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INTRODUCTION

Seabirds are mid- to high-trophic level consumers
whose population dynamics are generally driven by
the abundance and availability of their prey (bottom-
up control; Frederiksen et al. 2006). In temperate, and
especially polar regions, seabirds have to face high
spatial and temporal variability in primary and sec-
ondary productivities that affects the whole pelagic

ecosystem on a seasonal basis. Flexible foraging be-
haviour is an important mechanism by which seabirds
cope with the seasonal progression of environmental
events (extrinsic factors) and the unique energetic
constraints of each discrete breeding stage and moult
(intrinsic factors) (e.g. Weimerskirch et al. 1993, Char-
rassin et al. 1998). However, despite decades of inten-
sive study, key facets of the foraging ecology of
 seabirds remain poorly understood because of the dif-
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ABSTRACT: The foraging ecology of small seabirds remains poorly understood because of the dif-
ficulty of studying them at sea. Here, the extent to which 3 sympatric seabirds (blue petrel, thin-
billed prion and common diving petrel) alter their foraging ecology across the annual cycle was
investigated using stable isotopes. δ13C and δ15N values were used as proxies of the birds’ foraging
habitat and diet, respectively, and were measured in 3 tissues (plasma, blood cells and feathers)
that record trophic information at different time scales. Long-term temporal changes were inves-
tigated by measuring feather isotopic values from museum specimens. The study was conducted
at the subantarctic Kerguelen Islands and emphasizes 4 main features. (1) The 3 species highlight
a strong connection between subantarctic and Antarctic pelagic ecosystems, because they all for-
aged in Antarctic waters at some stages of the annual cycle. (2) Foraging niches are stage-
 dependent, with petrels shifting their feeding grounds during reproduction either from oceanic to
productive coastal waters (common diving petrel) or from subantarctic to high-Antarctic waters
where they fed primarily on crustaceans (blue petrel and thin-billed prion). (3) The common div-
ing petrel segregated from the surface-feeders blue petrel and thin-billed prion by a coastal habi-
tat and lower trophic level prey, while the blue petrel segregated from the thin-billed prion by
 foraging further south and including more fish in its diet. (4) Feather δ13C and δ15N values from
historical and recent specimens of thin-billed prion depicted a pronounced temporal shift to
higher latitudes in its main moulting ground, where it feeds on higher trophic level prey. The
study contributes to growing evidence that seabirds exhibit considerable foraging plasticity and
sheds new light on their flexibility at  different time scales (from intra-seasonal to decadal).
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ficulty of studying them at sea to obtain even simple
baseline data, especially outside the breeding period
when adult birds are much less accessible.

The Southern Ocean (south of the Subtropical
Front) is characterized by both a strong seasonality
and the diversity and biomass of its populations of
seabirds (~363 million breeding individuals), which
are numerically dominated by Procellariiformes (van
Franeker et al. 1997). Our main goal was to detail the
year-round feeding ecology of 3 abundant species of
small sympatric petrels from the Southern Ocean,
namely the blue petrel Halobaena caerulea (BP), thin-
billed prion Pachyptila belcheri (TBP) and common
diving petrel Pelecanoides urinatrix (CDP), for which
long-term demographic data have been continuously
collected since the breeding season 1986− 87 at the
Kerguelen Islands (Chastel et al. 1995, Barbraud &
Weimerskirch 2005, Nevoux & Barbraud 2006). Tradi-
tionnally, feeding ecology is investigated using the
conventional method of prey determination (e.g.
Bocher et al. 2000a, Cherel et al. 2002a,b) and/ or vari-
ous electronic devices recording foraging be haviour.
However, food sampling in seabirds is often restricted
to the chick-rearing period, and bio-logging gives no
indication on the prey consumed, thus inducing a
general lack of dietary information during most of the
annual cycle. Hence, we combined food sampling
with the use of the isotopic niche as a proxy for the
trophic niche (Newsome et al. 2007), focusing on dis-
crete stages of the breeding cycle and on the moulting
period. The isotopic method was validated in the
southern Indian Ocean (encompassing the petrel
feeding areas), with δ13C values of seabirds indicating
their foraging habitats (Cherel & Hobson 2007, Jaeger
et al. 2010) and their δ15N values increasing with
trophic level (Cherel et al. 2010). The isotopic niche
was determined by using 3 complementary tissues
(plasma, blood cells and feathers) that record trophic
information at different time scales. Plasma and blood
cells are metabolically active tissues that integrate pe-
riods of days and weeks before sampling, respectively,
whereas feathers reflect the diet at the time they were
grown, because keratin is inert after synthesis (Hob-
son & Clark 1992, 1993, Bearhop et al. 2002). In sea-
birds, feather isotope values generally represent the
feeding habits during the inter-nesting period, be-
cause adult birds gradually replace most of their
plumage at that time (Cherel et al. 2006, Phillips et al.
2009). Another additional interest of the isotopic
method is to provide relevant foraging information
quickly and cheaply for large numbers of individuals
(Cherel et al. 2013), including species whose small
size precludes carrying most electronic devices.

Our aim was 4-fold. Firstly, intra-year variations in
feeding ecology were investigated at the species
level to depict the various foraging strategies used by
a given species. Chick food and feather isotopic val-
ues of BP, TBP and CDP were previously determined
at the Kerguelen Islands (Bocher et al. 2000a, Cherel
et al. 2002a,b, 2006, Connan et al. 2008), but with no
detailed isotopic baseline information over the whole
annual cycle. Secondly, isotopic values of the 3 spe-
cies were compared at each main successive breed-
ing stage and during moult to highlight how closely
related (BP and TBP) and unrelated (CDP) genera co-
exist in sympatry. Thirdly, it is generally assumed
that adult seabirds consume the same prey for them-
selves as they provision their chicks. Some dietary
and isotopic information has challenged this tra -
ditional view (Davoren & Burger 1999, Hodum &
 Hobson 2000, Cherel 2008), and we hypothesized
that, unlike more coastal species (CDP), far-ranging
oceanic species (BP and TBP) would present different
blood isotopic values in adults and chicks (Cherel et
al. 2005). The rationale was that oceanic seabirds
feed for themselves on distant foraging grounds and
collect food for their chicks on their way back to
the colonies. Finally, potential long-term temporal
changes in foraging strategies were investigated by
comparing the isotopic values of adult feathers be -
tween recent and historical specimens. A recent
study pointed out a shift in the moulting area of TBP
breeding at the Falkland Islands over the last
decades (Quillfeldt et al. 2010). Hence, our goal was
(1) to verify if a similar pattern occurred in the only
other large population of the species, which breeds at
the Kerguelen Islands, and (2) to consider whether
these findings can be generalized to 2 other sub-
antarctic seabirds (BP and CDP).

MATERIALS AND METHODS

Study site, birds and sampling

Fieldwork was carried out at the Kerguelen Islands
(southern Indian Ocean), which is located in the
southern part of the Polar Frontal Zone, in the imme-
diate vicinity of the Polar Front (Park & Gambéroni
1997). The study colonies were located at Ile Mayes
(49° 28’ S, 69° 57’ E) in the Golfe du Morbihan, where
large populations of blue petrels Halobaena caerulea,
thin-billed prions Pachyptila belcheri and common
diving petrels Pelecanoides urinatrix breed. To avoid
potential biases due to inter-annual variations, all
sampling took place in 2003 during 2 consecutive
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austral summers corresponding to the end and the
beginning of the 2002−03 and 2003−04 breeding
cycles, respectively. BP and TBP adults were caught
either in burrows or by mist- netting, while CDP were
caught by mist-netting close to their burrows. Ran-
domly chosen birds (n = 6 to 31) were caught at vari-
ous stages of the annual cycle, depending on the
biology of each species (Table 1). No individual bird
was sampled twice. Basically, adult birds were
caught on their spring arrival at the colony to breed
and during incubation and the chick-rearing period.
Well-feathered chicks were handled near fledging.
BP adults transiently return to their burrows in fall,
with failed breeders and non- breeding birds going
back to the colony  earlier than successful breeders
(Fugler et al. 1987, Marchant & Higgins 1990).
Hence, 2 additional groups of BP were caught in
April and May (the early and late post- nuptial birds,
respectively). At Kerguelen, CDP is one of the rare
seabirds present all year round in colonies (Weimer-
skirch et al. 1989, Bocher et al. 2000b). Thus, 2
groups of birds were sampled during the inter-breed-
ing season, namely the post-nuptial (May) and winter
(July) groups. Most of those birds were likely to be
1 yr old individuals rather than adults (Bocher et al.
2000b).

