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Albatrosses are among the world’s most endangered seabirds. Threats during the nonbreeding period have major impacts
on their population dynamics, but for most species, detailed information on distribution and ecology remains essentially
unknown. We used stable isotope values (δ13C and δ15N) in feathers to infer and compare the moulting (nonbreeding)
habitats of 35 populations that include all the 20 species and subspecies (444 individuals) of albatrosses breeding within
the Southern Ocean and in fringing subtropical waters. Isotopic values together with a review of available information
show that the 20 albatrosses can be categorized into three groups depending on their favoured moulting grounds: 12 (60%)
taxa forage primarily in warm neritic waters, six (30%) in northern oceanic waters and two (10%) in oceanic waters of the
Southern Ocean. Stable isotopes indicate that habitat preferences during the nonbreeding period vary much less among
diﬀerent breeding populations in some species (wandering, Salvin’s, grey-headed and light-mantled sooty albatrosses), than
others (black-browed, Indian yellow-nosed and sooty albatrosses). The major ﬁnding of our isotopic investigation is that
the great majority of albatrosses spend the nonbreeding period outside the Southern Ocean, with only three species (and
in the sooty albatross, just one of the breeding populations) favouring oceanic subantarctic waters at that time. Hence, the
study highlights the overwhelming importance of subtropical waters for albatrosses, where the birds are known to interact
with human activities and are more likely to be negatively aﬀected by the diverse range of ﬁsheries operating in both neritic
and oceanic waters.

Albatrosses are iconic seabirds most often associated with
the strong winds of the southern latitudes, the ‘roaring forties’
and ‘furious ﬁfties’. Indeed, most albatross species (18 out
of 22) breed on scattered remote islands and archipelagoes
throughout the Southern Ocean and fringing subtropical
waters, with only the four species of the genus Phoebastria
occurring in equatorial or northern waters of the Paciﬁc
Ocean. Albatrosses are among the world’s most endangered
taxa of birds, with all the Southern Ocean species classiﬁed
from near threatened to critically endangered in the IUCN
Red List (Table 1). They face a number of direct and indirect
anthropogenic threats including ﬁsheries, which are a major
cause of population declines through bycatch mortalities
(Gales 1993).
Theoretical and empirical studies suggest that the nonbreeding (inter-nesting) period is the most diﬃcult period
for seabirds, when the majority of the annual mortality
occurs (Barbraud and Weimerskirch 2003, Sandvik et al.

2005). In albatrosses, both climate and ﬁshery activities
during the nonbreeding period shape their population
dynamics (Rolland et al. 2008, Rivalan et al. 2010). Hence,
knowledge of their at-sea distribution is critical to the conservation of albatrosses, but most aspects of their ecology
during the nonbreeding period remain essentially unknown.
At that time, birds are no longer central place foragers, thus
deserting the colonies and dispersing widely at sea. Basic
information on albatross distribution during the nonbreeding period was ﬁrst gathered through band recoveries and
at-sea observations, but the rate of recovery of ringed albatrosses is very low (Waugh et al. 1999, Walker and Elliott
2006), and observation data are dependent on cruise tracks
of ships and rarely allow the determination of bird status
or colony of origin (but see Weimerskirch et al. 1988). A
signiﬁcant advance in our knowledge of at-sea distributions
of albatrosses was the development of miniaturised electronic
devices to track seabird movements. However, relatively few
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IUCN Red List (2011)
vulnerable

vulnerable
vulnerable
critically endangered
critically endangered
vulnerable
endangered
near threatened
near threatened
vulnerable
vulnerable
endangered

vulnerable
near threatened
near threatened
endangered
endangered
vulnerable

endangered

near threatened

Species

Diomedea spp.
Wandering albatross D. exulans

Antipodean albatross D. antipodensis antipodensis
Gibson’s albatross D. antipodensis gibsoni
Amsterdam albatross D. amsterdamensis
Tristan albatross D. dabbenena
Southern royal albatross D. epomophora
Northern royal albatross D. sanfordi

Large Thalassarche spp.
Shy albatross T. cauta
White-capped albatross T. steadi
Salvin’s albatross T. salvini

Chatham albatross T. eremita

Small Thalassarche spp.
Black-browed albatross T. melanophrys

Campbell albatross T. impavida
Southern Buller’s albatross T. bulleri bulleri
Northern Buller’s albatross T. bulleri platei
Atlantic yellow-nosed albatross T. chlororhynchos
Indian yellow-nosed albatross T. carteri

Grey-headed albatross T. chrysostoma

Phoebetria spp.
Sooty albatross P. fusca

Light-mantled sooty albatross P. palpebrata

Gough
Marion
Crozet
Amsterdam
South Georgia
Marion
Crozet
Kerguelen

South Georgia
Kerguelen
Heard
Campbell
Snares
Chatham
Gough
Prince Edward
Amsterdam
South Georgia
Marion
Campbell

Tasmania
Auckland
Snares
Bounty
Chatham

South Georgia
Marion
Crozet
Kerguelen
Antipodes
Auckland
Amsterdam
Gough
Auckland
Chatham

