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ABSTRACT: Niche variation is a widespread phenomenon that has important implications for ecolog-
ical interactions and conservation biology, but few studies have quantified the trophic niche width
(TNW) and its within- and between-individual components. We used stable isotopes of body feathers
to investigate (1) seasonal isotopic niche changes of 4 southern procellariiforms and, (2) the level to
which individuals are specialised relative to their population within each season. (1) 8'3C and §"°N
values of chicks and adults indicated a well-defined trophic segregation within the seabird assem-
blage during both the breeding and poorly known moulting (inter-nesting) periods, and they under-
lined marked species-specific seasonal changes. One species (light-mantled sooty albatross) remained
within the Southern Ocean both during breeding and body feather moult, while the 3 others migrated
either to oceanic subtropical waters (wandering and sooty albatrosses) or high isotopic marine areas
(e.g. productive neritic waters; white-chinned petrel) during the moulting period. (2) Isotopic vari-
ances and TNW were generally low, indicating that birds belong to isotopic specialist populations
within a given period. Variances and TNW were larger for white-chinned petrel chicks and light-man-
tled sooty albatross adults, respectively, indicating isotopic generalist populations and revealing
2 new foraging behaviours. Individual white-chinned petrel chicks segregated by their feather iso-
topic signatures, thus indicating individual/pair specialisation of parent birds during the chick-rearing
period. The light-mantled sooty albatross population included mostly isotopic generalist individuals
during the moulting period, with individuals using different habitats and diets. The study highlights
the utility of feather isotopic signature for determining TNW and points out the necessity to develop
such new approaches to better depict niche variations at both population and individual levels.
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INTRODUCTION

Stable isotope analysis has emerged as a key tool for
ecologists, and the concept of isotopic niche is a power-
ful way to investigate ecological niches (Newsome et al.
2007). Stable carbon (§'*C) and nitrogen (8'°N) isotope
ratios of consumers define the isotopic niche along 2 di-
mensions, with '3C and §'°N values reflecting the con-
sumers' foraging habitat and trophic position, respec-
tively. Consumer tissues are stepwise-enriched in N
relative to their food and consequently §'°N measure-

*Email: jaeger@cebc.cnrs.fr

ments serve as indicators of a consumer'’s trophic level
(McCutchan et al. 2003). In contrast, §*C values vary
little along the food chain and are mainly used to deter-
mine carbon sources in a trophic network (McCutchan
et al. 2003) and foraging habitats in the marine environ-
ment (Hobson et al. 1994, Cherel & Hobson 2007).
Isotopic analysis of feathers is beginning to yield
important insights into the ecology of birds, including
resource partitioning within communities (Cherel et al.
2008b) and determination of migratory connectivity
and seasonal interactions (Rubenstein & Hobson 2004).
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The basic underlying principle is that the isotopic com-
position of feathers reflects diet at the time of feather
growth, because keratin is metabolically inert after
synthesis (Rubenstein & Hobson 2004). Feather §'°C
and 8'°N values of chicks are representative of the spe-
cies' isotopic niche during breeding. In contrast, the
stable isotopic signature of adult feathers is a powerful
tool to investigate the poorly known inter-nesting for-
aging habitats and diets of seabirds (Cherel et al. 2006,
Hedd & Montevecchi 2006, Gladbach et al. 2007),
because the adult moult occurs primarily during the
non-breeding period (Warham 1990, 1996, Bridge
2006). Chick and adult feathers therefore allow the
determination of seasonal changes in the species’ iso-
topic niche (Cherel et al. 2000). Characterisation of
seasonal niche variations in seabirds is of paramount
importance, because environmental variability and
human factors (e.g. fisheries) during the inter-nesting
period shape their population dynamics (Barbraud &
Weimerskirch 2003, Grosbois & Thompson 2005, Rol-
land et al. 2008). This is particularly relevant for the
highly pelagic procellariiforms (albatrosses and
petrels), which are among the most threatened taxa of
birds (BirdLife International 2008, www.birdlife.org).

