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Abstract To determine whether stable isotope measurements of body feathers can be used to investigate the
isotopic niche of moulting (inter-nesting) adult seabirds, we
examined the stable carbon (13C) and nitrogen (15N) isotopic composition of body feathers of breeding wandering
albatrosses (Diomedea exulans) from Crozet Islands, southern Indian Ocean. First we showed that the isotopic composition of body feathers was not signiWcantly diVerent from
that of wing feathers, being thus a safe alternative to Xight
feathers whose collection impairs the birds’ Xying ability.
Second, we looked at the variances in 13C and 15N values
resulting from the isotopic measurement of a single feather,
four diVerent feathers, and a pool of four feathers per bird,
to delineate the best isotopic analytical procedure. A twostep protocol is proposed that allows investigating both the
intra- and inter-individual components of the niche width of
the species. In a Wrst step, isotopic measurements on a single feather per bird are used to deWne isotopic specialist
from isotopic generalist populations. In a second step and
for generalist populations only, measurements on additional
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(three) feathers per bird are used to delineate type A from
type B isotopic generalists (Bearhop et al. in J Anim Ecol
73:1007–1012, 2004). Third, from a biological point of
view, our data showed diVerent moulting isotopic niches
for adult males and females, and also within female wandering albatrosses. Since the isotopic composition of body
feathers in this species reXects that of wing feathers, our
results suggest that, after validation, body feathers have the
potential for investigating the foraging ecology of other
Procellariiforms and seabirds during the poorly known
inter-nesting period.

Introduction
There is an increasing evidence that both environmental
variability and human factors during the inter-nesting
period shape population dynamics of seabirds (Barbraud
and Weimerskirch 2003; Grosbois and Thompson 2005;
Rolland et al. 2008). A major obstacle in identifying the
underlying biological mechanisms is the lack of information on seabird distribution and ecology during the nonbreeding season, when individuals migrate far from their
breeding grounds. This is particularly relevant for the conservation of highly pelagic Procellariiforms (albatrosses
and petrels), which are among the most threatened taxa of
birds (BirdLife International 2008). The stable isotopic
analysis of their feathers has become a powerful method to
investigate the inter-nesting foraging ecology of adult
seabirds (Cherel et al. 2000, 2006; Quillfeldt et al. 2005).
Since feather keratin is metabolically inert after synthesis,
the isotopic composition of feathers reXects diet during
moult (Hobson and Clark 1992; Bearhop et al. 2002), which
occurs primarily during the non-breeding period (Warham
1990, 1996; Bridge 2006). Stable carbon (13C/12C, 13C)
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and nitrogen (15N/14N, 15N) isotope ratios of consumers
deWne their isotopic niche along two dimensions, with 13C
and 15N values reXecting the consumers’ foraging habitat
and trophic position, respectively (Newsome et al. 2007).
Despite the increasing use of the stable isotope method on
seabird feathers over recent years, only a few studies investigated the extent to which isotopic signatures vary among
and within feather types and no work looked at their consequences on isotopic interpretations.
Most isotopic studies on seabird feathers focused on
wing (i.e. primaries and secondaries) and body feathers
(Thompson and Furness 1995; Bearhop et al. 2000, Cherel
et al. 2006). Wing feathers are sampled either on killed
birds (Hebert et al. 2008), on opportunistically collected
dead birds (Bearhop et al. 1999; Cherel et al. 2002; Davoren et al. 2002), or, more commonly, on live birds (Cherel
et al. 2000, 2008; Hedd and Montevecchi 2006). In many
cases, the killing of wild birds cannot be morally defensible, and sampling of wing feathers on live birds is questionable from an ethical point of view because of the resulting
impairment of Xying ability (Weimerskirch et al. 1995).
Also, wing feathers from museum specimens are diYcult to
procure, while body feathers are generally more readily
obtained (Thompson et al. 1995; Norris et al. 2007). Within
this context, body feathers oVer an alternative to the use of
wing feathers. The chronology of body feather moult is
often poorly understood, however, and few studies tested
the 13C and 15N values of both body and wing feathers
from the same individual seabird to validate their use
(Thompson and Furness 1995; Becker et al. 2007).
Stable isotopes are also well suited to investigate the
intra- and inter-individual components of niche width, with
variance in -space among individuals being a useful proxy
for niche width (Bearhop et al. 2004; Newsome et al.
2007). The total niche width (TNW) of a population can be
partitioned into two components: the within (intra)-individual component (WIC) and the between (inter)-individual
component (BIC), such that TNW = WIC + BIC (Bolnick
et al. 2003). In most studies using body feathers (Thompson et al. 1995; Bearhop et al. 2000; Cherel et al. 2006),
stable isotope measurements were performed on a homogenised pool of several feathers, thus integrating the individual feeding ecology across the entire moult cycle and
blurring its spatio-temporal variations. This procedure
focuses on the BIC, but not on the WIC component of
TNW, while WIC has also important ecological, evolutionary and conservation implications (Bolnick et al. 2003).
The main goal of the present study was to test the use of
body feathers of adult seabirds for investigating their foraging ecology during moult. We focused on two methodological considerations to recommend best practices, namely:
(1) are the 13C and 15N values of body feathers identical
to those of wing feathers? and (2) what is the appropriate
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feather sampling and analytical protocol to investigate
inter- and intra-individual variations of the isotopic niche?
We chose the wandering albatross Diomedea exulans as a
seabird model because the species disperses widely during
the non-breeding period, from tropical to Antarctic waters
(Weimerskirch and Wilson 2000). The geographical range
of moulting albatrosses therefore spans natural gradients
and discontinuities in carbon isotopic composition of oceanic waters that are reXected in the isotopic signatures of
seabird tissues (Quillfeldt et al. 2005; Cherel and Hobson
2007), thus potentially inducing large intra- and inter-individual variations in the feather 13C values of wandering
albatrosses. We also looked at the isotopic niches of female
and male wandering albatrosses, because they are known
to diVer in their feeding ecology, with females favouring
foraging in warmer (northern) waters and males in
colder (southern) waters (Weimerskirch et al. 1993, 1997;
Weimerskirch and Wilson 2000). Since lower-plankton
food bases tend to be enriched in 13C relative to higher-latitude waters (François et al. 1993; Trull and Armand 2001),
we expected higher feather 13C values in females than in
males of wandering albatrosses.

