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Abstract In pelagic seabirds, who often explore distant

food resources, information is usually scarce on the level of

trophic segregation between parents and their offspring.

To investigate this issue, we used GPS tracking, stable

isotopes and dietary information of Cory’s shearwaters

Calonectris diomedea breeding in contrasting environments.

Foraging trips at Selvagem Grande (an oceanic island)

mainly targeted the distant African coast, while at Berlenga

island (located on the continental shelf), shearwaters for-

aged mainly over nearby shelf waters. The degree of iso-

topic segregation between adults and chicks, based on

d13C, differed markedly between the two sites, indicating

that adult birds at Selvagem fed their chicks with a mixture

of shelf and offshore pelagic prey but assimilated more

prey captured on coastal shelf waters. Isotopic differences

between age classes at Berlenga were much smaller and

may have resulted from limited dietary segregation or from

age-related metabolic differences. The diet of shearwaters

was also very different between the two colonies, with

offshore pelagic prey only being detected at Selvagem

Grande. Our findings suggest that spatial foraging con-

straints influence resource partitioning between pelagic

seabirds and their offspring and can lead to a parent–off-

spring dietary segregation.

Introduction

To optimize reproductive effort, central-place foragers,

including colonial seabirds, are predicted to be selective in

relation to prey delivered to their offspring (Orians and

Pearson 1979; Ydenberg et al. 1994), and this may lead to

dietary differences between adults and nestlings (e.g.,

Davoren and Burger 1999; Wilson et al. 2004; Dänhardt

et al. 2011). Inshore seabirds often deliver larger amounts

of or higher-quality prey items to their chicks than those

they consume themselves, thereby reducing the flight and

transport costs associated with provisioning and at the

same time fulfilling the chick nutritional and energetic

needs (Baird 1991; Davoren and Burger 1999; Wilson et al.

2004; Dänhardt et al. 2011). Additionally, as the ingestion

capacity (related to gape-size) and the energetic require-

ments of chicks vary during growth, parents are known to

provide different prey types and sizes along the nestling

period (Pedrocchi et al. 1996; Ramos et al. 1998). How-

ever, adults should adjust their foraging behavior according

to not only the dietary requirements of chicks, but also their

own energetic requirements and the distance to the forag-

ing grounds (Orians and Pearson 1979; Weimerskirch

1998; Catard et al. 2000). Comparatively to inshore sea-

birds, little is known on the existence of dietary segregation

in most oceanic seabirds. Several studies, based on
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conventional methods, have suggested the existence of an

age-related dietary segregation in species that adopt a dual-

foraging strategy, reflecting a spatially related trophic

segregation between adults and chicks (Chaurand and

Weimerskirch 1994; Weimerskirch and Cherel 1998;

Catard et al. 2000). The composition of regurgitates of

chicks or of provisioning adults, however, only provides

snapshot information of recently ingested food (Barrett

et al. 2007) and may not be representative of the adult diet

when foraging at distant places.

Stable isotopes analysis (SIA) has proved to be a pow-

erful tool to study the diet of seabirds, as it can give insight

into the origin and type of prey consumed over a broader

timescale, depending on the analyzed tissue (Kelly 2000;

Inger and Bearhop 2008). Carbon isotopes show evidence

of an increasing enrichment in inshore as compared to

offshore food chains (Cherel and Hobson 2007) and also

present a surface to benthic gradient (Hobson et al. 1994).

Nitrogen stable isotopes increase in a predictable manner

between trophic levels and thus indicate the trophic posi-

tion of consumers (Kelly 2000; Bearhop et al. 2004).

Recently, SIA has provided evidence for a dietary segre-

gation between adults and chicks in a wide range of pelagic

seabirds (Hodum and Hobson 2000; Forero et al. 2005;

Cherel et al. 2005a, 2008; Navarro et al. 2009; Bond et al.

2010; Richoux et al. 2010). However, most of the men-

tioned studies could not assess the biological significance

of the isotopic differences between adults and growing

chicks (but see Cherel et al. 2005a; Forero et al. 2005) as

isotopic fractionation differs between them, as a result of

growth or nutritional stress effects (Williams et al. 2007;

Sears et al. 2009). Additionally, the ingestion of a lipid-rich

diet, as stomach oil, can deplete carbon isotopic signatures

of chicks, and this has been suggested as an alternative

explanation for age differences in carbon signatures

(Thompson et al. 2000).