A 1 ml blood sample was taken from a wing vein of
all birds and centrifuged; 70% ethanol was added to
blood cells and plasma, which were stored at −20°C
until analysis. A few body feathers were collected
from the lower back of some adult birds and from
chicks. Adults of the 3 petrel species renew their
whole plumage on a yearly basis; hence, all collected
feathers corresponded to the 2003 moult. In TBP and
BP, adult moult occurs after completion of the breed-
ing cycle, mainly in March to May and February to
March, respectively, so that BP have fresh plumage
at the post-nuptial stage in April to May (Fugler et al.
1987, Marchant & Higgins 1990). In contrast, CDP
adults begin to moult during the late chick-rearing
period and resume feather synthesis at sea after-
wards (Payne & Prince 1979, Marchant & Higgins
1990). Historical feather samples (from 1914 to 1977)
were obtained from the lower back of specimens
held in the ornithological collection of the Muséum
National d’Histoire Naturelle of Paris (France). Age
of those specimens was unknown, but they were nei-
ther chicks nor fledglings. Body feathers were taken
only when complete capture information was present
for a particular study specimen (n = 38). Food sam-
ples were collected by spontaneous regurgitation of
the BP and TBP adults that were blood-sampled dur-
ing the chick-rearing period. Stomach contents were

immediately frozen at −20°C and returned to Chizé,
France, for analysis. No food samples were collected
from CDP adults, because food sampling requires
stomach lavage that is difficult to conduct in diving
petrels. Hence, it was assumed that the main CDP
prey in 2003 was the hyperiid amphipod Themisto
gaudichaudii that consistently formed the bulk of the
species food during 3 consecutive years in 1995, 1996
and 1997 (Bocher et al. 2000a).

Dietary analysis

In the laboratory, each sample was thawed overnight
over a sieve so that the liquid fraction was separated
from the solid items. The solid fraction was then
placed in a large, flat-bottomed tray, and the accu-
mulated items were discarded (squid beaks, squid
and fish lenses, stones, plastic debris). Fresh remains
were divided into broad prey classes (crustaceans,
cephalopods, fish and others) that were weighed to
estimate their proportions by fresh mass in the diet.
Then, each prey item was counted and identified to
the lowest possible taxon, using published keys and
our own reference collection. The abundance of each
prey taxon was described by its numerical impor-
tance, calculated as the total number of individuals of
a given taxon found in all the samples as a percent-
age of the total number of all prey items ingested in
all the food samples.

Sexing

Birds were sexed using a molecular method. DNA
was extracted from blood cells and the chromo heli-
case DNA-binding (CHD) gene was amplified in a
polymerase chain reaction procedure as detailed in
Weimerskirch et al. (2005).

Stable isotope analysis

Blood cells and plasma samples were freeze-dried
and powdered. In contrast to blood cells, the high
and variable lipid content of plasma typically neces-
sitates lipid extraction (Cherel et al. 2005). Hence,
lipids were removed from plasma with cyclohexane
following the method used for seabird muscle and
liver (Kojadinovic et al. 2008). One body feather of
each individual bird was cleaned of surface lipids
and contaminants using a 2:1 chloroform:methanol
solution for 2 min, followed by 2 successive methanol
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rinses. Feathers were then air dried and homo genised
by cutting them into small fragments. Tissue sub-
samples were weighed (~0.4 mg) with a microbal-
ance, packed in tin containers, and nitrogen and car-
bon isotope ratios were subsequently determined by
a continuous flow mass spectrometer (Micromass Iso-
prime) coupled to an elemental analyser (Euro Vector
EA 3024). Stable isotope concentrations were ex -

pressed in conventional notation (δX = [Rsample/
 Rstandard) − 1] × 1000), where X is 13C or 15N and R is
the corresponding ratio 13C:12C or 15N:14N. Rstandard is
Vienna PeeDee Belemnite and atmospheric N2 for
δ13C and δ15N, respectively. Replicate measurements
of internal laboratory standards (acetanilide) indicate
measurement errors <0.15‰ and <0.20‰ for δ13C
and δ15N, respectively.

270

Period (2003)                Tissue type      Ind. (n)                 δ13C (‰)                        Normalized δ13C (‰)                 δ15N (‰)           C:N mass ratios
                                                                                                                                                                                                                             
Blue petrel
Chick-rearing (Jan)     Blood cells           31      −24.1 ± 0.8 (−25.4 to –22.5)                                                      8.1 ± 0.4 (7.3−9.0)      3.42 ± 0.18

                                    Plasma                 31      −25.0 ± 0.7 (−26.2 to –23.6)    −24.0 ± 0.7 (−25.2 to –22.6)     8.5 ± 0.5 (7.6−9.6)      4.40 ± 0.18
Chicks (Feb)                 Blood cells           13      −23.2 ± 0.4 (−24.2 to –22.6)                                                      9.2 ± 0.4 (8.5−9.6)      3.36 ± 0.19

                                    Plasma                 13      −24.3 ± 0.7 (−25.0 to –23.1)    −23.0 ± 0.6 (−23.9 to –21.9)     9.4 ± 0.5 (8.5−10.1)    4.71 ± 0.34
                                      Body feathers      13      −21.8 ± 0.5 (−22.5 to –20.9)    −21.4 ± 0.5 (−22.2 to –20.6)     9.8 ± 0.5 (8.7−10.4)    3.19 ± 0.01
Early post-nuptial       Blood cells           13      −26.0 ± 0.3 (−26.7 to –25.5)                                                      7.0 ± 0.2 (6.7−7.3)      3.35 ± 0.15
(Apr)                            Plasma                 13      −26.4 ± 0.7 (−27.7 to –25.3)    −25.4 ± 0.7 (−26.7 to –24.1)     8.1 ± 0.7 (7.1−9.5)      4.39 ± 0.23

                                      Body feathers      13      −24.5 ± 0.7 (−25.5 to –23.4)    −24.4 ± 0.7 (−25.5 to –23.4)     7.8 ± 0.3 (7.1−8.3)      3.17 ± 0.01
Late post-nuptial         Blood cells           12      −25.4 ± 0.6 (−26.3 to –24.4)                                                      7.6 ± 0.6 (6.5−8.8)      3.30 ± 0.09
(May)                          Plasma                 12      −26.0 ± 0.9 (−27.5 to –24.5)    −25.1 ± 0.9 (−26.5 to –23.6)     8.3 ± 0.6 (7.7−9.6)      4.26 ± 0.16

                                      Body feathers      12      −24.6 ± 1.0 (−26.6 to –23.2)    −24.5 ± 1.0 (−26.5 to –23.1)     8.1 ± 0.8 (7.0−9.6)      3.17 ± 0.01
Spring arrival (Sep)     Blood cells           22      −23.1 ± 1.6 (−25.3 to –20.2)                                                      9.5 ± 1.1 (7.7−11.5)    3.30 ± 0.03
                                      Plasma                 22      −23.9 ± 1.4 (−25.9 to –21.3)    −23.2 ± 1.3 (−25.2 to –20.7)   10.3 ± 0.9 (9.2−11.7)    4.14 ± 0.28
Laying (Nov)                Blood cells           13      −24.1 ± 0.9 (−25.4 to –22.8)                                                      8.9 ± 0.4 (8.4−9.8)      3.31 ± 0.10
                                      Plasma                 13      −25.2 ± 0.6 (−26.2 to –24.0)    −24.4 ± 0.6 (−25.6 to –23.1)   10.1 ± 0.4 (9.4−10.6)    4.11 ± 0.11
Hatching (Dec)             Blood cells           15      −23.9 ± 1.2 (−25.2 to –21.6)                                                      8.6 ± 0.4 (8.1−9.3)      3.31 ± 0.06
                                      Plasma                 15      −24.5 ± 1.5 (−25.8 to –21.7)    −23.9 ± 1.4 (−25.2 to –21.2)     9.4 ± 0.4 (8.7−10.2)    4.00 ± 0.10
Moult                            Body feathers      25      −24.5 ± 0.9 (−26.6 to –23.2)    −24.4 ± 0.9 (−26.5 to –23.1)     7.9 ± 0.6 (7.0−9.6)      3.17 ± 0.01
Moult (1914−1977)       Body feathers      15      −24.1 ± 1.5 (−25.8 to –21.4)    −24.0 ± 1.5 (−25.8 to –21.3)     8.7 ± 1.0 (6.9−11.0)    3.23 ± 0.08

