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Abstract
Foraging spatial segregation is frequent in central-place foragers during the breeding season, but very few studies have
investigated foraging spatial segregation between adjacent sub-colonies. Here, we assessed for within-colony differences
in the at-sea distribution, habitat use, trophic ecology and chick growth data of two Calonectris colonies differing in size,
and breeding in two different environments in the North Atlantic Ocean. For this, we GPS tracked 52 Cory’s shearwaters
(Calonectris borealis) breeding in 2 small sub-colonies at Berlenga Island (Portugal) and 59 Cape Verde shearwaters
(Calonectris edwardsii) breeding in 2 sub-colonies differing greatly in size at Raso Islet (Cabo Verde), over 2 consecutive
breeding seasons (2017–2018), during chick-rearing. Cory’s shearwaters from the two sub-colonies at Berlenga Island
broadly overlapped in repeatedly used foraging patches close to the colony. In contrast, the foraging distribution of Cape
Verde shearwaters was partially segregated in the colony surroundings, but overlapped at distant foraging areas off the west
coast of Africa. Despite spatial segregation close to the colony, Cape Verde shearwaters from both sub-colonies departed in
similar directions, foraged in similar habitats and exhibited mostly short trips within the archipelago of Cabo Verde. These
results, corroborated with similar trophic ecology and chick growth rates between sub-colonies, support the idea that foraging spatial segregation in the colony surroundings was not likely driven by interference competition or directional bias. We
suggest that high-quality prey patches are able to shape travel costs and foraging distribution of central-place foragers from
neighbouring sub-colonies.
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There is growing evidence that variations in foraging strategies within a population can be larger than expected by
chance, though we still lack a mechanistic understanding
of the drivers of such variations (Bolnick et al. 2003). The
majority of variation in the foraging strategies of individuals
within populations is often explained by differences among
morphologies, sexes, age-classes and individual-level specialisations independent of these factors (Araújo et al. 2011).
However, for colonial animals such as seabirds, differences
in the foraging strategies may also emerge from the spatial
distribution of nests within breeding colonies, but have been
comparatively less studied (Hipfner et al. 2007).
Seabird colonies are not often defined entities (Jovani
et al. 2008), and are generally composed by several discrete
and isolated nesting aggregations or sub-colonies differing
in a range of features, such as age, breeding density and
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geography (Kharitonov and Siegel-Causey 1988; Forbes
et al. 2000; Coulson 2001). The location of nesting aggregations was previously reported to be sufficient to cause
foraging spatial segregation between individuals from the
same colony (Masello et al. 2010; Bogdanova et al. 2014;
Ceia et al. 2015) and lead to differences in breeding success (Hipfner et al. 2007; Sánchez et al. 2018). Yet, differences in at-sea foraging behaviour between sub-colonies
have received little attention because in most studies much
of sampling efforts are usually focussed only on one subcolony, which is usually the most accessible and known
site (Waggitt et al. 2014). Ignoring the differences between
sub-colonies, and assuming that behaviours displayed by a
single sub-colony are representative of the entire population or species (Soanes et al. 2013), could have important
implications in terms of conservation and our understanding
of the ecological processes associated with colonial living
(Bogdanova et al. 2014).
Foraging seabirds typically do not exhibit a territorial
behaviour at sea and should follow an ideal-free distribution
(Fauchald 2009). According to this theory, all predators are
equal competitors, free to relocate among habitat patches,
are aware of the distribution of resources and exhibit similar
intake rates (Fretwell 1969). However, colonial seabirds are
central-place foragers during the breeding period (Orians
and Pearson 1979) and, under the optimal foraging principles, nesting parents should use the minimum travelling
distances necessary to satisfy their energy demands and
those of their chicks (Schoener 1971; Weimerskirch et al.
1997). Visiting more distant foraging grounds will thus
only be profitable if prey patches are of higher quality,
abundant and predictable than those in areas close to the
colony (MacArthur and Pianka 1966; Harding et al. 2013).
Competition for resources near the colony is one mechanism that may drive individuals to more distant foraging
grounds (Ashmole 1963). Similarly, resource competition
with individuals from neighbouring colonies may also shape
their at-sea distribution, making foraging patches close to
other colonies less attractive (Ainley et al. 2004). Related
models focussing on the size and the proximity of colonies
are also important to explain seabird foraging spatial segregation (Bolton et al. 2019). For instance, Wakefield et al.
(2013) provided an example where Northern gannets (Morus
bassanus), breeding in neighbouring colonies around Britain and Ireland, do not directly compete for food, but rather
occupy exclusive foraging areas in the colony surroundings
to reduce the effects of competition. The model developed
by Wakefield et al. (2013), termed the density-dependent
hinterland model, predicts that foraging spatial segregation
will occur if potential competition is high, namely at the
interface of large colonies and at colonies located at close
distance. Thus, distance between neighbouring colonies and
their size, should determine the appearance of inter-colony
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competition and consequent foraging spatial segregation
(Bolton et al. 2019). More recently, individual-level memory
of resource distribution has been proposed as another possible mechanism explaining the emergence of spatial segregation in the foraging ranges of colonial animals (Aarts et al.
2021). According to this theory, central-place foragers do
not need to be aware of the whereabouts of their neighbours,
but just need to memorise the quality of a prey patch within
their foraging range to create spatial segregation between
neighbouring colonies.
The majority of studies assessing foraging spatial segregation in colonial seabirds have been conducted between
colonies separated by tens or hundreds of kilometres (Wakefield et al. 2013; Dean et al. 2015; Corman et al. 2016; Gulka
et al. 2020). Yet, studies testing foraging spatial segregation between colonies located at short distances (as close as
2 km) or between adjacent sub-colonies were restricted to
species with smaller foraging ranges, such as shags (Wanless and Harris 1993; Bogdanova et al. 2014; Evans et al.
2016), penguins (Masello et al. 2010; Sánchez et al. 2018;
Ito et al. 2020) or gannets (Waggitt et al. 2014), and few
were focussed on wide-ranging seabirds. Ceia et al. (2015)
provided an example where Cory’s shearwaters (Calonectris borealis) breeding as close as 2 km apart, on opposite
sides of a densely populated colony in the mid-North Atlantic Ocean, selected different foraging areas in the colony
surroundings. The authors suggested that such areas were
likely chosen due to the location and orientation towards the
sea of each breeding sub-colony. Nevertheless, they argued
that despite some foraging spatial segregation, shearwaters
from different sub-colonies mostly concentrated their feeding activity in patches with similar oceanographic characteristics and prey.
In this study, we tested for foraging spatial segregation
between sub-colonies located at short distance, and investigated how foraging spatial segregation relates to differences
in habitat use, trophic ecology and chick growth rate in two
populations of closely related shearwaters. For this research,
we chose: (1) two proximate (separated by 800 m) and comparatively small sub-colonies (ca. 30 vs. 100 breeding pairs)
of Cory’s shearwater breeding in a temperate upwelling area
(Berlenga Island, Portugal); and (2) two sub-colonies differing in size (ca. 200 vs. 1800 breeding pairs) and located on
opposite sides (separated by 3 km) of Cape Verde shearwater
(Calonectris edwardsii) breeding in a tropical oceanic area
(Raso Islet, Cabo Verde). Both species lay a single egg in
early June with no clutch replacement. The incubation period
lasts for approximately 2 months and is shared between
males and females. Both parents feed the chick for about
three months. Previous tracking studies showed that Cory’s
shearwaters breeding at Berlenga Island are extremely influenced by the major summer upwelling occurring along the
western coast of the Iberian Peninsula (Paiva et al. 2010a).
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The vast majority of Cory’s shearwaters from this neritic
population engage in short foraging trips, searching for
epipelagic prey in coastal waters near the colony, especially
during the chick-rearing period (Paiva et al. 2010b, c). During this period, long foraging trips to offshore pelagic waters
are rare and reported to occur mostly in scenarios of extreme
low food conditions (Paiva et al. 2013; Pereira et al. 2020).
During the same period, Cape Verde shearwaters breeding
at Raso Islet exploit the areas of comparatively low resource
availability within the archipelago of Cabo Verde, at relatively close distance from the breeding colony (Paiva et al.
2015). At longer distances, Cape Verde shearwaters repeatedly use predictable and high-productive prey patches along
the west African coast (Cerveira et al. 2020), which is also
an area intensively exploited by international industrial fishing fleets (Gremillet et al. 2015).
Based on the hypothesis outlined above, we do not
expect differences in trophic ecology and chick growth rates
between shearwaters from sub-colonies located at short distances apart in both study sites. Yet, regarding the spatial
distribution we made the following predictions: (1) Cory’s
shearwaters breeding in small sub-colonies located within
a short distance of strong upwelling (i.e. high marine productivity) should overlap in repeatedly used patches close
to the colony, with low travel costs (Bolton et al. 2019); (2)
Cape Verde shearwaters breeding in two sub-colonies differing in size, should partially segregate in their foraging
grounds at relatively close distance from the colony, likely
due to the increased inter-individual competition in response
to resource depletion (i.e. the “halo” effect) around the colony (Ashmole 1963; Weber et al. 2021); however, (3) they
should overlap in the distant predictable foraging patches
along the west African coast, where prey depletion and
the relative difference in travel costs between sub-colonies
would be comparably lower (Bolton et al. 2019).

