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isotopic niche is an important characteristic of this popula-
tion during the breeding period that may fluctuate depend-
ing on resources availability and should be important to 
understand the dynamics of foraging ecology of pelagic 
seabirds in general.

Introduction

The ecological niche of a population is a fundamental 
concept in ecology, but there are several niche concepts, 
each of which emphasizing a different aspect of a species’ 
ecological characteristics (see Newsome et  al. 2007 for a 
review). In terms of diet, generalist populations typically 
exhibit higher niche variation than more specialized popu-
lations due to a higher degree of diet variation (Van Valen 
1965; Bolnick et al. 2007), which can arise within a single 
population via foraging plasticity among its individuals, 
resulting in resource use diversity (Svanbäck and Bolnick 
2007). Foraging strategies of individual birds can dif-
fer substantially, and individuals of the same species may 
use different resources (Weimerskirch et  al. 2005), result-
ing in the exploitation of different niches, which could be 
consistent within individuals over time (see Bolnick et al. 
2003 for a review). Accordingly, there has been a recent 
increase in studies of individual consistency in the foraging 
niche within populations (e.g. Bearhop et  al. 2006; Votier 
et  al. 2010), suggesting that some individuals have a nar-
row foraging niche (i.e. individuals use a subset of their 
population’s niche), helping to reduce intra-specific com-
petition (Svanbäck and Bolnick 2007; Matich et al. 2011; 
Ceia et  al. 2012). Fluctuations on consistency in the for-
aging niche at the individual level have been described in 
species such as perches Perca fluviatili (Svanbäck and Pers-
son 2004), sea otters Enhydra lutris (Tinker et  al. 2008) 
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and Brünnich’s guillemots Uria lomvia (Woo et al. 2008), 
apparently related to temporal changes in the predictabil-
ity of resources, although Ceia et al. (2014) did not found 
apparent fluctuations on consistency of yellow-legged gulls 
Larus michahellis between 2 years of contrasting diet and 
foraging patterns despite their high consistency in the feed-
ing ecology. Here, we expect to assess inter-annual and 
seasonal variation in the consistency of isotopic niche (as 
a proxy of foraging niche) of a pelagic seabird species, the 
Cory’s shearwaters Calonectris diomedea borealis.

During the breeding season, Cory’s shearwaters are 
central place foragers capable of travelling distances up 
to 5,500  km (Magalhães et  al. 2008) in a single foraging 
trip. Such long trips, however, are more expected in oce-
anic (i.e. typically lower productive regions) than in neritic 
(i.e. typically higher productive regions) areas, because 
of higher prey patchiness and prey distribution along the 
neritic-oceanic marine productivity gradient (Paiva et  al. 
2010). Similarly, longer trips are relatively more frequent 
during the early stages of the breeding season, pre-laying 
and incubation periods, than during later stages, the chick-
rearing period, when birds must forage within a shorter 
range in order to provide food for their chicks (Paiva et al. 
2010, 2013b), which is mainly composed on fish and ceph-
alopods (Xavier et  al. 2011; Neves et  al. 2012). Recent 
studies demonstrated relationships between geographic 
locations and stable isotope signatures for marine predators 
(e.g. Cherel and Hobson 2007; Phillips et al. 2009; Jaeger 
et al. 2010); thus, we should expect that a higher variation 
in the foraging spatial distribution among individuals from 
the same population would lead to a wider isotopic niche 
of such population. Given their wide range in foraging 
patterns according to the breeding stage, prey abundances 
and oceanographic conditions (Paiva et al. 2013a), Cory’s 
shearwaters are a good model species to evaluate spatial 
variations at sea and isotopic niche width and investigate 
for fluctuations on consistency in the isotopic niche within 
and among individuals. Concurrently, foraging niche of 
a population is poorly studied, particularly concerning 
pelagic seabirds. Classical tools (e.g. conventional die-
tary analyses and census at sea) have been widely used to 
describe the foraging niche of pelagic seabirds but an accu-
rate assessment of spatial distribution at sea and trophic 
ecology of seabirds only recently was possible through the 
use of recent technology such as tracking devices and sta-
ble isotope analyses (e.g. Weimerskirch et al. 2002; Bear-
hop et al. 2004; Cherel et al. 2005b).

In this study, we used individual movement data (GPS 
tracking) and isotopic signature (δ13C and δ15N) from blood 
of Cory’s shearwater breeding adults, separated into plasma 
and cells, to evaluate short-term consistency (within about 
1 month) in the isotopic niche of individuals along 3 years 

(2010–2012), during both the pre-laying and chick-rearing 
periods. We tested for fluctuations on short-term consist-
ency in the isotopic niche of individuals among years and 
between breeding periods with markedly different foraging 
patterns. Specifically, we predicted fluctuations in short-
term consistency in the isotopic niche of Cory’s shearwa-
ters within a population, since they are able to show large 
variations in spatial distribution at sea and isotopic niche 
width.

