only the beaks that are still
attached to their buccal masses. In our case, how-
ever, this would result in an overestimation of fish
prey from otoliths by drastically reducing the diver-
sity and abundance of squid prey, since only 22 out
of 248 intact lower beaks were found on their buccal
masses. Therefore, we used all the lower beaks
except those that were eroded or partially broken.
Upper beaks were not used for species identifica-
tion, but we used them to calculate the average
number of specimens per sample whenever their
number ex ceeded the number of lower beaks.
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Stable isotopes analyses

The innermost primary (P1) and the eighth sec-
ondary (S8) remiges were taken under license from
20 adult birds captured in the colony at night: 10
birds were sampled between 17 and 21 April 2004
and another 10, including the birds whose geoloca-
tors were recovered (see below), between 16 and 22
April 2008. Birds were ringed and released immedi-
ately after sampling and feathers were stored in poly-
ethylene bags prior to isotope analyses. We exam-
ined the 13C/12C (δ13C) and 15N/14N (δ15N) ratios in
the P1, generally grown in May, corresponding to the
end of the breeding season (Monteiro et al. 1996),
and in the S8 remige, which is presumed to be grown
in August or September, corresponding to the end of
both the non-breeding and moulting periods (Mon-
teiro et al. 1996). Feathers were cleaned in a solution
of NaOH (0.25 M), oven dried at 40°C, and cut finely
with stainless steel scissors for sample homogeniza-
tion. Weighed sub-samples (0.36 mg) of feathers
were placed into tin buckets and crimped for com-
bustion. Isotopic analyses were carried out by EA-
IRMS (elemental analysis-isotope ratio mass spec-
trometry) by means of a ThermoFinnigan Flash 1112
elemental analyzer coupled to a Delta isotope ratio
mass spectrometer via a CONFLO III interface
(Serveis Científico-Tècnics, University of Barcelona).
Stable isotope ratios were expressed in conventional
notation as parts per thousand (‰), according to the
following equation: δX = [(Rsample/ Rstandard) − 1] where
X is 15N or 13C and R is the corresponding ratio
15N/14N and 13C/12C. The standards for 15N and 13C
are atmospheric nitrogen (AIR) and Vienna Peedee
Belemnite (VPDB), respectively. Reference materials
for stable isotope analysis were provided by the
International Atomic Energy Agency (IAEA). In the
case of δ15N, the standards (certified reference value
± SD, ‰air N2 for δ15N) used were IAEA-N-1 (0.4 ±
0.2‰), IAEA-NO-3 (4.7 ± 0.2‰) and IAEA-N-2 (20.3
± 0.2‰) and the experimentally obtained values
were 0.5 ± 0.2, 4.6 ± 0.1 and 20.3 ± 0.1‰, respec-
tively. USGS 40 (certified reference value ± SD,
‰VPDB for δ13C, −26.389 ± 0.042‰), IAEA-CH-7
(−32.151 ± 0.050‰) and IAEA-CH-6 (−10.499 ±
0.033‰) were the reference materials for δ13C mea-
surement. The values obtained in the laboratory for
these standards were −32.17 ± 0.05, −26.37 ± 0.03
and −10.46 ± 0.03‰, respectively. Standards span
the range of sample isotope ratios. Accuracy was
≤0.1‰ for δ13C measurements and ≤0.2‰ for δ15N.
Precision (RSD, SD × 100/mean) for the reference
materials with isotopic values within the range

obtained in feather samples was 0.28% and 1.3% for
δ13C and δ15N, respectively. Results are shown as
means ± SD. In order to cover more years, stable iso-
tope data were analyzed after combining our data
with those of Roscales et al. (2011a), which were
obtained from 10 other adult individuals sampled on
27 and 28 August 2003.

In order to simultaneously evaluate the effect of
feather type (intra-subject factor with repeated mea-
sures) and sampling year (inter-subjects factor) on
stable isotope values, we used separated multivariate
analyses of variance (MANOVAs) for δ13C and δ15N.

Diving abilities

From 18 to 21 April 2004, the 2 adults of 3 chick-
rearing pairs were captured in their burrows at night
while feeding their single chick, ringed for identifica-
tion, equipped with a maximum depth gauge (MDG)
fitted on the back feathers using waterproof adhesive
tape, and released into their burrows. During subse-
quent nights, burrows were monitored to check for
the return of the adults. When present, adults were
captured again, the gauges were recovered and the
birds were eventually equipped with another gauge
before being released into their burrows. MDGs con-
sist of plastic tubes (10 to 12 cm length, 0.8 mm inter-
nal diameter, Tygon®) lined with icing sugar and
sealed at one extremity (Burger & Wilson 1988). They
are commonly used to study seabird diving perfor-
mances (review in Bocher et al. 2000), and their low
mass (0.8 to 1 g, data from this study) makes them
especially suitable for small-sized species. MDGs
only give the maximum depth reached. The latter is
calculated following Burger & Wilson (1988). To com-
pare maximum depths reached between individuals,
we used a Kruskal-Wallis test for small samples.

At-sea distribution and activity patterns

Ten global location-sensing loggers (MK14 geolo-
cators, British Antarctic Survey) were deployed on
breeding Barolo shearwaters from 11 to 15 April
2007, and 4 of these geolocators were recovered
between 16 and 21 April 2008 (at this time, feathers
were taken from the birds that carried geolocators for
isotope analyses, ‘Stable isotopes analyses’). Of the
10 equipped birds, 7 had a chick, 2 were still incubat-
ing and 1 was of unknown breeding status since the
nesting cavity was too deep to confirm the presence
of either an egg or a chick. All the nests were
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checked on 14 May 2007, about 1 mo after geolocator
deployment: 1 chick had fledged and the other 6
were still in their nests. The 2 nests where the birds
were still incubating when they were equipped had
failed and the nest of unknown breeding status had
no chick, so either the breeding attempt performed
by the owner of this nest failed or the bird did not
attempt to breed. Loggers were attached with a cable
tie to a darvic ring and represented less than 1.5% of
bird body mass (on average, equipped birds weighed
174.1 ± 13.6 g and loggers about 2.5 g, including dar-
vic ring and cable tie). Only 1 member of each pair
was equipped. Sex was determined by molecular
methods (Fridolfsson & Ellegren 1999) using a 50 µl
blood sample collected from the tarsal vein.