Materials and methods
Study areas
Fieldwork was conducted simultaneously on two sub-colonies of Cory’ shearwaters at Berlenga Island (39° 23 N,
9° 36 W) and Cape Verde shearwaters at Raso Islet (16°
36 N, 24° 35 W) over two consecutive breeding seasons
(2017–2018), during chick-rearing. In both study sites, we
identified the sub-colonies as nest aggregations that were
close to one another but separated by topographic features
such as valleys or rocky cliffs. In this way, shearwaters from
one sub-colony were not able to sight those from the other
sub-colony, and therefore there was no potential for information transfer between sub-colonies.

Berlenga is a small neritic island (ca. 0.7 km2) located
approximately 11 km off the west coast of Portugal and holds
a small population of Cory’s shearwater (ca. 300 breeding
pairs) (Oliveira et al. 2020). Most of the nests are located
in two discrete and relatively small sub-colonies separated
only by 800 m (Fig. 1): Melreu (ca. 100 breeding pairs) and
Furado Seco (ca. 30 breeding pairs) (Oliveira et al. 2016). In
contrast, Raso (ca. 5.8 km2) is an oceanic islet located in the
northern group of the Cabo Verde archipelago and approximately 800 km off the west African coast. Raso holds one
of the most important populations of Cape Verde shearwater with an estimated population of ca. 6500 breeding pairs
(Biosfera I, unpublished data). Contrary to Berlenga Island,
the two sub-colonies studied at Raso Islet (Acampamento
and Ribeira do Ladrão) are located in the extremes of the
islet and separated by 3 km (Fig. 1). Moreover, they also
differ in population size, with the sub-colony of Ribeira do
Ladrão having a much higher breeding density (ca. 1800
breeding pairs) than the sub-colony of Acampamento (ca.
200 breeding pairs) (Fig. 1).

