MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 497: 259–272, 2014
doi: 10.3354/meps10606

Published February 5

FREE
ACCESS

Combined stomach content, lipid and stable isotope
analyses reveal spatial and trophic partitioning among
three sympatric albatrosses from the Southern Ocean
Maëlle Connan1, 2, 7,*, Christopher D. McQuaid1, Bo T. Bonnevie3,
Malcolm J. Smale4, 5, Yves Cherel6
1

Rhodes University, Department of Zoology and Entomology, PO Box 94, Grahamstown 6140, South Africa
Percy FitzPatrick Institute of Africa Ornithology, DST/NRF Centre of Excellence, University of Cape Town,
Rondebosch 7701, South Africa
3
Rhodes University, Information Technology Division, PO Box 94, Grahamstown 6140, South Africa
4
Port Elizabeth Museum at Bayworld, PO Box 13147, Humewood 6013, South Africa
5
Zoology Department, Nelson Mandela Metropolitan University, PO Box 77000, Port Elizabeth 6031, South Africa
6
Centre d’Etudes Biologiques de Chizé, Centre National de la Recherche Scientifique, Villiers-en-Bois,
79360 Beauvoir-sur-Niort, France
2

7

Present address: Zoology Department, Nelson Mandela Metropolitan University, PO Box 77000, Port Elizabeth 6031,
South Africa

ABSTRACT: A combination of dietary techniques that integrate data on food and feeding habits
over days, weeks and months was used to investigate resource partitioning among 3 sympatric
albatrosses, namely the grey-headed Thalassarche chrysostoma (GHA), light-mantled sooty
Phoebetria palpebrata (LMSA) and sooty Phoebetria fusca (SA) albatrosses. These medium-size
albatrosses typically breed every 2 yr, and Marion Island (southern Indian Ocean) is the only
breeding site where the 3 species are accessible. Stomach content analysis provided dietary information about the most recent meal, analysis of fatty acids in stomach oils about the last foraging
trip, and carbon and nitrogen stable isotope values of blood and feathers about the chick-rearing
(breeding) and moulting periods, respectively. The combination of techniques highlighted a complex pattern regarding the spatial and trophic segregation between the 3 species. During both
seasons, SA were spatially segregated from LMSA and GHA, foraging farther north (in subantarctic and subtropical areas) than the 2 other species (subantarctic and Antarctic waters). When feeding for themselves during the breeding season (blood isotopic signatures), adults showed a clear
spatial segregation. When bringing back food for their chicks (stomach contents), trophic segregation became obvious, with the 2 Phoebetria species specializing mostly on squids. The results illustrate how sympatrically breeding birds can show niche partitioning through both spatial segregation and prey specialization.
KEY WORDS: Phoebetria palpebrata · Phoebetria fusca · Thalassarche chrysostoma · Trophic
segregation · Spatial segregation · Moulting period · Breeding season
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Like all seabirds, albatrosses have evolved from
terrestrial origins and, although now highly specialized to forage at sea, they are wholly dependent

on land to breed. In the Southern Hemisphere, the
oceans are vast compared with available breeding
space, and the nesting grounds of seabirds are therefore typically characterized by important species
diversity and very high nesting densities. This results
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in increased foraging pressures on marine resources
in the vicinity of the breeding grounds at precisely
the time when energetic requirements are greatest
due to breeding.
Subantarctic Marion Island hosts at least 25 species
of seabirds, including 4 species of albatrosses, namely
the wandering Diomedea exulans, grey-headed Thalassarche chrysostoma (GHA), sooty Phoebetria fusca
(SA) and light-mantled sooty Phoebetria palpebrata
(LMSA) albatrosses (Ryan & Bester 2008). These 4
species are biennial breeders, but unlike the wandering albatross, which has a breeding season lasting
~1 yr, the 3 medium-size albatrosses breed in summer, returning to colonies in August and September,
and fledging chicks in May and June (Ryan & Bester
2008). While seabirds are restricted to their breeding
sites during the breeding season, individuals are
able to increase their foraging range during the nonbreeding season.
Many methods are used to study seabird diets, and
the combination of techniques with different temporal resolutions allows dietary investigations across
varying time scales (Karnovsky et al. 2012). Conventional stomach content analysis (i.e. identification of
prey remains) provides information about the most
recent meals of an individual. Procellariiform species
are unique in that most of them are able to store oil of
dietary origin in their proventriculus (Warham et al.
1976) and the fatty acid signatures of these stomach
oils provide dietary information about the last foraging trip (Connan et al. 2005, 2007). Carbon (δ13C) and
nitrogen (δ15N) stable isotope ratios have been used
as indicators of foraging areas and trophic level,
respectively (e.g. Hobson & Clark 1992). Avian whole
blood has a rapid turnover and represents the diet
integrated over a period of a few weeks prior to sampling, and for birds sampled during the breeding season, this will give information about the diet during
that period (Hobson & Clark 1992). The full complement of adult body feathers are replaced gradually
over the whole interbreeding period (Warham 1996),
with a body feather of 6 to 10 cm typically taking
about 2 to 3 wk to grow (Jaeger et al. 2010a). Feathers remain isotopically inert once fully grown (Mizutani et al. 1990). δ13C shows well-defined latitudinal
isoscapes within the Southern Ocean, decreasing
towards higher latitudes (e.g. Cherel & Hobson 2007,
Jaeger et al. 2010b). Foraging during the interbreeding period of albatrosses can thus be examined
through the stable isotope carbon signatures of their
feathers (Phillips et al. 2009, Cherel et al. 2013).
Given the constraints on breeding sites, resource
overlap between land-breeding marine predators

might be enhanced during the breeding season and
relaxed during the non-breeding season. In an environment with limited resources, this overlap may
result in competition, and it is then reasonable to
assume that (1) sympatric species will be more likely
to show trophic segregation during the breeding
season (Croxall et al. 1999), and (2) each species will
return to its preferred foraging areas outside the
breeding season. On the other hand, if there were
unlimited resources, competition would not be expected, and, therefore, neither would dietary segregation. The aim of the present work was to study
resource partitioning within the community of medium-size albatrosses (GHA, SA and LMSA) at Marion Island to estimate the degree of dietary overlap
and trophic segregation during the breeding and
moulting seasons using a combination of stomach
content analysis, with lipids and stable isotopes as
trophic markers (Karnovsky et al. 2008, 2012, Connan et al. 2010b).