Light values obtained from geolocators are mea-
sured every minute and the logger stores the maxi-
mum reading (truncated at a value of 64) at the end of
every 10 min. Light readings range from 0 (complete
darkness) to 64 (full light) and sunrise and sunset
thresholds were set at 20. For each bird, latitude and
longitude were estimated twice a day from day and
night length and the time of local midday and mid-
night relative to Greenwich mean time (GMT)
(Phillips et al. 2004). During processing, we excluded
locations derived from curves with apparent interrup-
tions around sunset and sunrise, or that showed a
flight speed index greater than 30 km h−1, as calcu-
lated by the root of the square speed average of the
segments formed with the 2 preceding and the 2 fol-
lowing positions (González-Solís et al. 2007b). Loca-
tions around the 21 March and 21 September equi -
noxes were also excluded due to their inaccuracy.

Four periods were considered for the analyses (see
Table 7): (1) second-half of chick-rearing, i.e. the
time between logger deployment and the last day of
presence at the colony, identified from location and
activity data; (2) non-breeding (from the last day of
colony attendance until the subsequent first day
spent in the burrow during daylight); (3) pre-
 breeding (from the date of the first day spent in the
burrow during daytime until the start of incubation
as seen from activity data) and (4) incubation and
early chick-rearing (from the start of incubation as
seen from activity data — 2 or more days spent in the
burrow — until logger recovery, after excluding the
data around the 21 March equinox). Bird locations at
sea were examined using ArcView GIS 3.2 (ESRI).
The Animal Movement extension in ArcView was
used to generate kernel density maps in an equal-
area cylindrical projection using the least-square
cross validation method, thus identifying key areas
for the 4 periods. Following previous authors (e.g.

Catry et al. 2009, Paiva et al. 2010b), we identified 2
main kernel contours, namely ‘core areas of activity’
(50% kernel) and ‘home range’ (95% kernel), as the
main descriptors of the foraging distribution of Barolo
shearwater; the maps also include the areas for the
75% kernel. The core areas of activity and home
ranges were mapped analyzing all birds together
(see Fig. 3). To show the intra-individual variations
and overlap in the core areas of activity (50% ker-
nel), we also present individual results for each
marked bird (see Fig. 4). The loggers also had salt-
water immersion sensors recording contact with salt-
water every 3 s. Immersion values corresponded to
the number of contacts with saltwater for every
10 min period, ranging from 0 (no contact with salt-
water) to a maximum of 200 (10 min of continuous
immersion in saltwater). The activity patterns of
Barolo shearwaters were derived from immersion
data and matched with the light data to calculate the
proportion of time and the total time spent on the
water and in flight during darkness and daylight
each day during the non-breeding period. During the
pre-breeding, incubation and chick-rearing periods,
activity patterns were only calculated during day-
light because it is difficult to distinguish between
flight and visits to the colony during darkness. Track-
ing data from the period prior to migration have been
published by Roscales et al. (2011a).

We used Friedman tests to investigate whether
core area and home range size varied according to
the different periods of the yearly cycle (chick-
 rearing, pre-breeding, non-breeding; incubation was
not included because we only have data for 3 individ-
uals). We also used Friedman tests to determine
whether bathymetry, chlorophyll a (chl a) concentra-
tion and sea surface temperature (SST) within the
core areas of each tracked individual varied accord-
ing to the different periods of the yearly cycle (again
we could not use incubation).

Environmental data

Remotely sensed SST (°C) and near-surface  primary
productivity indicated by chl a concentration (mg
m−3) were derived from standard mapped images col-
lected by the Moderate Resolution Imaging Spectro-
radiometer (MODIS) instrument aboard NASA’s
Aqua satellite and obtained from the Ocean Color
Discipline Processing System (Campbell et al. 1995).
Monthly averages used a 9 km2 spatial resolution for
SST and a 4.6 km2 resolution for chl a. The datasets
were handled using a Geographic Information Sys -
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tem (GIS; ESRI Arc 9.3), with the aid of the Marine
Geo spatial Ecology Tools extension, developed by
the Marine Geospatial Ecology Laboratory of Duke
University (Roberts et al. 2010). Bathymetry was de-
termined using global 1 min grids in ASCII XYZ-for-
mat (http://topex.ucsd.edu). Using ArcView GIS 3.2,
we calculated average values of chl a, SST and un-
derlying bathymetry for the 50% and 95% kernels for
each of the periods analyzed, that is, late chick-
 rearing in 2007, non-breeding period, pre-breeding
and incubation, and early chick-rearing in 2008.

RESULTS

Diet

A total of 92 samples were collected (44 in 1998, 48
in 2000). Nine other birds (8 in 1998, 1 in 2000) had
empty stomachs, and they were not included in analy-
ses. The frequency of occurrence of the different prey
types did not differ between years (χ2

4 = 7.970, p =
0.093). Cephalopods were the most common prey and
were present in over 90% of samples (Table 1).

Otoliths showed signs of erosion but most of them
could be identified from the shape and diagnostic sul-
cus of the Phycis genus (Table 2, Fig. 1). In 1998, 173
otoliths were found in 14 samples, 8 were too eroded
to be identified and the remaining 165 oto liths were
all from Phycis sp. Overall, a total of 84 specimens of
Phycis sp. were found in 9 samples that contained on
average 9.3 individuals (min. = 1 and max. = 27). The
small size of the otoliths (max. 2 mm) indicates that
they were from very small fish — perhaps larval
stages. P. blennoides with a length of 60 mm have
otoliths of 4.05 mm (AFORO database, www. cmima.
csic. es/ aforo/; Lombarte et al. 2006), so our specimens
were well below that value. This is corroborated by
the fact that some Barolo shearwaters had otoliths
from up to 27 individual Phycis sp. in their stomach.