Bird instrumentation and GPS data processing
Over the 2 breeding seasons, we equipped 62 chick-rearing
Cory’ shearwaters from 2 sub-colonies at Berlenga Island
(Melreu and Furado Seco) and 84 Cape Verde shearwaters from 2 sub-colonies at Raso Islet (Acampamento and
Ribeira do Ladrão) with Global Positioning System (GPS)
loggers (CatLog2; Perthold Engineering). Each device was
attached to the tail feathers using TESA® tape, programmed
to record positions (median error < 10 m) at 10 min intervals and retrieved after several consecutive foraging trips
(Table 1). Tracking duration was similar between study
2
sites (𝜒1,109
= 2.42, p = 0.13) and between sub-colonies (Ber2
2
lenga Island: 𝜒1,50
= 0.01, p = 0.95; Raso Islet: 𝜒1,57
= 1.14,
p = 0.29). Since Cape Verde shearwaters have comparatively
lower body mass (mean ± standard deviation: 431 ± 53.9 g)
than Cory’s shearwaters (845.3 ± 103.2 g), GPS loggers
deployed on Cape Verde shearwaters were equipped with
lighter batteries (weight of device = 15 g) when compared to
those deployed on Cory’s shearwaters (17 g). The weight of
GPS loggers represented 2.6 and 2.8% of the body mass of
the lightest Cory’s shearwater and Cape Verde shearwater,
respectively. Details on sample sizes and tracking data are
given in Table 1 and in the Supplementary Material (see
Table S1).
Tracking data were first filtered to remove positions
within a 1 km radius of the colony to reduce the influence of
rafting behaviour close to the colony. We identified individual foraging trips and calculated the trip duration (total time
spent on a foraging trip in days), the maximum distance from
the colony (distance from the distal location of the trip in
relation to the breeding colony) and the departure direction
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Fig. 1 Satellite images showing
the location and geography of
the breeding colonies of: (1)
Cory’s shearwaters (Calonectris
borealis) at Berlenga Island
(yellow star at approximately
11 km off the west coast of
Portugal) and (2) Cape Verde
shearwaters (Calonectris
edwardsii) at Raso Islet (yellow
star in the Cape Verde archipelago at approximately 800 km
off west Africa). Location and
estimated number of breeding pairs for each sub-colony
are shown at Berlenga Island
(Oliveira et al. 2016) and by
sectors at Raso Islet (Biosfera I,
unpublished data). Sub-colonies
at Berlenga Island (Melreu—
blue vs. Furado Seco—red) and
at Raso Islet (Acampamento—
green vs. Ribeira do Ladrão—
orange) are marked with circles
with different sizes according to
the estimated number of breeding pairs (see legend)

1 - 500
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> 1001
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Table 1 Colony size (estimated number of breeding pairs), fieldwork
sampling and tracking details for Cory’s shearwaters (Calonectris
borealis) from two sub-colonies at Berlenga Island (Furado Seco

0

N GPS deployed
N GPS recovered and with data
N blood samples for stable isotope analyses
N monitored chicks
Tracking details
Tracking duration (days)
N of completed foraging trips
N of short trips
N of long trips

vs. Melreu) and for Cape Verde shearwaters (Calonectris edwardsii)
from two sub-colonies at Raso Islet (Acampamento vs. Ribeira do
Ladrão), during the chick-rearing period (2017–2018)
Raso Islet

Furado Seco

Melreu

Acampamento

Ribeira do Ladrão

ca. 30

ca. 100

ca. 200

ca. 1800

11 Aug–18 Sep 2017
16 Aug–23 Sep 2018
31
27
22
27

10 Aug–17 Sep 2017
17 Aug–24 Sep 2018
31
25
18
25

14 Aug–27 Sep 2017
09 Aug–26 Sep 2018
47
28
28
31

28 Aug–26 Sep 2017
18 Aug–06 Sep 2018
37
31
30
15

15.6 ± 8.8
253
207
46

15.8 ± 6.8
268
233
35

14.5 ± 6.3
216
179
37

13.0 ± 5.5
174
141
33

(bearing angle between bird’s initial flight direction at the
start of a foraging trip and the first location beyond 10 km
distance in degrees, see Waggitt et al. 2014). Moreover,
tracking datasets were partitioned in short (≤ 1 day, ≤ 100 km
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1 Km

10°W

Berlenga Island

Population size (breeding pairs)
Experimental design
Study period

0.5

for Cory’s shearwaters and ≤ 1 day, ≤ 250 km for Cape Verde
shearwaters) and long trips (> 1 day, > 100 km for Cory’s
shearwaters and 1 day, > 250 km for Cape Verde shearwaters) based on histograms of the frequency of occurrence of
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trip duration and maximum distance from colony reached on
each foraging trip (Supplementary Material Fig. S1).
To characterise the foraging behaviour for each trip, we
classified each GPS position as one of four behavioural states
using the “Expectation–Maximisation binary Clustering”
method implemented in the “EMBC” R package (Garriga
et al. 2016). The four states were as follows: (1) travelling
(high velocity, low tortuosity), (2) relocating (high velocity,
high tortuosity), (3) intensive foraging (low velocity, high
tortuosity) and (4) resting (low velocity, low tortuosity).
Kernel density estimates were generated for the positions in which tracked shearwaters engaged in “intensive
foraging” behaviour using the “adehabitatHR” R package
(Calenge 2006). We calculated the spatial overlap of 50%
core foraging areas (hereafter foraging spatial overlap)
between each individual shearwater from one sub-colony
with each shearwater from the neighbouring sub-colony in
the same year using the Home Range (HR) overlap index
(Kernohan et al. 2001). The most appropriate smoothing
parameter (h) was determined following Lascelles et al.
(2016) as the average value of area-restricted search (ARS)
behaviour exhibited across short and long foraging trips
within each year and sub-colony.

Oceanographic covariates
To characterise the oceanographic conditions which are
associated with “intensive foraging” behaviour, we extracted
(1) bathymetry (0.01° spatial resolution, m) and monthly
averages for the chick-rearing period (August–September)
of (2) sea surface temperature (0.08°, °C), (3) sea surface
height (0.08°, m), (4) zonal sea water velocity (0.08°, m
s−1), (5) meridional sea water velocity (0.08°, m s−1), (6)
biomass of zooplankton (0.08°, g m2) and (7) biomass of
micronekton in the epipelagic layer (0.08°, g m−2). Sea surface height anomaly (0.08°, cm) was obtained by calculating the difference between the average of sea surface height
values for the chick-rearing period and the average for the
same months along 25 years (1993–2018). Eddy kinetic
−2 −2
energy((0.08°, cm
s ) was computed following the equa)
1
2
2
tion: 2 U + V , where U is the zonal sea water velocity
and V is the meridional sea water velocity. Information on
the spatial extent, temporal resolution and online sources of
environmental variables are detailed in the Supplementary
Material (see Table S2; Fig. S2).
Regionally, sea surface height anomaly and eddy kinetic
energy play an important role in the vertical and horizontal
transport of nutrients and are responsible to enhance prey
aggregation in the open ocean (Stramma et al. 2013). On one
hand, sea surface height anomaly identifies the presence of
mesoscale activity, with positive sea surface height anomalies denoting anticyclonic (warm-core) eddies and negative
sea surface height anomalies depicting cyclonic (cold-core)

