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Inexp birds exhibited a more pelagic behaviour than Exp 
birds, with extensive migratory routes, marked by several 
stopovers, and a higher number of non-breeding areas. Exp 
individuals migrated through shorter routes, and wintered 
in fewer locations. Exp individuals foraged on coastal, shal-
low and cold water areas and showed higher carbon and 
nitrogen isotopic values, while Inexp birds foraged more 
on pelagic, windy and frontal zones and exhibited lower 
carbon and nitrogen isotopic values. Our results suggest 
that experience plays a relevant role in explaining the spa-
tial distribution and behaviour of pelagic seabirds such as 
Cory’s shearwaters. Future research with larger sample 
sizes should focus on comparing the behaviour of juvenile, 
immature, first-time breeders and breeders with increasing 
experience and age.

Introduction

Experience-related variations in behaviour and at-sea dis-
tribution are often observed in long-lived animals such 
as seabirds. Some seabird species have such an extended 
immaturity that they are efficient foragers by the time they 
start breeding (Weimerskirch et al. 2005, 2014). Such long 
immature period makes pelagic seabirds suitable models to 
study ageing processes, and further suggests that the for-
aging skills they need to learn to be successful breeders 
are very complex (Zimmer et al. 2011). Further, in active 
breeders, there is some evidence supporting that foraging 
efficiency increases from young breeders to middle-aged 
individuals, and then decreases again at old age, due to 
senescence (Pardo et al. 2013). However, Froy et al. (2015) 
found limited evidence of age-related variation in the for-
aging behaviour of wandering albatross Diomedea exulans 
in later life, and thus failed to detect signs of senescent 
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decline. Thus, we need further studies across populations 
of different taxa to better understand the processes driv-
ing variation of foraging behaviour with ageing and life 
experience.

Most studies investigating the role of individual expe-
rience and environmental variables on the foraging strate-
gies and distribution of seabirds were performed during 
the reproductive season, when seabirds populations are 
central-place foragers and thus influenced by the same 
environmental constraints (e.g. Pardo et al. 2013). How-
ever, Thiebot et al. (2011) showed that macaroni Eudyptes 
chrysolophus and gentoo Pygoscelis papua penguins, two 
marine predators with contrasting foraging strategies, made 
similar environmental selections between their breeding 
and non-breeding periods. This means that despite showing 
different spatial distributions, both species chose the same 
environmental proxies of productivity, whatever the period. 
While there is evidence that the breeding performance 
(Catry et al. 2013) and life stage (Peron and Grémillet 
2013; Weimerskirch et al. 2014) can modulate the migra-
tory behaviour and annual cycle of long-distance migrants, 
we still fail to fully understand how life experience influ-
ences the foraging ecology of seabirds during their non-
breeding season.

Considering the individual breeding experience as a sur-
rogate of age, we used Cory’s Shearwater as a model spe-
cies to study the effect of breeding experience on the for-
aging and trophic ecology of a highly pelagic species. The 
birds usually spend ~7 months (March–October) on breed-
ing duties at colonies of the North Atlantic region (Ramos 
et al. 2003) and about 5 months (November–March) over-
wintering mainly in the southern Atlantic (Gonzalez-Solis 
et al. 2007), but also over the north-west Atlantic region 
(Catry et al. 2011). We specifically aimed to answer the fol-
lowing questions: (1) Are there any differences on the non-
breeding distribution between experienced (Exp; >2 years 
of breeding success) and inexperienced (Inexp; ≤2 suc-
cessful years) Cory’s shearwaters? (2) What is the migra-
tory strategy of each group? (3) What are the variations in 
the foraging patterns of each group during their breeding 
and non-breeding periods, and which environmental vari-
ables (productivity proxies) better explain the habitats used 
by both groups? Based on previous knowledge from the 
ecology of other seabird species (e.g. Nevoux et al. 2007; 
Kubetzki et al. 2009), we expect to find significant varia-
tions between individuals with different experience levels, 
especially regarding migratory processes, non-breeding 
grounds and foraging strategies. Behavioural variations 
between groups are also expected to correlate with envi-
ronmental variables, mainly drivers of marine productivity 
such as sea surface chlorophyll a concentration, and phys-
ical aspects such as distance to land and wind speed. By 
tracking all individuals during the same year (2011–2012), 

we controlled for the potential inter-annual variation effect 
on the foraging distribution of both Exp and Inexp individu-
als (Haug et al. 2015).