Materials and methods
Field study was carried out during the wandering albatross
2003 incubation period (January–March) on Possession
Island (46°30⬘S, 51°45⬘E), Crozet Archipelago, which is
located in the south-western Indian Ocean. According to
physical oceanography, the archipelago lies in the middle
of the Polar Frontal Zone, between the Subantarctic Front
in the north and the Polar Front in the south. The western
Indian Ocean is marked by the strong conXuence of the
Subantarctic and Subtropical Fronts in the north of the
archipelago, with subtropical waters being located north of
this broad frontal structure (Park and Gambéroni 1997).
Wandering albatrosses are biennal breeders, with parents
successful in rearing their single chick breeding in alternate
years, while those failing during incubation or during the
early stages of the chick-rearing period breeding again the
next year (Tickell 1968). In albatrosses, including the wandering albatross (Weimerskirch 1991), all wing, body and
tail moult has been at sea between nesting episodes (Warham 1990, 1996). Moult of wing feathers is a long-term
process with up to three generations of feathers being present among the primaries (Warham 1990; Weimerskirch
1991). Data on moult of body feathers of Procellariiform
seabirds are few, but contour feathers are replaced gradually over several months, and not all necessarily changed
each year (Warham 1996).
Feathers were sampled from 23 breeding wandering
albatrosses (11 females and 12 males). The tip of two
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primaries from two generations (one brown old feather
and one black newly moulted feather) and four whole
body feathers (randomly sampled on the birds’ back) were
collected from each individual albatross. Prior to isotopic
analysis, feathers were cleaned of surface lipids and
contaminants using a 2:1 chloroform:methanol solution following by two successive methanol rinses. Tips of primaries and whole body feathers were then air dried and cut
into small fragments. Sub-samples were then weighed
(from 0.3 to 0.4 mg) with a microbalance, packed in tin
containers, and nitrogen and carbon isotope ratios were
subsequently determined by a continuous Xow mass spectrometer (Micromass Isoprime) coupled to an elemental
analyser (Euro Vector EA 3024). Results are presented in
the usual  notation relative to PeeDee Belemnite and
atmospheric N2 for 13C and 15N, respectively. Replicate
measurements of internal laboratory standards (acetanilide)
indicate measurement errors <0.15‰ and <0.20‰ for 13C
and 15N, respectively.
Data were analyzed using Matlab (7.0), except generalized linear models (GLM) that were performed using Statistica (7.0). Values are mean § SD.