eddies (McGillicuddy et al. 1998). On other hand, eddy
kinetic energy provides a measure of the relative intensity
of ocean circulation or water mixing (Santora et al. 2017).
Biomass of zooplankton and biomass of micronekton in the
epipelagic layer were extracted from spatial ecosystem and
population dynamics model (SEAPODYM). SEAPODYM
is a numerical model that uses physical (e.g. sea surface temperate and currents) and biological variables (e.g. primary
productivity) to simulate the spatio-temporal distribution
of zooplankton and micronekton (2–20 cm) at global scale
(Lehodey et al. 2008, 2010). This model was previously used
as a surrogate of the concentration of low and mid-trophic
level prey (e.g. mid-water fish, cephalopods and crustaceans)
of tuna (Lehodey et al. 2008), sea turtles (Abecassis et al.
2013; Chambault et al. 2021), seabirds (Miller et al. 2018)
and marine mammals (Lambert et al. 2014; Green et al.
2020; Virgili et al. 2021).

Stable isotope analysis
Over the 2 breeding seasons, we collected blood samples
from 40 adults of Cory’s shearwater and 58 adults of Cape
Verde shearwaters (Table 1). Blood samples (0.5–1.0 ml)
were collected from the tarsal or brachial vein of individual
birds after logger retrieval. Within 2–3 h from sampling,
blood samples were separated into plasma and red blood
cell fractions using a centrifuge and frozen at − 20 °C until
preparation for stable isotope analysis. In 2017, it was only
possible to perform stable isotope analysis for whole blood
in Cape Verde shearwaters due to logistical issues during
fieldwork. However, values of δ15N and δ13C in whole blood
were considered to be comparable to those of red blood cells
(Cherel et al. 2005). Whole blood and red blood cells have
a turnover rate of a few weeks, which reflects in average the
assimilated diet over the past 3–4 weeks prior to the sampling (and logger retrieval) and thus representative of the
tracking period (Table 1). Laboratory procedures for stable
isotope analysis are described in Supplementary Material 1.

Chicks’ growth and body condition
Over the 2 breeding seasons, we collected biometric data
from 52 chicks of Cory’s shearwater and 46 chicks of Cape
Verde shearwaters (Table 1). Chicks were weighed (to the
nearest 5 g) and wing length (to the nearest 1 mm) was
measured every 2 days during the linear growth period (Supplementary Material Fig. S3 and Fig. S4). Linear growth
rate (g day−1) of each chick was obtained from the slope
of the regression line of chick body mass during the linear
growth period, between 10 and 40 days of age for the chicks
at Berlenga Island (Ramos et al. 2003), and between 20 and
50 days of age for the chicks at Raso Islet (Ramos et al.
2018). We also used body mass and wing length to estimate
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chicks’ body condition index during the linear growth
period. Chicks’ body condition index was determined following Catry et al. (2013): Body condition index = OM−PM
,
PM
where PM is the predicted mass calculated using the linear
regression between body mass and wing length, and OM is
the observed mass. A body condition index < 0 shows that
the bird is lighter than expected and thus in poor body condition, while a body condition index > 0 shows that the bird
is heavier than expected and thus in better body condition.
Chicks’ linear growth rate and body condition index were
not computed for one sub-colony at Raso Islet (Ribeira do
Ladrão) in 2018 (Supplementary Material Table S1) due to
lack of data.

Statistical analysis
First, we evaluated whether the core foraging areas of
shearwaters from each sub-colony were representative
of the whole population by bootstrapping 100 times the
“repAssess” function of the “track2KBA” R package (Beal
et al. 2021). Next, we used circular ANOVAs (function “aov.
circular”) from the “circular” package (Lund et al. 2017) to
test if shearwaters from different sub-colonies departed in
different directions. Lastly, generalised linear mixed models
(GLMMs) were built for each study site to investigate the
effect of trip type (short trips vs. long trips) on (1) foraging spatial overlap (i.e. spatial overlap of 50% core foraging
areas between sub-colonies), and the effect of sub-colony
(Melreu vs. Furado Seco at Berlenga Island and Acampamento vs. Ribeira do Ladrão at Raso Islet) and year (2017 vs.
2018) on (2) characteristics of foraging areas (i.e. bathymetry, sea surface temperature, sea surface height anomaly,
eddy kinetic energy, biomass of zooplankton and biomass
of micronekton in the epipelagic layer), (3) trophic ecology
(i.e. δ15N and δ13C in whole blood/ red blood cells) and (4)
chicks’ growth and body condition (i.e. chicks’ linear growth
rate and body condition index). The influence of sub-colony
and year on the departure direction and habitat of foraging
areas were tested separately for short and long trips in each
study site. We used the “performance” R package (Lüdecke
et al. 2021) to evaluate model assumptions (i.e. linearity,
homogeneity of variances, collinearity, normality of residuals and normality of random effects) and performance (i.e.
Akaike’s information criterion—AIC). Appropriate statistical distributions were fitted to the data and the best models
were selected based on the lowest AIC values. Trip identity nested within individual (ring) was fitted as a random
effect to account for multiple trips per individual. GLMMs
were computed using the “glmmTMB” R package (Brooks
et al. 2017). All statistical analyses were conducted within
the R environment v. 4.0.3 (R Core Team 2019). Results
are reported as mean ± standard deviation unless otherwise
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stated. Differences were considered statistically significant
at p ≤ 0.05.

Results
Over the 2 breeding seasons, we retrieved data from a total
of 911 complete foraging trips made by 52 adult Cory’s
shearwaters (521 trips) and 59 adult Cape Verde shearwaters (390 trips) from the 2 sub-colonies in each study site
(Fig. 2). From those, both Cory’s shearwaters and Cape
Verde shearwaters engaged mostly in short foraging trips
(84.5 and 82.1%, respectively) and to a lesser extent in long
foraging trips (15.5 and 17.9%, respectively).
The tracking datasets used in this study represented
more than 95% of the core foraging areas used by Cory’s
shearwaters at Berlenga Island (Melreu = 99% vs. Furado
Seco = 97.2%) and more than 80% of the core foraging
areas used by Cape Verde shearwaters at Raso Islet (Acampamento = 93.6% vs. Ribeira do Ladrão = 83.3%) (Supplementary Material Fig. S5). Therefore, we are confident that
the number of tracked shearwaters in each sub-colony was
sufficient to represent the core foraging areas for the whole
population.