The Cory’s shearwater Calonectris diomedea borealis is

a pelagic seabird that nests on several islands of the Eastern

North Atlantic (Cramp and Simmons 1977). This long-

lived shearwater (Order Procellariiformes) rears only one

chick during a long chick-rearing period of about 3 months

(Cramp and Simmons 1977) and can forage over vast

oceanic areas, searching mostly for epipelagic fishes and

cephalopods (Granadeiro et al. 1998a; Paiva et al. 2010a).

We investigated the feeding ecology of Cory’s shearwaters

in two distinct colonies, Selvagem Grande (SG) and Ber-

lenga (BE), using stable isotope analysis, conventional diet

methods and tracking data obtained with GPS-loggers.

Selvagem Grande is surrounded by deep oceanic waters,

and the Cory’s shearwaters are known to use, to some

extent, the distant (*350 km) African Coast when provi-

sioning chicks (Paiva et al. 2010b, c). As for Berlenga, the

breeding colony is located in the Portuguese continental

shelf, an upwelling zone, and the Cory’s shearwaters

depend almost exclusively on that area to forage during the

chick-rearing period (Paiva et al. 2010b, c). Our objective

was to determine whether adult Cory’s shearwaters were

using distant foraging areas for self-feeding or to provision

their chicks. In that respect, we wanted to address the

following questions: (1) Do adult shearwaters from Sel-

vagem Grande and Berlenga use different foraging strate-

gies and are those differences reflected in chick body

condition? Oceanographic features in the vicinity of both

islands are extremely different, and therefore, we expect

shearwaters from Selvagem Grande to make regular trips to

productive areas at the African coast, while at Berlenga,

birds should mainly forage in the productive continental

shelf. The reliance on distant food resources has the

potential to induce a lower body condition in the chicks of

Selvagem Grande. (2) Do adult shearwaters use different

areas for self-feeding and for provisioning, when depend-

ing on long-distance resources? We expect adult Cory’s

shearwaters from Selvagem Grande to use different for-

aging areas for self-feeding and provisioning, when

exploiting distant foraging grounds, while at Berlenga,

birds should make use of the same foraging area to self-

feeding and chick provisioning. (3) Does the diet of chicks

differ between the two colonies, due to differences in their

main foraging areas? We expect the diet of chicks from

Selvagem Grande to be more based on oceanic prey, while

at Berlenga, chicks should mainly feed on coastal prey.

Materials and methods

Study sites

Our study was carried out at Selvagem Grande (30�090N,

15�520W) and at Berlenga (39�240N, 9�300W) islands (see

Fig. 1), during the chick-rearing period of 2010. After a

55-day incubation period, Cory’s shearwater chicks hatch

in the end of July, and the chick-rearing period extends

until the end of October, when chicks fledge (Granadeiro

1991). Selvagem Grande supports a population estimated at

ca. 30,000 breeding pairs (Granadeiro et al. 2006), and the

Berlenga archipelago has a colony of ca. 850 breeding

pairs (Lecoq et al. 2011).

Diet and GPS tracking data

Diet samples were obtained from breeding adults returning

to the nest to feed their chick using the ‘‘water offloading’’

technique (Wilson 1984); 65 diet samples were collected

from 17 to 31 August on Selvagem Grande, and 23 diet

samples were collected on Berlenga, between 16 and 18

August. During a preliminary screening, items were
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quantified, fresh fishes were identified using specialized

guides (Whitehead et al. 1986; Quéro et al. 2003), and

samples were stored in ethanol (70%) until further analysis.

In the laboratory, digested fish were identified from their

hard-part remains, mainly from vertebrae, using our own

reference collection and published information (Granadeiro

and Silva 2000). Cephalopods were quantified based on

number of mantles, other fresh remains and fresh beaks.

Eroded beaks were not quantified, since they can be

retained in the stomach (Barrett et al. 2007), and birds with

an empty stomach were not considered in the analysis

(28% of all birds captured at Berlenga and 19% at Selva-

gem Grande). We calculated frequencies of occurrence as

the number of samples with a given prey type, expressed as

a percentage of the total number of samples, and numerical

frequencies as the number of individuals of a given taxon

as percentage of the total number of individuals.