Ten different kinds of lower beaks were recog-
nized and 8 could be identified to the genus. Table 3
shows the numerical frequency of squid estimated
through the lower beaks present in the stomach con-
tents, as well as their vertical distribution. The beaks
originated from 6 families and at least 10 different
taxa. The 18 specimens still attached to their buccal
masses were present in 9 samples from 1998 (all
Onychia sp.) and 9 samples from 2000 (1 Tremocto-
pus violaceus, 1 Onychoteuthis sp. and 7 Argonauta
argo). Additionally, 1 sample contained flesh remains
and an almost complete pen of Onychia sp. or Ony-
choteuthis sp. measuring 40 mm.

Argonauta argo was not detected in 1998, but 20
samples from 2000 contained beaks of this species.
The 20 samples containing A. argo had an average of
5.7 specimens (SD = 9.3; range: 1 to 39).

In 1998, fish (inferred from otoliths) comprised
61.2% and cephalopods (inferred from lower beaks)
38.8% of prey by numbers, but in 2000, fish repre-
sented only 10% and cephalopods 90% of prey (χ2

1 =
65.533, p < 0.0001).
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Taxon                                1998             2000            Total

Crustaceans                   13.6 (6)         14.6 (7)       14.1 (13)
Cephalopods                 93.2 (41)       93.8 (45)      93.5 (86)
Beaks                             84.1 (37)       93.8 (45)      89.1 (82)
Fish                                59.1 (26)       52.1 (25)      55.4 (51)
Otoliths                          31.8 (14)         6.3 (3)        18.5 (17)

Number of samples           44                 48                 92

Table 1. Puffinus baroli baroli. Diet. Squid comprised the
majority of Barolo shearwater diet (by frequency of occur-
rence, %) in the Azores in 1998 and 2000. Numbers of indi-

viduals found are in brackets

Family/Species                    1998               2000           Total
                                                                                           
Phycidae./Phycis sp.        93.3 (84)a           40.0 (4)b            88.0
Unidentified                        6.7 (6)           60.0 (6)         12.0
Number of prey items           90                   10              100

aPhycis sp. otoliths were present in 10 samples: 
average 9.3 individuals (min. = 1 and max. = 27)

bPhycis sp. otoliths were present in only 1 sample

Table 2. Phycis sp. was the only fish prey identified in the
diet of Barolo shearwater and the main fish present in their
diet in 1998 (by numerical frequency, %). Numbers of indi-

viduals found are in brackets

Fig. 1. Phycis sp. Scanning electron microscope image of 
otoliths obtained from Barolo shearwater food samples
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Estimates of the mean ML of the ce pha lo pod spe-
cies (Table 4) ranged from 9.2 to 129.0 mm and esti-
mated mean M ranged from 1.0 to 9.1 g. The size of
the Onychia/Onychoteuthis pen found in 1 of the
samples (40 mm) fell well within the range of ML

estimated from lower rostral length
measurements (Table 4).

Analysis of stable isotopes

δ15N values varied between 4.9 and
14.1‰ and between 10.1 and 16.0‰
in P1 and S8, respectively (Table 5). In
the case of δ13C, isotope ratios ranged
from −19.1 to −16.9‰ in P1 and from
−18.4 to −7.2‰ in S8 (Table 5). Sec-
ondary remiges showed significantly
higher δ13C and δ15N values than pri-
mary remiges (Wilks’ λ, F1,30 = 34.96
and 25.39, respectively; both
p < 0.001) (Fig. 2). Sampling year also
had a significant influence on seabird
δ13C and δ15N values (F2,30 = 10.93 and
7.70, respectively; both p < 0.05). In
the case of nitrogen, this was due to
greater δ15N values in the samples
from 2008 compared to those from
2003 (post-hoc Bonferroni pairwise

comparison, p < 0.05). Inter-annual differences in car-
bon stable isotopes were significant due to the lower
δ13C values obtained in 2008 compared to the rest of
the sampling years (post-hoc Bonferroni pairwise
comparisons, all p < 0.05). The MANOVA also indi-
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Family                                     1998           2000           Total            Vertical
Genus/species                                                                                distribution
                                                                                                                  
Decapods                                                                   39.9 (59)                
Ommastrephidae                                                        6.8 (10)                 
Todarodes sagittatus               –             6.6 (6)         4.1 (6)       Mesopelagic
Unidentified                        7.0 (4)             –             2.7 (4)                  

Onychoteuthidae                                                       30.4 (45)                
Onychia sp.                                                                                            
Onychoteuthis sp.             61.4 (35)      6.5 (10)                           Epipelagic

Cranchiidae                                                                 2.0 (3)                  
Liocranchia reinhardti            –             1.1 (1)         0.7 (1)         Epipelagic
Taonius pavo                       1.8 (1)         1.1 (1)         1.4 (2)       Mesopelagic

Histioteuthidae                          –                                 0.7 (1)                  
Histioteuthis A                                        1.1 (1)                           Mesopelagic

Octopods                                                      –           60.1 (89)                
Unidentified                        28.1 (16)                        10.8 (16)                
Tremoctopodidae                      –                                                             
Tremoctopus violaceus       1.1 (1)         1.8 (1)         1.4 (2)         Epipelagic

Argonautidae                                                                                          
Argonauta argo                                    78.0 (71)     48.0 (71)       Epipelagic

Number of prey items             57               91              148

Table 3. Cephalopod diversity was higher than that of fish in the diet of Barolo
shearwater. Birds consumed mainly Onychoteuthidae in 1998 and Argonauti-
dae in 2000 (by numerical frequency, %), as identified by lower beaks. 