Results
The isotopic signatures of body feathers and of old and new
primaries are showed in Table 1. A generalized linear
model with three types of feathers as explanatory variables
and individuals as random variables indicated that there
was no eVect of feather types on 13C and 15N distributions (P = 0.452 and 0.216, respectively).
The isotopic composition of one body feather and of four
(pooled or not) body feathers for each individual bird was

measured to assess the wandering albatross niche width and
its intra- and inter-individual components (following Bolnick et al. 2003), and to compare diVerent analytical protocols (Table 1; Fig. 1). Using one body feather per bird,
isotopic variances allowed calculating TNW that amounted
to 0.8 and 0.7‰ for 13C and 15N, respectively. Using a
pool of four body feathers per bird, isotopic variances
allowed calculating BIC that amounted to 0.4 and 0.3‰ for
13C and 15N, respectively. Accordingly, repeatability (a
measure describing the proportion of variance in a character that occurs among rather than within individuals;
Lessells and Boag 1987) between four body feathers of
each individual was low (0.3 and 0.4‰ for 13C and 15N,
respectively). Finally, the use of four (not pooled) body
feathers per bird indicated that WIC amounted to 0.4‰ for
both 13C and 15N values.
Using one randomly selected body feather per bird,
females (n = 11) and males (n = 12) had signiWcantly diVerent 13C but not 15N values (two-sample t tests, t = 3.60
and 1.84, P = 0.017 and 0.080, respectively). Pooling the
data from the four feathers for each bird and using the
resulting average value per bird decreased variances
(Table 1; Fig. 1), thus leading again to statistically signiWcant sexual diVerences in 13C but not in 15N values
(t = 6.61 and 1.72, P < 0.0001 and P = 0.103). Further analysis showed that female birds can be split into two distinct
groups according to the isotopic signatures of their feathers
(Table 1; Fig. 1). Indeed, three groups of birds were identiWed by a hierarchical clustering analysis (simple linkage
method) using three variables (sex, and the average 13C
and 15N values of four feathers per bird): females (groups
1 and 2), and males (group 3). The three groups segregated
by both their 13C and 15N values (ANOVA, F2,20 = 59.93
and 19.47, both P < 0.0001) (Fig. 2, lower panel). Post hoc

Table 1 Feather 13C and 15N values of wandering albatross females and males from Crozet Islands
Feather type

Females

Males

Females and males

Group 1
(n = 5)

Group 2
(n = 6)

All females
(n = 11)

Group 3
(n = 12)

All birds
(n = 23)

Body feathers (n = 4 pooled
feathers per bird)

¡16.2 § 0.2

¡17.0 § 0.2

¡16.6 § 0.4

¡17.7 § 0.3

¡17.2 § 0.7

Body feathers (n = 1 per bird)

¡16.2 § 0.4

¡16.9 § 0.5

¡16.6 § 0.6

¡17.6 § 0.8

¡17.1 § 0.9

New primaries (n = 1 per bird)

¡16.7 § 0.4

¡16.9 § 0.5

¡16.9 § 0.4

¡17.4 § 1.3

¡17.2 § 1.0

Old primaries (n = 1 per bird)

¡16.9 § 0.6

¡17.6 § 0.8

¡17.2 § 0.8

¡17.9 § 0.9

¡17.6 § 0.9

16.5 § 0.3

15.3 § 0.4

15.9 § 0.7

15.5 § 0.4

15.6 § 0.6

Body feathers (n = 1 per bird)

16.5 § 0.5

15.4 § 0.7

15.9 § 0.8

15.4 § 0.6

15.7 § 0.8

New primaries (n = 1 per bird)

15.8 § 0.9

14.9 § 1.2

15.3 § 1.1

15.9 § 0.9

15.6 § 1.1

Old primaries (n = 1 per bird)

16.1 § 1.0

15.6 § 0.9

15.8 § 0.9

15.5 § 0.6

15.7 § 0.8

13C (‰)

15N (‰)
Body feathers (n = 4 pooled
feathers per bird)

Values are mean § SD
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Fig. 2 Mean of P value of repetitive t tests versus sample size (number
of individuals of wandering albatrosses taken randomly). Repetitive t
tests for diVerent sample sizes were performed on female and male
13C values of body feathers (13C females ¡ 13C males = 1.1‰),
with either one body feather randomly selected per bird (Wlled symbols) or four pooled body feathers per bird (open symbols)