Methods

Fieldwork

Fieldwork was conducted on Berlenga Island, located in 
the Portuguese coast (39°23′N, 9°36′W). As part of a long-
term study, we tracked 22 Cory’s shearwaters during one 
year (September 2011–September 2012), which were pre-
viously ringed, sexed and monitored for reproductive per-
formance. Light-level loggers MK5 (3.6 g; British Antartic 
Survey) and MK3 (2.5 g; BioTrack) were leg-mounted on 
12 and 10 Cory’s shearwaters, respectively. Devices repre-
sented ~0.3 % of the birds’ body weight, which is believed 
to have no deleterious effects in seabird species (Phil-
lips et al. 2003; Igual et al. 2005). Assessment of logger 
short- to mid-term effect was performed on the study spe-
cies at this colony in 2007 using heavier tracking loggers 
(up to 2.1 % of body weight), and no difference in body 
mass change or hatching success was found between birds 
carrying a logger and a randomly selected subset of birds 
without loggers (Paiva et al. 2010a). Upon recovery, feather 
(first and eight primaries) samples were collected from 
all tracked individuals for stable isotope analysis (trophic 
ecology).

The 22 tracked birds were divided into experienced 
and inexperienced individuals using the average number 
of reared chicks per breeding attempt over the last 7 years 
(breeding scores for 2005–2011) as a proxy for experience, 
following indications of previous studies (Jones and Ryan 
2014; Froy et al. 2015; Haug et al. 2015). We based our 
assumption on the prediction that reproductive success typ-
ically increases with breeding age and experience in sea-
birds (e.g. Forslund and Pärt 1995), at least until start of 
a senescence period for older individuals (Monaghan et al. 
2008). Our study benefited from a long-term database of 
the breeding population, such that minimum age, sex and 
previous breeding experience (i.e. fledging success) were 
known for most of the individuals (Lecoq et al. 2011).

Birds included in this study were thus categorized as 
inexperienced (Inexp; ≤0.33 chicks produced per breeding 
attempt since 2005; N = 11) and experienced (Exp; ≥0.57 
chicks produced per breeding attempt since 2005; N = 11) 
individuals (see Fig. S1). The former categorization was 
empirically supported by a positive significant correlation 
(Spearman rs = 0.84, N = 22, P < 0.001) between the num-
ber of chicks that fledged by each individual per breeding 
attempt since 2005 (as reported before) and the estimated 
age of individuals in 2011 (i.e. beginning of our study) (see 
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Fig. S1). Many individuals in the colony were not ringed 
as chicks between 1986 and 2005, but in 1986 every incu-
bating adult was ringed and, thereafter, every unringed 
bird found during the breeding season was also ringed. All 
breeding adults were ringed by 2005, and thereafter, only 
young breeders recruited (personal observations from birds 
ringed as chicks), which by 2011 had a minimum age of 
7–10 years, because Cory’s shearwaters began breeding 
with 7–10 years of age (Mougin et al. 2000). Based on this 
information, in 2011, we selected inexperienced birds with 
7–14 years of age and experienced birds with >20 years of 
age, eliminating the possibility of overlap between the two 
groups.

Data processing

Geolocators recorded light information (for geolocation) 
and salt-water immersion and in situ sea surface tempera-
ture (SST) data (for analysis of at-sea activity). Data were 
analysed using the BASTrack software suite (British Ant-
arctic Survey, Cambridge, UK), using a light threshold of 
10 and with elevation angle of −4.0 (derived from cali-
bration devices left at Berlenga). The quality of the light 
curves checked with TransEdit was high, so the geoloca-
tion error was assumed to be similar to that estimated by 
Phillips et al. (2004). Locations derived from curves with 
apparent interruptions around sunset and sunrise were 
removed. Erroneous locations were also excluded for a 
week around the equinoxes, when latitudes are unreliable. 
Overall, nearly 85 % of the original locations were retained 
as valid geolocation estimations, with 12 % of the geolo-
cations being excluded due to the equinoxes effect and the 
remaining 3 % because the light sensors were shaded or 
even blocked, showed physically impossible locations for 
the tracked bird (sometimes thousands of kilometres away).

At‑sea activity

The activity patterns of Cory’s shearwaters were derived 
from both immersion and light-level data recorded for each 
bird. The loggers tested for salt-water immersion every 
3 s using two electrodes and stored the number of posi-
tive tests from 0 (continuously dry) to 200 (continuously 
wet) at the end of each 10-min period. The loggers also 
measured light level every minute and stored the maxi-
mum (truncated at a value of 64) at the end of each 10-min 
period. Each 10-min block was categorized as daylight and 
darkness, based on the timing of nautical twilight (derived 
by interpreting light curves in TransEdit; BASTrack soft-
ware) following Mackley et al. (2010). The immersion data 
were categorized into day and night (based on the light 
data) representing the proportion of time spent on the sea 
surface (as distinct from flying or on land) during day and 

night. Time budget calculations excluded periods spent in 
burrows (prolonged—more than 40 min—periods of dark-
ness and dry records or dark periods during the day). Peri-
ods that the birds spent on the water surface were identi-
fied as any continuous sequence of 10-min blocks with at 
least 3-s sitting on the water, while a continuous sequence 
of dry (0) values was considered as a flight bout. Light and 
activity (immersion) data were used simultaneously to dis-
tinguish time spent at sea from time in the colony (bur-
rows) and hence colony attendance patterns. These data 
were analysed using customized functions and functions 
within the adehabitatHR package (Calenge 2006) in the R 
environment (R Core Team 2014) to extract accurate infor-
mation on at-sea activity patterns and the timing of breed-
ing events.