Niche variation is a widespread phenomenon among
species. A bias in most studies is that conspecific indi-
viduals are considered as ecologically equivalent,
while there is increasing evidence that individuals
within a population vary considerably in the way they
use habitats and resources. Documenting the inci-
dence and level of niche variation and individual spe-
cialisation is therefore a first step towards understand-
ing their basis and implications for community ecology
and conservation biology (Durell 2000, Bolnick et al.
2003). Stable isotopes are well suited for quantifying
foraging strategies at both the individual and popula-
tion levels, with variance in isotopic ratios among indi-
viduals being a useful proxy for trophic niche width
(Bearhop et al. 2004). Hence, a preliminary feather iso-
topic investigation described diverse species-specific
and individual foraging strategies in seabirds (Cherel
et al. 2006), but the procedure did not allow a quantifi-
cation of the within- and between-individual compo-
nents (WIC and BIC) of trophic niche width (TNW)
(Bolnick et al. 2003). We consequently developed a 2-
step procedure using 8°C and 8N values of adult
body feathers as continuous niche axes (Bolnick et al.
2002) to determine trophic niche at the population and
individual levels during the moulting period (Jaeger et
al. 2009).

Our main goal was to apply this recently described
procedure on some threatened species of albatrosses
and petrels, focusing on the poorly documented but cru-
cial inter-nesting period. The work was conducted on an
assemblage of large procellariiforms breeding at Crozet

Islands, southern Indian Ocean, including the white-
chinned petrel Procellaria aequinoctialis (WCP) and 3
albatrosses: the wandering albatross Diomedea exulans
(WA), sooty albatross Phoebetria fusca (SA), and light-
mantled sooty albatross Phoebetria palpebrata (LMSA).
The species are impacted by both commercial fisheries
and environmental changes, and recent estimations
have revealed increases (LMSA), recovering (WA) or
sharp decreases (SA, WCP) in their breeding populations
(Barbraud et al. 2008, Delord et al. 2008). We first deter-
mined the species' isotopic niche and trophic structure of
the assemblage during breeding using chick body feath-
ers. In a second step, species’ isotopic niches during
moult were determined using adult body feathers.
Thirdly, breeding and moulting isotopic niches were
compared in order to assess seasonal changes in the
species’ foraging ecology. Fourthly, adult TNW (and
WIC and BIC) were used to quantify the degree of
specialisation in habitat/diet at the population and
individual levels during the moulting period.

MATERIALS AND METHODS

The field study was carried out on Possession Island
(46°30'S, 51°45'E), Crozet Archipelago. The south-
western Indian Ocean is marked by the strong conflu-
ence of the Subantarctic and Subtropical Fronts; con-
sequently, the Subantarctic Zone here includes water
masses between the Subtropical Front and the Polar
Front (Park & Gambéroni 1997), where Crozet Islands
are located (Fig. 1). The Southern Ocean is defined as
the ocean south of the Subtropical Front, and the Sub-
tropical and Antarctic Zones, as the zones north of the
Subtropical Front and south of the Polar Front, respec-
tively (Fig. 1).

The assemblage of albatrosses breeding at Posses-
sion Island is mainly composed of WA, SA and LMSA
with ~580, ~100 and ~1370 breeding pairs in 2005,
respectively (Delord et al. 2008). The WCP population
at Possession Island was recently estimated at ~5800
pairs (Barbraud et al. 2008). The 4 species belong to
the same guild of large procellariiforms that forage
over wide ocean areas during the breeding period.
They breed sympatrically during summer, but the long
breeding cycle of WA also includes the winter months.
The 3 albatross species are biennial breeders if they
successfully raised their chicks, while WCP breed
annually (Warham 1990).

Body feathers grown during the inter-nesting period
were used because their isotopic composition was not
significantly different from that of wing feathers in
breeding albatrosses, being thus a safe alternative to
flight feathers whose collection impairs the birds’ fly-
ing ability (Jaeger et al. 2009). Back body feathers
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(1) The little information available about
the moulting process of large procellari-
iforms indicates that body feathers are
replaced gradually over several months,
probably during the whole inter-nesting
period (Warham 1996). In the present
work, the duration of the inter-nesting
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Fig. 1. Location of the Crozet Archipelago (46°30'S, 51°45'E) and of the main

oceanic fronts and zones in the western Indian Ocean. Abbreviations: STF,

Subtropical Front; PF, Polar Front; STZ, Subtropical Zone; SAZ, Sub-antarctic
Zone; AZ, Antarctic Zone (Park & Gambéroni 1997)

were sampled from 10 to 21 randomly chosen individ-
uals for each group of chicks and adults (see Table 1).
All species were studied within the same year (2005).
Chick feathers were sampled at the end of the chick-
rearing period (March to April for SA, LMSA and WCP,
and September for WA) and adult feathers during
incubation (October to December).