Breeding
location

Subantarctic Zone
Subantarctic Zone
Subantarctic Zone
Subtropical Zone
Antarctic Zone
Subantarctic Zone
Subantarctic Zone
Subantarctic Zone

Antarctic Zone
Subantarctic Zone
Antarctic Zone
Subantarctic Zone
Subantarctic Zone
Subtropical Front
Subantarctic Zone
Subantarctic Zone
Subtropical Zone
Antarctic Zone
Subantarctic Zone
Subantarctic Zone

Subtropical Zone
Subantarctic Zone
Subantarctic Zone
Subantarctic Zone
Subtropical Front

Antarctic Zone
Subantarctic Zone
Subantarctic Zone
Subantarctic Zone
Subantarctic Zone
Subantarctic Zone
Subtropical Zone
Subantarctic Zone
Subantarctic Zone
Subtropical Front

Oceanographic zone
of breeding location

13
14
12
12
11
7
10
10

10
13
8
12
15
20
12
10
10
10
11
12

8
16
15
21
11

10
12
12
12
15
15
18
12
15
20

Individuals
(n)

⫺19.2 ⫾ 1.4
⫺17.2 ⫾ 0.8
⫺17.3 ⫾ 1.0
⫺16.5 ⫾ 0.7
⫺20.6 ⫾ 2.3
⫺19.9 ⫾ 2.5
⫺20.5 ⫾ 2.1
⫺20.6 ⫾ 2.7

⫺14.8 ⫾ 1.1
⫺17.2 ⫾ 1.1
⫺17.7 ⫾ 0.3
⫺17.8 ⫾ 0.5
⫺16.3 ⫾ 0.2
⫺15.9 ⫾ 0.3
⫺15.6 ⫾ 0.4
⫺15.5 ⫾ 0.5
⫺16.9 ⫾ 0.6
⫺19.2 ⫾ 1.8
⫺19.5 ⫾ 1.9
⫺19.3 ⫾ 1.1

⫺17.4 ⫾ 0.3
⫺15.7 ⫾ 1.1
⫺15.0 ⫾ 0.9
⫺15.4 ⫾ 0.8
⫺16.0 ⫾ 0.5

⫺17.4 ⫾ 1.1
⫺17.5 ⫾ 1.0
⫺17.1 ⫾ 0.7
⫺16.8 ⫾ 0.6
⫺16.8 ⫾ 0.6
⫺16.0 ⫾ 0.6
⫺16.2 ⫾ 0.4
⫺16.4 ⫾ 0.5
⫺16.0 ⫾ 1.1
⫺14.7 ⫾ 1.0

δ13C (‰)

12.8 ⫾ 2.0
14.4 ⫾ 0.9
14.0 ⫾ 1.2
15.1 ⫾ 1.0
11.8 ⫾ 2.0
12.1 ⫾ 2.0
11.9 ⫾ 2.1
12.5 ⫾ 1.9

15.9 ⫾ 0.8
15.7 ⫾ 0.6
14.9 ⫾ 0.9
14.4 ⫾ 1.2
20.1 ⫾ 0.5
20.1 ⫾ 0.6
15.8 ⫾ 0.5
15.1 ⫾ 0.7
15.4 ⫾ 0.9
10.7 ⫾ 0.8
11.7 ⫾ 1.5
11.2 ⫾ 0.6

16.9 ⫾ 0.4
16.8 ⫾ 0.7
19.3 ⫾ 2.4
18.4 ⫾ 2.4
17.5 ⫾ 3.5

15.4 ⫾ 0.6
15.4 ⫾ 0.7
15.7 ⫾ 0.7
15.8 ⫾ 0.8
15.3 ⫾ 1.3
16.4 ⫾ 0.7
16.7 ⫾ 0.6
16.5 ⫾ 0.7
17.1 ⫾ 1.5
19.6 ⫾ 1.7

δ15N (‰)

1
3
3
3
1
1
1
1

4
3
3
3
2
2
4
4
3
1
1
1

5
5
2
2
5

3
3
3
3
3
5
5
5
5
2

Isotopic
groups

Table 1. Conservation status, sampling sites and feather stable isotopic values of breeding albatrosses from the Southern Ocean and fringing subtropical waters. Isotopic grouping refers to a hierarchical
cluster analysis using the McQuitty’s method (see text). Values are means ⫾ SD.