Numbers of individuals are in brackets

Species                               N    Measured LRL (mm)a      Estimated ML (mm)       Estimated SL (mm)          Estimated M (g)

Todarodes sagittatus         6        1.3 ± 0.2 (1.0−1.5)      40.4 ± 8.6 (30.1−50.7)   70.3 ± 14.9 (52.3−88.3)      4.4 ± 1.9 (2.2−6.9)
Onychia sp./                                40      1.0 ± 0.3 (0.46−1.5)     36.1 ± 13.8 (4.0−62.6)    51.6 ± 23.4 (6.1−94.0)       2.8 ± 1.9 (0.2−8.0)
Onychoteuthis sp.b

Liocranchia reinhardti      1                    1.4                                 86.0                                120.4                                 9.1
Taonius pavo                     2                 2.3−4.2                       129.0−245.7                    150.3−286.2                        5.0−9.2
Histioteuthis A                   1                    0.2                                   –                                      –                                      –
Tremoctopus violaceus     2                 0.9−1.3                         19.6−28.3                       75.3−108.7                         6.5−8.5
Argonauta argo                71       0.8 ± 0.6 (0.2−4.1)        9.2 ± 7.5 (2.0−49.2)     20.2 ± 16.5 (4.3−108.2)   1.0 ± 3.8 (0.003−30.5)
aLower hood length for T. violaceus and A. argo
bEstimate based on the allometric equation for Onychoteuthis banksi (Clarke 1986)

Table 4. Lower rostral lengths (LRL) and estimated mantle length (ML), standard length (SL) and body mass (M) of the squid 
consumed by Barolo shearwaters in the Azores. Values given are means ± SD, with ranges in brackets

Year             δ13C (P1)            Range            δ15N (P1)         Range          δ13C (S8)            Range             δ15N (S8)         Range

2003 (10)    −18.3 ± 0.1    −18.7 to −16.9      9.5 ± 0.7      4.9 to 11.5     −17.0 ± 0.2    −18.1 to −15.9      11.8 ± 0.4    10.1 to 13.7
2004 (10)    −17.7 ± 0.2    −19.1 to −17.0     10.3 ± 0.5     6.3 to 11.7     −16.1 ± 0.2    −17.5 to −16.2      12.7 ± 0.2    11.9 to 14.1
2008 (10)    −18.3 ± 0.1    −18.8 to −17.9     11.7 ± 0.6     8.9 to 14.1     −17.9 ± 0.1     −18.4 to −7.2       13.5 ± 0.5    10.5 to 16.0

Table 5. Puffinus baroli baroli. Stable nitrogen isotope values of Barolo shearwater on Vila islet (Azores) are higher at the end
of the non-breeding period (S8 = eighth secondary) than at the end of the breeding period (P1 = first primary). Values are 

means ± SD ‰. Sample sizes in brackets
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cated that the inter action between feathers and years
was not significant, which means that the differences
in isotopic values be tween P1 and S8 were uniform
across years for both δ13C and δ15N (Fig. 2, Wilks’ λ,
F1,30 = 2.84 and 0.20, respectively; both p > 0.05).

Maximum diving depths

Out of the 6 birds that were equipped with MDGs,
2 were equipped once, 3 other birds were equipped
twice, and the sixth bird was equipped 3 times. Ten
gauges were recovered and all indicated that the

birds had dived. However, 1 tube was not readable,
that is, the boundary between dissolved and undis-
solved sugar was not clear-cut. Since all the birds
returned, the missing gauge was lost at sea. Re -
corded maximum depths averaged 14.8 m (range: 7.9
to 23.1, n = 9 gauges, Table 6), and did not differ sig-
nificantly among individuals (Kruskal-Wallis test for
small samples, H2 = 1.36, p > 0.1; only the individuals
from which at least 2 gauges were recovered were
considered). None of the birds equipped with MDGs
were missed at night, so all gauges were recovered
after a single foraging trip.

At-sea distribution and activity patterns

Only 4 of the 10 geolocators were recovered, 3 from
males and 1 from a bird of undetermined sex (DNA
extraction did not work for this bird); Table 7 pro-
vides details of geolocator deployment and of the
breeding phenology of each individual inferred from
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Individual           Mean maximum              Number of 
                              depth (range)           recovered gauges

1                           19.0 (14.9−23.1)                        2
2                                     14.5                                 1a

3                        Gauge not readable                    1
4                            12.7 (7.9−15.7)                         3
5                           14.7 (14.0−15.5)                        2
6                                     12.9                                 1

aThis bird was equipped again and returned the
subsequent night but the second gauge was lost at sea

Table 6. Puffinus baroli baroli. Barolo shearwaters from Vila
islet reach a maximum diving depth of 23.1 m, but feed
mainly in the upper 15 m of the water column. Each gauge 

was deployed during a single foraging trip

Geo (sex)     Deployed       Recovered         End of           Start of pre-             Start of              Breeding         Breeding    Time away 
                                                                      chick-               breedingb          incubationc             output             output            from 
                                                                     rearinga                                                                                            2007                 2008         the colony

2190 (M)    14-04-2007     20-04-2008     23-05-2007     19-12-2007      28-03-2008         Chick                 Egg              7 mo
2200 (M)    11-04-2007     16-04-2008     09-05-2007     15-11-2007      15-02-2008         Chick               Chick             6 mo
2204 (M)    11-04-2007     21-04-2008     22-04-2007     23-09-2007     Non-breeder    Incubation      Non-breeder       5 mo
                                                                                                                                              failured

2207 (?)      11-04-2007     21-04-2008     27-05-2007     03-10-2007      11-02-2008         Chick          Addled egg        4 mo

aDate of the last night that the bird visited the colony, determined from logger activity data; bDate of the first time that the
bird visited the colony and spent the day (daylight) inside the nest after the non-breeding period, determined from logger
activity data; cDate of the first time that the bird remained in the nest for 2 or more d, determined from logger activity data;
dIt is unknown if the bird failed as a consequence of the geolocator or if the egg was already doomed

Table 7. Puffinus baroli baroli. Details of logger deployment and breeding phenology of the tracked birds. Dates are given as 
dd-mm-yr