Following the procedure of Jaeger et al. (2009), §'3C
and 8N variations were used to define the level of
within-season specialisation in habitat and diet, respec-
tively. Isotopic measurements were first made on a sin-
gle whole body feather per bird to define isotopic spe-
cialist populations (low TNW) from isotopic generalist
populations (high TNW), with TNW being the variance
among all feathers of a given species. In a second step
and for generalist populations only, measurements on 3
additional feathers per bird were used to delineate iso-
topic individual specialists (low WIC, high BIC) from
isotopic individual generalists (high WIC, low BIC).
WIC is the average variance of 4 individual feathers
and BIC the variation among means of 4 individual
feathers (Bolnick et al. 2003). The relative degree of in-
dividual specialisation was subsequently measured as
the proportion of TNW explained by within-individual
variation, WIC/TNW (WIC/TNW varies from 0 [maxi-
mum variation among individuals] to 1 [no variation
among individuals]; Bolnick et al. 2002, 2003). Using
the isotopic method, an individual specialist is here a
bird with a diet/habitat that does not differ in mean
isotopic value within a particular season, whereas an
individual generalist refers to a bird that shows high
within-season variability in diet/habitat.

Three important limitations linked to moult timing
and chronologies need to be taken into account.

Crozet y¢ _ SAZ

period depends on the species, spanning
1 winter (WCP), 1 full year (WA), and
1 full year plus 1 winter (SA and LMSA).
Moreover, the precise timing of synthesis
of each body feather during the inter-
nesting period is not known. Conse-
quently, the temporal window covered
by analysing 1 (or several) body feathers

120° is probably different between individu-

als and between species. We therefore
describe isotopic niches for each species’
respective body feather moult period,
and realise that those periods may not
represent the same proportion of the
inter-nesting period among species. Further research
is needed to determine whether the temporal extent of
body feather moult is sufficient to appropriately reflect
the whole inter-nesting period.

(2) The duration of growth of 1 given body feather of
adults and chicks is not known. In seabirds, flight
feathers grow ~6 mm per day (Bridge 2006), and, in
birds, body feathers grow at a slower rate than pri-
maries (Widelitz et al. 2003). Consequently, a 6 to
10 cm long body feather takes at least 2 to 3 wk to
grow.

(3) The isotopic signature of chick feathers repre-
sents that of food brought back to the colony by the 2
parents. Moreover, chick body feathers grow during a
more restricted period (second part of chick-rearing
period) than adult feathers. Hence, the timing of
growth of body feathers overlaps greatly during chick
moult, thus precluding an accurate estimate of TNW,
WIC and BIC. TNW of chicks was therefore not calcu-
lated, but we looked carefully at their isotopic vari-
ances, as they may indicate either individual and/or
pair specialisations of the adults during the chick-rear-
ing period.

To help interpretation of the §!3C values of the wide-
ranging procellariiforms, feather isotopic values of 3
species spanning a latitudinal gradient in carbon sta-
ble isotopes (Cherel & Hobson 2007) were used (see
Figs. 2 & 4). These included chicks of the yellow-nosed
albatross from Amsterdam Island (37°5'S) and of the
snow petrel from Adélie Land (66°4'S), which indi-
cated foraging in the Subtropical (Pinaud et al. 2005)
and high-Antarctic Zones (Ridoux & Offredo 1989),
respectively (authors’ unpubl. data, n = 12 and 18,
313C =-17.7 + 0.4 and —23.4 + 0.2 %o, respectively). The
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third control species, the king penguin, is known to
forage at the Polar Front (Bost et al. 1997) (authors’
unpubl. data, n = 12 adults, §!3C = -21.2 + 0.4 %).