Materials and methods

Fieldwork was conducted in Berlenga Island, Portugal 
(39°24′N, 009°30′W), during the pre-laying (April–May) 
and chick-rearing (August–September) periods of Cory’s 
shearwaters along 2010, 2011 and 2012. A population of 
about 1,000 breeding pairs of Cory’s shearwaters is esti-
mated to breed in Berlenga Island, a small neritic island of 
ca. 78.8 ha, and adjacent rocky islets (Lecoq et al. 2011), 
about 11 km off the western Portugal coast. This island is 
situated within a large continental shelf characterized by 
shallow waters and high marine productivity due to the 
coastal upwelling that lasts from April to September (Sousa 
et al. 2008).

Sample collection

A total of 69 breeding adults were sampled along 2010, 
2011 and 2012 (pre-laying period: five males and 5 females, 
7 males and 1 female, 11 males and 1 female, respectively; 
chick-rearing period: 9 males and 10 females, 8 males and 
3 females, 7 males and 2 females, respectively). Repeated 
measures of 17 individuals were performed in different sea-
sons, but all birds were sampled only once within a sea-
son to avoid overlap between the sampling events. A GPS 
logger was deployed on each bird and removed after 1–18 
foraging trips at sea (details of the devices below). Blood 
samples (0.5–1  ml from the tarsal vein) were collected 
from each bird on recapture using 27G needles and, within 
2–3  h, separated into plasma and red blood cells (RBC) 
using a centrifuge (15  min at 2,910  g). Haematocrit was 
recorded as the proportion of RBC in total blood volume, 
and samples were then stored frozen until preparation for 
stable isotope analyses. Captured birds were ringed, and 
wing and tarsus-lengths were measured and weighed both 
on capture and recapture. In addition, a total of 65 nests 
including the nests of all sampled birds were monitored 
twice, in May and late September, to determine laying and 
fledging success, respectively. Deployment or retrieval of 
devices and collection of blood samples took 10–15  min, 
and birds were returned immediately to their nest.
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Tracking data collection

Each individual bird was fitted with a GPS logger (CatT-
raq GT-120, Perthold Engineering LLC). The plastic case 
was removed and replaced by a 7-cm-long thermo-retrac-
tile rubber sleeve reducing the total weight to 17  g. This 
corresponded to 1.7–2.6  % of studied individuals’ mass, 
which is below the recommended 3  % threshold reported 
to have no deleterious effects on seabird species during 
short-term (Phillips et al. 2003; but see Vandenabeele et al. 
2012), including Cory’s shearwaters (Igual et  al. 2005). 
The GPS loggers were attached to feathers in the mantle 
region with Tesa® tape and set to record position (median 
error of <10 m) every 5 min. Birds locations were recorded 
continuously from 1 to 19 days (10.3 ± 4.7 days).

Stable isotope analyses (SIA)

Stable isotope analyses of carbon and nitrogen were per-
formed to estimate and compare isotopic niche width 
among years and between periods (Bearhop et  al. 2004; 
Newsome et  al. 2007; Jackson et  al. 2011). Carbon sta-
ble isotope value (δ13C) mainly reflects the carbon source 
(food and habitat type) of consumers, while nitrogen stable 
isotope value (δ15N) is mainly used to define trophic posi-
tion of consumers (Newsome et al. 2007). Plasma and RBC 
retain information on diet from a few days prior to sam-
ple collection (hence, plasma reflects choices made during 
the tracking period), up to the previous 3–4 weeks, respec-
tively. Because of the differing turnover rates of plasma and 
RBC, we were able to investigate the effect of short-term 
consistency in the isotopic niche (Votier et  al. 2010; Ceia 
et al. 2012). We analysed δ13C (‰) and δ15N (‰) in plasma 
and RBC from each breeding adult sampled and tracked. 
Samples were freeze-dried and homogenized prior to SIA. 
Because high lipid concentrations in plasma can lead to 
depleted 13C values, lipids were removed using succes-
sive rinses in a 2:1 chloroform–methanol solution (Cherel 
et  al. 2005a). We did not control for possible changes in 
plasma δ15N values after lipid extraction; lipid extraction 
generally does not affect plasma δ15N values (Cherel et al. 
2005b), although some studies reported slight differences 
(both increased and decreased values) after lipid removal 
in whole blood (Bearhop et al. 2000; Cherel et al. 2005a). 
Hence, plasma δ15N values in the present study might be 
somewhat over- or sub-estimated. Nitrogen and carbon iso-
tope values were determined via Finnigan conflo II inter-
face to a Thermo Delta V S mass spectrometer coupled to 
a Flash EA1112 Series elemental analyser using analysis 
of acetanilide STD (Thermo scientific-PN 338 36700) as a 
calibration standard. Approximately 0.3 mg of each sample 
was combusted in a tin cup for the simultaneous determina-
tion of nitrogen and carbon isotope values. Stable isotope 

values are present in the usual δ notation based on the Pee-
Dee Belemnite (PDB) for carbon and atmospheric N2 (Air) 
for nitrogen and expressed as ‰. δ13C (‰) or δ15N (‰) 
=  [(Rsample/Rstandard) − 1] × 1,000, where R =  13C/12C or 
15N/14N, respectively. Long-term performance of the mass 
spectrometer was monitored by analysis of secondary iso-
topic reference material (acetanilide STD: C and N con-
tents of 71.09 and 10.36  %, respectively) in every batch, 
indicating precision <0.2 ‰ for both δ13C and δ15N.