satellite tracking studies have targeted nonbreeding albatrosses (Brothers et al. 1998, Nicholls et al. 2002, Walker
and Elliott 2006) and, after pioneering investigations (Tuck
et al. 1999, Grémillet et al. 2000, Weimerskirch and Wilson
2000), available information from the nonbreeding period
obtained using geolocation loggers (GLS), is still essentially
restricted to birds from South Georgia (Croxall et al. 2005,
Phillips et al. 2005, Mackley et al. 2010).
Stable isotopes provide a complementary and powerful
tool to study movements of animals because tissue grown at
diﬀerent times during the year can be matched to regional
isotopic gradients (isoscapes) (Hobson 2007). The geographical range of seabirds spans natural δ13C and δ15N isoscapes
that are reﬂected in the isotopic composition of their tissues
(Cherel and Hobson 2007, Jaeger et al. 2010b, Quillfeldt
et al. 2010a). Hence, stable isotopic analysis of feathers has
been validated as an eﬀective technique for investigating
the foraging ecology of seabirds including albatrosses, outside the breeding season, because moult occurs during the
nonbreeding period and the isotopic composition of feathers reﬂects diet during this time (Cherel et al. 2000, Phillips
et al. 2009, Jaeger et al. 2010a). Values of δ13C and δ15N
are primarily used to estimate the consumers’ feeding habitat
and trophic position, respectively. In some cases, however,
strong marine δ15N isoscapes may blur trophic relationships
but can help elucidate foraging habitats (Ménard et al. 2007,
Zbinden et al. 2011). For example, neritic waters are marked
by both high δ13C and δ15N baseline levels, and, accordingly,
albatrosses and petrels wintering in those productive areas
show high feather δ13C and δ15N values (Phillips et al. 2009,
Jaeger et al. 2010a).
The aim of the present study was to determine the key
nonbreeding foraging grounds of the 20 taxa (18 species and
4 subspecies, ACAP 2011) of albatrosses from the Southern
Ocean from their stable isotope composition. We thus determined the feather δ13C and δ15N values of albatrosses from
35 populations (Table 1), which included all the taxa of the
genera Diomedea (seven taxa), Thalassarche (11 taxa) and
Phoebetria (two taxa). To achieve this overview and assist
interpretation of isotopic data, the study was complemented
by a brief review including some grey literature (Gales
1993, Birdlife International 2004, ACAP 2011) on band
recoveries, at-sea observations and tracking of nonbreeding
albatrosses.

Material and methods
Fieldwork was carried out on 14 diﬀerent remote archipelagoes and islands located within the three major oceans,
namely the Atlantic (two localities), Indian (ﬁve localities)
and Paciﬁc Oceans (seven localities within the Australasian
region). We deﬁne the Southern Ocean as the ocean between
the Subtropical Front and Antarctica, and the Subantarctic
and Antarctic Zones, as the zones between the Subtropical
and Polar Fronts, and between the Polar Front and Antarctica,
respectively (Fig. 1). All the 14 sampling sites were located
either within the Southern Ocean or in warmer fringing
waters (Table 1), including two Antarctic (South Georgia and
Heard Island), nine subantarctic (Gough, Marion, Crozet,
Kerguelen, Auckland, Snares, Campbell, Antipodes and

Bounty Islands) and three subtropical localities (Amsterdam,
Tasmania and Chatham Islands). Based on feather δ13C
isoscapes (Jaeger et al. 2010b), values ⬍ ⫺21.2‰, ⫺21.2
to ⫺18.3‰, and ⬎ ⫺18.3‰ were considered to correspond
to the Antarctic, subantarctic and warmer northern waters,
respectively. These values do not correspond to strict isotopic boundaries (i.e. to the position of fronts), but, instead,
to isotopic estimations of the delineation of the main water
masses of the Southern Ocean.
Feathers were collected from breeding adults (444 individuals) over the period 2004–2010, except on Campbell
Island (1997). Body feathers were sampled from 7 to 21
randomly chosen individuals for each population, except on
Campbell Island where we collected the tip of primaries.
Body feathers were used because their isotopic composition was not signiﬁcantly diﬀerent from that of primaries
in breeding albatrosses (Jaeger et al. 2009), being thus a safe
alternative to ﬂight feathers whose collection impairs the
birds’ ﬂying ability. In albatrosses, moult (including body
moult) of active breeding adults does not take place during the reproductive period (Prince et al. 1993). Instead,
albatross feathers are gradually replaced over the long internesting period (about 7% of body feathers at any time,
Battam et al. 2010), and their isotope values were therefore
assumed to represent diet during that period (Phillips et al.
2009). Depending on breeding frequency and on the duration of the breeding cycle, the inter-nesting period spans
one winter (~ four months) in annual breeders (ten taxa),
a full year (~ 12 months) in large biennal breeders of the
genus Diomedea (7 taxa), and a full year plus a winter (~ 16
months) in small biennal breeders (three species, including
the grey-headed albatross Thalassarche chrysostoma and the
two Phoebetria species). The temporal window covered by
analyzing body feathers is therefore diﬀerent among species according to their life style. Since our main goal was
to depict the isotopic habitat at the species and population
levels, potential eﬀects of individuals and sexes were not
considered in the present study (Jaeger et al. 2009, Phillips
et al. 2009).
Prior to isotopic analysis, single body feathers were
cleaned of surface lipids and contaminants using a 2:1
chloroform:methanol solution for 2 min followed by two
successive methanol rinses. Feathers were air dried and then
homogenized by cutting them into very small pieces that
were pooled. One sub-sample was then weighed (~ 0.4
mg) with a microbalance, packed into a tin container, and
nitrogen and carbon isotope ratios were determined by
a continuous ﬂow mass spectrometer (Thermo Scientiﬁc
Delta V Advantage) coupled to an elemental analyser
(Thermo Scientiﬁc Flash EA 1112). Results are presented
in the usual δ notation relative to PeeDee Belemnite and
atmospheric N2 for δ13C and δ15N, respectively. Replicate
measurements of internal laboratory standards (acetanilide)
indicate measurement errors ⬍ 0.10‰ for both δ13C and
δ15N values.
Data were statistically analysed using R (2.12.2). Patterns
in the mean isotopic signature (both δ13C and δ15N
values) of albatross populations were investigated using
the McQuitty’s method, which is a robust agglomerative
hierarchical clustering analysis (McQuitty 1966). Values are
means ⫾ SD.
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Figure 1. Location of albatross breeding localities and of the main oceanic fronts and zones of the Southern Ocean. Abbreviations: STF,
Subtropical Front; SAF, Subantarctic Front; PF, Polar Front; STZ, Subtropical Zone; SAZ, Subantarctic Zone; AZ, Antarctic Zone.