From 11 to 28 August, we tracked 52 breeding Cory’s

shearwaters, from different nests, with GPS-loggers, 23 on

Selvagem Grande and 29 on Berlenga. We used two types

of GPS-loggers, GPSlog (Earth & Ocean Technologies,

Germany) and customized CatTrack Loggers (Perthold

Engineering LLC, USA), that were programmed to collect

one location every 10–15 min and weighed either 15 or

17 g (used at Selvagem Grande and at Berlenga, and rep-

resenting 1.5–2.1% or 1.6–2.7% of the body mass,

respectively). The GPS devices were attached to the bird’s

back feathers or to the four central tail feathers using Tesa

tape (Wilson et al. 1997). The procedure took less than

10 min, and birds were thereafter returned to their nest.

Stable isotopes analysis

Blood sampling was carried out on 27 August on Berlenga

and between 2 and 4 September on Selvagem Grande. We

collected whole blood samples from a total of 50 adults

(not the same birds that carried GPS devices or from who

were collected the diet samples) and 50 chicks (mostly ca

3–6 weeks old). On most cases, we took the blood samples

from parent–offspring pairs (16 pairs on Berlenga and 28

pairs on Selvagem Grande). Whole blood isotopic signa-

ture is expected to mainly represent the diet during the

month prior to the sampling (Bearhop et al. 2002), so our

chick data should correspond to the chick diet in the period

between the first and the sixth week of age. Birds were

captured by hand, and *0.1 ml of blood was collected

from the foot vein and preserved in absolute ethanol, for

subsequent isotopic analysis. By using the same brand and

batch for all sampling groups, we expected to minimize

ethanol storage effects on stable isotope signatures (Bugoni

et al. 2008). In order to compare the condition of chicks

between the colonies, biometric measurements were col-

lected from all blood-sampled chicks by the same person.

We measured chick tarsus (to the nearest 0.1 mm) with a

caliper and wing length (to the nearest 1 mm) with a ruler.

Chicks were weighed (to the nearest 5 g) in a bag using a

spring balance.

Whole blood generally has low lipid content and does

not require lipid extraction (Cherel et al. 2005b). Blood

samples were dried in a hood at 50�C, during approxi-

mately 40 h, and then ground into powder. Sub-samples of

1.0 ± 0.1 mg of homogenous whole blood were weighed

into 8 9 5 mm tin capsules and combusted at 1,000�C in a

Euro EA Elemental Analyser. Resultant CO2 and N2 gases

were analyzed using a continuous-flow isotope ratio mass

spectrometer IsoPrime (MicroMass), with unknowns sep-

arated by laboratory standards. Stable isotope abundances

were expressed in d-notation as the deviation from stan-

dards in parts per thousand (%) according to the following

equation:

dX ¼ Rsample=Rstandard

� �
�1

� �
� 1; 000

where X is 13C or 15N and R is the corresponding ratio of
13C/12C or 15N/14N. Rstandard values were based on PeeDee

Belemnite for 13C, or atmospheric nitrogen (N2) for 15N.

Replicate measurements of laboratory standards showed

measurement errors of ±0.1% and ±0.2% for stable

nitrogen and carbon isotope measurements, respectively.

Quality control samples were run before and after each

sequence.

Oceanographic features

To characterize the oceanographic conditions in the sur-

roundings of the two colonies (see Fig. 2), we used the

chlorophyll-a concentration (Chl-a, mg C m-3) in the

seawater surface, the sea surface temperature (SST, �C)

Fig. 1 Map of the North Atlantic Ocean showing the location of

Selvagem Grande and Berlenga islands
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and the seafloor depth (depth, m). Both Chl-a and the SST

are monthly composites for August 2010. Aqua MODIS

products of Chl-a and SST were downloaded from

OceanColor Web site (http://oceancolor.gsfc.nasa.gov/), as

level 3 HDF products at a spatial resolution of 0.04�
(approx. 4 9 4 km). Depth composite was downloaded

from ETOPO Web site (http://www.ngdc.noaa.gov/mgg/

global/global.html), as a binary product at a spatial reso-

lution of 0.01� (approx. 1 km). The files were then con-

verted to raster images using the Marine Geospatial

Ecology Tools (GeoEco) for ArcGIS 9.2 (Roberts et al.