Breeding success and bird condition status

We determined laying success (number of eggs laid/num-
ber of nests) and breeding success (number of fledged 
birds/number of eggs laid) of Cory’s shearwaters, as prox-
ies of breeding condition among years. The standard resid-
uals of the relationship between body mass (mean between 
capture and recapture) and tarsus length (F1,67  =  104.1, 
P  <  0.001, r  =  0.598) were used to estimate body mass 
index of all sampled birds, an index primarily reflecting 
body lipid reserves (Sánchez-Guzmán et al. 2004), to eval-
uate whether breeding adults were in a similar body con-
dition. In addition, the haematocrit was calculated, which 
in conjunction with other physiological indicators such as 
body mass index, can be a useful indicator of the current 
condition status of the individuals (see Fair et al. 2007 for 
a review).

Data analysis

GPS data were separated into individual foraging trips 
by calculating the time from when the birds departed the 
colony until their return. GPS locations at the colony were 
excluded from analyses. Then, the relocations (between 
consecutive tracking points) were divided into search 
flights and active feeding versus travelling according to 
flight speed; according with Louzao et al. (2009), we only 
used GPS relocations, which exclusively represented the 
areas where Cory’s shearwaters were searching for food 
(10–15 km h−1) and active feeding (2–10 km h−1). Finally, 
a distance-to-colony filter of 2 km was applied, to remove 
relocations while flying over the colony before landing.

The nonparametric fixed kernel density (FKD) estima-
tor was used to calculate the 25, 50 and 75 % density con-
tour areas (km2), of each bird using functions (“kernelUD”, 
“getvolumeUD”, “getverticeshr” and “kernel.area”) of the 
adehabitat package (h  =  0.18º, grid  =  500  m; Calenge 
2006) under R 2.15.2 (R Development Core Team 2011). 
The intra-specific overlap in the estimated foraging range 
among individuals within each period was assessed fol-
lowing Fieberg and Kochanny (2005). The 25, 50 and 
75  % FKD overlaps were calculated for each bird using 
the function “kerneloverlap” of the adehabitat package 
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(meth  =  “VI”; Calenge 2006) under R 2.15.2. We also 
determined the maximum distance from colony (km) and 
geographic position at maximum distance from the colony 
(latitude and longitude) of each bird to investigate the effect 
of latitude, longitude and foraging range on isotopic niche.

To analyse stable isotope data in the context of isotopic 
niche among the periods, we adopted the recent metrics 
based in a Bayesian framework that allows robust com-
parison to be made among data sets comprising differ-
ent sample sizes (Stable Isotope Bayesian Ellipses in R: 
SIBER; Jackson et al. 2011; but see Syvaranta et al. 2013). 
The standard ellipse area corrected for small sample sizes 
(SEAc, an ellipse that contains 40 % of the data regardless 
of sample size) was adopted to compare niche width among 
years and between periods (see Jackson et  al. 2011 for 
more details). The Bayesian approximation of the stand-
ard ellipse area (SEAb) and the layman metric of convex 
hull area (TA; Layman et al. 2007) were also calculated as 
a measure of isotopic niche area, following Jackson et al. 
(2011). We used the computational code to calculate the 
metrics from SIBER using functions (“standard.ellipse”, 
“siber.ellipses” and “convexhull”) implemented in the 
package SIAR (stable isotope analyses in R: SIAR; Parnell 
et al. 2010) under R 2.15.2.

All foraging variables and SIA results were compared 
among periods using a Kruskal–Wallis test followed by 
multiple comparisons. To test for homogeneity of vari-
ances in both δ13C and δ15N, which provides a measure 
of trophic niche width (see Bearhop et  al. 2004 for more 
details), we used a Levene’s test. Similarly, a Levene’s test 
was used to test for the assumption of equal variances in 
foraging variables (25, 50 and 75  % FKD and maximum 
distance from colony) as a measure of variation in forag-
ing patterns. We only used individuals for which we have 
collected the essential information (tracking data and SIA 
simultaneously), to fulfil our objectives of focusing on 
the variability at individual level and not at the popula-
tion level. Thus, although the sample size in each sampling 
period (between 8 and 19 birds) could not provide reliable 
estimates of total home-range area and isotopic niche width 
of the whole population in each period (see Syvaranta et al. 
2013; Soanes et al. 2013), it should have a minor influence 
on the assessment of variability in isotopic niche and spa-
tial distribution at sea on the studied individuals in different 
periods (see Layman et al. 2007).

To obtain an estimate of short-term consistency in car-
bon source and trophic level, we regressed stable isotope 
values in plasma on those in RBC (Votier et al. 2010; Ceia 
et  al. 2012). We estimated correlation-based repeatability 
for Gaussian data to quantify the accuracy of these meas-
urements using function “rpt.corr” of the rptR package 
(nboot = 10,000, npermut = 10,000) under R 2.15.2. We 
used randomization tests to estimate the appropriate value 

of p (significance testing) for each regression (Nakagawa 
and Schielzeth 2010). Based on these results, we were able 
to evaluate short-term consistency in isotopic niche (i.e. 
shifts in trophic level and carbon source) in the different 
periods and tested for fluctuations in consistency presum-
ably associated with spatial distribution at sea and isotopic 
niche width during the study period.