Foraging spatial overlap and habitat use
Foraging spatial overlap and environmental characteristics
of foraging areas showed high inter-annual variation in
both study sites during short and long trips (Supplementary
Material Table S3), but consistent patterns emerged between
sub-colonies. Cory’s shearwaters from the two small subcolonies at Berlenga Island departed in similar directions
during both short (Melreu: 208.8° ± 59.3° vs. Furado Seco:
2
205.1° ± 73.9°, angular variance = 0.79, 𝜒1,438
= 0.41,
p = 0.52) and long foraging trips (Melreu: 192.1° ± 78.0°
vs. Furado Seco: 213.8° ± 69.3°, angular variance = 0.86,
2
= 2.30, p = 0.13). Moreover, foraging spatial overlap
𝜒1,79
between Cory’s shearwaters from the two neighbouring subcolonies was similar during both short (52.7 ± 26.2%) and
2
long (48.7 ± 36.5%) trips (𝜒1,957
= 2.42, p = 0.12, Figs. 3, 4).
Cory’s shearwaters from Furado Seco and Melreu foraged in
areas with fairly similar environmental characteristics during
both short and long trips (Table 2; Fig. 5).
Cape Verde shearwaters from the two sub-colonies
differing in size and located in opposite sides at Raso
Islet departed in different bearing angles during short
(Acampamento: 145.9° ± 70.4° vs. Ribeira do Ladrão:
2
103.0° ± 53.4°, angular variance = 0.97, 𝜒1,318
= 33.14,
p < 0.001), but not during long trips (Acampamento:
126.9° ± 45.5° vs. Ribeira do Ladrão: 108.9° ± 26.7°,
2
angular variance = 0.38, 𝜒1,68
= 3.82, p = 0.06). Despite
the different bearing angles, Cape Verde shearwaters
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15°W

10°W
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45°N
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20°W

2018

40°N

Berlenga

Fig. 2 Overall foraging trips
made by Cory’s shearwaters
from two sub-colonies at
Berlenga Island (Melreu vs.
Furado Seco) and Cape Verde
shearwater from two subcolonies at Raso Islet (Acampamento vs. Ribeira do Ladrão)
during the chick-rearing period
(2017–2018), overlaid on the
bathymetry of the region.
The location of each breeding
colony is marked with a yellow
star
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from the two sub-colonies headed in similar directions
(to southwest, Supplementary Material Fig. S6). Foraging spatial overlap among Cape Verde shearwaters from
both sub-colonies during long trips (55.4 ± 33.4%) was on
average 2 times higher than during short (27.7 ± 26.5%)
2
= 23.46, p < 0.001), which shows that foragtrips ( 𝜒1,1634
ing spatial overlap between birds of the two sub-colonies
is quite low around the breeding colony (Fig. 4). The core
foraging areas where Cape Verde shearwaters from both
sub-colonies overlapped during long trips were located
off the west coast of Africa, especially between Cap Blanc
(Mauritania) and Cap-Vert (Dakar, Senegal) (Fig. 3). The
environmental characteristics of foraging areas used by
Cape Verde shearwaters during the short trips within the
Cabo Verde archipelago and the long trips to west Africa
were relatively similar between the two sub-colonies
(Table 2; Fig. 5).

20°W

15°W 25°W

250

500 Km
20°W

10°N

6000

15°W

Trophic ecology
Shearwaters exhibited high inter-annual variation in the
mean δ13C and δ15N whole blood/red blood cell values in
both study sites (Supplementary Material Table S4). However, no significant differences in stable isotope values
were found between shearwaters of the two sub-colonies
2
of both Berlenga Island (δ13C: 𝜒1,38
= 0.02, p = 0.85; δ15N:
2
2
= 1.88,
𝜒1,38 = 0.04, p = 0.88) and Raso Islet (δ13C: 𝜒1,56
15
2
p = 0.17; δ N: 𝜒1,56 = 0.70, p = 0.40).

Chicks’ growth and body condition
Despite the high inter-annual variation in the mean chicks’
linear growth rate and body condition index (Supplementary
Material Table S4), no significant differences were found
between chicks of the two different sub-colonies of both
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Ribeira do Ladrão) during short and long trips, in 2017–2018. (1)
Cap Blanc (Mauritania) and (2) Cap-Vert (Dakar, Senegal). The location of each breeding colony is marked with a yellow star

2
Berlenga Island (chicks’ linear growth rate: 𝜒1,50
= 2.60,
2
p = 0.11; chicks’ body condition index: 𝜒1,50 = 1.50, p = 0.22)
2
and Raso Islet (chicks’ linear growth rate: 𝜒1,24
= 0.94,
2
p = 0.33; chicks’ body condition index: 𝜒1,24 = 2.27,
p = 0.13).

50

short trips

0

Ribeira do Ladrão
8°W

2

15°N

40°N

18°N

1

2

Fig. 3 50% core foraging areas of Cory’s shearwaters from two subcolonies at Berlenga Island (Melreu vs. Furado Seco) and Cape Verde
shearwaters from two sub-colonies at Raso Islet (Acampamento vs.