Prior to isotopic analysis, feathers were cleaned of
surface lipids and contaminants using a 2:1 chloro-
form:methanol solution for 2 min, followed by 2 succes-
sive methanol rinses. Each whole body feather was air
dried and then homogenised by cutting it into very
small pieces that were pooled. One sub-sample of each
homogenised feather was then weighed (~0.4 mg) with
a microbalance and packed into a tin container, and
nitrogen and carbon isotope ratios were determined
with a continuous flow mass spectrometer (Micromass
Isoprime) coupled to an elemental analyser (Euro Vec-
tor EA 3024). Results are presented in the usual d nota-
tion relative to PeeDee Belemnite and atmospheric N,
for 8'°C and &'°N, respectively. Replicate measure-
ments of internal laboratory standards (acetanilide)
indicated measurement errors of <0.15%. and <0.20 %o
for §'3C and 8N, respectively. All data were analysed
statistically using Matlab (7.0). All analyses related to
species’' isotopic niche description and segregation
were performed with 1 feather per individual. Values
are mean + SD.

RESULTS

Isotopic niches and segregation during the breeding
and inter-nesting periods

During breeding, sympatric albatrosses and WCP
were segregated by both the §'°C and 8N values of
their chicks (1 feather per individual; Kruskal-Wallis,
H; 47 = 36.82 and 37.47, respectively, both p < 0.0001).

Chick 8'*C and 8'°N values characterised 3 distinct iso-
topic niches that differed by at least one isotopic axis.
Feather 8'°C and 8'°N values of LMSA and WCP were
not significantly different (Multiple comparison tests of
mean ranks, both p = 1.000), but their §!3C values dif-
fered by ~2 %o from those of WA and SA chicks (all p <
0.001), with the 2 latter species segregating by their
81N (0.8 %o, p = 0.033) but not their §'3C (p = 1.000) val-
ues (Table 1, Fig. 2).

The species were also segregated by their feather iso-
topic signatures during the adult moulting period
(Kruskal-Wallis, Hs 4, = 37.42 and 38.73 for 813C and
85N values respectively, both p < 0.0001), which de-
fined 4 distinct isotopic niches. The §'*C values of WA
and SA adults were not statistically different (multiple
comparison tests of mean ranks, p = 1.000), but all the
other feather 8'°C values differed significantly (Multi-
ple comparison tests of mean ranks, all p < 0.027).
WA and SA however segregated by their 8'°N values
(Multiple comparison tests of mean ranks, p = 0.042).
Feather 8!°N values of LMSA and SA, and of WA and
WCP were not statistically different (multiple compari-
son tests of mean ranks, p = 0.206), but the 4 other pair
comparison tests were significant (multiple comparison
tests of mean ranks, all p <0.042) (Table 1, Fig. 2).

Seasonal variations in 8§°C and 8N values within
each species showed contrasting patterns (Table 1,
Fig. 2). Isotopic signatures of feathers of LMSA adults
and chicks were not significantly different (Mann-
Whitney, p = 0.173 and 0.597 for §3C and 8'°N values,
respectively), while they differed greatly for the 3
other species (all p < 0.001). Both §'*C and §'°N values
of adult feathers were higher than in chick feathers in
SA, WA, and WCP. WCP showed the largest isotopic
increases between chick and adult feathers (7.0 and

Table 1. Diomedea exulans, Phoebetria fusca, Phoebetria palpebrata and Procellaria aequinoctialis. Stable carbon and nitrogen

isotope values of body feathers of large procellariiforms from Possession Island. *** and NS indicate a significant difference and

no statistical difference, respectively (Mann-Whitney U-test, p < 0.001 and p > 0.05, respectively) between chick and adult

feathers of a given species. Trophic niche width (TNW), and between- and within-individual components (BIC and WIC) were
calculated using 1 and 4 body feathers, respectively (see ‘Materials and methods’). Values are mean + SD

ko

Species Status n 313C (%o) 3PN (%)  TNW (%0)  WIC (%o) BIC (%0)  WIC/TNW
(83C/81°N)  (8'3C/8°N)  (8'13C/8N) (813C/8°N)
Wandering albatross Chicks 21 -194+04 139+0.3 - - - -
Adults 12 -171+07 157x0.7 0.5/0.5 - - -
Sooty albatross Chicks 10 -19.1+0.5 13.1+£0.5 - - - -
Adults 12 -170+06 14.5+0.5 0.4/0.3 - - -
Light-mantled sooty albatross  Chicks 10 -213+05 124+04 - - - -
Adults 10 -205+21 119=x21 3.9/3.6 2.6/2.1 1.3/1.5 0.7/0.6
NS NS
White-chinned petrel Chicks 10 -212+0.8 122=+0.7 - - - -
Adults 10 -142+02 16.7+0.5 0.1/0.2 - - -