Results
Both feather δ13C and δ15N encompassed a large range,
amounting to diﬀerences of 5.9‰ and 9.4‰, respectively,
between the lowest and highest values (Table 1). δ13C values
ranged from ⫺20.6 ⫾ 2.3‰ (light-mantled sooty albatrosses
Phoebetria palpebrata from South Georgia and Kerguelen) to
⫺14.7 ⫾ 1.0‰ (northern royal albatross Diomedea sanfordi),
and δ15N values ranged from 10.7 ⫾ 0.8‰ (grey-headed
albatross from South Georgia) to 20.1 ⫾ 0.6‰ (northern
Buller’s albatross T. bulleri platei). Overall, the 35 populations of albatrosses were segregated by the isotopic composition of their body feathers (MANOVA, Wilks’ lambda,
F34,409 ⫽ 24.68, p ⬍ 0.0001). The McQuitty’s method
classiﬁed the albatross populations into ﬁve discrete groups
(Fig. 2). Stable-carbon isotope values were diﬀerent between
clusters (post hoc Tukey honest signiﬁcant diﬀerence
multiple comparison tests, all p ⬍ 0.002), except between
clusters 2 and 4 (p ⫽ 0.974). In the same way, stablenitrogen isotope values were diﬀerent between clusters (all
p ⬍ 0.0001), except between clusters 3 and 4 (p ⫽ 0.471).
Within each cluster, populations were segregated by their isotopic composition (MANOVA, Wilks’ lambda, F7,70 ⫽ 4.25,
F4,86 ⫽ 20.95, F11,133 ⫽ 3.85, F2,29 ⫽ 4.18 and F6,91 ⫽ 3.37
for clusters 1, 2, 3, 4 and 5, respectively, all p ⬍ 0.005).
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Cluster 1 comprised eight populations, including the
grey-headed and light-mantled sooty albatrosses from
all sampled localities and the sooty albatross P. fusca from
Gough Island. Feather δ13C and δ15N values in cluster 1
were the lowest for any cluster (Fig. 3). Post hoc Tukey honest signiﬁcant diﬀerence multiple comparison tests showed
no statistical diﬀerences in δ13C values (all p ⬎ 0.05), and
almost no diﬀerences in δ15N values (grey-headed albatross
from South Georgia versus sooty albatross from Gough,
p ⫽ 0.047). Cluster 2 comprised ﬁve populations of New
Zealand albatrosses, namely the northern royal albatross,
Salvin’s albatross T. salvini and the two Buller’s albatrosses.
δ15N values in cluster 2 were the highest for any cluster
(Fig. 3). Within cluster 2, the two Buller’s albatrosses had
diﬀerent δ15N values from the Salvin’s albatross from Bounty
Island (both p ⱕ 0.033) and diﬀerent δ13C values from the
other populations (all p ⱕ 0.007, except northern Buller’s
and Salvin’s albatrosses from Bounty Island, p ⫽ 0.169).
Cluster 3 comprised 12 populations. It included the
wandering albatrosses D. exulans from all the sampled localities, the closely-related Antipodean albatross D. antipodensis
antipodensis, various Thalassarche populations and most
sooty albatrosses. Only two populations of cluster 3 had
diﬀerent δ13C values, the sooty albatross from Amsterdam
Island and the Campbell albatross T. impavida (p ⫽ 0.007).

Figure 2. Dendrogram of hierarchical cluster analysis (McQuitty’s method) on dissimilarities (Euclidean distance) between adult feather
δ13C and δ15N values of 35 populations of the 20 albatross species and subspecies that breed within the Southern Ocean and fringing
subtropical waters. Abbreviations: AA, Amsterdam albatross; ATA, Antipodean albatross; AYNA, Atlantic yellow-nosed albatross; BBA,
black-browed albatross; CAA, Campbell albatross; CHA, Chatham albatross; GA, Gibson’s albatross; GHA, grey-headed albatross; IYNA,
Indian yellow-nosed albatross; LMSA, light-mantled sooty albatross; NBA, northern Buller’s albatross; NRA, northern royal albatross; SA,
sooty albatross; SBA, southern Buller’s albatross; SHA, shy albatross; SRA, southern royal albatross; SSA, Salvin’s albatross; TA, Tristan
albatross; WA, wandering albatross; WCA, white-capped albatross.