long trips

Fig. 4 Mean percentage of foraging spatial overlap (50% of core
foraging areas) and standard error between shearwaters from different sub-colonies at Berlenga Island and Raso Islet during short and
long trips. Cory’s shearwaters from different sub-colonies at Berlenga Island greatly overlap core foraging areas during both short and
2
long trips (𝜒1,957
= 2.42; p = 0.12). In contrast, Cape Verde shearwaters from different sub-colonies at Raso Islet forage in different areas
during short trips, but broadly overlap at distant foraging patches
2
(𝜒1,1634
= 23.46; p < 0.001)
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Discussion
In this study, we tested for differences in at-sea foraging
spatial distribution, habitat use, trophic ecology and chick
growth among sub-colonies of a small (ca. 300 breeding
pairs) neritic colony of Cory’s shearwater and a large (ca.
6500 breeding pairs) oceanic colony of Cape Verde shearwater over two consecutive breeding seasons, during the
chick-rearing period. Shearwaters from neighbouring subcolonies did not differ in environmental characteristics of
foraging areas, trophic ecology, chick growth rates and
body condition in both study sites but differ in the foraging
spatial overlap. While Cory’s shearwaters from two small
sub-colonies (ca. 30 vs. 100 breeding pairs) broadly overlapped in repeatedly used patches close to the colony, Cape
Verde shearwaters from two sub-colonies differing in size
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Table 2 Results of generalised linear mixed models (GLMMs) testing the effect of sub-colony at Berlenga Island (Melreu vs. Furado Seco) and at Raso Islet (Acampamento vs. Ribeira do
Ladrão) on the characteristics of foraging areas used by chick-rearing shearwaters during short and long trips in 2017–2018. Each model included trip identity nested within the individual as a
random effect
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Fig. 5 Density plots of characteristics of foraging areas used by
Cory’s shearwaters from two sub-colonies at Berlenga Island (Melreu vs. Furado Seco) and by Cape Verde shearwaters from two sub-

colonies at Raso Islet (Acampamento vs. Ribeira do Ladrão) during
short and long trips. Dashed lines indicate the average value of each
environmental variable for each sub-colony

(ca. 200 vs. 1800 breeding pairs) partially segregated foraging grounds at relatively close distance from the colony.
However, at longer distances, Cape Verde shearwaters from
the different sub-colonies broadly overlapped in repeatedly
visited patches along the west African coast. Below we discuss the potential mechanisms behind our results.

signatures, chick growth rates and body condition. Similar
patterns were previously reported by Waggitt et al. (2014)
for Northern gannets, which showed no differences in foraging behaviour and trophic ecology among birds of 7
sub-colonies separated by only 200 m during the chickrearing period. Findings of shared foraging areas between
individuals from small colonies were also observed for
other seabirds, particularly in species with smaller foraging ranges, such as penguins (Ainley et al. 2004) and
shags (Evans et al. 2016). For instance, Evans et al. (2016)
showed that European shags (Gulosus aristotelis) from two
small colonies located only 2 km apart, extensively overlapped foraging ranges in predictable prey patches near the
colony, suggesting an absence of inter-colony competition.
This appears to be also the case in our study, as the travel
costs were similar between neighbouring sub-colonies and
consequently foraging spatial overlap occurred close to the
colony (Bolton et al. 2019).

Prediction 1: Cory’ shearwaters breeding in a small
neritic colony will overlap in repeatedly used
patches close to the colony
As expected, Cory’s shearwaters breeding in two small
sub-colonies (separated only by 800 m) at Berlenga Island
broadly overlapped in repeatedly used patches in the colony surroundings. Although we found marginal differences
in the habitat used by Cory’s shearwaters from the two
sub-colonies, birds departed in similar directions during
both short and long trips, and exhibited similar isotopic
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Prediction 2: Cape Verde shearwaters breeding
in a large oceanic colony will partially segregate
foraging locations close to the colony
As expected, Cape Verde shearwaters breeding in two subcolonies differing greatly in size at Raso Islet partially segregated their foraging grounds at relatively close distance
from the colony. Areas surrounding large colonies of tropical
seabird populations are likely to become resource-depleted
(Ashmole 1963) and increasing colony size is expected to
result in faster resource depletion, as recently demonstrated
by Weber et al. (2021). Despite spatial segregation close
to the colony, Cape Verde shearwaters from both sub-colonies performed mostly short trips within the Cabo Verde
archipelago. This means that the number of foragers close
to the colony should not be high enough to create a preydepleted halo around the colony (Ashmole 1963; Weber
et al. 2021). Under the optimal foraging theory, this could
suggest that foraging grounds around the colony are still
attractive to these birds, because travel costs are lower, and
density-dependent competition for food might be weak and
may explain only partial spatial segregation in foraging distribution. The similar isotopic signatures, chick growth rates
and body condition between Cape Verde shearwaters from
both sub-colonies suggests that breeding in a specific subcolony has no competitive advantage. Evidence for spatial
segregation around the colony between sub-colonies located
in opposite sides of a densely populated colony were also
reported by Ceia et al. (2015) for Cory’s shearwater. The
authors showed that birds from two neighbouring sub-colonies in the mid-North Atlantic Ocean selected different foraging areas at relatively close distance from the colony but
concentrated their feeding activity in patches with similar
oceanographic characteristics and prey during the chickrearing. However, the authors suggested that such decisions
could be mediated by directional bias, whereby shearwaters
departed on a bearing consistent with the location and orientation of each breeding sub-colony. This was not the case
in our study, as Cape Verde shearwaters from neighbouring
sub-colonies at Raso Islet headed in similar directions, and
therefore, it is unlikely that spatial segregation can be directional biased (Ceia et al. 2015).
Transfer of social information on the location of profitable foraging areas may occur among conspecifics within
the colony (Ward and Zahavi 1973; Courbin et al. 2020) and
at foraging sites (Weimerskirch et al. 2010; Thiebault et al.
2019), which may lead to colony-specific foraging ranges
that will facilitate group foraging and increase foraging
opportunities (Grémillet et al. 2004; Cecere et al. 2018).
More recently, individual-level memory of resource distribution has been proposed as an alternative mechanism to
explain the emergence of spatial segregation in the foraging
ranges of colonial animals (Aarts et al. 2021). The authors

argued that central-place foragers do not need to be aware of
the whereabouts of their neighbours, but just need to memorise the quality of a prey patch within their foraging range
(taking both travel duration and prey density into account)
to create foraging spatial segregation between neighbouring
colonies. If shearwaters mainly rely on memory, on local
enhancement or can simply gain social information at the
colony or from foraging rafts that are in visual range of the
colony, we would expect them to depart in different directions or to select different habitats and/ or prey, which did
not occur in our study. Since shearwaters from both subcolonies departed in similar directions, foraged in areas with
fairly similar environmental characteristics and exhibited
mostly short trips within the archipelago of Cabo Verde,
we suggest that directionality of the sub-colonies or direct
interactions and territorial behaviour at sea are not likely
the mechanisms underpinning foraging spatial segregation
between neighbouring sub-colonies of Cape Verde shearwaters. Well-informed foraging decisions based on prey density and travel distance could be mechanisms simultaneously
underlying foraging spatial segregation of central-place foragers in the areas close to the colony.