ko
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Fig. 2. Diomedea exulans, Phoebetria fusca, Phoebetria
palpebrata and Procellaria aequinoctialis. Stable carbon and
nitrogen isotope values of body feathers of large procellari-
iforms from Possession Island. (A) Chick feathers and (B)
adult feathers show the species’ isotopic niches during the
breeding and moulting (inter-nesting) periods, respectively.
Estimated foraging zones are indicated between the 2 panels.
The signatures of snow petrels (SP), king penguins (KP) and
yellow-nosed albatrosses (YNA) illustrate the §'*C values of
species known to forage in the high-Antarctic Zone, at the Po-
lar Front and in the Subtropical Zone, respectively (grey bars
represent the species' 8°C standard deviations). Abbrevia-
tions: LMSA, light-mantled sooty albatross; SA, sooty alba-
tross; WA, wandering albatross; WCP, white-chinned petrel.
Values are mean + SD

4.5%o for 83C and 8N values, respectively) compared
to WA and SA (2.3 and 2.1%., and 1.8 and 1.4 %o for §'3C
and 8"°N values, respectively).

Isotopic variance and trophic niche width during the
breeding and moulting periods

Two important features arose concerning isotopic
chick variances and adult TNW of the albatrosses and

815N (%)
1 ¥
[T

petrel (Table 1). First, variances and TNW were gener-
ally low for both adults and chicks. Second, 2 excep-
tions were the very large TNW of LMSA adults and the
relatively high variance of WCP chicks compared to
other adult and chick groups, respectively. Following
our 2-step protocol (Jaeger et al. 2009), the isotopic sig-
nature of 3 additional body feathers (for a total of 4
feathers per individual) were therefore measured for
LMSA adults and WCP chicks. Individual WCP chicks
segregated by both their 83C and &“N values
(Kruskal-Wallis, Hy3o = 37.25 and 35.37, both p <
0.0001), thus indicating individual/pair specialisation
(Fig. 3). Interestingly, the §'*C and 8'°N values of all
body feathers were linearly and positively correlated
(n = 40, Generalized Linear Model with individuals as
random factor, p < 0.0001).

The WIC/TNW ratio of LMSA adults was moderate,
indicating both significant intra- and inter-individual
variations in their moulting isotopic niche. Most indi-
vidual birds showed large variances, thus inducing
large inter-individual overlaps in their isotopic niches
(Fig. 4A). A hierarchical clustering analysis (Ward's
method) performed using the §3C and §'°N values of
all the 40 body feathers identified 3 groups of feathers,
which segregated by their isotopic signatures
(Kruskal-Wallis, H, 37 = 25.29 and 21.75 for §"*C and
8N values, respectively, both p < 0.0001). Most of the
feathers clustered within Group 3 (70 %), followed by
Group 1 (20%), with feathers from the former group
having much higher §'*C and 8'°N values than those of
the latter (Multiple comparison tests of mean ranks,
both p = 0.001). A few feathers (Group 2, 10%) had
intermediate isotopic signatures (Table 2, Fig. 4B)

13 F

—_
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T

1k @ g

813C (%)

Fig. 3. Procellaria aequinoctialis. Stable carbon and nitrogen

isotope values of 10 chicks of white-chinned petrel (WCP)

from Possession Island. Values are mean + SD from 4 body
feathers per bird
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Fig. 4. Phoebetria palpebrata. Stable carbon and nitrogen iso-
tope values of adults of light-mantled sooty albatross (LMSA)
from Possession Island. (A) Mean + SD values from 4 body
feathers per bird (n = 10). (B) Isotopic signature of all the indi-
vidual body feathers (n = 40). (%) and (®): signature of 3 dif-
ferent parts of the same body feather (a: distal, b: middle, c:
proximal), and the mean value for that feather, respectively.
(®) Calculated mean (+ SD) with each individual value result-
ing from the mean (= pool) of 4 body feathers per bird. Esti-
mated foraging zones are indicated between the 2 panels.
The signatures of snow petrels (SP), king penguins (KP) and
yellow-nosed albatrosses (YNA) illustrate the §'*C values of
species known to forage in the high-Antarctic Zone, at the
Polar Front and in the Subtropical Zone, respectively (grey
bars represent the species’ §'3C standard deviations)