MATERIALS AND METHODS
Study site and species
Fieldwork was carried out on Marion Island (Prince
Edward Islands; 46° 52’ S, 37° 51’ E). The island lies in
the subantarctic zone sensu lato of the Southern
Ocean, between the Subtropical Front to the north
and the Antarctic Polar Front to the south (Lutjeharms
& Ansorge 2008; Fig. 1). Marion Island supports 11%
of the world’s population of SA (1400 breeding pairs),
8% of its GHA population (7500 breeding pairs), and
3% of its LMSA population (600 breeding pairs; Ryan
et al. 2009), and, with the Crozet Islands, is one of only
2 places where both species of sooty albatrosses (SA
and LMSA) breed in substantial numbers. Breeding
sites of GHA are restricted to the south coast of
Marion Island, while SA and LMSA nest on cliffs
around the island perimeter, as well as on inland cliffs
in the case of LMSA. The 3 species are of similar size
with a wing span around 1.8 to 2.2 m (Harrison 1983),
and their masses range from 2.5 kg for SA to 3.6 kg for
GHA (Hockey et al. 2005).

Sampling
Samples were collected in April and May 2009
from breeding adults and chicks of the 3 species.
Field identification of SA and LMSA chicks was
possible using the size and the colour of the ring of
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the solid items from the residual liquid
fraction. Fresh remains were separated
from accumulated items (mainly squid
35°
beaks with no flesh attached), and divided into broad prey classes (cepha40°
lopods, crustaceans, fish and carrion)
Subtropical Front
that were weighed to estimate their proSubantarctic Front
45°
portion by wet mass in the diet. Then,
Marion Island
prey items (fresh and accumulated)
50°
were counted and identified to the lowPolar Front
est possible taxon, using published keys
and our own reference collection. For
55°
accumulated squid beaks, all lower and
upper beaks were identified (Xavier
60°
et al. 2011). In addition, the lower rostral length of beaks was measured to
65°
0.1 mm with Vernier callipers and alloAntarctica
500 km
metric equations were used to estimate
squid mantle length (see Xavier &
20°E
25°
30°
35°
40°
45°
50°
55°
60°
65°
70°
Cherel 2009).
Fig. 1. Location of Marion Island in the southwestern Indian Ocean. Front
Lipids. Since lipid composition of
positions follow Park et al. (1993)
stomach oils is similar for adults and
chicks (Connan et al. 2007), no age disfeathers immediately posterior to the eye; molecular
tinction was made in the present study. Total lipids of
identification was used to confirm borderline cases
stomach oils were extracted following Allan et al.
(Connan et al. 2011).
(2010). Lipid classes were then isolated by preparaThe prey brought back by the adults during the
tive thin-layer chromatography, and bands of wax
chick-rearing period is destined for their chicks; conesters, triacylglycerols and diacylglycerol ethers
sequently no distinction was made between the
were scraped off, eluted and the 3 lipid classes
stomach contents of the 2 age classes. Stomach conweighed; stomach oils are typically rich in neutral
tents were collected when either adults or chicks
lipids (Warham et al. 1976, Connan et al. 2007). Fatty
regurgitated spontaneously during handling or after
acid methyl esters were prepared from triacylglygentle stomach massage. Stomach oils were sepacerol fractions using methods detailed in Allan et al.
rated from the prey remains when present and
(2010). The fatty acid methyl ester composition of
immediately placed in 2 ml chloroform with 0.01%
each sample was determined by gas chromatography
butylated-hydroxytoluene in a nitrogen-saturated
analysis using an Agilent Technologies 7890A gas
atmosphere to avoid lipid oxidation. Both stomach
chromatographic System with a ZB-Waxplus 320 colcontents and oils were then stored at −20°C until
umn (30 m length, 0.25 mm internal diameter,
subsequent analyses. For each bird, a blood sample
0.25 µm film thickness; Zebron Corporation) with
was taken from the tarsus vein and preserved in 70%
helium as the carrier gas. The injection temperature
ethanol for subsequent stable isotope (adults) or
was 250°C, the flame ionization detector was set at
genetic analysis (chicks). Preservation in 70% etha260°C, and the oven was initially set at 150°C. After
nol does not significantly change the stable carbon or
5 min, the oven temperature was raised to 225°C at a
nitrogen isotope ratios of samples (Hobson et al.
rate of 2.5°C min−1 and held for 9 min. Peaks were
integrated using GC ChemStation software (Agilent
1997). Four feathers were removed from the back of
Technologies, version B.04.02), identified by comeach bird’s neck and stored in plastic bags for subparison with retention times of external standards
sequent processing.
(37 component fatty acid methyl ester mix Supelco,
marine PUFA no. 1 Supelco, bacterial acid methyl
esters mix Supelco), as well as by mass spectrometry
Laboratory analyses
analysis (Agilent Technologies 7000 GC/MS Triple
Quad; Agilent MassHunter Qualitative Analysis,
Stomach contents. Each stomach content was
version B.03.01).
thawed and drained by gravity overnight to separate
South
Africa
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Each fatty acid was measured as a proportion of the
total array of fatty acids detected (%TFAs).
Stable isotopes. Four feathers per bird were individually cleaned in a 2:1 chloroform:methanol solution placed in an ultrasonic bath for 2 min, rinsed in
successive baths of methanol and deionised water,
and then dried (50°C, 24 h). Each whole body feather
was homogenised by fine cutting with stainless steel
scissors. Whole blood samples were dried at 50°C for
24 h and finely ground to a homogenous powder.
Typically, avian whole blood does not require lipid
extraction (Cherel et al. 2005). The relative isotopic abundances of carbon (13C/12C) and nitrogen
(15N/14N) were determined on 0.5 to 0.6 mg subsamples of materials with a Thermo Finnigan Delta XP
Plus mass spectrometer interfaced with a Conflo III
device to a Thermo Flash EA 1112 elemental analyzer (Stable Light Isotope Unit, University of Cape
Town, South Africa). Results are presented in the
usual δ notation relative to Vienna PeeDee Belemnite
and atmospheric N2 for δ13C and δ15N, respectively.
Replicate measurements of internal laboratory standards indicate measurement errors < 0.08 ‰ and
< 0.12 ‰ for stable carbon and nitrogen isotope measurements, respectively.