Thin-billed prion
Chick-rearing (Feb)     Blood cells            6       −23.7 ± 0.5 (−24.2 to –23.1)                                                      7.8 ± 0.2 (7.6−8.2)      3.32 ± 0.07
                                      Plasma                  6       −25.1 ± 0.4 (−25.4 to –24.5)    −24.2 ± 0.3 (−24.6 to –23.7)     8.0 ± 0.4 (7.3−8.3)      4.20 ± 0.21
Chicks (Feb)                 Blood cells            9       −23.1 ± 0.8 (−24.2 to –22.1)                                                      8.4 ± 0.4 (7.7−9.0)      3.33 ± 0.15
                                      Plasma                  9       −24.4 ± 0.7 (−25.4 to –23.4)    −23.3 ± 0.8 (−24.1 to –21.9)     8.8 ± 0.5 (7.7−9.4)      4.51 ± 0.30
                                      Body feathers       9       −21.5 ± 0.5 (−22.2 to –20.8)    −21.2 ± 0.5 (−21.8 to –20.4)     9.1 ± 0.4 (8.6−9.7)      3.19 ± 0.01
Spring arrival (Oct)      Blood cells           21      −21.5 ± 1.4 (−24.7 to –19.8)                                                      8.6 ± 0.7 (7.6−10.3)    3.32 ± 0.12
                                      Plasma                 21      −22.5 ± 1.1 (−24.4 to –20.2)    −22.0 ± 1.2 (−23.9 to –19.6)     9.9 ± 0.5 (9.0−10.9)    3.86 ± 0.15
Incubation (Dec)          Blood cells           13      −22.3 ± 1.1 (−23.8 to –20.5)                                                      8.5 ± 0.1 (8.3−8.7)      3.33 ± 0.14
                                      Plasma                 13      −22.6 ± 1.0 (−24.3 to –21.1)    −22.1 ± 1.0 (−23.6 to –20.7)     9.1 ± 0.2 (8.8−9.5)      3.82 ± 0.18
Moult                            Body feathers      20      −23.6 ± 1.6 (−26.7 to –18.6)    −23.5 ± 1.6 (−26.7 to –18.3)     8.0 ± 0.5 (7.4−9.3)      3.18 ± 0.01
Moult (1923−1971)       Body feathers      10      −21.4 ± 0.8 (−23.4 to –20.1)    −21.3 ± 0.9 (−23.3 to –20.0)     9.0 ± 0.4 (8.5−9.7)      3.25 ± 0.05

Common diving petrel
Chick-rearing (Feb)     Blood cells           13      −18.5 ± 0.9 (−20.2 to –17.4)                                                    11.0 ± 0.7 (9.3−11.9)    3.18 ± 0.04
                                      Plasma                 13      −18.2 ± 0.5 (−18.9 to –17.3)    −17.4 ± 0.4 (−18.0 to –16.8)   11.8 ± 0.3 (11.3−12.3)  4.15 ± 0.26
Chicks (Mar)                Blood cells           17      −17.8 ± 0.3 (−18.4 to –17.4)                                                    11.1 ± 0.3 (10.6−11.5)  3.17 ± 0.05
                                      Plasma                 17      −19.3 ± 0.7 (−20.7 to –18.0)    −17.9 ± 0.4 (−18.9 to –17.0)   11.8 ± 0.6 (10.6−12.8)  4.74 ± 0.35
                                      Body feathers      17      −17.0 ± 0.5 (−17.8 to –16.4)    −16.7 ± 0.5 (−17.5 to –16.1)   12.1 ± 0.4 (11.5−12.7)  3.24 ± 0.02
Post-nuptial (May)       Blood cells           12      −18.7 ± 2.1 (−21.5 to –16.4)                                                      9.3 ± 1.7 (7.0−11.2)    3.16 ± 0.01
                                      Plasma                 12      −17.5 ± 0.5 (−18.8 to –16.9)    −16.9 ± 0.4 (−17.7 to –16.4)   11.9 ± 0.4 (11.3−12.5)  3.98 ± 0.19
Winter (Jul)                  Blood cells           12      −16.8 ± 0.4 (−17.8 to –16.5)                                                    11.7 ± 0.3 (11.0−12.0)  3.17 ± 0.01
                                      Plasma                 12      −17.8 ± 0.4 (−18.7 to –17.2)    −17.1 ± 0.4 (−18.0 to –16.7)   12.5 ± 0.3 (11.9−13.1)  4.07 ± 0.15
Spring arrival (Sep)     Blood cells           12      −22.6 ± 0.8 (−23.1 to –20.3)                                                      7.5 ± 0.8 (6.2−8.8)      3.14 ± 0.06
                                      Plasma                 12      −22.0 ± 1.5 (−22.9 to –17.6)    −21.5 ± 1.5 (−22.4 to –16.9)     9.2 ± 1.1 (7.7−12.3)    3.86 ± 0.15
Incubation (Dec)          Blood cells           17      −19.2 ± 1.9 (−22.4 to –17.0)                                                      9.8 ± 1.1 (8.2−11.8)    3.21 ± 0.05
                                      Plasma                 16      −20.6 ± 2.3 (−23.2 to –17.6)    −19.9 ± 2.4 (−22.7 to –16.9)   10.1 ± 1.4 (8.5−12.1)    4.07 ± 0.15
Moult                            Body feathers      29      −21.7 ± 2.5 (−23.8 to –15.5)    −21.4 ± 2.6 (−23.7 to –15.1)     8.5 ± 2.0 (6.2−13.4)    3.25 ± 0.02
Moult (1914−1970)       Body feathers      13      −20.2 ± 2.7 (−23.9 to –15.1)    −20.1 ± 2.7 (−23.9 to –15.0)     9.8 ± 2.1 (7.3−13.5)    3.25 ± 0.04

Table 1. Blood and feather δ13C and δ15N values at various stages of the annual cycle of blue petrels Halobaena caerulea, thin-billed
prions Pachyptila belcheri and common diving petrels Pelecanoides urinatrix from Mayes Island, Kerguelen Archipelago. Normal-
ized δ13C values are either corrected plasma δ13C values according to the C:N mass ratios, which is a proxy of lipid content in animal
tissues, or corrected feather δ13C values according to the increase in atmospheric CO2 in response to human fossil fuel burning (see 

‘Data analyses’). Values are means ± SD, with ranges in parentheses. Ind. = Individuals
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Data analyses

Data were statistically analysed using SYSTAT 12.
Values are means ± SD. In most cases, isotopic com-
parisons were made on the same tissue type, because
it is the most straightforward approach and avoids
biases due to tissue-specific metabolic routing and,
thus, to tissue-specific isotopic discrimination factors.
For example, enrichment in 13C generally increases
in the order blood cells < plasma < feathers (Naka -
shita et al. 2013, Cherel et al. 2014). However, com-
parisons were also made between tissues with differ-
ent metabolic rates that reflect dietary records over
various periods to collect dietary information at dif-
ferent time scales. The constantly low C:N mass
ratios of feathers and blood cells verified their low
lipid content (Table 1). In contrast, most C:N mass
ratios of lipid-extracted plasmas were >4.0, thus indi-
cating incomplete lipid removal. Lipid-associated
biases on δ13C values were reduced by mathemati-
cally normalizing plasma δ13C using the following
equation for aquatic animals: δ13Cnormalized = δ13C −
3.32 + (0.99 × C:N) (Post et al. 2007).

The Southern Ocean is marked by a well-defined
latitudinal baseline δ13C gradient that is reflected in
the tissue of consumers (Cherel & Hobson 2007,
Jaeger et al. 2010, Quillfeldt et al. 2010). The isotopic
consumer data allowed estimation of the carbon posi-
tion of the main oceanic fronts within the southern
Indian Ocean, and thus delineation of robust iso -
scapes of the main foraging zones for top predators,
depending on the targeted tissues. Based on blood
(feather) δ13C isoscapes, values less than −22.9‰
(−21.2‰) and −22.9 to −20.1‰ (−21.2 to −18.3‰) and
greater than −20.1‰ (−18.3‰) were considered to
correspond to the Antarctic, Subantarctic and Sub-
tropical Zones, respectively (Jaeger et al. 2010).

When long time series of historical and recent sam-
ples of δ13C are analysed, the raw δ13C values have to
be adjusted according to the increase in atmospheric
CO2 in response to human fossil fuel burning (Hilton
et al. 2006). Firstly, the resulting rise in aqueous CO2

increases, in turn, the phytoplankton fractionation,
thus reducing its δ13C isotopic values (Rau et al.
1992). However, the magnitude of the change is
rather low (Jaeger & Cherel 2011), and it was not
considered here. Secondly, fossil carbon introduced
into the atmosphere has a lower δ13C value than
background carbon, thus inducing an accelerating
decrease in δ13C in the biosphere (the Suess effect;
Keeling 1979). Since the Suess effect decreases with
increasing latitudes (Hilton et al. 2006), the raw δ13C
values were corrected according to the moulting

grounds indicated by the feather δ13C values them-
selves, namely Antarctic or subantarctic waters. It
should be noted that the isotopic change due to the
Suess effect is small compared to the large range of
feather δ13C values observed here, with a maximal
correction factor of 0.34‰.

RESULTS

Blue petrel Halobaena caerulea

The mass of the solid fraction of food samples aver-
aged 14.9 ± 6.5 g (n = 31). In agreement with other
sampled years (Cherel et al. 2002b, Connan et al.
2008), chick food in 2003 was dominated by crus-
taceans (61.7% by fresh mass), with fish ranking sec-
ond (33.3%) and cephalopods third (4.0%). Owing to
their small size and mass, crustaceans accounted for
most of the prey by number (98.3%), with the main
item being the hyperiid amphipod Themisto gaudi -
chaudii (73.4%). Other significant crustaceans were
the hyperiids Cyllopus magellanicus (9.1%) and Vi-
bilia antarctica (6.7%), together with the euphausiids
Euphausia vallentini (3.5%) and E. superba (2.4%).
Diet in 2003 was marked by the near lack of Thysa-
noessa macrura/vicina, which was a major crustacean
item in other years. Fish diet mainly included several
species of myctophid fishes (n = 22 specimens) and
the gempylid Paradiplospinus gracilis (n = 8).