Fig. 1 Body feather 13C and 15N values of wandering albatross
females and males from Crozet Islands. Upper panel mean values of
23 individuals with four body feathers per bird (for groups 1–3, see
text); medium panel mean values of groups 1–3, with one randomly
selected body feather per bird; lower panel mean values of groups 1–3,
with four pooled body feathers per bird. The signature of chicks of
yellow-nosed albatross (YNA) breeding at Amsterdam Island
illustrates the 13C values of a species known to forage in subtropical
waters (Pinaud et al. 2005). G1 group 1, G2 group 2, G3 group 3.
Values are mean § SD

consumers and their diet (McCutchan et al. 2003), being
thus about the minimal diVerence that can be conWdently
interpreted in terms of biological variations among groups.
We considered two diVerent sampling and analytical schedules: Wrstly the isotopic value of one randomly selected
body feather (among the four feathers available per bird),
and secondly the average 13C value of the four body feathers of each bird (corresponding to the sampling of several
body feathers in the Weld that were subsequently pooled
before isotopic measurements). Repetitive t tests showed
that the minimal sample sizes to signiWcantly diVerentiate
females from males were eight and four birds in each group
when using the 13C values of one body feather and four
pooled body feathers, respectively (Fig. 2).

Discussion
Tukey HSD multiple comparison tests indicated that the
three groups had statistically diVerent 13C values, and that
15N values diVered between group 1 females and the two
other groups. On the other hand, 15N values were not signiWcantly diVerent between group 2 females and group 3
males (statistics not shown).
Since variances in isotopic values were higher when
using one body feather per individual than with a pool of
body feathers, we modelled the minimum number of birds
that must be sampled in the Weld to reach statistical signiWcance (P < 0.05; two-sample t tests) between sexes. Males
and females showed a carbon isotopic diVerence amounting
to 1.1‰. Such a moderate value is higher than analytical
errors (Jardine and Cunjak 2005; Mill et al. 2008) and
within the range of enrichment factors in 13C between
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Body feathers, wing feathers and the non-breeding
isotopic niche of albatrosses
The extent to which isotopic signatures vary among the
feathers of an individual has clear implications for the use
of feathers for isotope measurements. Feathers synthesized
at diVerent times of the moult cycle have been used to
depict temporal changes in the isotopic niche of adult seabirds during the inter-nesting period and, in rare cases,
between the non-breeding and breeding periods (Bearhop
et al. 2000; Quillfeldt et al. 2005; Hedd and Montevecchi
2006). Few methodological studies compared the isotopic
composition of diVerent feather types from the same individual (Thompson and Furness 1995; Becker et al. 2007).
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In a single experimental investigation on captive seabirds
kept on a constant diet, no signiWcant variation occurred
in the 15N values of wing and body feathers, but, for
an unclear reason, slightly lower 13C values were found
in wing than in body feathers (Becker et al. 2007). As
expected in wandering albatrosses, the isotopic composition of wing (both old and new feathers) and body feathers
were not statistically diVerent, which is in agreement with
all wing, body and tail moult occurring at sea between nesting episodes in albatrosses (Warham 1990, 1996). Hence,
body feathers provide a promising alternative to wing
feathers to investigate the isotopic niche of moulting albatrosses.
A general prerequisite of the use of body feathers in seabirds is that the overall timing of body and wing feather
replacements overlap. At large time scales, seabirds have a
range of moulting patterns with wing and body feathers
generally occurring during the inter-nesting period, but
some species also moult during the breeding season (Warham 1996; Bridge 2006). Consequently, the use of body
feathers should be validated for each particular species/
group of species. At small time scales, it is likely that diVerent feathers integrate the bird feeding ecology during diVerent time periods because most body feathers do not grow in
synchrony and feather types diVer greatly in size (e.g. wing
vs. body feathers). Within this context, the collection of
several body feathers is probably the best non-destructive
way to gain isotopic information on the plumage of live
birds as a whole (Thompson and Furness 1995, present