Prediction 3: Cape Verde shearwaters will overlap
in repeatedly visited patches along the west African
coast
Foraging spatial segregation around seabird colonies has
been reported in a variety of species (Bolton et al. 2019),
however, very few studies demonstrated aggregation of
central-place foragers at more distant foraging grounds. As
expected, foraging grounds of the birds from the two subcolonies of Cape Verde shearwaters overlapped at greater
distances in areas of similar environmental characteristics
along the west African coast, where prey depletion is less
likely to occur and instantaneous intake rate is expected to
be higher (Bolton et al. 2019). Our results of shared foraging
areas between sub-colonies at distant foraging patches are
supported by previous research. For instance, Ramos et al.
(2013) found that Cory’s shearwaters from different colonies
in the subtropical North Atlantic Ocean exhibited substantial spatial segregation in their oceanic foraging grounds but
consistently overlapped in high-productivity areas along the
Canary Current. Aggregation of birds from different colonies at distant foraging patches are also documented to occur
in enhanced marine productivity near frontal systems (Dean
et al. 2013, 2015) and areas of intense mesoscale activity
(Paredes et al. 2014). These studies suggest that areas of
local enhanced marine productivity might also be attractive for birds from other more distant colonies, hence creating overlap between central-place foragers from different
colonies.
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Conclusion

Declarations

Our findings highlight the importance of understanding
within-colony differences in seabirds’ at-sea foraging distributions and their consequences for the colonial living.
We suggest that within-colony differences in at-sea foraging behaviour may be common when seabird colonies are
spatially structured in breeding sites differing in size or location, leading to site-specific foraging areas. Moreover, we
suggest that the individual’s ability to assess the quality of a
foraging patch, taking both prey density and travel distance
into account, could explain the observed spatial segregation in central-place foragers. High productivity areas might
also be attractive for birds from other more distant colonies,
hence creating overlap between central-place foragers from
different colonies. We argue that assessing more than one
breeding site is necessary to capture the foraging behaviour
variability within a colony, providing meaningful knowledge
on marine spatial usage to obtain accurate population assessments and to incorporate into conservation strategies.
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Supplementary Information 1: Laboratory procedures for stable isotope analysis

Prior to stable isotope analysis, samples were defrosted, homogenised and dried
overnight at 60 ºC. Approximately 0.3 mg of each sample was weighted in a tin capsule using
an ultra-microbalance. Values of δ15N and δ13C were determined using a Continuous Flow
Isotope Ratio Mass Spectrometer (Delta V™ Advantage - Thermo Scientific®) with an organic
elemental analyser (Flash™ EA 1112 - Thermo Scientific®). Results are expressed in delta (δ)
notation as parts per thousand (‰) and calculated using the equation δX = (Rsample – Rstandard –
1) x 1000, where X is N or C and R the ratio between 15N/14N and 13C/12C. Atmospheric N2
and Vienna-Pee Dee Belemnite Limestone were use as standard for N and C respectively.
Acetanilide (Thermo Scientific®) was used as reference material to measure machine intern
errors (< 0.3 ‰ for δ15N and < 0.1 ‰ for δ13C).

Table S1: Fieldwork sampling and tracking details conducted in two neighbouring sub-colonies of Cory’s shearwaters (Calonectris borealis) at
Berlenga Island (Melreu vs. Furado Seco) and for two neighbouring sub-colonies of Cape Verde shearwaters (Calonectris edwardii) at Raso Islet
(Acampamento vs. Ribeira do Ladrão) over the 2017-2018 breeding seasons, during chick-rearing. It was only possible to obtain chick biometrics
from both sub-colonies at Raso Islet in 2017, but just for one sub-colony (Acampamento) in 2018.

Berlenga Island
2017
Furado Seco
Melreu

Raso Islet

2018
Furado Seco
Melreu

2017
Acampamento
Ribeira do Ladrão

2018
Acampamento
Ribeira do Ladrão

Experimental details
11 Aug 18 Sep

10 Aug 17 Sep

16 Aug 23 Sep

17 Aug 24 Sep

14 Aug 27 Sep

28 Aug 26 Sep

09 Aug 26 Sep

18 Aug 06 Sep

Duration of tracking period (days)

30

29

13

15

23

22

27

22

N GPS deployed

15

15

16

16

20

20

27

17

N GPS recovered and with data

13

13

14

12

11

16

17

15

N blood samples for stable isotope analyses

8

8

14

10

11

16

17

14

N monitored chicks

13

13

14

12

11

15

20

-

Tracking details
N total foraging trips

172

178

81

90

85

118

131

56

N of short trips

137

150

70

83

70

99

109

42

N long trips

35

28

11

7

15

19

22

14

Study period

Table S2: Details of the environmental variables used to model the foraging habitats of chick-rearing Cory’s shearwaters and Cape Verde
shearwaters.

With

the

exception

of

bathymetry

that

was

downloaded

from

the

ETOPO1

Global

Relief

Model

(https://www.ngdc.noaa.gov/mgg/global/global.html), all the remaining environmental variables were downloaded from the Copernicus website
(http://marine.copernicus.eu/services-portfolio/access-to-products/).