Data analyses and statistics
A combination of univariate and multivariate
analyses was used to evaluate resource overlap between species. When datasets did not meet the required assumptions of normality (Shapiro-Wilk test)
and/or homogeneity of variances (Fisher’s test), nonparametrical tests were used. Multiple comparison
post-hoc tests were performed in cases of significant
differences.
For stomach content analysis, the importance of
each prey taxon was described by its frequency of
occurrence and numerical abundance. Frequency of
occurrence was expressed as a percentage of the
number of food samples containing a given taxon.
Numerical importance was calculated as the total
number of individuals of a given taxon found in all
the samples as a percentage of the total number of all
prey items ingested in all the food samples.
Variability in the triacylglycerol fatty acid composition of stomach oils was first investigated using an
analysis of similarities (ANOSIM) with the BrayCurtis distance measure and assessed with the global
R-value; large positive R (up to 1) signifies dissimilarity between groups (Hammer et al. 2001). Non-metric
multidimensional scaling was used to visualize dif-

ferences between species; relationships between
samples were considered well represented when
stress was < 0.2. An attempt at identifying the prey
from which triacylglycerols in oils originated was
then made using a quantitative analysis (Iverson et
al. 2004; see details in Connan et al. 2010a). Briefly,
the proportional contribution of a prey species to
the oil composition was determined by taking a
weighted mixture of the fatty acid signatures of
potential prey species and then choosing weighting
that minimised the statistical distance from that of
albatrosses (Iverson et al. 2004). The best fit was
evaluated with the category ‘unknown species’,
referring to the part of the diet that could not be
explained by any potential prey in our data set. Ideally, potential prey and predators should be collected
simultaneously to reduce spatial and/or temporal
variability as much as possible. However, when
working with albatrosses that can travel thousands of
kilometres over the open ocean, such ideal sampling
is unrealistic. Our prey database thus included the
fatty acid signatures of 44 prey species gathered from
the literature (4 crustacean, 27 fish and 13 cephalopod species; see Table S1 in the Supplement at www.
int-res.com/articles/suppl/m497p259_supp.pdf for a
complete species list and references) described by
24 fatty acids.
For stable isotopes, the analysis of individual feathers from adult birds allowed us to derive 3 parameters: the total niche width (TNW), estimated as the
variance among all feathers of a given species, and
the within-individual (WIC) and the betweenindividual (BIC) components. The WIC is the average
variance of 4 individual feathers, and the BIC is the
variation among means of 4 individual feathers (Bolnick et al. 2002). These indices were calculated using
a generalized linear mixed model because the data
were nested. In addition, bivariate ellipses were used
to plot isotopic niches of the 3 albatross species. As
feather isotopic data strongly failed the multivariate
normality assumption, they were centred and rescaled before using the Stable Isotope Bayesian
Ellipses in R (SIBER) package (Jackson et al. 2011).
The following metrics were then estimated: standard
ellipse area corrected for small sample size (less
dependent over sample size than convex hull area),
bayesian standard ellipse areas, which overlaps
the corrected standard ellipse area, and differences
in standard ellipse area (Jackson et al. 2011). We
acknowledge the uncertainty associated with small
sample sizes in these estimates (Syväranta et al.
2013). Finally, albatross isotopic ratios of carbon and
nitrogen were compared with isoscape values for the
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and PAST (Hammer et al. 2001).
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by fresh mass, only 4 species could be identified from
intact buccal masses: Kondakovia longimana, Histioteuthis eltaninae, Alluroteuthis antarcticus and Batoteuthis skolops (Table 1).
Accumulated squid beaks were found in 58%, 60%
and 70% of the GHA, LMSA and SA stomach contents, respectively. The 3 species Histioteuthis eltaninae, Galiteuthis glacialis and Kondakovia longimana were the most abundant cephalopod prey for
all 3 albatross species (Table 2). K. longimana was
the most abundant species in GHA samples, and
H. eltaninae in LMSA and SA samples. Estimated
sizes of cephalopods ranged from Mastigoteuthis sp.
A (Clarke) with an estimated mantle length of 5.7 cm
to an individual of K. longimana with a mantle length
of 60.5 cm. For the latter species, estimated mantle
lengths in GHA stomachs were all between 20.6 and
39.9 cm, however 75% of K. longimana beaks found
in GHA stomachs came from juveniles and could not
be measured because they were too eroded.

RESULTS
Stomach contents
Stomach contents were collected from 39 birds (19
GHA, 10 LMSA, 10 SA), with 20 of them containing
oil (51% of stomach contents). Food samples of
LMSA and SA were dominated by squid remains
(77 and 78% by fresh mass, respectively — squid
remains dominated in 8 out of 10 LMSA samples and
7 out of 10 SA samples), whereas GHA food samples
were mostly composed of a mix of fish and squid
(46% and 36% by fresh mass, respectively — fish and
squid remains dominated in 11 and 5 out of 19 contents, respectively; Fig. 2). Carrion was found in 3
stomach contents (1 GHA, 1 LMSA, 1 SA), with the
stomach content of 1 LMSA being entirely composed
of penguin remains. A total of 1905 prey items were
recovered in samples from the 3 albatross species
(Table 1). The digested state of many items precluded their identification to species level. Crustaceans formed a small part by mass for the 3 species
(15%, 2% and 3% of fresh items for GHA, LMSA and
SA, respectively), but dominated by number. Fiftyseven percent of the prey items were the subantarctic krill Euphausia vallentini, recovered from 1 SA
sample, followed by the Antarctic krill Euphausia
superba (27%) and the amphipod Themisto gaudichaudii (7%) Antarctic krill were recovered in 20%
of LMSA samples and 11% of GHA samples, but
never in SA samples. Most of the fish remains could
not be identified to species level because otoliths
were too eroded. The fish family Macrouridae was
the most abundant followed by Gempylidae in GHA
stomach contents. Although cephalopods dominated