study). However, moult of body feathers is poorly understood relative to moult of wing feathers (e.g. primaries),
thus underlining the need of additional work on the chronology of body feather replacement in seabirds, including
Procellariiforms.
Body feathers and inter- and intra-individual niche
variations
In seabirds, the usual procedure is to analyse a homogenized sample from several pooled body feathers for each
individual (Thompson et al. 1995; Bearhop et al. 2000;
Cherel et al. 2006). Indeed, it can be advantageous to analyse a single sample from feathers that is indicative of the
isotopic signature of the plumage as a whole for a given
individual (Thompson and Furness 1995). From a procedural perspective, this reduces both the time and cost of
preparing and analysing samples. From a scientiWc perspective, the isotopic information of each individual is eVectively integrated over the long term. The negative aspects
of pooling feathers are, however, twofold. Firstly, a single
average isotopic signature for the whole plumage cannot
indicate possible distinct isotopic foraging areas during
moult. In the extreme, an average isotopic signature can be
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useless, with no bird moulting in the corresponding isotopic
area. Secondly, the within (intra)-individual component
(WIC) of the total niche width (TNW) cannot be investigated by using a single average value for the whole plumage. Alternatively, as showed in the present study,
measuring the 13C and 15N values of several body feathers for each individual allowed determining both WIC and
the between (BIC) individual components of TNW for a
given population (Bearhop et al. 2004). The procedure,
however, increases the number of samples thus consuming
both more time and money. A third possibility in analysing
feathers is to use the isotopic composition of one body
feather per bird only, thus decreasing the sample number.
The procedure allows estimating TNW, but with no discrimination between the pooled BIC and WIC. Another disadvantage of analysing a single feather per individual is
that variances in 13C and 15N values are higher than when
working on a sample of pooled feathers per individual, thus
partially blurring isotopic segregation between groups
(Table 1; Fig. 1, middle and lower panels). Indeed, modelling showed that the number of wandering albatrosses that
needed to be sampled before signiWcant diVerences
(P < 0.05) between females and males was higher when
measuring 13C values on a single body feather than on a
pool of four feathers (Fig. 2).
In summary, neither analysing a pool of body feathers or
several body feathers or a single feather for a single individual allow an accurate determination of both BIC and
WIC of TNW at low time and money costs. In theory, the
procedure must depict the three groups of populations that
can be deWned from their WIC and BIC. First, low and high
BIC values indicate specialist and generalist populations,
respectively. Second, generalist populations can be split
into type A and type B generalists marked by a low and a
high WIC, i.e. individuals all having a wide range of foraging habitats/feeding habits (generalist individuals) and individuals each specializing on a diVerent but narrow range of
foraging habitats/feeding habits (specialist individuals),
respectively (Bolnick et al. 2003; Bearhop et al. 2004). We
consequently suggest the following two-step protocol to
investigate both BIC and WIC, and thus TNW of populations of seabirds with a moulting pattern identical to that of
the wandering albatross (Fig. 3). The Wrst analytical step
involves the measurement of the isotopic composition of a
single feather per bird to quantify TNW of the population.
If 13C and 15N variances are small, indicating an isotopic
specialist population, no more measurements are needed,
because WIC is almost negligible. A crude limit between
small and large variances could be about 1‰, a value
higher than analytical errors and that can be conWdently
interpreted in terms of biological meanings. If 13C and
15N variances are large, indicating an isotopic generalist
population, WIC must be quantiWed to characterize type A
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Fig. 3 Two-step analytical procedure enabling the use of stable
isotope variance in whole body
feathers to infer inter- and intraindividual variation in seabird
isotopic niche during moult. The
procedure allows to discriminate
between isotopic specialist and
generalist populations (Wrst
step), and between type A and
type B generalists (second step).
Specialist and generalist populations (types A and B) follow the
deWnitions in Bearhop et al.
(2004)