DISCUSSION

Isotopic niches during the breeding and moulting
periods

The mean isotopic signatures of chick and adult
body feathers highlighted trophic segregation and
contrasted seasonal strategies of Southern Ocean pro-
cellariiforms. During breeding, chick §*C and §'°N
values defined 2 foraging areas and 2 trophic levels,

respectively, thus allowing characterisation of 3 dis-
tinct isotopic niches for the 4 species. The first segre-
gating mechanism operates at the spatial scale. Using
latitudinal variations in §'*C values of marine organ-
isms in the Southern Hemisphere (Cherel & Hobson
2007, Quillfeldt et al. 2008), the data indicate that
LMSA and WCP foraged in more southern waters than
WA and SA. The second mechanism operates through
resource partitioning, with WA feeding at a higher
trophic level than SA. Accordingly, WA chicks are
mainly fed with large squids (Cherel & Weimerskirch
1999), while SA food is mostly composed of smaller
squids and carrion of planktivorous seabirds (Ridoux
1994), which have lower nitrogen signatures (Cherel et
al. 2002, 2007, 2008a). In contrast, the 8'°N values of
LMSA and WCP chicks were almost identical. Their
diet differed however, with LMSA feeding more on
cephalopods and WCP more on fish (Ridoux 1994),
thus illustrating the limit of the stable isotope method
that is most powerful when combined with conven-
tional approaches (Bearhop et al. 2004).

The feather isotopic signature of chicks integrates
the feeding ecology of both parent birds when they
feed for their offspring. The chick isotopic niche is thus
potentially different from the adult isotopic niche dur-
ing the chick-rearing period and it cannot detail sexual
foraging differences and the diet of adult birds when
they forage for themselves (Weimerskirch et al. 1997,
Cherel et al. 2005). Nonetheless, the chick isotopic
niches indicated the origin of the food assimilated by
the chick, thus underlining the key habitats used by
adult birds when they forage for their offspring. WA
and SA adults have been satellite-tracked in the Sub-
antarctic and Subtropical Zones during the chick-rear-
ing period (Weimerskirch 1998), but the chick §'3C val-
ues were subantarctic, showing little influence of
subtropical prey and reflecting a diet primarily based
on squids (and penguins) taken by the adults in the
vicinity of the Crozet islands (Ridoux 1994, Weimer-

Table 2. Phoebetria palpebrata. Stable carbon and nitrogen
isotope values of individual body feathers of adults of light-
mantled sooty albatross from Possession Island. Body feath-
ers were grouped using a hierarchical clustering analysis
(see 2nd section of ‘Results’). Values in the same column
not sharing a common superscript letter are significantly
different (p < 0.001). Values are mean + SD

Number of feathers sic SN
(n) (%) (%) (%)
Group1 8 20.0 -23.7 £ 0.2° 8.2 +£0.5°
Group 2 4 10.0  -21.2+0.3° 12.1 £ 0.6°
Group 3 28 70.0  -19.00.6° 12.9 £ 0.5°
Total 40 100.0 -20.2+2.0 119+ 1.9
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skirch et al. 1997). Another strategy was used by
LMSA and WCP. The carbon signature of their chicks
was intermediate between subantarctic and Antarctic
values, suggesting that both subantarctic and Antarc-
tic prey were important for the chick nutrition. Indeed,
both satellite-tracking and the presence of Antarctic
krill Euphausia superba in food samples showed that
birds forage within the Antarctic and Subantarctic
Zones during the chick-rearing period (Ridoux 1994,
Weimerskirch 1998, Catard et al. 2000).