All data were tested for normality and homoscedasticity; 
foraging area (25, 50 and 75 FKD) and maximum distance 
from the colony were log10-transformed to assess relation-
ships among the six studied periods, and proportions were 
arcsine transformed. When transformation did not normal-
ize the data, nonparametric tests were used. Values are pre-
sented as mean ± SD.

Results

Spatial distribution at sea

From 2010 to 2012, we documented a total of 394 forag-
ing trips by 69 individuals. The longest trip recorded in 
terms of duration was 19 days during the 2012 pre-laying 
period and the farthest trip distanced 3,236  km from the 
colony (trip length = 7,135 km) during the 2011 pre-lay-
ing period (Fig.  1). Although birds explored a larger area 
(25, 50 and 75 % FKD) during the pre-laying period than 
during the chick-rearing period in both 2011 and 2012, dif-
ferences among all periods were only significant at 75 % 
FKD (Kruskal–Wallis test: H5,69 = 12.2, P = 0.033). Dur-
ing the 2011 pre-laying period, birds visited a larger area 
at 75 % FKD and showed highly significant differences in 
foraging trips at maximum distance from the colony and 
in longitude (see Table 1 for multiple comparisons). How-
ever, highly significant differences in the homogeneity of 
variance for areas explored among all periods at 25, 50 and 
75 % FKD (Levene’s test: all P < 0.01) indicate wide range 
of variances in the foraging area among the six periods, 
with a particularly high variance for the 2011 pre-laying 
period (Table 1). Differences were also found in the overlap 
in the estimated foraging areas at 25, 50 and 75  % FKD 
among all periods (Kruskal–Wallis test: all P < 0.01); spe-
cifically, the overlap among birds within each period was 
significantly greater during the 2012 chick-rearing period 
than in any other period for any percentage (25, 50 and 
75 % FKD) of overlap (Table 1).

Isotopic niche width

The δ13C and δ15N of Cory’s shearwaters’ plasma, which 
provides an indication of recent meals (i.e. during the 
tracking period), differed significantly among all periods 
(Kruskal–Wallis test: all P  <  0.01), with overall higher 
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δ13C values during the chick-rearing period than during the 
pre-laying period (see Table 2 for multiple comparisons). 
However, we highlight that Cory’s shearwaters exhibited 
substantial differences among all periods in the homo-
geneity of variances for both δ13C and δ15N of plasma 

(Levene’s test: all P  < 0.001), which provides a measure 
of trophic niche width (see Bearhop et al. 2004). A wide 
range of variances in both δ13C and δ15N of plasma and 
RBC suggest a variable isotopic niche width among peri-
ods. Specifically, SEAc index indicates a greater isotopic 

Fig. 1   GPS locations showing spatial distribution during foraging 
trips of Cory’s shearwaters (Calonectris diomedea) breeding in Ber-
lenga Island during the pre-laying and chick-rearing periods in 2010, 
2011 and 2012 (pre-laying: n  =  10, 8 and 12, respectively; chick-

rearing: n = 19, 11 and 9, respectively). The dashed lines connecting 
the mid-Atlantic Ocean to Berlenga represent part of long foraging 
trips that were lost due to battery loss



1866	 Mar Biol (2014) 161:1861–1872

1 3

Ta
bl

e 
1  

C
om

pa
ri

so
n 

of
 m

ea
ns

 (
K

ru
sk

al
–W

al
lis

 te
st

) 
an

d 
va

ri
an

ce
s 

(L
ev

en
e’

s 
te

st
) 

of
 f

or
ag

in
g 

pa
ra

m
et

er
s 

of
 C

or
y’

s 
sh

ea
rw

at
er

s 
(C

al
on

ec
tr

is
 d

io
m

ed
ea

) 
br

ee
di

ng
 in

 B
er

le
ng

a 
Is

la
nd

 d
ur

in
g 

th
e 

pr
e-

la
yi

ng
 (

PL
) 

an
d 

ch
ic

k-
re

ar
in

g 
(C

R
) 

pe
ri

od
s 

in
 2

01
0,

 2
01

1 
an

d 
20

12

V
al

ue
s 

ar
e 

m
ea

n 
±

 S
D

. S
ig

ni
fic

an
t r

es
ul

ts
 a

re
 in

 b
ol

d.
 I

de
nt

ic
al

 s
up

er
sc

ri
pt

 le
tte

rs
 in

di
ca

te
 s

ig
ni

fic
an

t d
if

fe
re

nc
es

 b
et

w
ee

n 
pe

ri
od

s 
(m

ul
tip

le
 c

om
pa

ri
so

ns
)

h 
=

 0
.1

8º
20

10
20

11
20

12
K

ru
sk

al
–W

al
lis

 te
st

L
ev

en
e’

s 
te

st

PL
 (

n 
=

 1
0)

C
R

 (
n 

=
 1

9)
PL

 (
n 

=
 8

)
C

R
 (

n 
=

 1
1)

PL
 (

n 
=

 1
2)

C
R

 (
n 

=
 9

)
H

(5
,6

9)
P

F
(5

,6
3)

P

M
ea

n 
25

 %
 F

K
D

 
(k

m
2 )

2,
18

9 
±

 2
,2

75
2,

41
4 

±
 1

,4
50

2,
42

4 
±

 2
,1

36
1,

75
9 

±
 7

16
1,

91
4 

±
 2

,1
61

1,
37

9 
±

 6
85

7.
4

0.
19

3.
6

0.
00

7

M
ea

n 
50

 %
 F

K
D

 
(k

m
2 )

6,
33

1 
±

 6
,5

65
6,

89
8 

±
 4

,5
36

11
,0

62
 ±

 1
0,

65
2

4,
65

0 
±

 1
,9

05
6,

03
1 

±
 7

,6
53

3,
98

1 
±

 2
,8

77
9.