The date of departure of each individual from the breed-
ing colony to the non-breeding region (post-breeding 
migration) was identified as the moment when at least 
four consecutive locations were outside a 200-km radius 
‘geofence’ off Berlenga (Catry et al. 2011). The date of 
arrival to the non-breeding area was identified as the first 
position inside the 50 % kernel UD of the non-breeding dis-
tribution of each individual (Ramírez et al. 2013). The date 
of departure to the pre-breeding migration was identified 
as the beginning of a ‘northward movement’, with at least 
four successive geolocations consistently going northwards 
(Catry et al. 2011). The arrival to the breeding colony was 
estimated based on a clear eastward longitudinal varia-
tion when birds are approaching Berlenga, and when they 
entered the above-mentioned 200-km radius ‘geofence’ 
off Berlenga (Dias et al. 2011). After data processing, we 
determined for each individual: (1) the departure date from 
the breeding colony (end of breeding season), (2) arrival 
date to the non-breeding area, (3) departure date from the 
non-breeding area and (4) arrival date into the breeding col-
ony for the following reproductive cycle.

Habitat use

Predicted geolocations of each bird were examined under 
the adehabitatHR R package (Calenge 2006) generating 
kernel Utilization Distribution (kernel UD) estimates. The 
most appropriate smoothing parameter (h) was chosen via 
least squares cross-validation for the unsmoothed GLS data 
and then applied as standard for the other data sets, and 
grid size was set at 0.25° (to match the coarsest grid of the 
environmental variables). Following previous authors (e.g. 
(Paiva et al. 2010b), we considered the 50 and 95 % kernel 
UD contours to represent the core foraging areas (FA) and 
the home range (HR), respectively. The overlap between 
kernel UDs (1) of different groups of individuals, i.e. Exp 
and Inexp, and (2) within each of the two groups was com-
puted to study the spatial segregation within and among 
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groups with the kerneloverlap function and VI method of 
the adehabitatHR library.

Species distribution models

Environmental variables

To characterize the oceanographic conditions in areas 
used by the tracked individuals, we extracted: (1) bathym-
etry (BAT, blended ETOPO1 product, 0.01° spatial resolu-
tion, m), (2) sea surface temperature (SST, Aqua MODIS 
NPP, 0.04°, °C), (3) sea surface chlorophyll a concentra-
tion (CHL, Aqua MODIS NPP, 0.04°, mg m−3), gradients 
in these three variables—(4) BATG, (5) SSTG and (6) 
CHLG, respectively—and (7) wind speed (WSPD, Quick-
SCAT, 0.12°, ms−1). All variables were downloaded from 
the BloomWatch website (http://coastwatch.pfeg.noaa.gov/
coastwatch/CWBrowserWW180.jsp) except for WSPD 
which was extracted from the SeaWinds database (http://
winds.jpl.nasa.gov). Monthly averages for the period 
November 2011–March 2012 were used for the dynamic 
variables (variables 2, 3 and 5–7), thus coinciding with 
the non-breeding period of the study species. Gradients 
were determined by estimating rates of change by mov-
ing a window function (3 × 3 grid cells; function = [(max. 
value − min. value) × 100]/(max. value)). Fronts, as zones 
of strong CHL variations, will appear more clearly when 
using CHLG than using CHL values alone. Gradient in 
depth (BATG) was used as a proxy of slope. All environ-
mental variables were gathered to the coarsest grid cell 
(0.25°). This is more accurate than the geolocation data, 
which have an error of c. 180 km. However, previous stud-
ies suggest that neither a change in grain size nor loca-
tional errors significantly affected predictions from species 
distribution models (Guisan et al. 2007). Distance to land 
(DLAN) was computed as the minimum euclidean distance 
of each grid cell of a created raster to the nearest coastline 
(http://www.ngdc.noaa.gov/mgg/bathymetry/relief.html), 
by using the distance tool from the Spatial Analyst Toolbox 
in ArcGIS 10.

Exploratory analysis

All eight environmental variables for each breeding stage 
were inspected under MaxEnt Model Surveyor (MMS; 
http://phycoweb.net/software/MMS/index.html), which 
automatically computed the Akaike and Bayesian informa-
tion criteria (AIC, BIC; Warren and Seifert 2011) and the 
test AUC under the various sets of environmental variables 
and suggested ‘suitable’ sets of variables for our data set 
(Verbruggen et al. 2013), thus avoiding including highly 
correlated variables in our models.