and type B generalists. This can be achieved by measuring
the isotopic composition of more feathers per bird, each
body feather representing a separate sample (here three
additional feathers, thus giving a total of four feathers and
thus four separate isotopic measurements per individual).
The protocol thus minimizes both the numbers of sampled
birds and isotopic measurements, and it maximises the
amount of biological information collected from a few
feathers only.
Non-breeding isotopic niche of the wandering albatross
Overall, the 13C values of wandering albatrosses indicate
that they mainly foraged outside the Southern Ocean during the non-breeding period. Only a few individual feathers (n = 14, about 15%, for a total of 92 feathers) had an
isotopic signature indicating moulting in waters south or
at the Subtropical Front, and no feather had a very low
Antarctic signature (less than ¡23‰; Quillfeldt et al. 2005;
Cherel et al. 2006). The isotopic data are thus in general
agreement with the few birds tracked during the internesting period (Nicholls et al. 1995; Prince et al. 1998),
but not with some individuals spending most of the time in
subantarctic and Antarctic waters (Weimerskirch and
Wilson 2000). As expected, males had lower 13C values
than females and all (but one) feathers with a subantarctic
origin were from males. Such a sexual spatial segregation
agrees with the tracking and observations at sea of
wandering albatrosses during both the breeding and
non-breeding periods (Weimerskirch and Jouventin 1987;
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Weimerskirch et al. 1993, 1997; Weimerskirch and Wilson
2000). Interestingly, the 13C values of male wandering
albatrosses were not signiWcantly diVerent from those of
the subtropical control group, i.e. chicks of yellow-nosed
albatrosses (Fig. 1, middle panel), indicating foraging
mainly in oceanic subtropical waters during the inter-nesting period.
A new Wnding from the present study is that females can
be split into two groups according to both their 13C and
15N values. The isotopic signature of some females was
very close to those of adult yellow-nosed albatrosses from
Amsterdam Island and of black-browed albatrosses from
Kerguelen Islands (Cherel et al. 2000, authors’ unpublished
data), suggesting an overall identical moulting area. Indeed,
banding recoveries of the three albatross populations
showed that some birds visit southern Australian waters
during the inter-nesting period (Weimerskirch et al. 1985;
Cherel et al. 2000). The second group of females had high
13C and 15N values, suggesting they fed in productive
neritic waters with diVerent isotopic baseline levels. Overall, feather 13C values thus support the hypothesis that
two types of dispersal occur in wandering albatrosses
during the non-breeding season, with some birds visiting
neritic waters and others favouring the oceanic domain
(Weimerskirch et al. 1985). They furthermore suggest that
the former strategy is more common in females and the latter in males. Clearly, however, more information is needed
to be precise about the foraging patterns of moulting albatrosses either by comparing the isotopic niches of various
populations and species (Cherel et al. 2007) or/and by using
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geolocation loggers over the long term (Grémillet et al.
2000; Croxall et al. 2005).
Acknowledgments We thank G. Guillou for running stable isotope
samples. The present work was supported Wnancially and logistically
by the program REMIGE-ANR Biodiversité 2005-011, the Institut
Polaire Français Paul Emile Victor (IPEV, programme no. 109,
H. Weimerskirch), and the Terres Australes et Antarctiques Françaises
(TAAF).

References
Barbraud C, Weimerskirch H (2003) Climate and density shape population dynamics of a marine top predator. Proc R Soc Lond B Biol
Sci 270:2111–2116. doi:10.1098/rspb.2003.2488
Bearhop S, Thompson DR, Waldron S, Russell IC, Alexander G,
Furness RW (1999) Stable isotopes indicate the extent of freshwater feeding by cormorants Phalacrocorax carbo shot at inland
Wsheries in England. J Appl Ecol 36:75–84. doi:10.1046/j.13652664.1999.00378.x
Bearhop S, Phillips RA, Thompson DR, Waldron S, Furness RW
(2000) Variability in mercury concentrations of great skuas
Catharacta skua: the inXuence of colony, diet and trophic status
inferred from stable isotope signatures. Mar Ecol Prog Ser
195:261–268. doi:10.3354/meps195261
Bearhop S, Waldron S, Votier SC, Furness RW (2002) Factors that
inXuence assimilation rates and fractionation of nitrogen and carbon stable isotopes in avian blood and feathers. Physiol Biochem
Zool 75:451–458. doi:10.1086/342800
Bearhop S, Adams CE, Waldron S, Fuller RA, MacLeod H (2004)
Determining trophic niche width: a novel approach using stable
isotope analysis. J Anim Ecol 73:1007–1012. doi:10.1111/j.00218790.2004.00861.x
Becker BH, Newman SH, Inglis S, Beissinger SR (2007) Diet-feather
stable isotope (15N and 13C) fractionation in common murres
and other seabirds. Condor 109:451–456. doi:10.1650/00105422(2007)109[451:DSINAC]2.0.CO;2
BirdLife International (2008) http://www.birdlife.org/
Bolnick DI, Svanbäck R, Fordyce JA, Yang LH, Davis JM, Hulsey
CD, Forister ML (2003) The ecology of individuals: incidence
and implications of individual specialization. Am Nat 161:1–28.
doi:10.1086/343878
Bridge ES (2006) InXuences of morphology and behavior on wingmolt strategies in seabirds. Mar Ornithol 34:7–19
Cherel Y, Hobson KA (2007) Geographical variation in carbon stable
isotope signatures of marine predators: a tool to investigate their
foraging areas in the Southern Ocean. Mar Ecol Prog Ser
329:281–287. doi:10.3354/meps329281
Cherel Y, Hobson KA, Weimerskirch H (2000) Using stable-isotope
analysis of feathers to distinguish moulting and breeding origins
of seabirds. Oecologia 122:155–162. doi:10.1007/PL00008843
Cherel Y, Bocher P, Trouve C, Weimerskirch H (2002) Diet and feeding ecology of blue petrels Halobaena caerulea at Iles Kerguelen,
Southern Indian Ocean. Mar Ecol Prog Ser 228:283–299.
doi:10.3354/meps228283
Cherel Y, Phillips RA, Hobson KA, McGill R (2006) Stable isotope evidence of diverse species-speciWc and individual wintering strategies in seabirds. Biol Lett 2:301–303. doi:10.1098/rsbl.2006.0445
Cherel Y, Hobson KA, Guinet C, Vanpé C (2007) Stable isotopes document seasonal changes in trophic niches and winter foraging
individual specialisation in diving predators from the Southern
Ocean. J Anim Ecol 76:826–836. doi:10.1111/j.1365-2656.2007.
01238.x