Fig. 2. Puffinus baroli baroli. Carbon and nitrogen stable iso-
tope values (mean ± SD) in primary (P1) and secondary (S8) 

remiges of Barolo shearwaters in 2003, 2004 and 2008
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logger data. Three of these birds (loggers 2190, 2200
and 2207) had successfully raised a chick while
 carrying the geolocator and the fourth bird (logger
2204) either failed during incubation or did not
attempt to breed. During the chick-rearing period of
2007, be tween 11 April and 27 May, Barolo shear -
waters were tracked for 37.3 ± 6.7 d on average
(range: 30 to 43) with a mean of 66.3 ± 20.1 positions
per bird (range: 45 to 85). The core foraging areas
(50% kernel) during this period were almost exclu-
sively located south of the colony (Fig. 3a) and there
was some overlap in the distribution of the 3 breed-
ing birds (Fig. 4a). The bird that failed during incuba-
tion still showed some overlap with the breeders in
its home range but not in its core area of activity
(Fig. 4a). Additionally, it foraged further north, sug-
gesting that chick-rearing restricts the movements of
breeders. The home range area (95% kernel) used
by the 3 chick-rearing individuals exceeded 439 000
km2 but the core area of activity (50% kernel) was
much smaller, totaling about 61 000 km2. On average,
birds spent 77% of their time during daylight sitting
on the water (see Table 9).

During the non-breeding period, between 10 May
and 19 December, birds were tracked for a mean of
152.5 ± 54.3 d (range: 106 to 209) with a mean of
228.0 ± 61.5 positions per bird (range: 152 to 293).
Birds dispersed more extensively in all directions but
concentrated northwards and eastwards, travelling
longer distances (up to 2500 km) to the north than to
any other direction (Fig. 3b). The area used by the 4
individuals (95% kernel) exceeded 3 250 000 km2,
but the core area of activity (50% kernel) was much
smaller (about 432 000 km2). There was also some
overlap between the tracked individuals, with the
exception of bird 2190, which had a core area much
further north (Fig. 4b). During the non-breeding
period, Barolo shearwaters spent a high proportion
(89.4%) of the darkness period on the water and only
about 1.2 h flying (Table 8). During the daytime, the
proportion of time spent on the water decreased but
was still quite high (79.7%) and birds spent on aver-
age 2.9 h flying (Table 8).

Birds were very asynchronous regarding the time
at which they started visiting the colony again
(Table 7). Bird 2204, which failed incubation in
2007, was the first to visit the colony on 7 October
2007 and bird 2190 was the last on 20 December
2007. During the pre-breeding period, birds spo-
radically visited the colony and still foraged on a
spatial scale similar to the non-breeding period,
mainly north of the colony (Figs. 3c & 4c). The core
areas of birds 2190 and 2200 were mainly situated

within the limits of the Azorean Exclusive Economic
Zone (Fig. 4c).

During the pre-breeding period, from 23 Septem-
ber to 10 February, birds were tracked for 89.3 ±
30.3 d (range: 49 to 115) with a mean of 170.0 ± 57.7
positions per bird (range: 93 to 222). Again, birds
mainly foraged north of the colony but they spent
more time there than during the non-breeding period
(Fig. 4c). The area used by the 4 individuals ex ceeded
2 000 000 km2 but the core area of activity (50% ker-
nel) was much smaller, at about 157 000 km2 (Fig. 3c).
Birds spent on average 76% of their time during day-
light sitting on the water (Table 9).

The incubation and early chick-rearing in 2008
included only movements by 2 males which were
incubating or raising a chick upon geolocator recov-
ery, namely birds 2190 and 2200 (of the 2 remaining
birds, one — bird 2207 — had failed incubation, and
the other — bird 2204 — did not breed in 2008). Dur-
ing the incubation and early chick-rearing periods of
2008, between 11 February and 21 April, the 2 breed-
ing males were tracked for 23.0 ± 2.8 d with a mean of
41.0 ± 8.5 positions per bird (range: 35 to 47). The area
used by these 2 individuals exceeded 2 320 000 km2

but the core area of activity (50% kernel) was much
smaller, at about 570 000 km2 (Fig. 3d). This was the
period when the proportion of time spent flying dur-
ing the day was highest (84.1%; Table 9).

Throughout the year, birds mostly targeted areas of
deep waters (3306 to 4701 m; Table 10) and ge nerally
low surface productivity (range: 0.10 to 0.26 mg m−3;
Table 10).

Core area size, bathymetry, chl a concentration and
SST within the core areas of each individual did not
vary significantly between the chick-rearing, non-
breeding and pre-breeding periods (Friedman test,
all 0.09 ≤ p ≤ 0.98). Conversely, home range area
seemed to vary more importantly between these
periods (Friedman test, p = 0.039) but these varia-
tions were no more significant after sequential Bon-
ferroni correction. 

Foraging trip duration

In 2004, gauge deployment duration equaled forag-
ing trip duration (see above), that is, 1.27 ± 0.65 d on
average (range: 1 to 3, n = 11 trips) and 82% of trips
lasted only 1 d. In 2007, geolocators also provided
some information on foraging trip duration during
chick-rearing, in addition to activity patterns: individ-
ual foraging trips in April and May 2007 lasted on av-
erage 1.13 ± 0.34 d (range: 1 to 2, n = 97 trips), 87% of
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Fig. 3. Puffinus baroli baroli. Density distribution (50%, 75% and 95% kernel contours) of Barolo shearwaters during: (a) the
second half of chick-rearing, (b) non-breeding, (c) pre-breeding and (d) incubation and early chick-rearing periods. The 

colony is marked with a star. Data from all tracked birds combined
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Individual (sex)            Time on water (%) Total time on water (h) Total time in flight (h)
                                          Daylight          Darkness                      Daylight         Darkness                   Daylight         Darkness

2190 (M)                         79.0 ± 11.7       91.2 ± 10.2                    10.7 ± 2.5         9.6 ± 2.2                     2.8 ± 1.8           0.9 ± 1.0
2200 (M)                         85.1 ± 10.8       84.7 ± 18.4                    11.9 ± 2.3         8.3 ± 1.6                     2.0 ± 1.4           1.8 ± 2.2
2204 (M)                         75.6 ± 15.1       87.8 ± 18.6                    11.4 ± 2.7         7.8 ± 1.5                     3.6 ± 2.1           1.2 ± 1.9
2207 (?)                           79.0 ± 13.1       93.7 ± 10.6                    11.6 ± 2.5         8.7 ± 1.2                     3.0 ± 1.7           0.7 ± 1.2
Mean                               79.7 ± 14.4       89.4 ± 15.5                    11.4 ± 2.8         8.6 ± 1.4                     2.9 ± 1.8           1.2 ± 1.8