Isotopic data from both sexes were pooled for sta-
tistical analyses, because no significant isotopic dif-
ferences were found between BP females and males,
whatever the tissue type and breeding stage (Mann-
Whitney U-tests, all p ≥ 0.057). In the same way, δ13C
and δ15N values from early and late post-nuptial
birds were pooled, because they showed limited dif-
ferences, with no or small biological meaning. Blood
cells from chicks and adults at various stages of the
annual cycle were segregated by their stable isotope
values (MANOVA, Wilks’s Lambda, F10,224 = 19.39,
p < 0.0001) (Fig. 1), with both δ13C and δ15N values
showing  significant variations across the breeding
cycle (ANOVA, F5,113 = 20.41 and 35.45, respectively,
both p < 0.0001). Three features were notable: (1)
adult δ15N values decreased continuously throughout
the annual cycle, from 9.5 ± 1.1‰ on arrival in the
colony in September to 7.3 ± 0.5‰ at the post-nuptial
stage in April to May. (2) δ13C and δ15N values were
lower in post-nuptial birds than in all the other
groups (post hoc Tukey’s honestly significant differ-
ence multiple comparison tests, all p < 0.0001). (3)
δ15N values were higher in chicks than in adults dur-
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ing the chick- rearing period (p < 0.0001). Normalized
plasma δ13C and δ15N values followed a similar pat-
tern (statistics not shown).

Feathers from chicks, adults and historical speci-
mens were segregated by their stable isotope values
(Wilks’s Lambda, F4,98 = 18.31, p < 0.0001) (Table 1).
Both normalized δ13C and δ15N values were generally
different (F2,50 = 38.76 and 28.36, respectively, both
p < 0.0001). Feather δ13C and δ15N values were higher
in chicks than in adults and historical specimens (all
p < 0.0001). Normalized δ13C values for adults and
 historical samples were not significantly different
(p = 0.425), but historical samples had higher δ15N val-
ues than adults sampled in 2003 (p = 0.010).

Thin-billed prion Pachyptila belcheri

The mass of the solid fraction of food samples aver-
aged 16.0 ± 4.7 g (n = 6). In agreement with other

sampled years (Cherel et al. 2002a), chick food in
2003 was dominated by crustaceans (98.4 and 99.9%
by fresh mass and number, respectively), with the
main prey items being the hyperiid amphipod The -
misto gaudichaudii (79.3% by number) together with
cypris larvae of Lepas australis (17.4%). Like BP
food, TBP diet in 2003 was marked by the absence of
Thysanoessa macrura/vicina, which was a major
crustacean item in other years.

Most TBP adults were males, thus precluding
investigating sex-related differences. However, fe -
males had higher blood cell δ13C values than males
on their arrival at the colony to breed (−20.9 ± 0.9
and −22.4 ± 1.5‰, n = 12 and 9, respectively, U =
89.0, p = 0.013). Blood cells from chicks and adults
at various stages of the annual cycle were segre-
gated by their stable isotope values (Wilks’s
Lambda, F6,88 = 5.52, p < 0.0001) (Fig. 2). Blood cell
δ13C and δ15N values showed significant variations
across the breeding cycle (F3,45 = 6.98 and 4.23,

272

Fig. 1. Blood cell δ13C (upper panel) and δ15N (lower panel)
values of chicks and adults of blue petrels Halobaena cae ru -
lea at various stages of the annual cycle. Values not sharing
the same superscripted letter are significantly different. 

Values are means ± SD

Fig. 2. Blood cell δ13C (upper panel) and δ15N (lower panel)
values of chicks and adults of thin-billed prions Pachyptila
belcheri at various stages of the annual cycle. Values not shar-
ing the same superscripted letter are significantly different. 

Values are means ± SD
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p = 0.001 and 0.010, respectively), with normalized
plasma δ13C and δ15N values following the same
pattern (statistics not shown). Two features were
notable: (1) adult δ13C and δ15N values decreased
throughout the annual cycle, from arrival in the
colony in October to the chick-rearing period in
February, and (2) δ15N values were higher in
chicks than in adults during the chick-rearing
period (p = 0.072 and 0.004 for blood cells and
plasma, respectively).

One adult outlier with a high feather δ13C value
was excluded from statistical analyses, because it
falls far outside recent and historical values (Fig. 3).
Feathers from chicks, adults and historical speci-
mens were segregated by their stable isotope val-
ues (Wilks’s Lambda, F4,68 = 20.01, p < 0.0001).
Both normalized δ13C and δ15N values were gener-
ally different (F2,35 = 32.17 and 42.27, respectively,
both p < 0.0001). Normalized feather δ13C and δ15N
values were not statistically different in chicks or
historical specimens, thus contrasting with the
lower values of adult birds that moulted in 2003 (all
p < 0.0001).

Common diving petrel Pelecanoides urinatrix

Isotopic data of blood cells and feathers from
both sexes were pooled for statistical analyses, be -
cause only one significant isotopic difference was
found between CDP females and males, namely in
blood cells during incubation (U = 6.0 and 2.0, p =
0.005 and 0.001 for δ13C and δ15N, respectively).
Blood cells from chicks and adults at various stages
of the annual cycle were segregated by their stable
isotope values (Wilks’s Lambda, F10,152 = 23.31, p <
0.0001), with both δ13C and δ15N values showing
significant variations across the breeding cycle
(F5,77 = 29.46 and 35.13, respectively, both p <
0.0001). Three features were notable: (1) blood cell
δ13C and δ15N values were lower in spring birds
arriving at the colony to breed than they were in all
the other groups (all p < 0.0001). (2) Adult δ13C and
δ15N values increased throughout the breeding
cycle, from arrival in the colony in September to
the chick-rearing period in February. (3) Chicks
and adult birds during the chick-rearing period had
similar blood cell δ13C and δ15N values. Normalized
plasma values followed the same pattern for the
most part (Fig. 4). However, plasma δ13C and δ15N
values were similar for chick-rearing, post-nuptial
and winter birds (all p ≥ 0.213), with some birds
showing contrasting plasma and blood cell isotopic

values. For example, 4 post-nuptial birds had much
higher δ13C and δ15N values in plasma than in
blood cells −-17.3 ± 0.2 versus −21.3 ± 0.3‰ and
11.7 ± 0.2 versus 7.3 ± 0.4‰, respectively), thus
minimizing plasma variance in that group (Table 1).
Overall, plasma δ13C values (Fig. 5) and the related
δ15N values (not shown) of CDP adults showed a
bimodal pattern, with 2 well-segregated groups of
values.

Isotopic data from adult feathers also showed 2 iso-
topic groups, including a few high δ13C (Fig. 5) and
δ15N (not shown) values. Feathers from chicks, adults
and historical specimens were segregated by their
stable isotope values (Wilks’s Lambda, F4,110 = 11.18,
p < 0.0001) (Table 1). Both normalized δ13C and δ15N
values were generally different (F2,56 = 24.16 and
23.25, respectively, both p < 0.0001). Feather δ13C
and δ15N values were higher in chicks than in adults
and historical specimens (all p ≤ 0.002), with the 2
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Fig. 3. Feather δ15N versus normalized δ13C values of chicks
( ), adults (D) and historical specimens (s) of blue petrels
Halobaena caerulea  (upper panel) and thin-billed prions
Pachyptila belcheri (lower panel). Values are individual 

isotopic signatures and means ± SD
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 latter groups having similar isotopic signatures (p =
0.223 and 0.065, respectively).

Among-species isotopic comparisons

Blood cells of BP, TBP and CDP were segregated
by their stable isotope values at various stages in the
breeding cycle, namely, arrival at the colony to
breed, incubation, chick-rearing and chicks (Wilks’s
Lambda, p < 0.0001 for each stage) (Fig. 6). In uni-
variate analyses, both δ13C and δ15N values were dif-
ferent (all p ≤ 0.002), with 3 notable features: (1) CDP
was always segregated from BP and TBP (post hoc
tests, all p ≤ 0.005), except for δ13C in spring
(p = 0.656 between BP and CDP and p = 0.084 be -
tween CDP and TBP). (2) BP and TBP were segre-
gated by δ13C and/or δ15N values, except during the
chick-rearing period (p = 0.471 and 0.203, respec-
tively). (3) When they differed, BP had lower δ13C

values (arrival, incubation) and higher δ15N values
(arrival, chicks) than TBP.