7
0.

08
5.

4
<0

.0
01

M
ea

n 
75

 %
 F

K
D

 
(k

m
2 )

15
,8

30
 ±

 1
6,

72
2

15
,7

24
 ±

 1
13

31
a

39
,8

82
 ±

 4
69

63
ab

9,
89

8 
±

 4
08

0b
13

,4
33

 ±
 1

8,
55

4
8,

70
8 

±
 6

,7
54

12
.2

0.
03

3
4.

6
0.

00
1

M
ea

n 
m

ax
 d

is
ta

nc
e 

fr
om

 c
ol

on
y 

(k
m

)
34

1.
4 

±
 3

80
.7

a
45

5.
9 

±
 4

78
.8

b
1,

51
0.

2 
±

 1
,2

33
.7

ab
cd

20
2.

4 
±

 1
36

.0
c

42
3.

2 
±

 8
36

.4
14

7.
2 

±
 8

6.
2d

16
.0

0.
00

7
10

.2
<0

.0
01

25
 %

 F
K

D
 o

ve
rl

ap
 

(%
)

4.
5 

±
 3

.2
a

5.
3 

±
 2

.3
b

3.
2 

±
 2

.5
c

3.
7 

±
 2

.2
d

3.
7 

±
 2

.8
e

9.
7 

±
 3

.3
ab

cd
e

18
.8

0.
00

2

50
 %

 F
K

D
 o

ve
rl

ap
 

(%
)

13
.3

 ±
 7

.5
a

13
.3

 ±
 3

.7
b

9.
8 

±
 6

.1
c

12
.4

 ±
 5

.8
d

11
.7

 ±
 7

.6
e

24
.7

 ±
 4

.8
ab

cd
e

22
.2

<0
.0

01

75
 %

 F
K

D
 o

ve
rl

ap
 

(%
)

22
.2

 ±
 1

1.
5a

22
.2

 ±
 5

.2
bc

15
.5

 ±
 9

.0
bd

26
.2

 ±
 1

0.
5e

22
.0

 ±
 1

3.
3f

41
.8

 ±
 6

.3
ac

de
f

27
.2

<0
.0

01

L
at

itu
de

 (
° 

at
 m

ax
 

di
st

an
ce

)
38

.3
 ±

 1
.5

40
.0

 ±
 2

.4
39

.9
 ±

 2
.3

40
.3

 ±
 2

.0
39

.8
 ±

 4
.0

38
.3

 ±
 1

.1
8.

9
0.

11

L
on

gi
tu

de
 (

° 
at

 m
ax

 
di

st
an

ce
)

−
12

.4
 ±

 4
.6

a
−

13
.7

 ±
 5

.9
bc

−
26

.8
 ±

 1
5.

3ab
de

−
9.

1 
±

 0
.6

 cd
−

13
.6

 ±
 9

.7
−

9.
4 

±
 0

.3
e

22
.1

<0
.0

01



1867Mar Biol (2014) 161:1861–1872	

1 3

niche width during the 2011 pre-laying period and a lower 
isotopic niche width in the 2012 chick-rearing period 
(Fig. 2).

Overall, SIA results matched those of foraging param-
eters: Along the six studied periods, we found signifi-
cant relationships between the isotopic niche width based 
on plasma and spatial distribution of birds; specifically, 
SEAc index was positive correlated with 50 % FKD area 
(F1,4  =  16.7, P  =  0.015, r2  =  0.807), 75  % FKD area 
(F1,4 = 11.0, P = 0.029, r2 = 0.734) and maximum distance 
from colony (F1,4 = 10.4, P = 0.032, r2 = 0.723). SEAb 
was positive correlated with 50  % FKD area (F1,4 =  9.6, 
P =  0.036, r2 =  0.707) and 75 % FKD area (F1,4 =  8.9, 
P =  0.040, r2 =  0.690). TA was positive correlated with 

25 % FKD area (F1,4 =  9.5, P =  0.037, r2 =  0.705) and 
50 % FKD area (F1,4 = 13.9, P = 0.020, r2 = 0.777).