Fatty acids
Triacyglycerols and wax esters were recovered in
all 20 stomach oil samples (9 each from GHA and
LMSA, 2 from SA), while diacylglycerol ethers were
found in only 30% of the oils (11% of GHA, 44% of
LMSA and 50% of SA samples) (Fig. 3).
Twenty-one fatty acids were detected at > 0.5% of
TFAs in the triacylglycerol fractions (Table 3). Half of
the fatty acids were monounsaturated with oleic acid
(18:1(n-9)) being dominant, followed by palmitic acid
(16:0) and eicosapentaenoic acid (20:5(n-3)). Overall,
differences in the fatty acid compositions between the
3 albatross species were marginally non-significant
(ANOSIM: global R = 0.157, p = 0.053). This result was
confirmed with a non-metric multidimensional scaling
plot analysis (data not shown; 2D stress value = 0.14).
The optimisation model estimates were variable
between individuals and no clear distinction could
be made among the 3 albatross species (ANOSIM:
0.5%

3.5%

3.2%
2.2%

Fish

11.7% 8.9%
17.5%

14.5%

Cephalopods

Crustaceans

Others

45.8%
36.5%

77.2%

78.5%

GHA

LMSA

SA

(n = 19)

(n = 10)

(n = 10)

Fig. 2. Broad prey class composition (% by
fresh mass) of the stomach contents for the 3
albatross species (grey-headed [GHA], lightmantled sooty [LMSA] and sooty [SA] albatrosses)
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Table 1. Frequency of occurrence (% of stomach contents) and number of prey items (% of total number of prey items) recovered in the fresh fraction of stomach contents in the 3 albatross species (grey-headed [GHA], light-mantled sooty [LMSA] and
sooty [SA] albatrosses)
GHA (n = 19)
Occurrence
Number
N (%)
N
(%)
Crustaceans
Amphipoda
Eurytheneidae
Eurythenes obesus
Gammaridea sp.
Hyperiidae
Hyperiella antarctica
Themisto gaudichaudii
Vibiliidae
Cyllopus magellanicus
Cirripedia
Lepas australis (cypris larvae)
Lepas sp.
Decapoda
Pasiphaea scotiae
Euphausiacea
Euphausia superba
Euphausia vallentini
Euphausia sp.
Mysida
Neognathophausia gigas
Unidentified Isopoda
Unidentified crustacean
Gastropoda
Clione sp.
Fish
Phosichthyidae
Phosichthys argenteus
Myctophidae
Gymnoscopelus piabilis
Moridae
Antimora rostrata
Macrouridae
?Coryphaenoides armatus
Gempylidae
Paradiplospinus gracilis
Unidentified fish

1
1

(5)
(5)

1
1

(0.1)
(0.1)

1
7

(5)
(37)

1

(5)

1

(0.1)

3
7

(16)
(37)

10
11

(1.4)
(1.5)

1

(5)

2

2
1
7

(11)
(5)
(37)

1
1
3

(5)
(5)
(16)

1
1
4

(0.1)
(0.1)
(0.5)

5

(26)

26

(3.5)

1

(5)

1

(0.1)

1

(10)

1

(1.6)

1

(10)

1

(1.6)

(0.3)

1

(10)

1

(1.6)

474 (64.4)
8
(1.1)
45
(6.1)

2

(20)

46 (73.0)

3

(30)

3

2
(0.3)
122 (16.6)

2

(11)

3

(0.4)

2
10

(11)
(53)

2
13

(0.3)
(1.8)

Cephalopods
Onychoteuthidae
Kondakovia longimana
Histioteuthidae
Histioteuthis eltaninae
Neoteuthidae
Alluroteuthis antarcticus
Batoteuthidae
Batoteuthis skolops
Unidentified squid

1
6

(5)
(32)

Others
Carrion

1

(5)

1

(5)

LMSA (n = 10)
Occurrence
Number
N
(%)
N
(%)

1

1
6

(0.1)

(0.1)
(0.8)

global R = 0.024, p = 0.346). This result was confirmed with a non-metric multidimensional scaling
plot analysis (data not shown; 2D stress value = 0.04).
Overall, triacylglycerol fatty acids originated from
fish species for 90% of the oils followed by cephalo-

1

5

(10)

(50)

1

5

(4.8)

SA (n = 10)
Occurrence
Number
N (%)
N
(%)

2

(20)

7

(0.6)

1
1

(10)
(10)

1

(10)

1

(0.1)

1

(10)

1

(0.1)

1

(10)

1

(0.1)

1

(10)

1

(0.1)

1

(10)

1

(0.1)

2

(20)

3

(0.3)

3

(30)

3

(0.3)

1

(10)

1081 (97.7)
7
(0.6)

(1.6)

(7.9)

1

(10)

1

(1.6)

1

(10)

1

(1.6)

3

(30)

3

(4.8)

1

(10)

pods and crustaceans (Fig. 4). When looking at prey
species, the fish Champsocephalus gunnari and
Coryphaenoides armatus, the cephalopod Gonatus
antarcticus and the crustacean Euphausia superba
were found to be the main prey of the albatrosses.