Otherwise, δ15N values diﬀered signiﬁcantly among some
populations (statistics not shown). Cluster 4 comprised three
populations (black-browed albatross T. melanophrys from South
Georgia, Atlantic yellow-nosed albatross T. chlororhynchos
Southern Ocean
AZ
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22

Northern waters
(oceanic & neritic)
Group 2
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Group 4
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Figure 3. Feather δ13C and δ15N values of albatrosses. Group 1
(open circles), group 2 (full triangles down), group 3 (full squares),
group 4 (open triangles up) and group 5 (grey diamonds) refer to a
hierarchical cluster analysis using the McQuitty’s method (see text).
Vertical dotted lines illustrate the estimated isotopic boundaries of
the main water masses of the Southern Ocean (Jaeger et al. 2010b).
Abbreviations: SAZ, Subantarctic Zone; AZ, Antarctic Zone.
Values are means ⫾ SD.

and Indian yellow-nosed albatross T. carteri from Prince
Edward Island), which had similar feather isotopic composition (all p ⬎ 0.05, except δ15N between Indian yellownosed and black-browed albatrosses, p ⫽ 0.023) (Fig. 3).
Finally, cluster 5 comprised seven populations, including ﬁve
Diomedea species and the shy T. cauta and Chatham T. eremita
albatrosses. All the species had similar δ15N values, but the shy
albatross was segregated by its lower δ13C value (all p ⱕ 0.009,
except with Tristan albatross D. dabbenena, p ⫽ 0.173).
Based on the threshold value of feather δ13C considered
to represent the northern boundary of the Southern Ocean,
18 albatross species and subspecies moulted exclusively or
mainly in waters located north of the Subtropical Front
(Table 2). They include all Diomedea and large Thalassarche
species, all but one small Thalassarche species, and the sooty
albatross (Fig. 4). Hence, all sampled populations of only
two species mainly moulted in the Southern Ocean, the
grey-headed and light-mantled sooty albatrosses. Those two
latter species foraged over a large latitudinal range (from
Antarctica to warmer subtropical waters), but they favoured
subantarctic waters during the nonbreeding period.
Noticeably, only one of the four sampled populations of a
third species, the sooty albatross moulted primarily within
the Southern Ocean (Fig. 4).

Discussion
To our knowledge, the present study is the ﬁrst to use the
stable isotope method on such a large number of species and
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Table 2. Moulting areas of albatrosses according to their feather δ13C values and the estimated isotopic position of water masses for feathers
(Jaeger et al. 2010b). Individuals from different populations of the same species were pooled, except sooty albatrosses from Gough Island
(see text).

Species
Wandering albatross
Antipodean albatross
Gibson’s albatross
Amsterdam albatross
Tristan albatross
Southern royal albatross
Northern royal albatross
Shy albatross
White-capped albatross
Salvin’s albatross
Chatham albatross
Black-browed albatross
Campbell albatross
Southern Buller’s albatross
Northern Buller’s albatross
Atlantic yellow-nosed albatross
Indian yellow-nosed albatross
Grey-headed albatross
Sooty albatross
Light-mantled sooty albatross

Populations
(n)

Individuals
(n)

4
1
1
1
1
1
1
1
1
2
1
3
1
1
1
1
2
3
3
Gough
4

46
15
15
18
12
15
20
8
16
36
11
31
12
15
20
12
20
33
38
13
38

(n)

(%)

(n)

(%)

(n)

(%)

Main wintering
strategy
(synthesis)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
0
2
10

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
9.1
0.0
15.4
26.3

5
0
0
0
0
1
0
0
0
0
0
0
2
0
0
0
0
21
4
10
22

10.9
0.0
0.0
0.0
0.0
6.7
0.0
0.0
0.0
0.0
0.0
0.0
16.7
0.0
0.0
0.0
0.0
63.6
10.5
76.9
57.9

41
15
15
18
12
14
20
8
16
21
11
31
10
15
20
12
10
9
34
1
6

89.1
100.0
100.0
100.0
100.0
93.3
100.0
100.0
100.0
100.0
100.0
100.0
83.3
100.0
100.0
100.0
100.0
27.3
89.5
7.7
15.8

Northern oceanic
Northern oceanic
Northern oceanic
Northern oceanic
Northern oceanic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Northern neritic
Southern Ocean
Northern oceanic
Southern Ocean
Southern Ocean