Model evaluation and calibration

Model construction, training and testing were performed 
with Maximum Entropy (MaxEnt) modelling based on 
presence-only data (Phillips et al. 2006; version 3.3.3, 
http://www.cs.princeton.edu/~schapire/maxent/). The Max-
Ent method does not require absence data for the species 
being modelled; instead, it uses background environmen-
tal data from the entire study area. This method has been 
shown to perform well in comparison with alternative 
methods (Elith et al. 2006) and when modelling habitat use 
from tracking data (e.g. Louzao et al. 2012; Quillfeldt et al. 
2013; Afán et al. 2014). The tracking data were divided 
into training and test data by setting aside approximately 
30 % of the tracking data set for spatial evaluation of the 
models (Araújo and Guisan 2006). We ran MaxEnt on the 
presence-only positions 50 times. We calculated the mean 
of the 50 MaxEnt predictions to obtain an average predic-
tion and coefficient of variation of predictions (Edrén et al. 
2010). The MaxEnt program was run separately for dif-
ferent breeding phases (i.e. incubation and chick-rearing). 
The settings were logistic output format, resulting in val-
ues between 0 and 1 for each grid cell, where higher val-
ues indicate more similar climatic conditions, duplicates 
removed, and 50 replicate runs of random (bootstrap) sub-
samples with 30 as random test percentage. The results 
were summarized as the average of the 50 models.

From the MaxEnt main results, the Jackknife chart was 
used to evaluate the contribution of each environmen-
tal layer to the final result, thus providing the explana-
tory power of each variable when used in isolation. The 
receiver operating curve (ROC) was used to assess the 
model’s accuracy, as measured by the area under the ROC 
curve (AUC). The AUC estimates the likelihood that a ran-
domly selected presence point is located in a raster cell 
with a higher probability value for species occurrence than 
a randomly generated point (Phillips et al. 2006). Gener-
ated models are generally interpreted as excellent for test 
AUC > 0.90, good for 0.80 < AUC < 0.90, acceptable for 
0.70 < AUC < 0.80, bad for 0.60 < AUC < 0.70 and invalid 
for 0.50 < AUC < 0.60. All model evaluation statistics and 
optimal thresholds were calculated using the package Pres-
enceAbsence in R (R Core Team 2014).

Stable isotope analysis (SIA)

We performed stable isotope analysis of δ15N (15N/14N) and 
δ13C (13C/12C) in order to estimate the trophic positioning 
and the foraging habitat of the tracked birds, respectively. 
Nitrogen is enriched at each successive trophic level by 
2–5 ‰, whereas carbon is enriched (~0.8 ‰) when for-
aging in coastal or benthic areas in relation to offshore or 
pelagic areas (Minagawa and Wada 1984; Quillfeldt et al. 

http://coastwatch.pfeg.noaa.gov/coastwatch/CWBrowserWW180.jsp
http://coastwatch.pfeg.noaa.gov/coastwatch/CWBrowserWW180.jsp
http://winds.jpl.nasa.gov
http://winds.jpl.nasa.gov
http://www.ngdc.noaa.gov/mgg/bathymetry/relief.html
http://phycoweb.net/software/MMS/index.html
http://www.cs.princeton.edu/%7eschapire/maxent/
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2005). Isotopic values were determined from feathers: first 
primary (P1) and eighth primary (P8), as representatives of 
the preceding summer (breeding) and non-breeding sea-
sons, respectively (Ramos et al. 2009; Catry et al. 2011). 
Prior to SIA, the feathers were cleansed of any surface 
contaminants with successive rinses of a 2:1 chloroform–
methanol solution, dried at 60 °C for 24 h and then homog-
enized. The carbon and nitrogen isotopic compositions of 
the samples were determined using a Flash EA1112 Series 
elemental analyser coupled on-line via Finningan conflo 
II interface to a Thermo Delta VS mass spectrometer. Iso-
tope ratios are presented in the usual δ notation based on 
the PeeDee Belemnite (PDB) for carbon and atmospheric 
N2 (AIR) for nitrogen, and expressed as ‰. δ13C or δ15N 
= [(Rsample/Rstandard) − 1] × 1000, where R = 13C/12C 
or 15N/14N, respectively. Replicate measurements of inter-
nal laboratory standards (acetanilide) indicate precision 
<0.2 ‰ for both δ13C and δ15N.