Table 8. Puffinus baroli baroli. During the non-breeding period, Barolo shearwaters spend more time on the water than in 
flight. Values are means ± SD

Fig. 4. Puffinus baroli baroli. Density distribution (50%  kernel contours) of Barolo shearwaters during (a) the second half of
chick-rearing, (b) non-breeding, (c) pre-breeding and (d) incubation and early chick-rearing periods. Data are presented for 

each tracked individual. EEZ: Economic Exclusive Zone
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them being single-day trips. On average, however,
individuals did not perform significantly longer trips
in 2004 than in 2007 (Mann-Whitney U = 5, N1 = 6,
N2 = 3, p > 0.2). Additionally, in 2008, geolocators
 provided some information on the durations of incu-
bation shifts and foraging trips during incubation,
which were 6.2 ± 2.4 d (range: 3 to 10, n = 6 trips) and
6.3 ± 2.4 d (range: 3 to 9, n = 6 trips), respectively.

DISCUSSION

This is the first detailed study on the feeding ecol-
ogy of the Barolo shearwater merging information on
diet, trophic level, diving ability, foraging move-
ments and at-sea activity patterns.

Diving abilities, activity patterns 
and diet composition

Maximum depth gauges showed that Barolo shear-
waters exploit the upper 15 m of the water column
during chick-rearing. On average, the maximum
dive depths of this species were much greater than
those reached by other small Azorean Procellari-
iformes (Bulwer’s petrel Bulweria bulwerii: 2.4 m,
Mougin & Mougin 2000; Monteiro’s storm-petrel
Oceanodroma monteiroi: 0.85 m, Bried 2005), but
they were similar to those of its close relative
Audubon’s shearwater Puffinus lherminieri (15 m,
Burger 2001). Burger (2001) also showed that the
absolute maximum depths reached by Puffinus
shearwaters equipped with MDGs were close to
those predicted by his allometric equation for pen-
guins and alcids (Burger 1991). According to this
equation, the 172 g (value obtained by Monteiro et
al. 1996 from 157 individuals, close to that obtained
in this study) Barolo shearwater should be able to
reach 43.5 m underwater. The absolute maximum
depth recorded here was 23.1 m, that is, about half
the predicted value, and well below the 35 m re -
corded for the 168 g Audubon shearwater (Burger
2001). These results suggest that Barolo shearwaters
might have a limited diving capacity compared to
other shearwater species, or that they do not need to
dive as deep as they could to find their prey during
the chick-rearing period. Barolo shearwaters are
thought to be mainly diurnal at sea but activity data
during the non-breeding period show that birds
spend most of the time resting on the sea surface dur-
ing both night and day. On average, the amount of
time that birds spent in the water during daylight
exceeded 75%, a value about 20% higher than that
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Individual                Time on water (%)                                  Total time on water (h)                      Total time in flight (h)
(sex)                  CR                PB                Incub.                  CR              PB           Incub.               CR              PB            Incub.

2190 (M)      80.7 ± 5.5   79.7 ± 12.2      85.0 ± 6.6          11.5 ± 0.8    8.9 ± 1.7    11.4 ± 0.9       2.8 ± 0.8     2.2 ± 1.2     2.0 ± 0.9
2200 (M)      80.2 ± 7.1     91.0 ± 6.5        90.9 ± 6.4          11.2 ± 1.1    9.6 ± 0.8    11.4 ± 0.8       2.8 ± 0.9     1.1 ± 1.2     1.2 ± 0.8
2204 (M)    71.6 ± 8.3a 65.2 ± 16.9b               –                9.7 ± 1.0    6.8 ± 2.0          –              3.9 ± 1.2     3.6 ± 1.8           –
2207 (?)        75.1 ± 8.2   68.1 ± 16.8   76.5 ± 12.4c          10.7 ± 1.3    7.0 ± 1.6    9.4 ± 1.7       3.6 ± 1.2     3.3 ± 1.8     2.8 ± 1.4
Mean           76.9 ± 7.3   76.0 ± 13.1      84.1 ± 8.5          10.8 ± 1.1    8.1 ± 1.5    10.7 ± 1.1       3.3 ± 1.0     2.6 ± 1.0     2.0 ± 1.0

aCorresponds to the period between 12 and 22 April 2007, after that the bird abandoned the nest. The data refers to incu-
bation since this bird did not have a chick; bCorresponds to the period from when the bird started visiting the colony (23
September 2007) until the logger stopped recording activity data (21 February 2008). At this time, the bird had not started
incubation and did not have an egg when we recovered the geolocator on the 21 April 2008; cThe logger stopped collecting
activity data on the 31 March 2008

Table 9. Puffinus baroli baroli. Birds spend more time on the water than in flight during the chick-rearing, pre-breeding and
incubation periods. Values are means ± SD. Only values for daylight are included since during darkness it is not possible to 

distinguish between flight and nest attendance. CR: Chick-rearing; PB: Pre-breeding; Incub.: Incubation

Breeding                 Water         Chl a concen-    SST (°C)
stage                    depth (m)    tration (mg m−3)

Chick-rearing (2190, 2200, 2207)                                
50% kernel      4355 ± 805        0.10 ± 0.02      18.9 ± 0.7
95% kernel      4701 ± 898        0.10 ± 0.04      19.6 ± 1.0

Non-breeding (2190, 2200, 2204, 2207)                     
50% kernel      4133 ± 771        0.18 ± 0.09      18.5 ± 1.7
95% kernel     3689 ± 1034       0.25 ± 0.23      17.7 ± 3.6

Pre-breeding (2190, 2200, 2204, 2207)                       
50% kernel      3306 ± 673        0.24 ± 0.08      17.0 ± 2.4
95% kernel      3371 ± 889        0.24 ± 0.11      15.3 ± 2.7

Incubation and early-chick rearing (2190, 2200)       
50% kernel     3734 ± 1186       0.26 ± 0.16      16.9 ± 2.2
95% kernel     4004 ± 1158       0.22 ± 0.15      17.6 ± 3.3

Table 10. Puffinus baroli baroli. Barolo shearwater targeted
areas of deep waters and generally low surface productivity.
Birds used in each stage in brackets. Values are means ± SD.
SST = sea surface temperature. Areas of the 50% and 95% 

kernels are presented in Fig. 3
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found for the congeneric wedge-tailed shearwater P.
pacificus (Catry et al. 2009). Indeed, activity patterns
during the non-breeding period showed that Barolo
shearwaters do not have a marked diurnal or noctur-
nal cycle but they may forage both in darkness and in
daylight conditions, although birds showed a slightly
greater tendency to fly during daytime.