Antarctic Zone

Subantarctic Zone

Northern waters

22
Feather δ15N (per mil)

20
Northern
royal

18
16
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14
12
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(4 species,
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(7 species,
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10
8
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20
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18
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12
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8
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–22
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Figure 4. Feather δ13C and δ15N values according to albatross taxonomy. Vertical dotted lines illustrate the estimated isotopic boundaries
of the main water masses of the Southern Ocean (Jaeger et al. 2010b). Abbreviations: SAZ, Subantarctic Zone; AZ, Antarctic Zone. Values
are means ⫾ SD.
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populations to better understand habitat segregation and
niche divergence within a group of closely-related organisms. The technique aﬀords a synoptic overview of the nonbreeding strategies and moulting habitats of all Southern
Ocean albatrosses, thus complementing the more precise
but more expensive and time-consuming tracking of birds
using electronic tags. The isotopic investigation points out
the overwhelming importance of subtropical waters for the
conservation of albatrosses during the nonbreeding period. It
thus ﬁlls a gap resulting from the mismatch between the bulk
of tracking studies that has been directed to the albatross
breeding season, whereas the bulk of ﬁshing eﬀort (e.g. tuna
longline ﬁsheries) is directed to subtropical waters, where the
birds are the more at risk to be killed by ﬁshing gears during
the nonbreeding period.
In most populations, the isotopic determination of the
albatross moulting grounds was limited to one nonbreeding
period, because feathers were collected once. The few populations that were sampled twice presented no changes in their
feather δ13C and δ15N values (data not shown), thus indicating limited inter-annual variations in the albatross feeding
ecology during moult. We are thus conﬁdent that our 1-yr
isotopic data set allows delineating the main nonbreeding
grounds of the diﬀerent albatross populations. Indeed, previous investigations indicated year-to-year consistency in the
non-breeding foraging areas of procellariiforms, with some
individuals nevertheless showing plasticity in their migratory strategies (e.g. bio-logging: Phillips et al. 2005, stable
isotopes: Quillfeldt et al. 2010b).

From feather isotopic composition to moulting
foraging areas: an overview
Cluster analysis of the isotopic composition of albatross
feathers identiﬁed ﬁve assemblages. Four assemblages (clusters 1–4) correspond well to distinct foraging zones that can
be clearly identiﬁed from available information of at-sea
observations, band recoveries and tracking data. By contrast, cluster 5 is heterogeneous and includes species with
diﬀerent strategies. The latitudinal gradient in δ13C (Cherel
and Hobson 2007, Jaeger et al. 2010a, b) together with low
feather δ13C values indicate that populations and species
from cluster 1 foraged mainly in oceanic subantarctic waters
during the nonbreeding period. The assemblage includes
all populations of two species, the grey-headed and lightmantled sooty albatrosses. Indeed, both species equipped
with GLS at South Georgia spent most of their nonbreeding
period in oceanic waters south of 40°S (Birdlife International
2004, Croxall et al. 2005, Mackley et al. 2010), a latitude
roughly corresponding to the circumglobal location of the
Subtropical Front.
Clusters 2 and 4 were segregated from the other clusters
due to their high (and identical) δ13C values and high (but
diﬀerent) δ15N values. Such elevated isotopic values indicate
that albatrosses foraged in two diﬀerent ecosystems marked
by high baseline δ13C and δ15N levels that propagate up
the food webs. High isotopic signatures characterize organisms living in productive inshore waters (Newsome et al.
2010), including the upwelling zones of the Benguela and
Humboldt currents (Phillips et al. 2009, Jaeger et al. 2010a,