2010).

Statistical analysis

To assess the differences between colonies in foraging trip

length and duration, we used Mann–Whitney tests, con-

sidering only one trip per bird (using the median value of

all the foraging trips of each individual). Spearman’s rank

correlations were used to examine the relationship between

foraging trip duration and distance travelled during the trip,

in both colonies. Mixed-effects ANOVAs were used to test

for differences in d13C and d15N between adults and their

offspring, between colonies and the interaction between

both, with nest used as a random factor. Although the

hatching dates of Selvagem Grande and Berlenga are

generally similar (Catry et al. 2009), the age of our sampled

chicks was unknown, and we considered that wing and

tarsus length should give us a reasonable indication of

chick age at both colonies (Granadeiro 1991). An analysis

of covariance (ANCOVA) was used to test for differences

in chick weight between the colonies, using wing length as

a covariate.

Chi-square tests were performed to test differences in

the occurrence and of numerical frequencies of the main

preys in both islands. In order to meet basic statistical

assumptions, we grouped prey in three major groups:

oceanic, neritic and others. Oceanic prey included mainly

open-ocean species: Pilot-fish Naucrates ductor, Flying-

fishes (Exocoetidae) and Cephalopods (mostly Flying-

squids; Ommastrephidae); neritic prey included species

that are known to be much more abundant in coastal than in

oceanic waters: Sardine Sardina pilchardus, Garfish Be-

lone belone and Atlantic saury Scomberesox saurus; and

others included Chub mackerel Scomber sp/colias (which

is abundant both in oceanic and coastal waters) and all the

other fishes found in the diet sampling.

All the analyses were performed using R software (R

Development Core Team 2009), and GLMM was carried

out with package nlme (Pinheiro et al. 2011). Results are

expressed as means ± SD, unless otherwise stated.

Results

Foraging trips

We tracked 127 and 34 foraging trips from 29 and 23

individual Cory’s shearwaters in Berlenga (hereafter

termed BE) and Selvagem Grande (hereafter termed SG),

respectively. Four foraging trips were incomplete (due to

the loss of battery in the returning way to the colony) and

were only used to assess the final destination of the birds.

In BE, foraging trips lasted 1.3 days (median; interquartile

range =0.9–2.9 days, N = 29) (Fig. 3), and birds travelled

a distance of 404 km (median; interquartile range =

218–670 km, N = 29), in each trip. At SG, the shearwaters

engaged in foraging trips that lasted 2.5 days (median;

interquartile range = 1.6–3.9 days, N = 23) (Fig. 3) and

travelled a distance of 1,067 km (median; interquartile

Fig. 2 Oceanographic features

of the Northeast Atlantic during

the Cory’s shearwater chick-

rearing period: a Bathymetry,

b SST and c Chl-

a concentration. Selvagem

Grande (1) and Berlenga

(2) islands are indicated

by the black dots
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range 801–1,538 km, N = 23). Foraging trips differed

between the two colonies, both in duration and in distance

travelled (Mann–Whitney U = 4.85, P = 0.028, N = 52

and U = 13.18, P \ 0.001, N = 52, respectively). The

distance travelled per bird in each foraging trip was highly

correlated with the duration of the same trip, either at BE

(rs = 0.80, N = 127, P \ 0.001) or at SG (rs = 0.92,

N = 30, P \ 0.001). Most (88%, N = 127) of the foraging

trips from BE birds were performed along the Portuguese

coastal shelf (Fig. 4), where the colony is located. At SG,

68% (N = 34) of the foraging trips reached the African

shelf (Fig. 4), 11% were to seamounts located to the

northeast of the Canary islands, and 21% of the trips were

restricted to the oceanic waters around the island.