Data analysis

Generalized linear mixed models (GLMMs; lme4 pack-
age; Bates et al. 2013) were used in all statistical analysis, 
because for some parameters (e.g. mean in situ SST), each 
bird contributed with more than one value to the data set. 
Thus, to account and control for pseudo-replication issues 
(i.e. several measurements from the same individual are not 
true independent replicates), bird identity was included as a 
random term in all modelling exercises. GLMMs tested the 
effect of breeding experience (experienced vs inexperienced 
birds) on mean foraging trip characteristics, spatial ecology 
parameters and trophic signatures of Cory’s shearwaters. All 
variables were visually examined for normality (using Q–Q 
plots) and homoscedasticity (using Cleveland dotplots) 
before each statistical test, and transformed when necessary. 
The Stable Isotope Bayesian Ellipses in R (SIBER) were 
used to establish the isotopic niche of both groups among 
periods (Jackson et al. 2011). The area of the standard 
ellipse (SEAC, an ellipse that has 95 % probability contain-
ing a subsequently sampled datum) was adopted to compare 
between inexperienced and experienced bird isotopic signa-
tures and their overlap in relation to the total niche width 
(both groups combined), and a Bayesian estimate of the 
standard ellipse and its area (SEAB) to test whether group 
1 is smaller than group 2 (i.e. p, the proportion of ellipses 
in inexperienced birds that were lower than in experienced 
individuals; see Jackson et al. 2011 for more details). All 
the metrics were calculated using standard.ellipse and con-
vexhull functions from the package SIAR (Stable Isotope 
Analysis in R; (Parnell et al. 2010). All statistical analyses 
were performed within the R environment (R Core Team 
2014). Data are shown as mean ± 1 SD, unless otherwise 
stated. Results were considered significant at P ≤ 0.05. The 

variable sex was also tested in all analysis but excluded after 
nonsignificant results (F < 1.49, P > 0.23).

Results

Migratory routes and at‑sea behaviour

During the non-breeding period, experienced (Exp) birds 
departed from the main non-breeding area (i.e. the region 
where they spent more time during the non-breeding phase) 
and arrived to the breeding colony significantly earlier, and 
performed fewer stopovers during migration than inexpe-
rienced (Inexp) birds (Table 1). During the same period, 
Exp birds spent a significantly higher proportion of time 
on water (both during daylight and darkness), exploiting 
significantly colder water masses (SST, in situ) than Inexp 
conspecifics (Table 1; Fig. 1). While breeding, Exp individ-
uals spent a significantly higher proportion of time on water 
than Inexp individuals during all day (Exp: 28.9 ± 0.8 %; 
Inexp: 19.5 ± 1.6 %; F1,7684 = 11.09, P = 0.001, GLMM), 
daylight (Exp: 37.2 ± 1.0 %; Inexp: 22.8 ± 1.9 %; 
F1,7684 = 10.94, P = 0.001, GLMM) and darkness (Exp: 
11.3 ± 0.8 %; Inexp: 5.6 ± 1.1 %; F1,7684 = 15.18, 
P < 0.001, GLMM). The monthly amount of time spent on 
water varied less for Exp (maximum monthly range = 25 % 
for May during darkness) than Inexp (maximum monthly 
range = 46 % for October also during darkness) individu-
als. Exception made for March and November, when Exp 
birds spent more time on water than Inexp birds (Fig. 1). 
Noteworthy, the identified timing of migratory movements 
of Inexp birds might be biased given their stochastic migra-
tory patterns (i.e. Inexp birds perform more stopovers when 
compared to Exp individuals, which makes the temporal 
delimitation of breeding vs non-breeding phases difficult).

Spatial ecology

Exp individuals were mostly consistent in their migratory 
route, with birds departing from Berlenga, travelling south 
within the Canary Current (two individuals overwintering 
here) until the Brazilian Current, then crossing the south 
Atlantic to overwinter within the Benguela and Agulhas 
currents (remaining nine individuals) (Fig. 2). Birds from 
this group mostly targeted non-breeding areas at close 
distance from land (DLAN), with cold (SST) and shallow 
(BAT) water masses (Table 2).

Inexp birds usually started their migration by visiting a 
north-west Atlantic area (with three individuals overwinter-
ing there), then descending to the Brazilian Current (five 
individuals overwintering there) and travelling to the central 
south Atlantic area (three individuals overwintering there) 
(Fig. 2). During this period, birds staying at the southern 
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ocean shifted their distribution between the Brazilian Cur-
rent, central south Atlantic and Benguela Current (Fig. 2). 
Birds inhabited windy (WSPD), shallow (BAT) and slop-
piest (BATG) areas, with oceanographic frontal regions 
(SSTG) (Table 2). Both habitat suitability models showed 
a good-to-excellent ability to predict the observed habitat 
used by Cory’s shearwaters (all AUC > 0.85; Table 2).

During the non-breeding period, spatial overlap among 
Exp birds (>78 %) was always higher than that among 
Inexp individuals (<33 %) (Tables 1, 3). While breeding, 
Exp birds overlapped significantly more among them than 
Inexp individuals, either considering their home ranges 
(Exp: 89.3 ± 0.5; Inexp: 61.5 ± 1.1; GLMM: F1,9 = 22.59, 
P = 0.001) or foraging areas (Exp: 87.1 ± 0.8; Inexp: 
57.2 ± 1.5; GLMM: F1,9 = 34.15, P < 0.001).

Trophic ecology

The δ15N and δ13C signatures of P8 feathers and stand-
ard ellipse areas (SEAc) were significantly higher for Exp 
(SEAC: 15.12) than Inexp individuals (SEAC: 2.07; SEAB: 

P = 0.002), with almost no overlap among the groups 
(niche overlap = 2 %) (Table 1; Fig. 3). Exp birds had sig-
nificantly higher δ15N signatures in P1 feathers than Inexp 
birds, while there were no significant differences on the 
δ13C signatures of P1 feathers among groups. The size of 
SEAc was similar between groups (Exp SEAC: 6.06 and 
Inexp SEAC = 1.87; SEAB: P = 0.11), with no overlap 
among the groups (Table 1; Fig. 3).