Total

Unidentified beaks

Cranchiidae
Galiteuthis glacialis
Mesonychoteuthis hamiltoni
Taonius sp. B (Voss)

Batoteuthidae
Batoteuthis skolops

Chiroteuthidae
Chiroteuthis veranyi

3 (16)

5 (26)

47

4

(9)

10 (21)

44.7 ± 2.8

17.9−19.9

2

4
1
1

1

1

4
1

(20)

(40)
(10)
(10)

(10)

(10)

(40)
(10)

129

2 (2)

13 (10)
1 (1)
1 (1)

1 (1)

1 (1)

10 (8)
1 (1)

69 (53)

45.1 ± 2.3

17.7

18.5 ± 1.2

8.7 ± 0.6

2

1

3

1

2

1
1

(4)

(60)

1

2

6

Mastigoteuthidae
Mastigoteuthis psychrophila
Mastigoteuthis sp. A (Clarke)

2 (11)

8.2 ± 0.5

49.2

1
2

Cycloteuthidae
Cycloteuthis akimushkini

Neoteuthidae
Alluroteuthis antarcticus
Nototeuthis dimegacotyle

6 (13)

(2)

19.9

31.9 ± 4.1

38.7−39.6
42.9

3
2
5
3
3

1

1 (1)

9 (7)

6 (5)
3 (2)
11 (9)

1

(10)

(30)

(10)

(20)

(10)
(10)

(10)

(20)

(30)
(20)
(50)
(30)
(30)

(10)

(20)

(10)
(20)

(10)

Occurrence
N (%)

1

(5)

(10)

(20)

2
1

(20)
(20)
(50)

2
2
5

LMSA (n = 10)
Number
Squid size
N (%)
(cm)

Histioteuthidae
Histioteuthis atlantica
Histioteuthis bonnellii corpuscula
Histioteuthis eltaninae
4 (21)
Histioteuthis miranda
Histioteuthis spp.

1

38.3
28.7 ± 8.2

Occurrence
N (%)

Octopoteuthidae
Taningia danae
Octopoteuthis sp.

2 (4)
2 (4)
20 (43)

Squid size
(cm)

2

2 (11)
2 (11)
9 (47)

GHA (n = 19)
Number
N (%)

Gonatidae
Gonatus antarcticus
Ancistrocheiridae
Ancistrocheirus lesueuri

Ommastrephidae sp.
Onychoteuthidae
Moroteuthis ingens
Moroteuthis knipovitchi
Kondakovia longimana
Psychroteuthidae
Psychroteuthis glacialis

Occurrence
N (%)

(5)
(9)
(31)
(7)
(12)

111

2 (2)

17 (15)

1 (1)

2 (2)

1 (1)
1 (1)

1 (1)

3 (3)

6
10
34
8
13

1 (1)

2 (2)

2 (2)
6 (5)

1 (1)

SA (n = 10)
Number
N (%)

5.9

43.5 ± 3.1

16.2−19.1

11.8
5.7

15.8

19.2−19.6

11.6 ± 1.3
6.4 ± 0.2
8.7 ± 0.6
9.8 ± 0.4

18.1

31.1−35.2

38.5−38.6
43.4 ± 18.5

Squid size
(cm)

Table 2. Frequency of occurrence (% of stomach contents) and number of accumulated squid beaks (% of total accumulated beaks) recovered in the stomach contents
in the 3 albatross species (grey-headed [GHA], light-mantled sooty [LMSA] and sooty [SA] albatrosses). Size data are mean ± SD or range
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Table 3. Mean values (± SD) or ranges for fatty acid composition of stomach oil triacylglycerol fractions (detected at
> 0.5% of total fatty acids) for the 3 species (grey-headed
[GHA], light-mantled sooty [LMSA] and sooty [SA] albatrosses). SFA: saturated fatty acids; MUFA: monounsaturated
fatty acids; PUFA: polyunsaturated fatty acids

GHA (n = 9)

100

Lipid classes (%)

LMSA (n = 9)
80

SA (n = 2)

60

GHA (n = 9)

LMSA (n = 9)

SA (n = 2)

5.01 ± 1.70
14.72 ± 2.81
1.87 ± 0.43
0.23 ± 0.16
6.88 ± 0.79
20.31 ± 3.77
6.28 ± 1.51
0.62 ± 0.19
0.42 ± 0.21
7.17 ± 2.42
0.64 ± 0.13
2.21 ± 1.04
1.55 ± 0.43
0.85 ± 0.28
1.44 ± 0.30
0.88 ± 0.21
0.61 ± 0.14
0.72 ± 0.18
10.36 ± 2.27
1.04 ± 0.30
9.99 ± 1.88
6.17 ± 0.90
23.36 ± 4.98
47.97 ± 6.58
28.67 ± 4.07

4.96 ± 2.00
13.53 ± 2.96
1.86 ± 0.67
0.52 ± 0.22
7.45 ± 1.67
22.36 ± 2.95
7.04 ± 1.17
0.59 ± 0.15
0.71 ± 0.53
7.26 ± 2.73
0.70 ± 0.18
2.51 ± 1.37
1.55 ± 0.55
0.91 ± 0.40
1.42 ± 0.35
0.65 ± 0.16
0.64 ± 0.11
0.74 ± 0.09
7.86 ± 1.52
1.34 ± 0.68
8.99 ± 1.60
6.41 ± 0.46
22.10 ± 5.59
52.45 ± 7.62
25.45 ± 3.37

2.71−3.78
10.87−15.73
1.57−3.44
1.13−0.79
5.08−5.34
25.77−28.32
5.57−4.85
0.60−0.50
0.53−0.53
7.07−8.93
0.45−0.67
1.33−3.48
0.99−2.06
0.66−1.46
1.18−0.79
0.19−0.26
1.06−0.59
0.76−0.50
10.81−3.66
1.44−0.68
15.78−7.19
4.44−6.43
16.11−25.29
49.57−57.58
34.32−17.13

40

14:0
16:0
18:0
16:1(n-9)
16:1(n-7)
18:1(n-9)
18:1(n-7)
18:1(n-5)
20:1(n-11)
20:1(n-9)
20:1(n-7)
22:1(n-11)
22:1(n-9)
24:1(n-9)
18:2(n-6)
18:4(n-3)
20:4(n-6)
20:4(n-3)
20:5(n-3)
22:5(n-3)
22:6(n-3)
Others
SFA
MUFA
PUFA

20
0
TAG

WE

DAGE

Fig. 3. Neutral lipid class composition of stomach oils (triacylglycerols [TAG], wax esters [WE] and diacylglycerol
ethers [DAGE]) of the 3 albatross species (grey-headed
[GHA; black], light-mantled sooty [LMSA; dark-grey] and
sooty [SA; light grey and white for samples a and b, respectively] albatrosses)