Feathers of BP, TBP and CDP were segregated by
their stable isotope values in adult birds, historical
specimens and chicks (Wilks’s Lambda, all p < 0.0001).
In univariate analyses, δ13C values were always dif-
ferent (p < 0.0001), while δ15N values were different
in chicks (p < 0.0001), but not in adult birds (p =
0.265) nor in historical specimens (p = 0.100). In
agreement with blood cell data, chick feather δ13C
and δ15N values showed differences between CDP
and the 2 other species (all p < 0.0001) and BP had a
higher δ15N value than did TBP (p < 0.0001). Feather
δ13C values of BP and CDP were different in both
adult birds and historical samples (p < 0.0001). In
contrast, feather δ13C values of TBP and BP were
identical in adult birds (p = 0.204) and different in
historical specimens (normalized values, p = 0.004),
with an opposite pattern for δ13C values of TBP and
CDP (p = 0.002 and 0.335, respectively).
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Fig. 4. Normalized plasma δ13C (upper panel) and δ15N
(lower panel) values of chicks and adults of common diving
petrels Pelecanoides urinatrix at various stages of the an-
nual cycle. Values not sharing the same superscripted letter 

are significantly different. Values are means ± SD

Fig. 5. Frequency distribution of normalized plasma (upper
panel) and feather (lower panel) δ13C values of adult common 

diving petrels Pelecanoides urinatrix
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DISCUSSION

To date, few studies based on stable isotopes have
examined the extent to which seabirds alter their for-
aging strategies across discrete stages of the breed-
ing cycle (e.g. Williams et al. 2008, Davies et al.
2009), and none, to our knowledge, has included
histo rical samples from museum specimens in the
analysis. Four main features emerge from our de -
tailed isotopic investigation. (1) All 3 petrel species
stayed all year long within the Southern Ocean and
only a very few TBP and CDP individuals foraged
further north (Cherel et al. 2006, present study). The
birds’ foraging strategies document a strong connec-
tion between the subantarctic and Antarctic pelagic
ecosystems, with the 3 subantarctic species foraging
significantly within the Antarctic Zone. (2) Isotopic
niches and hence foraging niches are stage-depen-
dent, with petrels coping with environmental season-
ality and energetic constraints throughout the breed-
ing cycle by shifting their feeding grounds either
from oceanic to productive coastal waters (CDP) or

from subantarctic to high-Antarctic waters where
they preyed primarily upon crustaceans (BP and
TBP). (3) The diving CDP was segregated from the
surface-feeders BP and TBP by both its more coastal
habitat and its lower-trophic level prey, while BP was
segregated from TBP by foraging further south and
including more fish in its diet. (4) In contrast to BP
and CDP, TBP has shifted its main moulting grounds
to higher latitudes over the last decades. From a
methodological point of view, the study highlights
the usefulness of measuring the isotopic values of
complementary tissues with different temporal inte-
grations to depict trophic variations at both the popu-
lation and individual levels (Martínez del Rio et al.
2009, Hobson & Bond 2012), and of including histori-
cal samples in isotopic investigations to depict poten-
tial long-term temporal changes (Thompson et al.
1995, Jaeger & Cherel 2011).

Petrel isotopic values in 2003 were similar to the
species’ δ13C and δ15N values in other recent years
(Bocher et al. 2000a, Cherel et al. 2002a,b, unpubl.
data), thus indicating that they were representative
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Fig. 6. Blood cell δ13C and δ15N values of blue petrels Halobaena caerulea (BP), thin-billed prions Pachyptila belcheri (TBP)
and common diving-petrels Pelecanoides urinatrix (CDP) at various stages of the breeding cycle: (a) arrival, (b) incubation, 

(c) chick-rearing and (d) chicks. Values are means ± SD
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of the birds’ normal isotopic niche. Adult survival
rates of BP, TBP and CDP in 2003 were close to the
species means, as was the fledging success of BP
(authors’ unpubl. data). In contrast, the fledging suc-
cess of TBP in 2003 was well below the average
(authors’ unpubl. data), suggesting a possible detri-
mental effect of the lack of Thysanoessa macrura/
vicina in food samples for TBP chicks, but not for BP
chicks. Other food components in 2003 were consis-
tent with previous dietary information, with BP feed-
ing on fish and with Themisto gaudichaudii being a
main crustacean item in both BP and TBP food sam-
ples (Cherel et al. 2002a,b, Connan et al. 2008).

Species-level analyses

According to the latitudinal δ13C gradient in the
Southern Ocean (Cherel & Hobson 2007, Jaeger et al.
2010, Quillfeldt et al. 2010), blood cell, plasma and
feather δ13C values of BP show that the species for-
ages primarily within the Antarctic Zone all year
long. Feeding in cold waters is in agreement with the
δ13C values of feathers collected in the period from
1995 to 1997 at the Kerguelen Islands and of feathers
and blood cells from adults rearing chicks in South
Georgia (Cherel et al. 2002a, 2006, Anderson et al.
2009, Navarro et al. 2013). However, the larger vari-
ance, together with the continuum of individual
blood cell δ13C values from −25.3 to −20.1‰, indi-
cates that BP fed within a broader latitudinal range,
from high-Antarctic to subantarctic waters, in the
few weeks preceding breeding in late winter (Fig. 7).
The variable δ13C values were associated with a con-
comitant large range of δ15N values, from 7.7 to
11.5‰, which encompasses >1 trophic level. A part
of that variation is likely due to a change in the δ15N
baseline with latitude (Jaeger et al. 2010), but the
main driving factor of the δ15N increase is a latitudi-
nal dietary change from lower-trophic level prey
(most likely Antarctic krill) in Antarctic waters to
higher-trophic level prey (most likely myctophid fish)
in subantarctic waters. This dietary plasticity is well
exemplified by comparing the blood δ15N values
between BP and species with well-known feeding
ecology. Low BP δ15N values are close to those of
the high-Antarctic Adélie penguin, which consumes
Antarctic and ice krill (Cherel 2008), while the higher
BP δ15N values are remarkably similar to those of the
much larger myctophid-eating king penguin, Ant arc -
tic fur seal and southern elephant seal (Cherel et al.
2008) (Fig. 7). The foraging behaviour of some indi-
viduals that fed almost exclusively on mesopelagic

fish confirms the importance of myctophids in the nu -
trition of BP that was already pointed out for the period
during chick-rearing (Connan et al. 2007, 2008).

Blood cell, plasma and feather δ13C values of TBP
adults show that the species foraged primarily over
oceanic waters of the Subantarctic and Antarctic
Zones all year long. Feeding in oceanic waters of the
Southern Ocean is in agreement with the δ13C values
of feathers collected in the period from 1995 to 1997
at Kerguelen (Cherel et al. 2002b, 2006), but not with
some isotopic and tracking data from the Falkland
Islands. At the latter locality, most TBP feed in the
neritic waters of the Patagonian shelf during the
chick-rearing period and in late winter (Quillfeldt et
al. 2008, 2013). A main characteristic of the BP and
TBP breeding cycles at the Kerguelen Islands was an
overall progressive summer decrease in blood cell
and plasma δ13C values, together with a concomitant
decrease in δ15N values (Figs. 1 & 2). The main expla-
nation for the isotopic changes is a progressive spa-
tial and dietary shift to higher latitudes where the
birds fed more on Antarctic krill, thus benefiting from
the progressive retreat of sea-ice that drives seasonal
krill availability. Indeed, BP and TBP of unknown
 status have been repeatedly observed foraging and
feeding in summer in the high-Antarctic waters
south of the Kerguelen Islands, where visual oberva-
tions of BP have been positively correlated with the
abundance of Antarctic krill (Ryan & Cooper 1989, J.
C. Stahl et al. unpubl. data). Foraging progressively
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Fig. 7. Blood cell δ15N versus δ13C values of individual adult
blue petrels Halobaena caerulea on arrival at the colony to
breed in September ( ) and in the post-nuptial stage in April
to May (h). Control species: adult Adélie penguins (AP) that
feed primarily on krill in high-Antarctic waters, and lactat-
ing female Antarctic fur seals (AFS), adult king penguins
(KP) and female southern elephant seals (SES) that feed on
myctophid fish in warmer waters. Values are means ± SD
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further south as summer progresses in order to feed
on krill has already been depicted in satellite-tracked
white-chinned petrels (Catard & Weimerskirch 1999)
and has isotopically been recorded in the vibrissae of
some male Antarctic fur seals (Cherel et al. 2009).

Unlike BP and TBP, CDP showed progressive and
large increases in its plasma and blood cell δ13C and
δ15N values throughout the breeding cycle. The 2
well-defined groups of plasma δ13C values indicate
foraging in 2 distinct marine environments (Fig. 5).
Visual observations, together with dietary analyses
and net sampling, showed that adults rearing chicks
feed in coastal waters near the colony within a large
enclosed bay (Weimerskirch et al. 1989, Bocher et al.
2000a, 2001, 2002). Coastal waters are generally
marked by high δ13C and δ15N baselines, thus ex -
plaining the group of high isotopic values. In con-
trast, birds arriving at the colony to breed had much
lower plasma and blood cell δ13C and δ15N values,
indicating that adult birds migrated from low-
Antarctic and subantarctic waters, where they fed on
crustaceans. Unlike isotopic data of breeding birds in
September, the δ13C and δ15N values in July showed
that winter birds foraged in coastal waters near the
colony. The resident behaviour of winter birds con-
trasts with the migrating pattern of breeding diving
petrels, thus confirming that the few CDP present in
the colony in winter will not breed the following
spring (Bocher et al. 2000b). Shifting between the 2
habitats at the individual level is exemplified clearly
by the contrasting isotopic values in the plasma and
blood cells of a few post-nuptial birds, with higher
(blood cells) and lower (plasma) integration periods
indicating foraging in oceanic and coastal waters,
respectively. Feather isotopic values were also clus-
tered into 2 groups, with most breeding CDP moult-
ing in Antarctic oceanic waters and a few birds
moulting near the colony (Fig. 5). In South Georgia,
colonies were located near the open sea, and, accord-
ingly, isotopic data and the tracking of birds in sum-
mer indicate that the species forages in offshore
waters (Anderson et al. 2009, Navarro et al. 2013).