Moreover, positive relationships were found between all 
isotopic niche width indices (SEAc, SEAb and TA) based 
on plasma, and the standard deviations of 25, 50, 75  % 
FKD and maximum distance from colony (all P  <  0.05), 
with relevance to the relationship between SEAc and 
50  % FKD standard deviation (F1,4  =  144.7, P  <  0.001, 
r2 = 0.973, Fig. 3), indicating a strong positive relationship 
between the variation in the area explored among individu-
als and isotopic niche width of the population. However, 
when split into both components of the isotopic niche (i.e. 
isotopic niche axis: trophic (δ15N) and foraging habitat 
(δ13C) components), these relationships were significant 

Table 2   Stable isotope values of carbon (δ13C) and nitrogen (δ15N) and C/N mass ratio in plasma of Cory’s shearwaters (Calonectris diomedea) 
breeding in Berlenga Island during the pre-laying (PL) and chick-rearing (CR) periods in 2010, 2011 and 2012

The area of the standard ellipse (SEAc), the Bayesian approximation of the standard ellipse area (SEAb) and the layman metric of convex hull 
area (TA) are also shown (see Jackson et al. 2011 for more details on these metrics of isotopic niche width). Values are mean ± SD. Significant 
results are in bold. Identical superscript letters indicate significant differences between periods (multiple comparisons)

2010 2011 2012 Kruskal– 
Wallis test

Levene’s test

PL (n = 10) CR (n = 19) PL (n = 8) CR (n = 11) PL (n = 12) CR (n = 9) H(5,69) P F(5,63) P

Plasma

δ13C (‰) −19.5 ± 1.2abc −18.1 ± 0.6ad −18.9 ± 0.8 −18.2 ± 0.3be −19.2 ± 0.4de −18.4 ± 0.2c 30.3 <0.001 13.3 <0.001

δ15N (‰) +13.8 ± 0.8 +13.4 ± 0.6 +13.6 ± 1.4 +14.3 ± 0.4a +13.6 ± 1.1 +12.8 ± 0.2a 17.3 0.004 8.1 <0.001

C/N mass 4.28 ± 0.22 3.51 ± 0.10 3.50 ± 0.19 3.51 ± 0.08 4.12 ± 0.36 3.60 ± 0.09

SEAc 1.37 0.85 2.34 0.26 1.50 0.12

SEAb 2.49 1.24 3.21 0.95 2.08 0.90

TA 1.95 2.25 3.44 0.41 2.57 0.20

RBC

δ13C (‰) −18.3 ± 0.7 −18.8 ± 0.5 −18.5 ± 0.6 −18.5 ± 0.2 −18.5 ± 0.4 −18.6 ± 0.2 5.7 0.34 5.3 <0.001

δ15N (‰) +12.6 ± 0.8 +12.8 ± 0.5 +12.5 ± 0.9a +13.5 ± 0.2ab +13.0 ± 0.8 +12.4 ± 0.2b 20.5 0.001 4.1 0.003

SEAc 1.11 0.46 1.48 0.13 0.71 0.16

SEAb 1.89 0.92 2.25 0.79 1.44 0.91

TA 1.88 1.26 2.25 0.26 1.59 0.23

Fig. 2   Isotopic niche area 
based on stable isotope values 
(δ13C and δ15N) in plasma of 
Cory’s shearwaters (Calonectris 
diomedea) breeding in Berlenga 
Island during the pre-laying and 
chick-rearing periods in 2010 
(black), 2011(red) and 2012 
(green). The area of the standard 
ellipses (SEAc, 40 % credible 
interval) was represented by the 
solid bold lines (ellipses), and 
the layman metric of convex 
hull area (TA) by black dotted 
lines (see Jackson et al. 2011 for 
more details on these metrics of 
isotopic niche width)
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with δ15N standard deviation (all P  <  0.05), but not with 
δ13C standard deviation (all P  >  0.05). This suggests that 
variations in the trophic level had a higher influence in 
driving the relationship between variation in the foraging 
range (GPS data) and isotopic niche width (SEAc, SEAb 
and TA), than variations in the foraging habitat.

Short‑term consistency in the isotopic niche

Dissimilar patterns in short-term consistency in the iso-
topic niche of Cory’s shearwaters were detected among 

years and between breeding periods. Positive significant 
relationships were found in δ15N and in δ13C between 
RBC and plasma of individual adults during both the 
pre-laying and chick-rearing periods (Fig.  4), suggest-
ing short-term consistency during specific periods where 
relationships were detected. However, some differences 
were detected among the six sampling periods. Specifi-
cally, significant positive relationships were found in 
δ15N and in δ13C during the pre-laying period in 2010, 
2011 and 2012, except for δ13C in 2011. On the other 
hand, during the chick-rearing period, these relation-
ships were not detected in 2012 for both δ15N and δ13C. 
Overall, these results suggest a main high short-term 
consistency in the isotopic niche within the population, 
but with exceptions such as those during the 2011 pre-
laying and 2012 chick-rearing periods. Interestingly, the 
lack of consistency in these two periods matched the 
highest and lowest values of isotopic niche width, spatial 
distribution at sea and overlap in the estimated foraging 
range.

Breeding success and bird condition status

No significant differences were detected in body mass 
index and haematocrit values of Cory’s shearwaters among 
the six periods (Table  3). However, laying success and 
breeding success of Cory’s shearwaters on Berlenga dif-
fered significantly among years (Table 3); both were higher 
in 2012 than in the other 2 years.