Discussion

Our results indicate that individual experience can play a 
significant role in Cory’s Shearwater’s ecology during the 
non-breeding season (and to some extent also during the 
breeding period). Overall, the results of migratory routes, 
foraging behaviour parameters, spatial distribution over-
lap, habitat suitability models and isotopic niche provided 
cumulative evidence for a difference in habitat use and 
foraging strategy between experienced (Exp) and inexpe-
rienced (Inexp) individuals. Inexp individuals exhibited a 

Table 1  Generalized linear mixed-effects models (GLMMs) test-
ing the effect of experience on diverse foraging trip characteristics, 
trophic and spatial ecology parameters and environmental character-

istics of foraging areas of experienced (N = 11 ind.) and inexperi-
enced (N = 11 ind.) Cory’s shearwaters from Berlenga island, during 
the non-breeding period of November 2011–March 2012

To avoid pseudo-replication issues, the individual was used as a random effect, because there are several measures from the same tracked bird

Also shown the trophic signatures of individuals during the non-breeding (P8 feather) and breeding (P1 feather) periods

HR: home range, 95 % kernel UD; FA: foraging area, 50 % kernel UD

All values with P < 0.05 are marked in bold

Experienced Inexperienced GLMM P

Foraging trip characteristics

Departure date from the breeding colony 18 Oct ± 14 days 15 Oct ± 11 days F1,20 = 0.71 0.41

Arrival at the main non-breeding area 10 Dec ± 8 days 6 Dec ± 11 days F1,20 = 1.94 0.18

Departure from the main non-breeding area 28 Feb ± 6 days 7 Mar ± 5 days F1,20 = 5.46 0.03

Arrival at the breeding area 25 Mar ± 5 days 19 Mar ± 5 days F1,20 = 6.42 0.02

Mean No. of stopovers during migrations 1.9 ± 0.5 4.2 ± 0.9 F1,35 = 27.02 <0.001

Time spent on water (%) in daylight 58.2 ± 1.57 39.0 ± 2.02 F1,7684 = 10.85 0.001

Time spent on water (%) in darkness 61.1 ± 1.55 47.7 ± 2.09 F1,7684 = 19.64 <0.001

Landing rate (landings hour−1) in daylight 3.01 ± 0.56 4.12 ± 0.93 F1,8145 = 2.53 0.12

Landing rate (landings hour−1) in darkness 4.01 ± 0.41 5.03 ± 0.64 F1,8145 = 3.08 0.08

Mean sea surface temperature (SST, in situ) 16.4 ± 1.7 18.2 ± 0.7 F1,7989 = 15.20 <0.001

Spatial ecology parameters

HR overlaps within groups (%) 86.2 ± 8.3 41.3 ± 6.2 F1,20 = 23.56 <0.001

FA overlaps within groups (%) 81.4 ± 3.2 38.5 ± 9.3 F1,20 = 29.11 <0.001

HR overlaps among groups (%) 43.1 ± 4.2 – –

FA overlaps among groups (%) 17.6 ± 5.2 – –

Trophic ecology

δ13C in P8 −15.5 ± 0.4 −17.4 ± 0.5 F1,20 = 14.99 0.001

δ15N in P8 13.9 ± 0.3 11.8 ± 0.5 F1,20 = 24.42 <0.001

δ13C in P1 −15.7 ± 0.4 −16.8 ± 0.8 F1,20 = 23.51 <0.001

δ15N in P1 14.5 ± 0.4 12.9 ± 0.8 F1,20 = 3.01 0.08



2285Mar Biol (2015) 162:2279–2289 

1 3

more explorative and offshore-oriented behaviour, in rela-
tion to the more consistent, and inshore foraging strategy of 
Exp conspecifics.

Migratory routes and at‑sea behaviour

There was a clear difference in the migratory strategies 
presented by Exp and Inexp birds regarding their outgo-
ing route and non-breeding grounds. Outgoing routes from 
Inexp birds were marked by large detours and stopovers in 

different foraging areas, with non-breeding grounds some-
times located in different hemispheres. Exp birds presented 
less exploratory outgoing routes and less variation in their 
migratory grounds.