Stable isotopes

There were significant differences between colonies, age

classes and their interaction in stable isotope ratios

(Manova, kcolony = 0.09, F(2,85) = 455.4, P \ 0.001; kage =

0.49, F(2,85) = 44.5, P \ 0.001; kage*colony = 0.71, F(2, 85) =

17.7, P \ 0.001), which means that nitrogen and carbon

ratios should be analyzed separately. Significant differ-

ences were found between the whole blood isotopic sig-

natures of adult Cory’s shearwaters and chicks (Fig. 5;

Table 1), as well as a significant interaction between age

and colony, in both d13C (mixed-effect ANOVA, Age:

F(1,94) = 97.5, P \ 0.001; Colony: F(1,94) = 1.1, P = 0.3;

Age 9 Colony: F(1,94) = 9.6, P = 0.003) and d15N (Age:

F(1,94) = 10.1, P = 0.002; Colony: F(1,94) = 242.2, P \
0.001; Age 9 Colony: F(1,94) = 39.4, P \ 0.001). C/N

mass ratios of chicks were similar between the two study

colonies (see Table 1; ANOVA, F(1,47) = 0.4, P = 0.52).

We did not find any correlation between wing length (a

proxy for age) and isotopic signatures of chicks, either at

SG (d13C: r = -0.11, N = 30, P = 0.55; d15N: r = 0.17,

N = 30, P = 0.36) or at BE (d13C: r = 0.24, N = 19,

P = 0.32; d15N: r = 0.28, N = 19, P = 0.24).

Fig. 3 Frequency distribution of foraging trip length (in days) of

Cory’s shearwaters from Berlenga (N = 127) and Selvagem Grande

(N = 30) during chick provisioning

Fig. 4 Foraging areas of Cory’s shearwaters, during the chick

rearing, in Selvagem Grande (1) and Berlenga (2) calculated from

Kernel density estimation. Density counter plots encompass 50%

(dark gray) and 75% (light gray) of GPS locations. Breeding

locations are indicated by the black dots

Fig. 5 Stable carbon and nitrogen isotope signatures of whole blood

of Cory’s shearwaters Calonectris diomedea borealis from Selvagem

Grande (circles) and Berlenga (squares). Gray-filled symbols repre-

sent chicks, and white-filled symbols correspond to adult birds

(mean ± SE is presented for each group)
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Diet

Fish was the major component of the Cory’s shearwater

diet at both colonies, but cephalopods were also a frequent

prey at SG (Table 2). Scomber colias and Sardina pil-

chardus were the most frequent fish prey at SG, but strictly

oceanic prey, such as the Naucrates ductor and Exocoeti-

dae, were also common. The main prey of Cory’s shear-

waters at BE was Belone belone. Oceanic prey species

occurred more frequently in the diet samples of SG than at

BE (Fisher’s exact test, P \ 0.001). The numerical fre-

quency of oceanic, neritic and others prey also differed

between colonies (chi-square test, v2 = 27.9, P \ 0.001),

with significantly more oceanic prey in SG.

Chick condition

At the time of measurements, mean chick wing length did

not differ between colonies (SG: 109.5 ± 25.1 mm,

N = 30; BE: 98.9 ± 18.5 mm, N = 19; ANOVA, F(1,47) =

2.52, P = 0.12). The same result was found for tarsus

length: 53.2 ± 3.7 mm (N = 30) and 52.9 ± 3.6 mm

(N = 19), in SG and BE, respectively (ANOVA,

F(1,47) = 0.07, P = 0.79). Chick body mass from the two

colonies differed significantly, after correcting for wing

length (ANCOVA, Colony effect, t46 = 6.32, P = 0.001;

Wing 9 Colony interaction t46 = 1.31, P = 0.20), with

chicks being heavier at Berlenga.

Discussion

The present study documents the occurrence of a dietary

segregation between adults and their offspring in the

Cory’s shearwater, a pelagic seabird. This segregation is

probably related to spatial foraging constraints and to the

distance between nesting sites and productive feeding

grounds.

Foraging strategy and chick condition

Cory’s shearwaters in SG engaged in longer foraging trips

than birds of BE, both in terms of distance travelled and

duration. Most foraging trips at BE were made along the

Portuguese coast, where the colony is located. When

compared to offshore waters, the Portuguese shelf is an

area of enhanced marine productivity, due to a strong

summer upwelling (Sousa et al. 2008), and BE shearwaters

are known to explore this profitable area (Paiva et al.

2010b, c). At SG, shearwaters performed much longer

trips, reaching in most cases the Western African shelf,

also an important upwelling zone (Davenport et al. 2002).