Variable
Bathymetry

Unit

Spatial resolution

Temporal resolution

Source

m

0.01°

-

ETOPO1 Global Relief Model

Biomass of zooplankton

-2

gm

0.08°

Month

GLOBAL_MULTIYEAR_BGC_001_033

Biomass of micronekton in the epipelagic layer

g m-2

0.08°

Month

GLOBAL_MULTIYEAR_BGC_001_033

cm-2s-2

0.08°

Month

EKE= 1/2 * (U2 + V2)

m s-1

0.08°

Month

GLOBAL_ANALYSIS_FORECAST_PHY_001_024

Sea surface height

m

0.08°

Month

GLOBAL_ANALYSIS_FORECAST_PHY_001_024

Sea surface height anomaly

cm

0.08°

Month

SSHA= SSH (chick-rearing) - SSH (1993-2018)

Sea surface temperature

°C

0.08°

Month

GLOBAL_ANALYSIS_FORECAST_PHY_001_024

0.08°

Month

GLOBAL_ANALYSIS_FORECAST_PHY_001_024

Eddy kinetic energy
Meridional sea water velocity

Zonal sea water velocity

-1

ms

Table S3: Results of generalised linear mixed models (GLMMs) testing the effect of year (2017 vs. 2018) on foraging spatial overlap (50% core
foraging areas) and habitats visited by chick-rearing shearwaters from neighbouring sub-colonies at Berlenga Island and at Raso Islet, during short
and long trips. Each model included trip identity nested within the individual as a random effect. Differences were statistically significant when p
≤ 0.05 (in bold).

Berlenga Island
Short trips
(≤ 1 day and ≤ 100 km)

Raso Islet

Long trips
(> 1 day and > 100 km)

GLMM

p

GLMM

Foraging overlap between sub-colonies (%)

χ21,957= 16.76

< 0.001

Characteristics of foraging areas
Bathymetry (m)

χ21,418= 4.16

0.04

χ21,79= 0.03

Biomass of zooplankton (g m-2)

χ21,418= 92.67

< 0.001

Biomass of micronekton in the epipelagic layer (g m-2)

χ21,418= 1205.06

Eddy kinetic energy (cm-2 s-2)

χ21,418= 324.88

Sea surface height anomaly (cm)

2

Short trips
(≤ 1 day and ≤ 250 km)

p

Long trips
(> 1 day and > 250 km)

GLMM

p

GLMM

p

χ21,1634= 3.15

0.08

-

0.87

χ21,318= 7.74

0.001

χ21,68= 0.12

0.73

χ21,79= 0.51

0.47

χ21,318= 1045.95

< 0.001

χ21,68= 26.72

0.03

< 0.001

χ21,79= 54.26

< 0.001

χ21,318= 206.79

< 0.001

χ21,68= 0.94

0.33

< 0.001

χ21,79= 20.29

< 0.001

χ21,318= 1625.58

< 0.001

χ21,68= 42.86

< 0.001

Foraging spatial overlap

Sea surface temperature (°C)

χ

1,418=
2

χ

3618.25

1,418=

43.71

< 0.001
< 0.001

-

2

χ

1,79=
2

χ

178.59

1,79=

0.19

2

< 0.001

χ

0.66

2

χ

1,318=

1,318=

6.28

938.60

0.01
< 0.001

2

1,68=

17.95

< 0.001

2

1,68=

20.60

< 0.001

χ
χ

Table S4: Results of generalised linear mixed models (GLMMs) testing the effect of year (2017 vs. 2018) on adults’ trophic ecology and chicks’
growth and body condition of Cory’s shearwaters from neighbouring sub-colonies at Berlenga Island and of Cape Verde shearwaters at Raso Islet,
during chick-rearing. Differences were considered statistically significant when p ≤ 0.05 (in bold).

Berlenga Island

Raso Islet

GLMM

p

GLMM

p

Trophic ecology
Whole blood/ Red blood cells δ13C (‰)

χ21,38= 12.46

< 0.001

χ21,56= 29.40

< 0.001

Whole blood/ Red blood cells δ15N (‰)

χ21,38= 13.05

< 0.001

χ21,56= 11.63

< 0.001

Chick growth and body condition
Linear chick growth rate (g day−1)

χ21,50= 13.97

< 0.001

-

-

Chicks’ body condition index (BCI)

χ21,50= 1.26

0.26

-

-

Figure S1: Frequency distributions of trip duration (days) and maximum distance from the
colony (km) for 521 trips made by Cory’s shearwaters (Calonectris borealis) at Berlenga Island
and 390 trips made by Cape Verde shearwaters (Calonectris edwardsii) at Raso Islet over two
breeding seasons (2017-2018), during chick-rearing. Cory’s shearwater sub-colonies at
Berlenga Island are shown in blue (ML- Melreu) and red (FS- Furado Seco) and Cape Verde
shearwater sub-colonies at Raso Islet are shown in green (AC- Acampamento) and orange (RLRibeira do Ladrão). For Cory’s shearwaters at Berlenga Island, short trips were defined as ≤ 1
day and ≤ 100 km and long trips as > 1 day and > 100 km and for Cape Verde shearwaters at
Raso Islet short trips were defined as ≤ 1 day and ≤ 250 km and long trips as > 1 day and > 250
km.
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Figure S2: Sea depth and monthly averages of oceanographic conditions (i.e. eddy kinetic
energy, biomass of zooplankton, biomass of micronekton in the epipelagic layer, sea surface
temperature and sea surface height anomaly) for the chick-rearing period (August – September)
used to model the foraging habitats of Cory’s shearwaters and Cape Verde shearwaters during
two consecutive breeding seasons (2017-2018).
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Figure S3: Growth curve of Cory’s shearwater chicks at Berlenga Island during the linear growth rate (LGR) period for each sub-colony (Melreu
vs Furado Seco) in each study year (2017 and 2018).
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Figure S4: Growth curve of chicks of Cape Verde shearwater chicks during the linear growth rate (LGR) period for each sub-colony
(Acampamento vs Ribeira do Ladrão) in each study year (2017 and 2018).
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Figure S5: Estimated percentage of representativeness sample sizes for sub-colonies of Cory’s shearwaters at Berlenga Island (Melreu and Furado
Seco) and Cape Verde shearwaters at Raso Islet (Acampamento and Ribeira do Ladrão).
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Figure S6: Circular histograms of the departure direction of chick-rearing Cory’s shearwaters from two neighbouring sub-colonies at Berlenga
Island (Melreu vs Furado Seco) and for two neighbouring sub-colonies of Cape Verde shearwaters at Raso Islet (Acampamento vs Ribeira do
Ladrão) during short and long trips (2017-2018).