The cephalopods Argonauta argo, Tremoctopus
 violaceus, and very small Onychia/Onychoteuthis sp.,
Liocranchia reinhardti and Todarodes sagittatus are
known to come near the surface (to the upper 50 cm)
at night (M. R. Clarke pers. obs.), although adults are
usually found at greater depths. During the day, these
species are not sampled at the surface by conventional
methods but it is likely that they move to the surface at
twilight, shortly after sunset. The squid Histioteuthis
A and Taonius pavo are also considered to live at
greater depths but our results indicate that the juve-
niles of these species may come to the surface. The
lower hood length of beaks of adult A. argo varies be-
tween 3 and 5 mm (Clarke 1986), but that of the A.
argo consumed by Barolo shearwaters in the Azores
was generally shorter than 1.5 mm, indicating birds
were feeding on juveniles. The dietary spectrum of
Barolo shearwaters in the Azores showed a con -
siderable diversity of cephalopods, in cluding repre-
sentatives of 6 families. On the Hawaiian Islands,
Harrison et al. (1983) showed that wedge-tailed
shear waters and Christmas shearwaters Puffinus na-
tivitatis mainly fed on squid of the Omastrephidae
family (99%, by number of identified squid) but some
Octopoda and Onychoteutidae were also consumed.
However, the frequency of occurrence of squid was
only 28% in the diet of short-tailed shearwaters P.
tenuirostris in Tasmania (Skira 1986). In wedge-tailed
shearwaters and Christmas shearwaters, squid ac-
counted for 29% and 48% of the total volume of in-
gested prey, respectively. It remains unknown whether
this reflects higher versatility from Barolo shearwaters,
a higher diversity of the cephalopod prey available
in the Azores area, or both. A. argo has been found in
the stomachs of longnose lancet fish Alepisaurus
ferox, dolphinfish Cory pha ena hippurus (Clarke
1986), swordfish Xiphias gladius from the eastern
Mediterranean (Bello 1991) and from the Azores re-
gion (Clarke et al. 1995) and also blue shark Prionace
glauca from the Azores (Clarke et al. 1996). A. argo
was the most abundant ce pha lo pod in the stomachs of
Barolo shearwaters and was also the most abundant
ce pha lo pod prey (occurrence = 18%) found in stom-
achs of swordfish in the Azores (Clarke et al. 1995),
suggesting that this species might be common around
the archipelago.

Similarly to Barolo shearweaters, the Bulwer’s
petrels from the Azores also feed on a high diversity
of small cephalopods (Neves et al. 2011). Previous
studies of the diet of Cory’s shearwater in the Azores
(Granadeiro et al. 1998) found a smaller contribution
of cephalopods than we did here, both in terms of
occurrence (FO = 24%) and number (NF = 4.4%).
Conversely, the frequency of occurrence of squid in
the diet of Barolo shearwaters exceeded 90%. The
large occurrence and diversity of small squid in their
diet, together with the fact that they may forage by
day and by night, strongly suggest that Barolo shear-
waters are able to exploit the diel vertical migration
of these prey, feeding extensively when juvenile
cephalopods move up to the epipelagic zone at night.
Our study also confirms that seabirds are amongst
the best samplers of cephalopod populations cur-
rently available (Croxall & Prince 1996). In this
regard, the wide variety and the inter-annual
changes in the squid composition found in the diet of
the Barolo shearwater indicates its potential useful-
ness for monitoring the Azores squid community.

Concerning fish prey, Phycis sp. of the size range
found in Barolo shearwater stomachs (max. size
<60 mm) have never been caught by scientific crui -
ses in the Azores, the smallest individual caught
being 150 mm long (J. Fontes pers. comm.). Mature P.
phycis females are found from October to February
(Â. Canha pers. comm.), so it is possible that the
small Phycidae found in Barolo shearwater stomachs
in late March resulted from recent spawning. The
low diversity of fish prey found in Barolo shearwater
stomachs may be a true reflection of their diet but
may also be due to the fact that this seabird feeds on
small prey with small otoliths that are easily digested
and often not detected in the diet samples. In fact,
only 17 out of 51 samples with fish remains also con-
tained otoliths. This limitation, typical of conven-
tional dietary studies, suggests the diet composition
presented above represents minimum values of prey
richness. Additionally, the lower number of otoliths
found in 2000 may be a reflection of otolith digestion
and not a true indicator of a decrease in fish num-
bers; despite the fact that fish was present in 52% of
samples, otoliths only appeared in 6% of samples.