Table 1 Nitrogen and carbon

isotope signatures (mean ± SD)

of adults and chicks Cory’s

shearwaters, at Selvagem

Grande and Berlenga

n d15N (%) d13C (%) C/N

Selvagem Grande

Adults 29 10.03 ± 0.39 -17.63 ± 0.87 2.99 ± 0.63

Chicks 30 9.46 ± 0.35 -19.11 ± 0.50 3.48 ± 0.31

Berlenga

Adults 20 11.46 ± 0.29 -18.15 ± 0.36 3.31 ± 0.03

Chicks 20 11.74 ± 0.30 -18.90 ± 0.35 3.43 ± 0.06

Table 2 Stomach contents of

provisioning adult Cory’s

shearwaters at Selvagem

Grande and Berlenga during the

chick rearing

FO Frequency of occurrence;

NF numerical frequency
a All Scomber that were

possible to identify to the

species level were Scomber
colias

Selvagem Grande Berlenga

FO % (n = 65) NF % (n = 225) FO % (n = 23) NF % (n = 29)

Fish 90.8 79.1 100.0 100.0

Scomber colias/spa 38.5 21.1 21.7 20.7

Sardina pilchardus 36.9 22.4 13.0 13.8

Naucrates ductor 18.5 10.5 0 0

Exocoetidae 9.2 2.6 0 0

Scomberesox saurus 3.1 1.3 21.7 17.2

Belone belone 1.5 0.9 47.8 37.9

Other fishes 40.0 17.1 13.0 10.3

Unidentified fishes 7.7 2.2 0 0

Cephalopoda 52.3 21.9 0 0
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This last result indicates that the food availability around SG

may be scarce, which agrees with previous studies that

reported lower feeding frequencies (Granadeiro et al. 1998b)

and longer foraging trips at this colony (Catry et al. 2009;

Paiva et al. 2010b), when compared to BE. Indeed, the

length of foraging trips is known to be largely influenced by

the local food availability (Uttley et al. 1994) and by the

distance to the most profitable areas (Paiva et al. 2010c).

Moreover, as the number of breeding shearwaters at SG is

much larger than at BE (Granadeiro et al. 2006; Lecoq et al.

2011), intraspecific competition could also lead to differ-

ences in the foraging strategies between colonies (Lewis

et al. 2001; Grémillet et al. 2004). The exploration of distant

profitable waters, during chick rearing, has also been

described in other similar-sized pelagic seabirds, like sooty

shearwaters Puffinus griseus (Weimerskirch 1998) and

short-tailed shearwaters Puffinus tenuirostris (Weimerskirch

and Cherel 1998; Einoder et al. 2011) and is usually linked

to the use of a dual-foraging strategy (Weimerskirch 1998;

Weimerskirch and Cherel 1998).

Previous studies at SG also showed that shearwaters use

the African coast during chick rearing, employing a dual-

foraging strategy (Granadeiro et al. 1998b; Paiva et al.

2010c). With this strategy, adults are predicted to use the

long trips mainly to self-feeding and recover their body

condition and the short trips to allocate food to their off-

spring (Chaurand and Weimerskirch 1994; Catard et al.

2000). Perhaps unexpectedly, we did not find a bimodal

pattern in the frequency of foraging trips of different

durations at this colony (see Fig. 3), and our results suggest

that shearwaters of SG were not using a dual-foraging

strategy. However, the dual-foraging strategy is not a

species-specific trait but rather a facultative one and known

to vary, both spatially and temporarily, possibly depending

on food availability and distribution (Granadeiro et al.

1998b; Baduini and Hyrenbach 2003; Phillips et al. 2009).

To study movements at sea, we used GPS devices that

weighed less than 3% of the Cory’s shearwaters body mass,

which is the commonly accepted threshold for deleterious

effects on the foraging performance of pelagic seabirds

(Phillips et al. 2003). However, we cannot rule out the

possibility that our devices could still somehow affect the

study birds, for example, by prolonging the time at sea (see

Passos et al. 2010), given the scarcity of short trips

recorded in this study (see, for example, Granadeiro et al.

1998b). Any effect, however, should not greatly impact our

results and conclusions. In fact, Cory’s shearwaters at BE

carried the heaviest GPS and still made shorter foraging

trips than SG individuals. If the extra-weight had an effect

on the birds, then the difference between the two colonies

should be even larger than reported here. Furthermore, it

should be noted that birds sampled for stable isotopes were

not the same that carried the devices.