Spatial and trophic segregation among species

Species comparisons were made at 5 stages of the
breeding cycle, namely spring arrival, incubation,
chick-rearing, chick and moult. The most obvious
difference was the isotopic segregation between the
diving CDP and the surface-seizing BP and TBP dur-
ing most of the breeding cycle. The much higher
plasma and blood cell δ13C values of CDP indicate

feeding in coastal waters, while BP and TBP are
oceanic consumers. Inshore feeding of breeding CDP
can be linked to central-place foraging, together with
the high energetic cost of flying of diving petrels rel-
ative to blue petrels and prions (Roby & Ricklefs
1986, Taylor et al. 1997, Weimerskirch et al. 2003a).
However, these constraints do not preclude foraging
in nearby offshore waters, as the sympatric South
Georgian diving petrel does (Bocher et al. 2000a).
Hence, CDP favors coastal waters, and it is the most
inshore procellariiform seabird at the Kerguelen
Islands and probably elsewhere within the Southern
Ocean (J. C. Stahl et al. unpubl. data). However, CDP
also foraged in offshore waters in some non-breeding
stages of the annual cycle, with most moulting adults
and all spring birds feeding in Antarctic and sub-
antarctic waters in the vicinity of the Polar Front.
There, spring birds caught lower trophic level prey
than did TBP and BP (Fig. 6), most likely herbivorous
copepods and omnivorous euphausiids rather than
carnivorous hyperiid amphipods.

Isotopic segregation between BP and TBP was less
pronounced, and it changed over breeding stages. On
arrival at the colony, adults of the 2 species foraged in
different habitats and fed on different prey; during in-
cubation, only the habitats were different; and there
was no obvious segregation during chick-rearing or
the subsequent moult. One limitation of the isotopic
method is that δ13C values of seabirds indicate their
latitudinal, but not their longitudinal feeding grounds
(Cherel & Hobson 2007, Jaeger et al. 2010). Hence,
more information is needed using miniaturized geolo-
cator sensors to precisely define the respective forag-
ing grounds of BP and TBP all year long (Quillfeldt et
al. 2013). When statistically different, however, δ13C
and δ15N values indicate that BP adults foraged further
south and fed on higher-trophic level prey than did
TBP adults. Dietary segregation is exemplified by the
higher δ15N value of BP chicks, which is explained by
both the larger proportion of fish in the chick food of
BP than that of TBP (Cherel et al. 2002a,b, present
study) and the higher trophic positions of mesopelagic
fish compared to pelagic swarming crustaceans (Cherel
et al. 2008, 2010).

Self-feeding versus chick provisioning

The assumption that oceanic, but not coastal spe-
cies, would present different blood isotopic values in
adults and chicks was partially verified. As expected,
plasma and blood cell δ13C and δ15N values of adults
and chicks were not significantly different in the
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coastal CDP, indicating that adult birds foraged for
themselves and for their chicks in the same habitat
and on the same prey, most likely the hyperiid amphi-
pod Themisto gaudichaudii and the large copepod
Paraeuchaeta antarctica (Bocher et al. 2000a, 2001,
2002). As expected also, BP adults showed lower δ13C
and δ15N values than their chicks, thus indicating
that parent birds foraged for themselves in colder
waters, where they fed primarily on crustaceans, and
that they caught more fish at lower latitudes for their
chicks. Catching some fish for their offspring is also
the likely explanation for the higher δ15N values of
TBP chicks than of adults (Cherel et al. 2002a). Such
partial trophic segregation between adults and chicks
was previously found in Antarctic procellariiforms
and penguins, with adults provisioning offspring
with higher quality food to facilitate their growth
(Hodum & Hobson 2000, Cherel 2008). Indeed, meso-
pelagic fish are protein- and lipid-rich organisms
(Donnelly et al. 1990, Cherel & Ridoux 1992), and
fatty fish are known to be the best-quality nutritional
food promoting growth in seabird chicks (Heath &
Randall 1985). Unlike the initial assumption, how-
ever, δ13C values were almost identical for TBP adults
and chicks, suggesting that they all fed on a mixture
of Antarctic and subantarctic prey, with slightly more
Antarctic food in adult birds.

Historical ecology during adult moult

CDP feather δ13C and δ15N values were not signifi-
cantly different in recent and historical specimens.
The high isotopic variance implies that historical
specimens also moulted in the 2 contrasting marine
environments described for the 2003 birds, with most
CDP foraging in the Subantarctic Zone and a few of
them in coastal waters near the colony. Unlike BP
 isotopic data, TBP feather δ13C and δ15N values were
significantly different in recent and historical speci-
mens, with almost no overlap between the 2 groups
(Fig. 3) and with similarly low δ13C values in recent
feathers collected in 2003 (present study) and those
collected from 1995 to 1997 (Cherel et al. 2002a). Two
non-exclusive explanations may account for the dif-
ference in δ13C values, namely ecosystemic and spe-
cies-specific changes. First, since the baseline δ13C
value is positively linked to phytoplankton growth
(Laws et al. 1995), a decrease in primary productivity
induces a lower δ13C baseline that is reflected in
organisms at higher trophic levels (Schell 2000,
Jaeger & Cherel 2011). The lack of parallel change in
historical feather δ13C values of both TBP and BP,

however, suggests that no substantial decrease of
primary productivity has taken place in the area over
the last decades. Moreover, the shift in TBP δ13C val-
ues was very large, almost certainly too large to have
been caused by a changing δ13C baseline level. Sec-
ondly, the most likely explanation is that birds’ forag-
ing behaviour has changed over the last decades,
with TBP adults shifting their moulting areas to
higher latitudes, where they feed on higher trophic
level prey. Historical and more recent samples indi-
cate lower latitude foraging grounds during most of
the 20th century (1923 to 1971), with a shift to high-
Antarctic waters occurring before 1995 to 1997 and
no change thereafter. Why moulting TBP altered
their foraging behaviour remains to be investigated,
but it is notable that an atmospheric temperature-
defined regime shift occurred in the 1970s in the
southern Indian Ocean (Weimerskirch et al. 2003b).
Interestingly, TBP from the Falkland Islands in the
southern Atlantic Ocean showed a similar historical
trend in their δ13C values (Quillfeldt et al. 2010), thus
suggesting either that a second factor may have
induced the distributional shift in the South Atlantic
population independently or, more probably, that an
identical phenotypically or genetically operating
mechanism occurred at the species level. To our
knowledge, no similar change in movement patterns
has been described in any other seabird species. The
TBP isotopic data thus highlight the foraging plasti-
city of seabirds, including their ability to change
long-term feeding strategies during the inter-nesting
period. Such foraging flexibility is a beneficial attrib-
ute for seabird populations attempting to cope with
changing environmental conditions and energetic
constraints at different time scales (from intra-
 seasonal to decadal).

Acknowledgements. The authors thank the fieldworkers
who helped collect samples at the Kerguelen Islands, S.
Dano for seabird molecular sexing, G. Guillou for stable iso-
tope analysis and C. Barbraud for looking at demographic
data. We are indebted to E. Pasquet and J. Cuisin for per-
mission to collect feathers from historical specimens at the
Muséum National d’Histoire Naturelle of Paris. The present
work was supported financially and logistically by the Insti-
tut Polaire Français Paul Emile Victor (Programme No. 109,
H. Weimerskirch) and the Terres Australes et Antarctiques
Françaises.