Stable isotopes
During the breeding season, blood δ13C values
were higher in SA than in GHA and LMSA (H = 28.2,
p < 0.001, SA > GHA = LMSA; Table 4, Fig. 5) and
blood δ15N values were lower in GHA than in SA (H =
26.7, p < 0.001, SA ≥ LMSA = GHA; Table 4, Fig. 5A).
This result was illustrated by the corrected standard
ellipse areas for the 3 albatross species that differed
in size, shape and position (Fig. 6A). GHA had the
smallest corrected standard ellipse area (0.75 ‰2) followed by SA and LMSA (0.86 and 2.55 ‰2, respectively). Differences between species were also highlighted with the absence of overlap in the 40%
credibility intervals between GHA and SA corrected
standard ellipse areas as well as between SA and
LMSA, and only 0.14 ‰2 overlap between GHA and
LMSA corrected standard ellipse areas.
Fish

Cephalopod

Feather isotopic signatures of both δ13C and δ15N
showed that SA is segregated from GHA and LMSA
(δ13C: ANOVA F = 35.7, p = < 0.001, SA > GHA =
LMSA; δ15N: Wald test = 31.3, p < 0.001, SA >
LMSA > GHA; Table 4, Fig. 5B). δ15N and δ13C values
were positively linearly correlated for LMSA (Pearson’s correlation, r = 0.908, p < 0.001) and SA (Pear-

Crustacean

Unknown

Percentage of prey classes

100

80

60

40

20

0

1

3

5

GHA

7

9

1

3

5

LMSA

7

9

1

2

SA

Fig. 4. Model estimates of the contribution of broad prey classes to the
fatty acid fraction of stomach oil
triacylglycerols for the 3 albatross
species (grey-headed [GHA], lightmantled sooty [LMSA] and sooty
[SA] albatrosses)
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Table 4. Stable carbon and nitrogen isotope values of whole blood and body feathers of grey-headed (GHA), light-mantled
sooty (LMSA) and sooty (SA) albatrosses from Marion Island. *** indicates a significant difference of p < 0.001 between the 3
species. Trophic niche width (TNW), and between-individual (BIC) and within-individual (WIC) components were calculated
using generalized linear mixed models. Values are mean ± SD
Species

n

δ13C

δ15N

Blood

GHA
LMSA
SA

24
8
15

−22.72 ± 0.50
−23.08 ± 0.84
−21.00 ± 0.81
***

10.80 ± 0.52
11.64 ± 0.98
12.46 ± 0.53
***

Feathers

GHA
LMSA
SA

24
8
15

−19.33 ± 1.12
−19.50 ± 1.51
−17.96 ± 0.93
***

11.64 ± 0.80
12.46 ± 0.79
14.00 ± 0.63
***

15

Subtropical
Front

Polar
Front

14
13
12

A

(n = 15)
(n = 8)

11
(n = 24)

δ15N (‰)

10
9
8
15

B

(n = 15)

14
13

(n = 8)

12

BIC
δ13C δ15N

WIC/TNW
δ13C
δ15N

1.86
4.19
1.53

0.81
2.59
0.88

1.05
1.60
0.65

0.44
0.62
0.58

1.92
2.41
0.75

1.70
2.41
0.47

0.22
< 0.01
0.28

0.89
1.00
0.63

areas reflected these results, with GHA and LMSA
indices being 2 to 3 times the size of SA (centred
and rescaled data: corrected standard ellipse areas
2.28 ‰2, 1.64 ‰2, 0.69 ‰2 and convex hull areas
9.69 ‰2, 5.27 ‰2, 2.74 ‰2 for GHA, LMSA and SA,
respectively; Fig. 6B). The isotopic overlap between
GHA and SA was almost non-existent (< 0.0001 ‰2)
for the 40% credibility interval. On the contrary, half
of the LMSA area was shared with the GHA area and
<10% of the areas were shared between LMSA and
SA (Fig. 6B). Finally, intra-individual variation was
higher than inter-individual variation in δ13C for
LMSA and SA. For δ15N, intra-individual variation
was higher than inter-individual variation for all 3
species (Table 4).

DISCUSSION

10

8
–24

WIC
δ13C δ15N

(n = 24)

11

9

TNW
δ13C δ15N

Polar
Front

–22

Subtropical
Front

–20

–18

δ13C (‰)
Fig. 5. Stable carbon and nitrogen values of blood (A; closed
symbols) and feathers (B; open symbols) of adult light-mantled sooty (d, s), grey-headed (r, e) and sooty (m, n) albatrosses. Isotopic values referring to the position of the Polar
and Subtropical fronts follow Cherel & Hobson (2007) and
Jaeger et al. (2010b)

son’s correlation, r = 0.846, p < 0.001) feathers, but
not for GHA feathers (Pearson’s correlation, r =
−0.083, p = 0.422). Feathers from the 3 species
showed high variability in both their δ13C and δ15N
values, with the isotopic niche being the widest for
LMSA and GHA samples followed by SA (Table 4).
Corrected standard ellipse areas and convex hull

This study is one of the first investigations combining 3 complementary methods — stomach content,
lipid and stable isotope analyses — to look at the diet
and feeding ecology of seabirds (Karnovsky et al.
2008, Connan et al. 2010b). The 3 sympatric species
of medium-size albatrosses from Marion Island exhibited complex spatial and trophic patterns with
varying degrees of overlap among the species during
the chick-rearing and moulting seasons.