Lorrain et al. 2011). Salvin’s and Buller’s albatrosses commonly occur along the Paciﬁc coast of South America (Spear
et al. 2003), thus conﬁrming cluster 2 as an assemblage of
breeding birds that spend the nonbreeding period oﬀ Chile
and Peru. The two subspecies of Buller’s albatrosses are
extremely diﬃcult to distinguish at sea, and the importance
of the Humboldt Current for nonbreeding birds has been
questioned (Spear et al. 2003). Our isotopic investigation
clariﬁes this point. The northern and southern Buller’s T. b.
bulleri albatrosses have identical isotopic values with small
variances, clearly indicating that birds of both subspecies
primarily spent the nonbreeding period oﬀ western South
America, which is also, together with the Patagonian shelf, a
main foraging ground for nonbreeding northern royal albatrosses (Nicholls et al. 2002). Birds from cluster 4 spent the
nonbreeding period in another distinct neritic area that is
likely to be the southern African region, because most blackbrowed albatrosses from South Georgia are known to winter
there (Phillips et al. 2005). Interestingly, their isotopic composition indicates that populations of two closely-related
species, the Atlantic and Indian yellow-nosed albatrosses also
foraged oﬀ southern Africa during the nonbreeding period.
This is in agreement with at-sea observations in winter and
GLS tracking, although it is important to note that there is
very little mixing of the two species, as yellow-nosed albatrosses from the Atlantic very rarely enter the Indian Ocean,
and vice versa (Gales 1993, ACAP 2011).
Isotopic values of albatrosses from cluster 3 are intermediate between those of cluster 1 and clusters 2 and 4. The
available information on the populations forming this large
assemblage indicate that birds from cluster 3 used two different large-scale marine habitats during the nonbreeding
period, namely oceanic subtropical waters and southern
Australian neritic waters, which were grouped together on
the basis of their stable isotope values. At sea observations
together with the few band recoveries and tracking data
indicate that wandering, Antipodean and sooty albatrosses
foraged primarily over oceanic waters, while populations of
small Thalassarche species favoured more coastal waters in
southern Australia (Gales 1993, Waugh et al. 1999, Cherel
et al. 2000, Walker and Elliott 2006, Rolland et al. 2009,
ACAP 2011).
Finally, cluster 5 grouped seven species with diﬀerent
nonbreeding foraging strategies, thus underlining the limitations of the stable isotope method (that cannot discriminate areas with identical isoscapes) and of the clustering
analysis (that is not hierarchical between δ13C [habitats] and
δ15N [habitats and trophic levels]). Adults of the endemic
Tasmanian shy albatross are resident all year long in eastern
Australian waters (Brothers et al. 1998, Birdlife International
2004). Accordingly, its mean δ13C value was identical to
those of cluster 3, but it was segregated from the assemblage by its diﬀerent δ15N value that probably reﬂects a
confounding trophic eﬀect. Cluster 5 also includes the three
albatrosses sampled from the Auckland Islands. Tracking
of white-capped T. steadi and Gibson’s D. a. gibsoni albatrosses revealed that breeding birds remain mainly within the
New Zealand region and Tasman Sea during the nonbreeding period (Walker and Elliott 2006, ACAP 2011), thus
suggesting that the poorly known southern royal albatrosses
D. epomophora also foraged in this area at that time. Cluster
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analysis grouped together the Amsterdam D. amsterdamensis
and Tristan albatrosses. Those two large Diomedea species
breed at the northernmost sampled localities and both their
stable isotope values (Table 1) and foraging habits during
breeding (Waugh and Weimerskirch 2003, Cuthbert et al.
2005, ACAP 2011) suggest they favored northern subtropical waters and even fringing tropical waters during the nonbreeding period (Rivalan et al. 2010).
The isotopic composition of the last cluster 5 species, the
Chatham albatross showed a surprisingly high δ15N variance,
and birds can be split into two subgroups with either high or
low feather δ15N values with reduced variances (20.8 ⫾ 0.9
and 14.8 ⫾ 1.9‰, respectively). The former subgroup had
an isotopic composition identical to that of Buller’s albatrosses (cluster 2) that is in agreement with Chatham albatrosses wintering in the Humboldt Current system (Spear
et al. 2003, Birdlife International 2004, ACAP 2011), but
the nonbreeding habitat/diet of the latter group remains
unknown. Noticeably, the northern royal and Salvin’s albatrosses that also primarily spend the nonbreeding period
in the Humboldt Current (cluster 2) can be also split into
two isotopic subgroups (data not shown), suggesting again
intra-population variations in moulting grounds. Similarly,
one black-browed albatross from Kerguelen Island presented
a typical isotopic composition from the Benguela Current,
not from southern Australia, thus highlighting the potential of the isotopic method to identify individual behaviour
(Cherel et al. 2009, Phillips et al. 2009, Vander Zanden et al.
2010).
Populations, species and nonbreeding foraging areas
Several populations of seven albatross species were sampled,
thus allowing the investigation of inter-population variability in their strategies and habitats during the nonbreeding
period. Remarkably, all the diﬀerent populations of four
species, the wandering, Salvin’s, grey-headed and lightmantled sooty albatrosses had similar feather isotopic values
and thus grouped within the same clusters (Fig. 2). Hence,
the food and feeding ecology of those albatrosses during
the nonbreeding period is remarkably consistent between
populations despite the wide species breeding distributions.
However, this does not preclude the existence of subtle differences among populations, because δ13C values provide
relatively large-scale information on distribution, restricted
largely to latitude (water mass) and not longitude (Cherel
and Hobson 2007, Jaeger et al. 2010b).
The three remaining albatross species (the black-browed,
Indian yellow-nosed and sooty albatrosses) showed a contrasted pattern, with diﬀerent populations of the same
species grouping within diﬀerent clusters, indicating clear
intraspeciﬁc variation in foraging grounds during the nonbreeding period. The black-browed albatross exempliﬁes
well this pattern: on the basis of band recoveries and tracking data, birds from diﬀerent breeding colonies are known to
winter over distinct neritic areas. For example, birds from the
Falklands, South Georgia and Kerguelen target primarily
the Patagonian, southern African and southern Australian
shelves, respectively (Cherel et al. 2000, Grémillet et al.
2000, Phillips et al. 2005). Accordingly, their isotopic values
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classiﬁed birds from South Georgia in cluster 4 and those
from Kerguelen in cluster 3. Our isotopic analysis moreover
indicates that the poorly known black-browed albatrosses
from Heard Island wintered in southern Australian waters,
because they grouped with Kerguelen birds within cluster 3.
An identical pattern was found for the Indian yellow-nosed
albatross, with birds from Prince Edward Island wintering
in southern Africa (cluster 4), and those from Amsterdam
Island in southern Australia (cluster 3).
The sooty albatross was a more intriguing species, because
it was unexpected that diﬀerent populations would behave
diﬀerently. It was thought that this species moves north during the nonbreeding period, and, indeed, birds from Marion,
Crozet and Amsterdam Islands were classiﬁed within cluster
3. By contrast, birds from Gough Island grouped within
cluster 1, their δ13C values indicating that they favoured subantarctic waters during the nonbreeding period. This surprising result is nevertheless in agreement with very recent
geolocator data showing that nonbreeding birds from Gough
Island forage mainly between 40 and 55°S within the central
Atlantic Ocean (ACAP 2011).
A synthesis of all the available scattered information indicates that the 20 albatross species and subspecies can be categorized in three main groups depending on their favoured
moulting foraging grounds: 12 (60%) taxa forage primarily in
neritic waters, six (30%) in northern oceanic waters and two
(10%) in oceanic waters of the Southern Ocean (Table 2).
The two latter species also forage in part in northern waters,
thus showing that no albatross species is entirely restricted to
the Southern Ocean. Noticeably, 14 species and subspecies
migrate to, and moult entirely outside the Southern Ocean,
with three albatrosses also foraging in subantarctic waters
(the wandering, southern royal and Campbell albatrosses).
Finally, the grey-headed and light-mantled sooty albatrosses,
together with sooty albatrosses from Gough, are the only
two species that moult, at least in part, within the Antarctic
Zone.
Conclusions and perspectives
The present study underlines the utility, but also the limitations of the stable isotope method to identify the nonbreeding foraging grounds of seabirds. The method allows
the main foraging habitat to be determined more eﬀectively
for some species and populations (clusters 1, 2 and 4), than
for others (cluster 5). The main drawbacks are the lack of
detailed description of marine isoscapes (Cherel et al. 2008)
and the inaccuracy of the method when isotopic values overlap between areas (e.g. cluster 3). Hence, the method is at its
most powerful when validated by bio-logging studies, and
then extended to the population level by sampling a large
number of individuals (Phillips et al. 2007, 2009, Rayner
et al. 2011). Indeed, one of the main interests of the technique is to provide relevant foraging information quickly
and cheaply for diﬀerent species and large numbers of
individuals.
The major ﬁnding of our isotopic investigation is that,
unlike penguins and many petrels (Cherel et al. 2006,
Phillips et al. 2009, Thiébot et al. 2011, 2012), albatrosses almost totally leave the Southern Ocean during the