1239
Cherel Y, Le Corre M, Jaquemet S, Ménard F, Richard P,
Weimerskirch H (2008) Resource partitioning within a tropical
seabird community: new information from stable isotopes. Mar
Ecol Prog Ser 366:281–291. doi:10.3354/meps07587
Croxall JP, Silk JRD, Phillips RA, Afanasyev V, Briggs DR (2005)
Global circumnavigations: tracking year-round ranges of nonbreeding albatrosses. Science 307:249–250. doi:10.1126/science.
1106042
Davoren GK, Montevecchi WA, Anderson JT (2002) Scale-dependent
associations of predators and prey: constraints imposed by Xightlessness of common murres. Mar Ecol Prog Ser 245:259–272.
doi:10.3354/meps245259
François R, Altabet MA, Goericke R (1993) Changes in the 13C of
surface water particulate matter across the Subtropical Convergence in the SW Indian Ocean. Global Biogeochem Cycles
7:627–644. doi:10.1029/93GB01277
Grémillet D, Wilson RP, Wanless S, Chater T (2000) Black-browed
albatrosses, international Wsheries and the Patagonian shelf. Mar
Ecol Prog Ser 195:269–280. doi:10.3354/meps195269
Grosbois V, Thompson PM (2005) North Atlantic climate variation
inXuences survival in adult fulmars. Oikos 109:273–290.
doi:10.1111/j.0030-1299.2005.13774.x
Hebert CE, Bur M, Sherman D, Shutt JL (2008) Sulfur isotopes link
overwinter habitat use and breeding condition in double-crested
cormorants. Ecol Appl 18:561–567. doi:10.1890/07-1278.1
Hedd A, Montevecchi WA (2006) Diet and trophic position of Leach’s
storm-petrel Oceanodroma leucorhoa during breeding and moult,
inferred from stable isotope analysis of feathers. Mar Ecol Prog
Ser 322:291–301. doi:10.3354/meps322291
Hobson KA, Clark RG (1992) Assessing avian diets using stable
isotopes I: turnover of 13C in tissues. Condor 94:181–188.
doi:10.2307/1368807
Jardine TD, Cunjak RA (2005) Analytical error in stable isotope ecology. Oecologia 144:528–533. doi:10.1007/s00442-005-0013-8
Lessells CM, Boag PT (1987) Unrepeatable repeatabilities: a common
mistake. Auk 104:116–121
McCutchan JH, Lewis WM, Kendall C, McGrath CC (2003) Variation
in trophic shift for stable isotope ratios of carbon, nitrogen, and
sulfur. Oikos 102:378–390. doi:10.1034/j.1600-0706.2003.
12098.x
Mill AC, Sweeting CJ, Barnes C, Al-Habsi SH, MacNeil MA (2008)
Mass-spectrometer bias in stable isotope ecology. Limnol Oceanogr Methods 6:34–39
Newsome SD, Martinez del Rio C, Bearhop S, Phillips DL (2007)
A niche for isotopic ecology. Front Ecol Environ 5:429–436
Nicholls DG, Murray D, Battam H, Robertson G, Moors P, Butcher E,
Hildebrandt M (1995) Satellite tracking of the wandering albatross Diomedea exulans around Australia and in the Indian Ocean.
Emu 95:223–230
Norris DR, Arcese P, Preikshot D, Bertram DF, Kyser TK (2007) Diet
reconstruction and historic population dynamics in a threatened
seabird. J Appl Ecol 44:875–884. doi:10.1111/j.1365-2664.2007.
01329.x
Park YH, Gambéroni L (1997) Cross-frontal exchange of Antarctic
Intermediate Water and Antarctic Bottom Water in the Crozet
Basin. Deep Sea Res Part II Top Stud Oceanogr 44:963–986.
doi:10.1016/S0967-0645(97)00004-0
Pinaud D, Cherel Y, Weimerskirch H (2005) EVect of environmental
variability on habitat selection, diet, provisioning behaviour and
chick growth in yellow-nosed albatrosses. Mar Ecol Prog Ser
298:295–304. doi:10.3354/meps298295
Prince PA, Croxall JP, Trathan PN, Wood AG (1998) The pelagic
distribution of South Georgia albatrosses and their relationships
with Wsheries. In: Robertson G, Gales R (eds) Albatross biology
and conservation. Surrey Beatty and Sons, Chipping Norton,
Australia, pp 137–167