When correcting for wing length, chicks at BE were

heavier than at SG. Body mass corrected for wing length

(the later considered to be well correlated with age) is

expected to be a good measure of chick body condition

(Benson et al. 2003), and it is well established that this

parameter is mainly affected by feeding frequency and

meal size, reflecting overall foraging behavior of adults

(Pinaud et al. 2005; Magalhães et al. 2008). We suggest

that differences in chick body condition mainly reflect the

better feeding conditions around BE and the shorter dis-

tance to the most important feeding grounds, in comparison

with SG.

Dietary segregation

We found significant differences in the d13C signatures of

chicks and adults, in both colonies, but the difference was

much larger at SG than at BE, which strongly suggests a

parent–offspring dietary segregation at SG. In fact, chicks

of SG had lower values in d13C than adults, which is in

agreement with a more oceanic signature and suggests that

they were assimilating more oceanic prey than their par-

ents. Similar age differences in d13C signatures were found

in short-tailed shearwaters Puffinus tenuirostris that

exploited an oceanic-neritic gradient (Cherel et al. 2005a).

Moreover, d13C signatures of SG adults were closer to the

values found for adults from the Canary Islands, known to

almost exclusively exploit the African coastal waters

(Navarro et al. 2007; Navarro and González-Solı́s 2009).

The foraging trips also showed an intensive use of an

oceanic-neritic gradient by SG shearwaters, and the

occurrence of oceanic items on the chick diet was con-

firmed by conventional dietary analysis. There were also

significant (although much smaller) differences in the

carbon signatures of chicks and adults of BE, but with the

available information, it is unclear whether such differ-

ences reflect an age segregation in diet or just metabolic

effects (see below).

The occurrence of oceanic species in the SG chick diet

was similar to that recorded in previous years, when birds

were performing a dual-foraging strategy (unpubl data;

Paiva et al. 2010a, c). In contrast, the sardine, a mainly

coastal prey, was scarce in other years but found frequently

in 2010 diet samples. Sardine is one of the most abundant

pelagic species off the NW African Coast, particularly on

the Moroccan shelf (Machu et al. 2009), and is expected to

be an important prey for adults when foraging along the

coast (Paiva et al. 2010a). In contrast, in oceanic islands

like the Azores, sardine is not consumed at all by Cory’s

shearwaters (Granadeiro et al. 1998a; Paiva et al. 2010a;

Xavier et al. 2011). Despite its high frequency in the chick

diet at SG, sardine was persistently found in a highly

digested state (pers obs). This suggests that its contribution
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to chick diet could have been overestimated by the diet

sampling method (Duffy and Jackson 1986), because an

important part of sardines was probably assimilated by

adults prior to delivery. The small overlap of adult and

chick carbon isotope signatures at SG also suggests that

chicks could have been receiving only a small part of their

food from coastal waters. Moreover, individual variation in

foraging behavior could have also contributed to the iso-

topic overlap found, as SG adults showed a high variance

in d13C values (see Bearhop et al. 2006). This idea is

supported by the isotopic signatures of Cory’s shearwaters

from BE and Canaries, since adults from those colonies

forage mainly along the coast and present much lower d13C

variances (Navarro and González-Solı́s 2009).

d15N isotopes are strongly affected by diet and usually

represent the trophic position of the consumer (Kelly 2000;

Bearhop et al. 2004). We found significant differences in

the d15N signatures of Cory’s shearwaters between SG and

BE and smaller age differences in both colonies. Paiva

et al. (2010a) studied the foraging ecology of Cory’s

shearwaters at several Atlantic islands, including BE and

SG, and found that cephalopods had much lower d15N

values than the fish prey species (Paiva et al. 2010a).

Indeed, in the present study, Cory’s shearwaters chicks

from SG had much lower d15N values than at BE, where

chicks were not eating cephalopods. However, d15N dif-

ferences between birds from the two colonies may also

reflect different baseline values at different latitudes and

oceanic habitats.