Chick-rearing period
During the breeding season, δ13C blood isotopic
signatures together with the well-known latitudinal
δ13C gradient within the Southern Ocean (e.g. Cherel
& Hobson 2007, Jaeger et al. 2010b) showed that
GHA and LMSA foraged in Antarctic waters and/or
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Polar
Front

A

14

Subtropical
Front

δ15N (‰)

13

12

11

10

9
–25

–24

–23

–21

–22

–20

–19

1

2

δ13C (‰)

Centred δ15N (‰)

2

Polar
Front

B

Subtropical
Front

1

0

–1

–2

–3
–3

–2

–1

Centred

δ13C

0

(‰)

Fig. 6. Stable carbon and nitrogen values of blood (A) and
individual feathers (centred and rescaled data; B) of adult
grey-headed (black), light-mantled sooty (grey) and sooty
(light grey) albatrosses. Standard ellipse areas (solid lines)
and convex hull areas (dashed lines) were estimated using
Stable Isotope Bayesian Ellipses in R (Jackson et al. 2011).
Isotopic values referring to the position of the Polar and Subtropical fronts follow Cherel & Hobson (2007) and Jaeger et
al. (2010b)

in the proximity of the Polar Front, while SA foraged
mainly in subantarctic waters (Table 4, Fig. 5A & 6A).
To our knowledge, no tracking data of LMSA and SA
from Marion Island have been published, but tracked
GHA forage mainly to the southwest of the island
during chick rearing (Nel et al. 2001). This pattern
was also supported by dietary analysis, with the
identification of some high-Antarctic species only in
GHA and LMSA food samples: the Antarctic krill
Euphausia superba and the squid Psychroteuthis

glacialis. Noticeably, food samples represent chick
food and not the food of the adults when they feed for
themselves. Hence, it is likely that both GHA and
LMSA adults include a higher proportion of Antarctic
prey in their diet.
Interestingly, the identification of Phosichthys argenteus in GHA samples (Nel et al. 2001, Richoux et
al. 2010, this study) suggests that from time to time,
foraging trips are also undertaken in subtropical
waters. P. argenteus has never been caught south of
49° S (Froese & Pauly 2012), and is regularly identified in the diet of the yellow-nosed albatross Thalassarche chlororhynchos, which forages in subtropical
waters (Pinaud et al. 2005). In the same way, the
presence of beaks from squid with different biogeographic affinities in food samples suggested that the
foraging range of SA is not restricted to subantarctic
waters but also includes northern waters of the subtropical zone. For example, Histioteuthis miranda
and Ancistrocheirus lesueuri were identified in 30
and 20% of the SA contents, respectively, and are
mainly found north of the Subtropical Front (Xavier &
Cherel 2009).
Blood δ15N values revealed that SA and LMSA
were feeding at a slightly higher trophic level than
GHA during chick rearing (Table 4, Fig. 5A & 6A),
which is in agreement with a higher proportion of
Antarctic krill, a lower trophic level prey in the food
samples of GHA. Moreover, δ15N values are overall
higher in squid than in fish, from 10.0 to 10.9 ‰ and
from 7.3 to 10.2 ‰, respectively (Cherel et al. 2008,
2010), and squid formed higher percentages by mass
in LMSA and SA than in GHA food samples. Interestingly, diacylglycerol ethers, which have been suggested as originating from squid species (Connan et
al. 2007), were identified in 1 out of 2 SA oils, 4 out of
9 LMSA oils and only 1 out of 9 GHA oils.
Triacyglycerol origins were more variable between
individuals than between the 3 species of albatrosses
and even for the 2 Phoebetria species, most of the triacyglycerols seemed to originate from fish species.
Surprisingly, the icefish Champsocephalus gunnari
was identified as one of the species from which the
oils originated. This species has been identified in
GHA stomach content from South Georgia (Cherel &
Klages 1998); however it does not seem to occur in
the vicinity of the Prince Edward Islands (Kock &
Everson 1997). This result probably reflects the fact
that, despite gathering as many potential prey species as possible, some were absent from the database. Hence, instead of feeding on icefish, the albatrosses could possibly have foraged on a prey species
or a mix of prey showing similarities in fatty acid
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triacyglycerol composition with that of icefish. The
presence of oils derived from Antarctic krill Euphausia superba in all 3 species suggests that SA sometimes also feed in Antarctic waters. Indeed, previous
dietary investigations identified Antarctic krill in a
few SA food samples (Ridoux 1994, Cooper & Klages
1995).
In brief, the combination of dietary techniques
showed that complex spatial and trophic segregations exist between the 3 albatross species. When
feeding for themselves (blood isotopic signatures),
adult SA showed a clear spatial segregation with the
2 other species. When bringing back food for their
chicks (stomach contents), trophic segregation became obvious between GHA, feeding on a mix of fish
and squids, and the 2 Phoebetria species, specializing mostly on squids.

Interbreeding (moulting) period
Due to the high energetic cost of growing new
feathers, many bird species dissociate moulting and
breeding, at least at the individual level. Some albatross species even skip a breeding season when their
moult has not been completed (Rohwer et al. 2011).
When taking into account the latitudinal δ13C gradient from the Southern Ocean (Jaeger et al. 2010b),
feather δ13C values showed that, when not breeding,
SA were spatially segregated from LMSA and GHA
by foraging mostly in northern areas (northern subantarctic and subtropical waters), while the 2 other
species were mainly concentrated in subantarctic
waters. In addition, feather δ15N isotope signatures
showed that the albatross species foraged at different
trophic levels (Table 4, Figs. 5B & 6B).
During moult, GHA mainly foraged in subantarctic
waters (> 70% of feathers), where they preyed at several trophic levels (7.9 ‰ < δ15NGHA < 14.7 ‰). δ15N
values suggested that GHA would have preyed on
fish and squid (Cherel et al. 2008, 2010), as well as
lower trophic level prey such as crustaceans or more
probably jellyfish and/or salps. Black-browed albatrosses Thalassarche melanophris have been documented feeding on jellyfish umbrellas (Suazo 2008),
and, using stomach temperature recorders, Catry et
al. (2004) showed that GHA foraged on rapidly digested prey (e.g. salps and jellyfish). Taken together,
these studies suggest that the role of gelatinous species has been overlooked in the diet of albatrosses.
Moulting SA foraged in northern waters (mainly in
the subtropical zone) rather than the subantarctic
waters used during the breeding season. Individual
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feather data showed that all birds foraged at the
same trophic level (low BIC), and that each bird was
faithful to that trophic level throughout moulting (low
WIC; Table 4, Fig. 6B). The positive linear correlation
between δ15N and δ13C values detected in SA (and
LMSA) feathers has been found in several other
studies (e.g. birds: Phillips et al. 2009, Jaeger et al.
2010a,b; squids: Cherel & Hobson 2005), suggesting
not only that δ13C decreases with latitude, but also
that the δ15N baseline exhibits latitudinal changes
within the Southern Ocean (Jaeger et al. 2010a).
In contrast, individual feather analysis of LMSA
showed that 3 feathers had been moulted in highAntarctic waters (δ13C < −24 ‰), 2 in proximity to the
Polar Front (δ13C ~ −21.5 ‰) and the others in the subantarctic area in the vicinity of the Subtropical Front
(−20.3 ‰ < δ13CLMSA < −17.3 ‰). When moulting in
subantarctic waters, LMSA fed on fish and squids
(12.4 ‰ < δ15NLMSA < 13.9 ‰), while in high-Antarctic
waters they were likely to prey on Antarctic krill as
shown by their low δ15N signatures (7.3 ‰ < δ15NLMSA
< 8.6 ‰), which were similar to that of the euphausiid
feeding Adélie penguin Pygoscelis adeliae (δ15N =
7.9 ‰; Cherel 2008).