LITERATURE CITED

Anderson ORJ, Phillips RA, McDonald RA, Shore RF, McGill
RAR, Bearhop S (2009) Influence of trophic position and
foraging range on mercury levels within a seabird com-
munity. Mar Ecol Prog Ser 375: 277−288

278

http://dx.doi.org/10.3354/meps07784


Cherel et al.: Foraging of three sympatric petrels

Barbraud C, Weimerskirch H (2005) Environmental condi-
tions and breeding experience affect costs of reproduc-
tion in blue petrels. Ecology 86: 682−692

Bearhop S, Waldron S, Votier SC, Furness RW (2002) Factors
that influence assimilation rates and fractionation of
nitrogen and carbon stable isotopes in avian blood and
feathers. Physiol Biochem Zool 75: 451−458

Bocher P, Cherel Y, Hobson KA (2000a) Complete trophic
segregation between South Georgian and common div-
ing petrels during breeding at Iles Kerguelen. Mar Ecol
Prog Ser 208: 249−264

Bocher P, Labidoire B, Cherel Y (2000b) Maximum dive
depths of common diving petrels (Pelecanoides urinatrix)
during the annual cycle at Mayes Island, Kerguelen.
J Zool (Lond) 251: 517−524

Bocher P, Cherel Y, Labat JP, Mayzaud P, Razouls S, Jou-
ventin P (2001) Amphipod-based food web:  Themisto
gaudichaudii caught in nets and by seabirds in Kergue-
len waters, southern Indian Ocean. Mar Ecol Prog Ser
223: 261−276

Bocher P, Cherel Y, Alonzo F, Razouls S, Labat JP, Mayzaud
P, Jouventin P (2002) Importance of the large copepod
Paraeuchaeta antarctica (Giesbrecht, 1902) in coastal
waters and the diet of seabirds at Kerguelen, Southern
Ocean. J Plankton Res 24: 1317−1333

Catard A, Weimerskirch H (1999) Satellite tracking of white-
chinned petrels and comparison with other Procellari-
iformes. In:  Adams NJ, Slotow RH (eds) Proc 22 Int
Ornithol Congr, Durban. BirdLife South Africa, Johan-
nesburg, p 3008−3023

Charrassin JB, Bost CA, Pütz K, Lage J, Dahier T, Zorn T, Le
Maho Y (1998) Foraging strategies of incubating and
brooding king penguins Aptenodytes patagonicus.
Oecologia 114: 194−201

Chastel O, Weimerskirch H, Jouventin P (1995) Body condi-
tion and seabird reproductive performance:  a study of
three petrel species. Ecology 76: 2240−2246

Cherel Y (2008) Isotopic niches of emperor and Adélie pen-
guins in Adélie Land, Antarctica. Mar Biol 154: 813−821

Cherel Y, Hobson KA (2007) Geographical variation in car-
bon stable isotope signatures of marine predators:  a tool
to investigate their foraging areas in the Southern
Ocean. Mar Ecol Prog Ser 329: 281−287

Cherel Y, Ridoux V (1992) Prey species and nutritive value
of food fed during summer to king penguin Aptenodytes
patagonica chicks at Possession Island, Crozet Archipel-
ago. Ibis 134: 118−127

Cherel Y, Bocher P, de Broyer C, Hobson KA (2002a) Food
and feeding ecology of the sympatric thin-billed Pachyp-
tila belcheri and Antarctic P. desolata prions at Iles Ker-
guelen, Southern Indian Ocean. Mar Ecol Prog Ser 228: 
263−281

Cherel Y, Bocher P, Trouvé C, Weimerskirch H (2002b) Diet
and feeding ecology of blue petrels Halobaena caerulea
at Iles Kerguelen, Southern Indian Ocean. Mar Ecol Prog
Ser 228: 283−299

Cherel Y, Hobson KA, Weimerskirch H (2005) Using stable
isotopes to study resource acquisition and allocation in
procellariiform seabirds. Oecologia 145: 533−540

Cherel Y, Phillips RA, Hobson KA, McGill R (2006) Stable
isotope evidence of diverse species-specific and individ-
ual wintering strategies in seabirds. Biol Lett 2: 301−303

Cherel Y, Ducatez S, Fontaine C, Richard P, Guinet C (2008)
Stable isotopes reveal the trophic position and mesopela-
gic fish diet of female southern elephant seals breeding

on the Kerguelen Islands. Mar Ecol Prog Ser 370: 
239−247

Cherel Y, Kernaléguen L, Richard P, Guinet C (2009)
Whisker isotopic signature depicts migration patterns
and multi-year intra- and inter-individual foraging
strategies in fur seals. Biol Lett 5: 830−832

Cherel Y, Fontaine C, Richard P, Labat JP (2010) Isotopic niches
and trophic levels of myctophid fishes and their predators
in the Southern Ocean. Limnol Oceanogr 55: 324−332

Cherel Y, Jaeger A, Alderman R, Jaquemet S and others
(2013) A comprehensive isotopic investigation of habitat
preferences in nonbreeding albatrosses from the South-
ern Ocean. Ecography 36: 277−286

Cherel Y, Jaquemet S, Maglio A, Jaeger A (2014) Differ-
ences in δ13C and δ15N values between feathers and
blood of seabird chicks:  implications for non-invasive
isotopic investigations. Mar Biol 161: 229−237

Connan M, Cherel Y, Mayzaud P (2007) Lipids from stomach
oil of procellariiform seabirds document the importance
of myctophid fish in the Southern Ocean. Limnol
Oceanogr 52: 2445−2455

Connan M, Mayzaud P, Trouvé C, Barbraud C, Cherel Y
(2008) Interannual dietary changes and demographic
consequences in breeding blue petrels from Kerguelen
Islands. Mar Ecol Prog Ser 373: 123−135

Davies WE, Hipfner JM, Hobson KA, Ydenberg RC (2009)
Seabird seasonal trophodynamics:  isotopic patterns in a
community of Pacific alcids. Mar Ecol Prog Ser 382: 
211−219

Davoren GK, Burger AE (1999) Differences in prey selection
and behaviour during self-feeding and chick provision-
ing in rhinoceros auklets. Anim Behav 58: 853−863

Donnelly J, Torres JJ, Hopkins TL, Lancraft TM (1990) Prox-
imate composition of Antarctic mesopelagic fishes. Mar
Biol 106: 13−23

Frederiksen M, Edwards M, Richardson AJ, Hallyday NC,
Wanless S (2006) From plankton to top predators:  bot-
tom-up control of a marine food web across four trophic
levels. J Anim Ecol 75: 1259−1268

Fugler SR, Hunter S, Newton IP, Steele WK (1987) Breeding
biology of blue petrels Halobaena caerulea at the Prince
Edward Islands. Emu 87: 103−110

Heath RGM, Randall RM (1985) Growth of jackass penguin
chicks (Spheniscus demersus) hand reared on different
diets. J Zool 205: 91−105

Hilton GM, Thompson DR, Sagar PM, Cuthbert RJ, Cherel
Y, Bury SJ (2006) A stable isotopic investigation into the
causes of decline in a sub-Antarctic predator, the rock-
hopper penguin Eudyptes chrysocome. Glob Change
Biol 12: 611−625

Hobson KA, Bond AL (2012) Extending an indicator:  year-
round information on seabird trophic ecology from mul-
tiple-tissue stable-isotope analyses. Mar Ecol Prog Ser
461: 233−243

Hobson KA, Clark RG (1992) Assessing avian diets using
stable isotopes. I. Turnover of 13C in tissues. Condor 94: 
181−188

Hobson KA, Clark RG (1993) Turnover of 13C in cellular and
plasma fractions of blood:  implications for non-destruc-
tive sampling in avian dietary studies. Auk 110: 638−641

Hodum PJ, Hobson KA (2000) Trophic relationships among
Antarctic fulmarine petrels:  insights into dietary overlap
and chick provisioning strategies inferred from stable-
isotope (δ15N and δ13C) analyses. Mar Ecol Prog Ser 198: 
273−281

279

http://dx.doi.org/10.3354/meps198273
http://dx.doi.org/10.2307/4088430
http://dx.doi.org/10.2307/1368807
http://dx.doi.org/10.3354/meps09835
http://dx.doi.org/10.1111/j.1365-2486.2006.01130.x
http://dx.doi.org/10.1111/j.1469-7998.1985.tb05615.x
http://dx.doi.org/10.1071/MU9870103
http://dx.doi.org/10.1111/j.1365-2656.2006.01148.x
http://dx.doi.org/10.1007/BF02114670
http://dx.doi.org/10.1006/anbe.1999.1209
http://dx.doi.org/10.3354/meps07997
http://dx.doi.org/10.3354/meps07723
http://dx.doi.org/10.4319/lo.2007.52.6.2445
http://dx.doi.org/10.1007/s00227-013-2314-5
http://dx.doi.org/10.1111/j.1600-0587.2012.07466.x
http://dx.doi.org/10.4319/lo.2010.55.1.0324
http://dx.doi.org/10.1098/rsbl.2009.0552
http://dx.doi.org/10.3354/meps07673
http://dx.doi.org/10.1098/rsbl.2006.0445
http://dx.doi.org/10.1007/s00442-005-0156-7
http://dx.doi.org/10.3354/meps228283
http://dx.doi.org/10.3354/meps228263
http://dx.doi.org/10.1111/j.1474-919X.1992.tb08388.x
http://dx.doi.org/10.3354/meps329281
http://dx.doi.org/10.1007/s00227-008-0974-3
http://dx.doi.org/10.2307/1941698
http://dx.doi.org/10.1007/s004420050436
http://dx.doi.org/10.1093/plankt/24.12.1317
http://dx.doi.org/10.3354/meps223261
http://dx.doi.org/10.1111/j.1469-7998.2000.tb00807.x
http://dx.doi.org/10.3354/meps208249
http://dx.doi.org/10.1086/342800
http://dx.doi.org/10.1890/04-0075


Mar Ecol Prog Ser 505: 267–280, 2014

Jaeger A, Cherel Y (2011) Isotopic investigation of contem-
porary and historic changes in penguin trophic niches
and carrying capacity of the Southern Indian Ocean.
PLoS ONE 6: e16484

Jaeger A, Lecomte VJ, Weimerskirch H, Richard P, Cherel Y
(2010) Seabird satellite tracking validates the use of lati-
tudinal isoscapes to depict predators’ foraging areas in
the Southern Ocean. Rapid Commun Mass Spectrom 24: 
3456−3460