Metabolic issues

In the last decade, SIA has been widely used to investigate

resource partitioning in pelagic seabirds, namely between

adults and their offspring. Chicks often exhibit higher d15N

signatures than adults, usually between 1.0 and 2.0 %, and

these age differences are often quoted as an indication that

adult fed their chicks with higher-trophic-level prey than

they assimilated themselves (Hodum and Hobson 2000;

Cherel et al. 2005a, 2008; Forero et al. 2005; Richoux et al.

2010). Age differences in d13C signatures do not present

any obvious trend and generally are of a smaller magnitude

(less than 1 %) (Hodum and Hobson 2000; Forero et al.

2005; Cherel et al. 2008, Navarro et al. 2009; Bond et al.

2010; Richoux et al. 2010; but see Cherel et al. 2005a). The

uncritical interpretation of differences in chick and adult

isotope levels as evidence of dietary segregation may

present some problems, as explained below.

Physiological and metabolic differences among adults

and chicks influence isotopic fractionation (Williams et al.

2007; Harding et al. 2008; Sears et al. 2009) and can also

contribute to parent–offspring differences in the isotopic

signatures. d15N values can gradually change during chick

growth (Williams et al. 2007; Sears et al. 2009) presum-

ably due to changes in tissue turnover rates or in changes

on the use of the nitrogen stored during growth (Harding

et al. 2008; Sears et al. 2009). There are also potential

carryover effects from maternal nutrients in eggs on chick

isotopic signatures, and little attention has been given to

this issue (Bond and Jones 2009). In contrast, it is known

that the amount of uric acid in blood, which is supposed to

be higher during growth, can deplete the d15N in that

tissue, because nitrogenous wastes are enriched in 14N

(Bearhop et al. 2000; but see Cherel et al. 2005c). By

comparing similarly aged chicks of two colonies, we

controlled for the effects of chick growth and of the

aforementioned age-specific metabolism. We also avoi-

ded carryover maternal or egg effects by collecting blood

samples relatively late in the chick-rearing period

(*1 month of age). The fact that there was no evidence

for severe nutritional stress at either of the study sites

further reinforces the validity of our comparisons (Wil-

liams et al. 2007; Sears et al. 2009).

Beyond the diet itself, the ingestion of stomach oil can

also have an effect on the d13C signatures of chicks,

potentially contributing to age-related differences. The

incorporation of dietary lipids is supposed to decrease d13C

values, since lipids are depleted in 13C in relation to pro-

teins or carbohydrates (Thompson et al. 2000). We did not

quantify the amount of stomach oil in the diet of chicks, but

the occurrence of stomach oil during the diet sampling was

of small magnitude, either at SG or at BE. Moreover, C/N

ratios of shearwaters chicks were low (less than 3.5) and

similar between the two colonies, suggesting that chick

blood had a low lipid content (Post et al. 2007) and con-

sequently that stomach oil had no major effect on the d13C

signatures of chicks (Thompson et al. 2000). In a recent

study, Richoux et al. (2010) compared the diet of gray-

headed albatross Thalassarche chrysostoma adults and

chicks, using stomach contents and stable isotope analysis,

and found no age-related differences in the d13C signatures

of whole blood (or in the C/N ratio), despite the fact that

they had collected stomach oil from a majority of the diet

samples. This population forages mainly in Subantarctic

and Antarctic oceanic waters and does not explore an

oceanic-neritic gradient (Richoux et al. 2010). The effect of

the ingestion of stomach oil on d13C chick signatures

should be higher when using plasma to analyze stable

isotopes, since plasma is richer in lipids than in whole

blood (Cherel et al. 2005a), and we argue that the use by

foraging seabirds of a strong oceanic-neritic gradient is

more determinant for age-related differences in d13C

signatures in whole blood than the ingestion of small

quantities of stomach oil.
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Final considerations

Our study provides evidence that resource partitioning

among adults and their offspring in offshore seabirds is

conditioned by spatial foraging constrains. At SG, where

adult Cory’s shearwaters depended on distant food

resources, a dietary segregation was evident. The inte-

grated study of individual-foraging behavior, resource

allocation and body condition seems now essential to an

improved understanding of the foraging strategies of

Cory’s shearwaters and, more generally, of pelagic sea-

birds. Stable isotopes proved to be a useful method to study

resource allocation between parents and their offspring, but

there is a clear need for more studies of age-metabolic

effects on isotopic signatures, especially on the specific

magnitude of those effects, for a better understanding of

the overall picture.
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