nonbreeding period, with only two species favouring oceanic subantarctic waters at that time. Overall, the study
highlights the importance of northern waters as the main nonbreeding grounds for albatrosses, with a special emphasis
on neritic areas that include the most productive marine
ecosystems worldwide, namely the upwelling regions of the
Humboldt and Benguela currents (Perissinotto and Walker
1998). Hence, 18 of 20 Southern Ocean albatrosses moult
in northern regions where there is likely to be substantial overlap with ﬁshery activities (BirdLife International
2004, Phillips et al. 2005, 2009). Both ﬁsheries and
albatrosses use the same productive areas, thus interacting in neritic and adjacent waters within the Exclusive
Economic Zones of many countries (e.g. Argentina, Peru,
Chile, South Africa, Australia and New Zealand). The
present isotopic investigation thus facilitates the identiﬁcation of marine Important Bird Areas (IBAs) and Marine
Protected Areas (MPAs) by highlighting areas of critical
habitats and hotspots of high marine biodiversity over neritic waters. Also of note were the isotope values of the two
critically endangered species (the Amsterdam and Tristan
albatrosses; Table 1) and one endangered species whose
populations are steeply declining (the sooty albatross;
Delord et al. 2008), which indicate that moult takes place
primarily in oceanic subtropical waters. Asian longline
ﬁsheries operate there, and the main cause of population
declines is likely to be the bycatch of birds (ACAP 2011).
Thus, a better assessment of the nature and scale of ﬁshery interaction is urgently required, including the presence
of observers onboard longliners operating in subtropical
high seas.
The present isotopic investigation was conducted on
breeding adults, which is the critical segment of the population in long-lived animals (Saether and Bakke 2000).
Indeed, demographic investigations on albatrosses indicate
that population declines are mainly caused by an increase
in adult mortality (Weimerskirch and Jouventin 1987), but
they can also involve a decrease in recruitment rate caused
by low survival of juvenile and immature birds (Prince
et al. 1994). Although little is known about the at-sea distribution of young albatrosses (but see Weimerskirch et al.
2006, Alderman et al. 2010), the available information indicates that they can use diﬀerent foraging grounds to adults
(Petersen et al. 2008, ACAP 2011). Clearly more information is needed on the food and feeding ecology of nonbreeding albatrosses in general and the stable isotope method can
help identifying those foraging areas where conservation
and management actions are most urgently needed (Cherel
et al. 2006).
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