The activity levels differed considerably between groups 
of the population, with Exp individuals spending more time 
on the water during both the diurnal and nocturnal periods 
than Inexp birds. This trend was found for almost every 
month (the only exceptions were November and March), 
occurring equally during the breeding and non-breeding 
periods. To explain this pattern, it is important to remember 
the different migratory strategies of Exp and Inexp Cory’s 
shearwaters, which suggests that Inexp individuals (with at 
least 7–10 years of age; Mougin et al. 2000) might still be 
optimizing their foraging skills on how to best exploit their 
non-breeding grounds (Dias et al. 2011; Haug et al. 2015). 
Learning processes in seabirds have been suggested before, 
for instance in the foraging strategies of juvenile, imma-
ture and adult Scopoli’s shearwaters Calonectris diomedea 
(Peron and Grémillet 2013). Therefore, the differences in 

Fig. 1  Proportion of time spent in water (median, 25–75 % inter-
quartile range, non-outlier range) of experienced (blue) and inexperi-
enced (red) Cory’s shearwaters during a all day (24 h), b daylight and 
c darkness of the non-breeding (horizontal black bar) and breeding 
(grey horizontal bar) periods

Fig. 2  Home range (95 % kernel UD; lines) and core foraging areas 
(50 % kernel UD; filled polygons) of experienced (blue) and inexperi-
enced (red) Cory’s shearwaters from Berlenga Island (black star) dur-
ing the non-breeding period of 2011–2012. Arrows represent the main 
movements of both groups
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activity found between Exp and Inexp individuals could 
be explained by the combination of two aspects: (1) the 
already established, high-productivity non-breeding 
grounds and foraging areas of Exp birds, which allows 
them to spend less time flying while looking for food and 
(2) the increased exploratory behaviour (and consequently, 

flight time) of Inexp individuals, which reduces the amount 
of time spent on the water. In accordance with this, Peron 
and Grémillet (2013) found that when compared to juvenile 
and immature individuals, adult birds (i.e. >10-year-old 
individuals) foraged over comparatively higher productive 
habitats (higher CHL and lower SST) during the non-
breeding stage. It is important to highlight that this reason-
ing, despite largely based on the migratory behaviour of 
each group during the non-breeding period, might be also 
valid during the breeding season. In a recent study, Haug 
et al. (2015) analysed the differences in foraging strategies 
by Exp and Inexp (as defined in this study) Cory’s shear-
waters breeding in Berlenga Island. These authors reported 
a general tendency for longer foraging trips by Inexp birds 
(in both distance and time), while Exp birds tended to for-
age in more inshore areas, therefore flying over shorter 
distances. This would enable the birds to spend more time 
on the water surface, resting, preening and even foraging 
using the ‘sit-and-wait’ technique. However, an inverted 
pattern was observed during the main migratory periods 
(November and March), with Inexp birds spending more 
time on the water surface. This may be related to the fact 
that Inexp birds make more stopovers than Exp individuals, 
thus spending a comparatively higher amount of time on 
the water surface both during the southward and northward 
migratory movements.

Table 2  Estimates of model 
fit and relative contributions of 
the environmental variables to 
the MaxEnt models generated 
for the spatial distribution of 
experienced and inexperienced 
Cory’s shearwaters from 
Berlenga Island (mainland 
Portugal), during the non-
breeding period (November 
2011–March 2012)

Values above 10 % are highlighted in bold

AUC: area under the receiver operating curve; P.O.: probability of occurrence estimated by the MaxEnt 
model

Experienced Effect on the P.O. Inexperienced Effect on the P.O.

Test AUC (%) 94.3 – 81.3 –

Parameter contribution (%)

Bathymetry (BAT) 14.7 – 12.5 –

Sea surface temperature (SST) 19.5 – –

Chlorophyll a concentration (CHL) 8.2 + 3.5 +
Gradient in BAT (BATG) – 20.7 +
Gradient in SST (SSTG) 4.1 + 25.0 +
Gradient in CHL (CHLG) – –

Wind speed (WSPD) 4.0 + 32.4 +
Distance to land (DLAN) 49.5 – 5.9 –

Permutation contribution (%)

Bathymetry (BAT) 39.5 – 5.0 –

Sea surface temperature (SST) 11.1 – – –

Chlorophyll a concentration (CHL) 8.3 – 7.9 –

Gradient in BAT (BATG) – – 20.4 –

Gradient in SST (SSTG) 2.3 – 30.0 –

Gradient in CHL (CHLG) – – – –

Wind speed (WSPD) 4.3 – 36.7 –

Distance to land (DLAN) 34.5 – – –

Table 3  Percentage of overlap of the 50 % kernel UD of experienced 
and inexperienced Cory’s shearwaters from Berlenga Island

Italicized values depict the non-breeding period

Month Percentage of overlap

Exp × Inexp Experienced Inexperienced

January 11.4 78.2 22.4

February 10.5 81.1 24.3

March 14.2 82.7 29.8

April 33.6 80.9 40.2

May 40.3 83.7 47.4

June 57.9 85.3 54.5

July 69.8 89.3 69.0

August 90.5 94.1 77.0

September 82.5 89.5 70.9

October 55.2 87.7 52.5

November 31.0 84.3 32.9

December 15.1 81.2 23.1
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Spatial ecology