Keeling CD (1979) The Suess effect:  13Carbon−14Carbon
interactions. Environ Int 2: 229−300

Kojadinovic J, Richard P, Le Corre M, Cosson RP, Busta-
mante P (2008) Effects of lipid extraction on δ13C and
δ15N values in seabird muscle, liver and feathers. Water-
birds 31: 169−178

Laws EA, Popp BN, Bidigare RR, Kennicutt MC, Macko SA
(1995) Dependence of phytoplankton carbon isotopic
composition on growth rate and [CO2)aq:  theoretical con-
siderations and experimental results. Geochim Cosmo -
chim Acta 59: 1131−1138

Marchant S, Higgins PJ (1990) Handbook of Australian,
New Zealand and Antarctic birds, Bol 1. Oxford Univer-
sity Press, Melbourne

Martínez del Rio C, Sabat P, Anderson-Sprecher R, Gonza-
lez SP (2009) Dietary and isotopic specialization:  the iso-
topic niche of three Cinclodes ovenbirds. Oecologia 161: 
149−159

Nakashita R, Hamada Y, Hirasaki E, Suzuki J, Oi T (2013)
Characteristics of stable isotope signature of diet in tis-
sues of captive Japanese macaques as revealed by con-
trolled feeding. Primates 54: 271−281

Navarro J, Votier SC, Aguzzi J, Chiesa JJ, Forero MG,
Phillips RA (2013) Ecological segregation in space, time
and trophic niche of sympatric planktivorous petrels.
PLoS ONE 8: e62897

Nevoux M, Barbraud C (2006) Relationships between sea ice
concentration, sea surface temperature and demo-
graphic traits of thin-billed prions. Polar Biol 29: 445−453

Newsome SD, Martínez del Rio C, Bearhop S, Phillips DL
(2007) A niche for isotopic ecology. Front Ecol Environ 5: 
429−436

Park YH, Gambéroni L (1997) Cross-frontal exchange of
Antarctic Intermediate Water and Antarctic Bottom
Water in the Crozet Basin. Deep-Sea Res II 44: 963−986

Payne MR, Prince PA (1979) Identification and breeding
biology of the diving petrels Pelecanoides georgicus and
P. urinatrix exsul at South Georgia. NZ J Zool 6: 299−318

Phillips RA, Bearhop S, McGill RAR, Dawson DA (2009) Sta-
ble isotopes reveal individual variation in migration
strategies and habitat preferences in a suite of seabirds
during the non-breeding period. Oecologia 160: 795−806

Post DM, Layman CA, Arrington DA, Takimoto G, Quat-
trochi J, Montana CG (2007) Getting to the fat of the mat-
ter:  models, methods and assumptions for dealing with
lipids in stable isotope analyses. Oecologia 152: 179−189

Quillfeldt P, McGill RAR, Masello JF, Weiss F, Strange IJ,
Brickle P, Furness RW (2008) Stable isotope analysis

reveals sexual and environmental variability and indi-
vidual consistency in foraging of thin-billed prions. Mar
Ecol Prog Ser 373: 137−148

Quillfeldt P, Masello JF, McGill RAR, Adams M, Furness RW
(2010) Moving polewards in winter:  a recent change in
the migratory strategy of a pelagic seabird? Front Zool 7: 
15

Quillfeldt P, Masello JF, Navarro J, Phillips RA (2013) Year-
round distribution suggests spatial segregation of two
small petrel species in the South Atlantic. J Biogeogr 40: 
430−441

Rau GH, Takahashi T, Marais DJD, Repeta DJ, Martin JH
(1992) The relationship between organic matter δ13C and
[CO2(aq)] in ocean surface water:  data from a JGOFS site
in northeast Atlantic Ocean and a model. Geochim Cos-
mochim Acta 56: 1413−1419

Roby DD, Ricklefs RE (1986) Energy expenditure in adult
least auklets and diving petrels during the chick-rearing
period. Physiol Zool 59: 661−678

Ryan PG, Cooper J (1989) The distribution and abundance
of aerial seabirds in relation to Antarctic krill in the Prydz
Bay region, Antarctica, during late summer. Polar Biol
10: 199−209

Schell DM (2000) Declining carrying capacity in the Bering
Sea:  isotopic evidence from whale baleen. Limnol
Oceanogr 45: 459−462

Taylor JRE, Place AR, Roby DD (1997) Stomach oil and
reproductive energetics in Antarctic prions, Pachyptila
desolata. Can J Zool 75: 490−500

Thompson DR, Furness RW, Lewis SA (1995) Diets and long-
term changes in δ15N and δ13C values in northern fulmars
Fulmarus glacialis from two northeast Atlantic colonies.
Mar Ecol Prog Ser 125: 3−11

van Franeker JA, Bathmann UV, Mathot S (1997) Carbon
fluxes to Antarctic top predators. Deep-Sea Res II 44: 
435−455

Weimerskirch H, Zotier R, Jouventin P (1989) The avifauna
of the Kerguelen Islands. Emu 89: 15−29

Weimerskirch H, Salamolard M, Sarrazin F, Jouventin P
(1993) Foraging strategy of wandering albatrosses
through the breeding season:  a study using satellite
telemetry. Auk 110: 325−342

Weimerskirch H, Ancel A, Calouin M, Zahariev A, Spagiari
J, Kersten M, Chastel O (2003a) Foraging efficiency and
adjustment of energy expenditure in a pelagic seabird
provisioning its chick. J Anim Ecol 72: 500−508

Weimerskirch H, Inchausti P, Guinet C, Barbraud C
(2003b) Trends in bird and seal populations as indica-
tors of a system shift in the Southern Ocean. Antarct
Sci 15: 249−256

Weimerskirch H, Lallemand J, Martin J (2005) Population
sex ratio variation in a monogamous long-lived bird, the
wandering albatross. J Anim Ecol 74: 285−291

Williams CT, Iverson SJ, Buck CL (2008) Stable isotopes and
fatty acid signatures reveal age- and stage-dependent
foraging niches in tufted puffins. Mar Ecol Prog Ser 363: 
287−298

280

Editorial responsibility: Christine Paetzold, 
Oldendorf/Luhe, Germany

Submitted: December 6, 2013; Accepted: March 21, 2014
Proofs received from author(s): May 15, 2014

http://dx.doi.org/10.3354/meps07477
http://dx.doi.org/10.1111/j.1365-2656.2005.00922.x
http://dx.doi.org/10.1017/S0954102003001202
http://dx.doi.org/10.1046/j.1365-2656.2002.00720.x
http://dx.doi.org/10.1071/MU9890015
http://dx.doi.org/10.1016/S0967-0645(96)00078-1
http://dx.doi.org/10.3354/meps125003
http://dx.doi.org/10.1139/z97-060
http://dx.doi.org/10.4319/lo.2000.45.2.0459
http://dx.doi.org/10.1016/0016-7037(92)90073-R
http://dx.doi.org/10.1111/jbi.12008
http://dx.doi.org/10.1186/1742-9994-7-15
http://dx.doi.org/10.3354/meps07751
http://dx.doi.org/10.1007/s00442-006-0630-x
http://dx.doi.org/10.1007/s00442-009-1342-9
http://dx.doi.org/10.1080/03014223.1979.10428368
http://dx.doi.org/10.1016/S0967-0645(97)00004-0
http://dx.doi.org/10.1890/060150.1
http://dx.doi.org/10.1007/s00300-005-0075-4
http://dx.doi.org/10.1371/journal.pone.0062897
http://dx.doi.org/10.1007/s10329-013-0346-6
http://dx.doi.org/10.1007/s00442-009-1357-2
http://dx.doi.org/10.1016/0016-7037(95)00030-4
http://dx.doi.org/10.1675/1524-4695(2008)31[169%3AEOLEOC]2.0.CO%3B2
http://dx.doi.org/10.1016/0160-4120(79)90005-9
http://dx.doi.org/10.1002/rcm.4792
http://dx.doi.org/10.1371/journal.pone.0016484

	cite10: 
	cite12: 
	cite14: 
	cite23: 
	cite30: 
	cite25: 
	cite27: 
	cite4: 
	cite34: 
	cite36: 
	cite8: 
	cite38: 
	cite45: 
	cite54: 
	cite47: 
	cite61: 
	cite56: 
	cite49: 
	cite70: 
	cite65: 
	cite72: 
	cite67: 
	cite74: 
	cite69: 
	cite76: 
	cite1: 
	cite5: 
	cite9: 
	cite11: 
	cite13: 
	cite20: 
	cite22: 
	cite15: 
	cite24: 
	cite17: 
	cite2: 
	cite26: 
	cite40: 
	cite19: 
	cite28: 
	cite42: 
	cite6: 
	cite37: 
	cite51: 
	cite35: 
	cite39: 
	cite53: 
	cite33: 
	cite55: 
	cite62: 
	cite46: 
	cite64: 
	cite31: 
	cite44: 
	cite59: 
	cite57: 
	cite71: 
	cite68: 
	cite73: 
	cite75: 
	cite7: 