Trophic level and trophic niche

Overall, the main prey species found in the diet of
the Barolo shearwater were very small epipelagic
squid and fish species, which together with low nitro-
gen values in their feathers confirm that these shear-
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waters are the seabirds with the lowest trophic level
in the NE Atlantic (Roscales et al. 2011a). These find-
ings are consistent with previous studies based on
biomagnificative contaminants (whose concentration
in tissues or feathers tends to increase with trophic
level), which showed that mean mercury and persis-
tent organic pollutant (POP) concentrations in the
breast feathers and blood of Barolo shearwaters,
respectively, were the lowest amongst the Azorean
Procellariiformes (Monteiro 1996, Roscales et al.
2011b). Moreover, Barolo shearwaters showed a
broader range of variation for both δ13C and δ15N
compared to the 2 storm petrels Oceanodroma spp.
and Cory’s shearwaters breeding in Azores (Bolton et
al. 2008, Roscales et al. 2011a). This result is consis-
tent with the broad prey spectrum found in the diet
and probably reflects the ability of Barolo shearwa-
ters to exploit a greater portion of the water column
compared to many other Azorean seabirds as well as
to feed both by day and by night. When comparing
the results of geolocators to those of stable isotopes
we found no relationship between δ15N or δ13C and
foraging areas. This result is not surprising given that
iso topic landscapes in the NE Atlantic context are
relatively homogeneous, especially among the north-
ern Macaronesian archipelagos (Graham et al. 2010,
Roscales et al. 2011a). Given that Barolo shearwaters
do not migrate far from their colonies and their feed-
ing areas at the end of the breeding period widely
overlap with those exploited during the non-breed-
ing period (Fig. 4), the consistent increase in nitrogen
values from P1 to S8 over 3 yr probably indicates a
dietary switch from the breeding to the non-breeding
period, when these feathers are respectively thought
to be grown. Alternatively, these changes in the iso-
topic signatures may reflect seasonal changes in
baseline values. Nevertheless, some dietary changes
are expected as seasonal changes in baseline stable
isotope values within the north Atlantic levels are
markedly lower than those we found between P1 and
S8 (Montoya et al. 2002). The enrichment of δ15N in
S8 suggests a higher trophic level during the non-
breeding period, which may indicate a more selec-
tive foraging on larger prey, related to an uncon-
strained foraging range out of the breeding period or
to a selection of smaller prey for chick feeding during
the breeding period (Badalamenti et al. 2002, Cherel
& Hobson 2005). In the present study, stable isotopic
values of P1 and S8 also showed significant differ-
ences among years due to the anomalous δ15N and
δ13C values found in 2008. It is difficult to explain the
higher δ15N and lower δ13C values obtained in 2008
for P1 and S8, respectively. Given that Barolo shear-

waters perform short foraging trips during chick-
rearing it is hard to conceive that they could afford to
exploit different isotopic landscapes from one year to
the next. These values could be due to stochastic
abundance and availability of a given prey with dif-
ferent isotopic values than the common prey or to dif-
ferences in the baseline values of carbon and nitro-
gen isotopes in 2008 caused by changes in water
mass driven by climate or oceanography.

Seasonal distribution at sea

On Vila islet, adults visited their nests on most
nights during the chick-rearing period. Our results
therefore confirm those of Hamer (1994) on Sel-
vagem Grande, situated ca. 1100 km from Vila islet,
where Barolo shearwater chicks received food from
their parents on 95% of nights. High visitation rates
have also been observed in other small shearwaters:
chicks of Puffinus assimilis assimilis were visited by
one or both parents during 94% of nights (Priddel et
al. 2003), P. a. haurakiensis chicks were fed during
90% of nights (Booth et al. 2000) and P. a. kermade-
censis chicks were visited by 1 or both parents each
night (Warham 1955). Overall, these results suggest
all ‘little’ shearwaters mostly forage close to their
breeding colony when rearing their chicks. This was
confirmed by the geolocator data concerning the sec-
ond half of the chick-rearing period, which showed
that core foraging areas were located at relatively
close proximity to the colony, and by the duration of
the foraging trips, most of which lasted only 1 d. The
absence of oil in the stomachs of Barolo shearwaters,
which suggests that adults deliver fresh meals to
their chicks, was also consistent with these findings.
Interestingly, the birds from Vila islet seemed to tar-
get oceanic areas with very deep bathymetry even if
they had seamounts and higher productivity areas
within reach (Tempera et al. 2009). Similarly, wedge-
tailed shearwaters also forage over deep, warm and
relatively unproductive oceanic waters in the Indian
Ocean (Catry et al. 2009). This habitat segregation
possibly minimizes competition with the larger and
more abundant Cory’s shearwater, which forages
mostly in low depth (i.e. seamounts) and productive
sea scapes in the Azores (Magalhães et al. 2008, Paiva
et al. 2010b). During incubation, Barolo shearwaters
seemed to forage over a considerably larger area
than during chick-rearing, and the duration of the
foraging trips was also longer during incubation than
during chick-rearing. Foraging trips have also been
shown to be longer on average during incubation
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than during chick-rearing in several procellariiform
species (e.g. wandering albatross Diomedea exulans,
Weimerskirch et al. 1993; Cory’s shearwater, Paiva et
al. 2010a,c; white-chinned petrel Procellaria aequi -
noctialis, Berrow et al. 2000).

During the non-breeding period, Barolo shearwa-
ters increased their core foraging area 10-fold (up to
2500 km from the colony) compared with the chick-
rearing period, but overall they remained in the north
Atlantic region, confirming previous hypo theses
(Monteiro et al. 1996) that this species does not per-
form large-scale migrations. In contrast, the Azorean
populations of Cory’s shearwaters (González-Solís et
al. 2007a), Bulwer’s petrels (J. González-Solís unpubl.
data), common terns Sterna hirundo and roseate terns
S. dougallii (Hays et al. 2002, Neves et al. 2002) over-
winter in the southern Atlantic. The only other
Azorean petrel that may remain in the Azorean
waters throughout the year is the endemic Monteiro’s
storm-petrel (Bolton et al. 2008).

Overall, our results illustrate how integrating dif-
ferent methods increases understanding of the feed-
ing ecology and foraging behaviour of an elusive
species and indicate that the Barolo shearwater feeds
on a diverse spectrum of small squid and fish of low
trophic level, during both day and night, on areas
with a deep bathymetry and in a relatively large por-
tion of the water column. The contrasting foraging
ecology of this species when compared to the other
Azorean Procellariiformes confirms the existence of
an important degree of ecological segregation within
the seabird community from the Azores (Roscales et
al. 2011a). In this regard, the sharp differences in the
exploited areas highlight the need to consider the
movements of several seabird species with a wide
range of ecological requirements when defining
important bird areas at sea.
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