123

1240
Quillfeldt P, McGill RAR, Furness RW (2005) Diet and foraging areas
of Southern Ocean seabirds and their prey inferred from stable
isotopes: review and case study of Wilson’s storm-petrel. Mar
Ecol Prog Ser 295:295–304. doi:10.3354/meps295295
Rolland V, Barbraud C, Weimerskirch H (2008) Combined eVects of
Wsheries and climate on a migratory long-lived marine predator.
J Appl Ecol 45:4–13
Thompson DR, Furness RW (1995) Stable-isotope ratios of carbon and
nitrogen in feathers indicate seasonal dietary shifts in northern
fulmars. Auk 112:493–498
Thompson DR, Furness RW, Lewis SA (1995) Diets and long-term
changes in 15N and 13C values in northern fulmars Fulmarus
glacialis from two northeast Atlantic colonies. Mar Ecol Prog Ser
125:3–11. doi:10.3354/meps125003
Tickell WLN (1968) The biology of the great albatrosses Diomedea
exulans and D. epomophora. Antarct Res Ser 12:1–55
Trull TW, Armand L (2001) Insights into Southern Ocean carbon export
from the 13C of particles and dissolved inorganic carbon during the
SOIREE iron release experiment. Deep Sea Res Part II Top Stud
Oceanogr 48:2655–2680. doi:10.1016/S0967-0645(01)00013-3
Warham J (1990) The petrels: their ecology and breeding systems.
Academic Press, London
Warham J (1996) The behaviour population biology and physiology of
the petrels. Academic Press, London

123

Mar Biol (2009) 156:1233–1240
Weimerskirch H (1991) Sex-speciWc diVerences in molt strategy in
relation to breeding in the wandering albatross. Condor 93:731–
737. doi:10.2307/1368205
Weimerskirch H, Jouventin P (1987) Population dynamics of the wandering albatross, Diomedea exulans, of the Crozet Islands: causes
and consequences of the population decline. Oikos 49:315–322.
doi:10.2307/3565767
Weimerskirch H, Wilson RP (2000) Oceanic respite for wandering
albatrosses. Nature 406:955–956. doi:10.1038/35023068
Weimerskirch H, Jouventin P, Mougin JL, Stahl JC, Van Beveren M
(1985) Banding recoveries and the dispersal of seabirds breeding
in French Austral and Antarctic Territories. Emu 85:22–33
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, Chastel O, Ackermann L (1995) Adjustment of
parental eVort to manipulated foraging ability in a pelagic seabird,
the thin-billed prion Pachyptila belcheri. Behav Ecol Sociobiol
36:11–16. doi:10.1007/BF00175723
Weimerskirch H, Cherel Y, Cuénot-Chaillet F, Ridoux V (1997) Alternative foraging strategies and resource allocation by male and
female wandering albatrosses. Ecology 78:2051–2063