Temporal and spatial variability in the diet and
feeding ecology of the three albatross species
SA generally breeds on more northerly islands
than GHA and LMSA. Hence, while GHA and LMSA
breeds in sympatry on several islands all around the
Southern Ocean, the 3 species occur together in significant numbers in only 2 archipelagos of the southern Indian Ocean, namely the Prince Edward Islands
and the Crozet Islands; the former locality is the only
place where they are easily accessible for scientific
investigations. There, as elsewhere, stomach content
studies have been far more numerous than analyses of stomach oils or stable isotopes to study their
food and feeding ecology (see Table S2 in the Supplement at www.int-res.com/articles/suppl/m497p259
_supp.pdf), and the only tracking information available to date on GHA is from Marion Island (e.g. Nel
et al. 2001).
Previous analyses of stomach contents have highlighted diet differences between populations for the
3 albatrosses, reflecting prey availability around the
nesting areas (references in the supplement, review
in Cherel & Klages 1998). For example, GHA and
LMSA from South Georgia contained far more crustaceans (mainly Antarctic krill Euphausia superba;
Thomas 1982, Catry et al. 2004) than at any other
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localities, reflecting the abundance of Antarctic krill
in the waters surrounding the island. At Marion and
Crozet islands, a synthesis of prey biogeography
showed that GHA, LMSA and SA are partially spatially segregated during chick rearing, with SA foraging in warmer, more northerly waters than LMSA
and GHA, with a substantial overlap in subantarctic
waters (Berruti & Harcus 1978, Ridoux 1994, Cooper
& Klages 1995, Richoux et al. 2010, this study).
Previously, 12 GHA oils were collected in 2006 on
Marion Island and 1 from an LMSA chick on Campbell Island, but none from SA (Warham et al. 1976,
Richoux et al. 2010). The distinct fatty acid compositions of GHA between the samples collected in 2006
and 2009 might be explained by (1) the protocols
used (Richoux et al. [2010] analysed total fatty acid
compositions, i.e. mix of lipid classes from different
prey origins) and/or (2) different prey ingested by the
birds. The LMSA oil collected on Campbell Island
showed strong similarities to those collected in our
study, with triacylglycerols representing > 80% of
lipid classes and similar fatty acid compositions.
Unfortunately, the precision given in Warham et al.
(1976; group of fatty acids such as 20:1, 22:1) precludes deeper comparisons of prey origins.
GHA adult blood δ13C values (Marion Island;
Richoux et al. 2010, this study) together with chick
feather δ13C values (Crozet Islands; Jaeger et al.
2010a) indicate foraging in cold southern waters of
the southern Indian Ocean during the chick-rearing
period. Adult blood δ13C values were higher for birds
from South Georgia, but are in agreement with birds
foraging mostly to the north of the island during early
chick rearing (Phillips et al. 2004, Anderson et al.
2009, Phillips et al. 2011). No adult blood δ13C and
δ15N values of LMSA and SA are available, but chick
feather δ13C values from the Crozet Islands again
show different isotopic niches for the 2 species, with
SA foraging further north and at a higher trophic
position than LMSA during the chick-rearing period
(Jaeger et al. 2010a).
During the interbreeding (moulting) period, feather
δ13C values of adult GHA were remarkably similar in
all localities and years so far investigated, with birds
foraging primarily in subantarctic waters (Anderson
et al. 2009, Phillips et al. 2009, Cherel et al. 2013, this
study). Results are more variable for the 2 Phoebetria
albatrosses. Depending on localities and years,
feather δ13C values of LMSA ranged from −19.5 to
−21.2 ‰, with very large variances (Jaeger et al. ➤
2010a, Cherel et al. 2013, this study), except at South
Georgia (Phillips et al. 2009). The low standard deviation at the latter locality is likely the result of meas-

uring stable isotopes on a pool of body feathers
instead of a single feather, thus blurring any intraindividual variation (Jaeger et al. 2010a). Otherwise,
the interbreeding strategy of LMSA is consistent
among colonies, with birds moulting from highAntarctic to subtropical waters with a focus in the
subantarctic zone. Finally, the feather δ13C values of
SA depicted 2 moulting strategies, with birds from
Marion, Crozet and Amsterdam islands moulting
mostly north of the Subtropical Front, whereas birds
from Gough Island moult mainly in subantarctic
waters (Jaeger et al. 2010a, Cherel et al. 2013, this
study).
In summary, by combining dietary techniques that
integrate the food and feeding habits over days,
weeks and months, the present work highlights a
complex pattern of spatial and trophic segregations
among the medium-size albatross species that breed
biennially on Marion Island (only island with an easy
access to the 3 sympatric species). The next step
should be to track individual birds using satellite tags
and geolocation loggers during the breeding and
interbreeding periods, respectively, to complete the
picture. Both biologging and the stable isotope
method can also help to investigate the foraging
ecology of juveniles and immature birds, which
remains poorly known.
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