Fig. 3   Relationship between 50 % FKD (fixed kernel density, km2) 
standard deviation and area of the standard ellipse (SEAc) based on 
plasma for the six sampling periods of Cory’s shearwaters (Calonec-
tris diomedea) breeding in Berlenga Island

Fig. 4   Relationships in δ15N 
(upper panel) and δ13C (lower 
panel) between red blood cells 
(RBC) and plasma of Cory’s 
shearwaters (Calonectris 
diomedea) breeding in Berlenga 
Island during the pre-laying (left 
panel) and chick-rearing (right 
panel) periods in 2010, 2011 
and 2012
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Discussion

Cory’s shearwater is dimorphic in size and bill dimensions 
(Granadeiro 1993, Ramos et  al. 2009), suggesting pos-
sible at-sea foraging differences between sexes. Although 
the sex of sampled birds was identified in this study, the 
number of males sampled was much higher than the num-
ber of females, with the exception of 2010 (see “Materi-
als and methods”). During some periods, only one female 
was sampled, and thus, we focused in the pooled data 
to test our hypothesis. However, we recognize that the 
degree of sexual differences can vary over time reflecting 
greater between-sex partitioning of resources when forag-
ing ranges are more constrained and competition is greater 
(Phillips et al. 2011). Therefore, as we did not control for 
potential differences between males and females, our con-
clusions could be biased towards sex, although our focus 
was the inter-individual variability within the same popula-
tion over the study period.

During the present study, Cory’s shearwaters presented a 
great foraging plasticity between the pre-laying and chick-
rearing periods, as expected and demonstrated before in 
other studies (Navarro et al. 2007; Paiva et al. 2010). How-
ever, the variability in foraging patterns also varied within 
periods and was greater in the 2011 pre-laying period 
and minor in the 2012 chick-rearing period. Interestingly, 
among other very long trips, we recorded an extraordinary 
trip that distanced 3,236 km from the colony in the 2011 
pre-laying period (also see Paiva et al. 2013b). Such long 
trips are expected from populations breeding in oceanic 
islands (e.g. Magalhães et  al. 2008 documented a mean 
maximum distance from the colony of 1,570  km during 
long trips of birds breeding in the eastern Azores, North 
Atlantic), but much less common for neritic areas such as 
Berlenga Island. The dramatic variation in the distribu-
tion and foraging behaviour of Cory’s shearwaters during 
the 2011 pre-laying period (in relation to the other studied 
periods) should be attributed to a large-scale environmental 
variation determining a low abundance of pelagic fish prey 
along the Portuguese neritic system (Paiva et al. 2013a, b).

As expected, our results indicate generally positive sig-
nificant relationships between the isotopic niche width 
(SEAc, SEAb and TA) and spatial distribution at sea (25, 
50 and 75 % FKD area and maximum distance from col-
ony) of Cory’s shearwaters. Accordingly, when birds for-
aged farther from the colony, the isotopic niche also tended 
to expand. However, we highlight the strong relationships 
of variation in the foraging area among individuals with 
their isotopic niche width along the six periods, which are 
less influenced than previous parameters by sample size; 
low standard deviation values in the area explored (25, 
50 and 75  % FKD and maximum distance from colony) 
were related with more even distribution of isotopic niches Ta
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(SEAc, SEAb and TA), which suggests that an increased 
variation in the spatial distribution at sea can lead to iso-
topic niche expansion of Cory’s shearwaters. Although 
these results are in line with our predictions, our study con-
sidered similar isoscapes during the different periods and 
years throughout the foraging area used by Cory’s shearwa-
ters, limiting our conclusions regarding this issue. There-
fore, it is not possible to know precisely, without analysis 
of base prey species over time and space, whether a wider 
isotopic niche during period “x” than during period “y” 
represents a wider dietary/trophic niche, or the same diet 
collected in areas or periods with different isotope base-
line. However, it must be stressed that currently available 
isotopic landscapes in the NE Atlantic are fairly homogene-
ous, and seasonal changes in baseline δ15N values for the 
North Atlantic are markedly lower than changes detected in 
our study (Montoya et  al. 2002). Our results indicate that 
variations in the trophic level (i.e. in δ15N), and not varia-
tions in the foraging habitat (i.e. in δ13C), influenced sig-
nificantly the observed relationship between variation in 
the foraging range and isotopic niche width. Although we 
cannot corroborate this hypothesis, this result suggests 
that isotopic niche expansion of the population might be 
attributed to greater diet diversity within the population, 
as a consequence of a higher variation in the area explored 
among individuals. These results are in line with commu-
nity-wide metrics of trophic structure described by Layman 
et  al. (2007) that relate wider trophic niche for a species 
to a greater amount of trophic diversity among individu-
als. Overall, as expected, our study suggests that a given 
population with more variability in spatial distribution at 
sea among its members shows wider isotopic niche than 
the same population with less variability in foraging areas 
among individuals. The reasons for this are not clear but 
our data suggest that changes in trophic position, arising for 
example from dietary changes, are the most likely causes.