The results of habitat modelling determined that wind 
speed (WSPD) was the primary environmental variables 
influencing the distribution of Inexp birds during the non-
breeding phase, while Exp birds were less influenced 
by this variable. As proposed by previous studies, wind 
parameters may have a significant local-scale influence 
on foraging strategies of seabirds (Navarro and González-
Solís 2009), as well as on the choice of migratory routes 
for non-breeding areas (González-Solís et al. 2009). This 
may happen due to different reasons, such as to minimize 
the instantaneous energy expenditure related to long flights, 
or even to forage on wind-stricken areas, where the ocean 
turnover allows for easier prey. The fact that Inexp birds 
were positively influenced by wind speed is also relevant, 
since the effective use of wind can enable and/or facilitate 
the exploratory behaviour of birds during their early years 
and through the first breeding seasons, adding to proposed 
‘knowledge base’ and learning processes occurring in juve-
nile and young individuals (Riotte-Lambert and Weimer-
skirch 2013).

Despite the high variability for the migratory behaviour 
of Inexp birds, the general picture showed that two areas 
were most frequently exploited as non-breeding grounds 
by both Exp and Inexp birds: South of Brazil, influenced 
by the Southern branch of the Brazil Current and South 
Africa, influenced by the Benguela and Agulhas currents. 
These generally neritic areas (i.e. low BAT) are known for 
being associated with major upwelling phenomena, pre-
senting low SST values, persistent frontal regimes (i.e. 

BATG and SSTG) and consequently high rates of primary 
production (Longhurst 2010), and provide high-quality for-
aging grounds for several marine top predators, including 
seabirds (Grémillet et al. 2008; Ramírez et al. 2013). The 
fact that none of these areas were exclusive to either Exp or 
Inexp individuals indicates that, even though different expe-
rience levels can affect the choice of migratory routes, the 
final destination of each bird is more likely related to the 
environmental characteristics of each area.

Trophic ecology

In the ocean, the baseline isotopic landscapes (i.e. isoscapes) 
vary geographically (Somes et al. 2010), which directly 
shapes the trophic niche of prey inhabiting a specific loca-
tion (Navarro et al. 2013) and predators feeding on those 
prey (Quillfeldt et al. 2005). These baseline differences 
associated with the spatial segregation among Exp and Inexp 
individuals might have been the drivers of the trophic segre-
gation (specially for the nitrogen isotopic values). Neverthe-
less, both groups were isotopically segregated even during 
periods when birds were foraging in practically the same 
regions (i.e. during the breeding period), but possibly feed-
ing on prey from different trophic levels (Votier et al. 2010). 
Carbon isotopic values usually segregate consumers feeding 
habits in coastal environments (more enriched) from pelagic 
habitats (more depleted; Quillfeldt et al. 2005). The exploi-
tation of pelagic areas by Inexp birds might have shaped the 
lower carbon signature of their primary eight feather, which 
moulted during the non-breeding phase, and thus segregated 
isotopically from their Exp conspecifics.

Fig. 3  Isotopic niche area based on stable isotope ratios (δ13C and 
δ15N) in feathers P1 (breeding) and P8 (non-breeding) of experienced 
(blue dots) and inexperienced (red dots) tracked Cory’s shearwaters. 

The standard ellipses areas (SEAc) are represented by the solid bold 
lines (see (Jackson et al. 2011) for more details on these metrics of 
isotopic niche width)
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Concluding remarks

This study shows spatial segregation of Cory’s shearwa-
ters, related to experience, while providing some insight 
into the occurrence of the previously proposed learning 
period of seabirds (Nevoux et al. 2007; Riotte-Lambert and 
Weimerskirch 2013; Le Vaillant et al. 2013), and the effects 
of this period on the foraging behaviour of Exp and Inexp 
breeders. The non-breeding distribution of Exp individuals 
was mostly coastal, with straightforward migratory routes, 
few foraging areas and (possibly) a diet based on higher-
trophic-level prey. Inexp individuals showed a much more 
pelagic behaviour, with a non-breeding spatial distribution 
marked by long migratory journeys, several non-breeding 
grounds, and feeding strategy based on prey located on 
lower trophic levels. These agree with previous studies 
on the foraging ecology of seabirds (e.g. Quillfeldt et al. 
2005; Weimerskirch et al. 2014), and allow us to conclude 
that experience plays an important role in determining the 
occurrence of spatial segregation in Cory’s shearwater, and 
is a trait that should not be considered by itself, but added 
to a much larger pool of influencing variables. Recently, 
Peron and Grémillet (2013) provided evidence of an age-
related effect on the migratory behaviour, foraging strate-
gies and habitats used by juvenile (first-time breeders), 
immature (4–6 years old) and adult (>10 years old) Scopo-
li’s shearwaters, with foraging strategies and oceanographic 
preferences along the migratory pathways evolving with 
age/experience. Future research should address the forag-
ing choices of Cory’s shearwaters during the above-men-
tioned life stages, which is imperative to assess differential 
exposure to at-sea threats.
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