Niche variation among individuals may have several 
implications affecting whole population dynamics (Bol-
nick et al. 2011), including the individual specialization in 
the specific resources used (Svanbäck and Bolnick 2007; 
this study). Our results documented short-term consist-
ency (within about 1 month) in the isotopic niche of Cory’s 
shearwaters in four out of six periods, which highlights 
individual preferences among birds during these periods, as 
demonstrated in other species such as albatrosses (Weimer-
skirch et  al. 2005), guillemots (Woo et  al. 2008), gannets 
(Votier et  al. 2010), skuas (Votier et  al. 2004) and gulls 
(Ceia et al. 2014). Interestingly, in two periods, the short-
term consistency in the isotopic niche of Cory’s shearwa-
ters was not verified. Specifically, during the 2011 pre-lay-
ing period, no relationship was detected in δ13C between 
RBC and plasma of individual adults, and during the 2012 
chick-rearing period, no relationships were detected either 

in δ15N and δ13C. Bolnick et  al. (2010) found that indi-
vidual and population niche widths are decoupled; in fact, 
our results suggested a lack of short-term consistency (i.e. 
the variation within individuals was greater than variation 
among individuals) when population isotopic niche width 
was highest (2011 pre-laying period) and smallest (2012 
chick-rearing period), indicating that individual consist-
ency in resources use of Cory’s shearwaters may fluctuate 
over time (i.e. among years and periods). In the 2011 pre-
laying period, birds performed very long trips and did not 
show short-term consistency in carbon source, most proba-
bly because previous trips were presumably not in the same 
area due to anomalies at very large scales (Weimerskirch 
2007), which mainly influences the geographic distribu-
tion of δ13C in marine pelagic systems (Cherel and Hobson 
2007). On the other hand, in the 2012 chick-rearing period, 
birds performed shorter trips with high overlap in foraging 
areas among birds, resulting in less variance among indi-
viduals. Because they probably preyed on the same few 
but presumably superabundant resources during the 2012 
chick-rearing period, the population isotopic niche width 
tended to be narrower than if they preyed on a broad spec-
trum of items (Bearhop et al. 2004).

Fluctuations on consistency may be related to temporal 
changes in the availability and predictability of resources 
(Svanbäck and Persson 2004; Woo et  al. 2008). Although 
we have no data on prey availability and distribution, our 
results suggested a role for differences in the availability 
of resources because birds varied their individual foraging 
strategies among years and periods leading to fluctuations 
in short-term consistency, particularly during the 2011 
pre-laying and the 2012 chick-rearing periods. Moreover, 
our data showed a small breeding participation in 2011, in 
opposition to 2012, suggesting contrasting breeding condi-
tions that could be derived by food availability. We found 
no evidence that condition status of birds was affected 
among years and periods; however, it is believed that shear-
waters present a fixed investment, which means that they 
increase the foraging effort to maintain their body condi-
tion and reduce parental investment, with a consequent 
reduction in breeding success (Navarro and González-
Solís 2007). Apparently, birds preferred to forage farther 
in the 2011 pre-laying period because of lack of resources 
around the colony in contrast with the 2012 chick-rearing 
period, when birds preferred to forage in adjacent areas 
to the colony. A lower abundance of foods might favour 
niche width expansion of a single population via greater 
between-individual variation, because some individuals can 
shift their diet pursuing different resources (Svanbäck and 
Bolnick 2007; Bolnick et al. 2010; Ceia et al. 2014). Our 
results matched with this hypothesis because the Cory’s 
shearwater isotopic niche width was smaller in the 2012 
chick-rearing period (corroborated with a higher overlap in 
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the foraging area) possibly attributed to high abundance of 
food resources, in contrast with the 2011 pre-laying period. 
During all other periods, short-term consistency in the iso-
topic niche (i.e. greater variation among individuals than 
within individuals) of Cory’s shearwaters was relatively 
high and persistent. In this case, birds may have a narrow 
foraging niche (i.e. individuals use a subset of their popu-
lation’s niche) presumably helping to reduce intra-specific 
competition as demonstrated in other seabird species such 
as northern gannets Morus bassanus (Votier et  al. 2010) 
and wandering albatrosses Diomedea exulans (Ceia et  al. 
2012).

In summary, our results confirm a strong positive rela-
tionship between spatial distribution at sea and isotopic 
niche width of a pelagic seabird population. This relation-
ship is particularly relevant considering variation among 
individuals in spatial distribution at sea, i.e. low standard 
deviations values correspond to a more even distribution 
of isotopic niches and vice versa. Cory’s shearwaters 
showed high short-term consistency in the isotopic niche 
(within about 1 month) in four out of six periods during 
this study (during both pre-laying and chick-rearing peri-
ods). We documented fluctuations on short-term consist-
ency in the isotopic niche of Cory’s shearwaters related to 
their markedly different foraging patterns (i.e. in spatial 
distribution at sea and isotopic niche width) in the 2011 
pre-laying and 2012 chick-rearing periods. The short-term 
consistency in the isotopic niche was not verified in cir-
cumstances of very small variation in the spatial distribu-
tions at sea and small isotopic niche width. Interestingly, 
consistency was also not verified in the opposite extreme 
patterns documented during this study. Thus, consistency 
in isotopic niche (i.e. individual preferences) appears to 
be an individual’s trait that should drive the dynamics of 
Cory’s shearwater foraging ecology, and possibly related 
pelagic species; the fluctuations of such trait could be 
related to temporal changes in the availability and predict-
ability of resources, and its advantages may relate with an 
attempt to reduce intra-specific competition among indi-
viduals, but further studies must be conducted to validate 
this hypothesis.
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