In contrast to the breeding period, the albatrosses and
petrel were all segregated during the moulting period,
with mean adult feather §'*C and §'°N values character-
ising 4 statistically distinct isotopic niches. Comparison
of the §'3C values with those of the control species
demonstrated that LMSA moulted within the Southern
Ocean, while both WA and SA moulted in oceanic sub-
tropical waters. The moulting isotopic niche of WA was
identical in 2003 (Jaeger et al. 2009) and 2005 (this
study), suggesting little inter-annual variations in its
feeding ecology. Interestingly, while WA and SA foraged
in the same habitats during both the breeding and
moulting periods, the same segregating mechanism op-
erates during the 2 periods in 2 different water masses,
with WA always feeding at a higher trophic level than
SA. Finally, the moulting isotopic niche of WCP was very
distinctive and characterised by high §3C and §'°N val-
ues, which strongly suggests foraging in a productive
area marked by high 8'*C and §!°N baseline levels. In-
deed, the few band recoveries of Crozet birds showed
that WCP visit the Benguela upwelling system in winter
(Weimerskirch et al. 1985), and the carbon signature of
WCP was identical to that of Cape gannets that forage
over the South African shelf (Jaquemet & McQuaid
2008). Noticeably, the winter §°N value of WCP was
higher than that of Cape gannets, which is in agreement
with WCP feeding on larger fish and cephalopods, and
gannets preferring smaller epipelagic shoaling fish, both
species also relying on fishery discards (Jackson 1988,
Pichegru et al. 2007).

In conclusion, comparison of chick and adult isotopic
niches within each species underline 3 different year-
round strategies for albatrosses and petrels. ‘Southern
Ocean resident’ species, like LMSA, forage mainly all
year long within the limits of the Southern Ocean.
Most species however migrate north of the Subtropical
Front, with the 'oceanic migrants' (e.g. WA and SA)
foraging predominantly in oceanic subtropical waters
during moult, and the 'neritic migrants’' (WCP) primar-
ily moulting over productive shelf waters. This classifi-
cation is in agreement with the few studies using
geolocators, which showed that the grey-headed alba-
tross can be classified as a Southern Ocean resident,
and WCP and the black-browed albatross as neritic
migrants (Croxall et al. 2005, Phillips et al. 2005, 2006).

Isotopic specialists and generalists

Despite the wide range of individual dietary special-
isations, indices of the level of specialisation are avail-
able for only a few species, including some seabirds
(Bolnick et al. 2003, Woo et al. 2008). The present work
shows that the TNW of most adults of the procellari-
iforms was low, indicating that populations were iso-
topic specialists and that WIC was almost negligible
during moulting. For example, the very low TNW of
WCP adults indicates that the population moults in an
isotopically restricted area where all the birds have
similar feeding habits, as previously suggested for
moulting black-browed albatrosses (Cherel et al.
2000). The larger variances of WCP chicks and larger
TNW of LMSA adults were 2 exceptions to these gen-
eral features.

The moderate variance of WCP chicks indicates an
isotopic generalist population during the breeding
period. Individual WCP chicks segregate by their
feather isotopic signatures, thus indicating individ-
ual/pair specialisation. This unexpected finding raises
new questions about the summer biology of WCP. Our
results indicate consistent foraging behaviour of adult
individuals/pairs during chick moult (i.e. during the
mid to late chick-rearing period), an issue that has
rarely been investigated in the past (Quillfeldt et al.
2008, Woo et al. 2008). The linear and positive relation-
ship between chick 8'*C and §!°N values suggests a
mixing of 2 isotopically distinct sources (Fry 2006).
Based on the known feeding ecology of WCP (Ridoux
1994, Catard et al. 2000), the 2 sources are likely to be
Antarctic krill in high-Antarctic waters and various fish
and squid in subantarctic waters, the 2 kinds of prey
having lower and higher §'3C and §'°N values, respec-
tively (Cherel et al. 2008a).

LMSA adults presented a very large inter-nesting
TNW with a higher WIC than BIC, as illustrated by the
high overlap among individual isotopic niches. LMSA
are thus isotopic generalists both at the population and
individual levels, and the method shed a new light on
their feeding ecology during moult. The large range of
313C values shows that LMSA dispersed widely, from
the Antarctic to the Subantarctic Zones and, in rare
cases, to the Subtropical Zone (1 feather). Two main for-
aging areas were nevertheless primarily used, i.e. sub-
antarctic waters (Group 3 feathers) followed by high-
Antarctic waters (Group 1). Since latitudinal variation
in baseline 8'°N level is relatively low in the Southern
Ocean (Lourey et al. 2003), the large 8°N difference
between the 2 groups of LMSA feathers indicates feed-
ing on different prey in the 2 foraging zones. Firstly, in
Antarctica (Group 1), birds most likely fed on Antarctic
krill, their feather nitrogen isotopic value (8.2 %o) being
close to the blood 8N ratio of Adélie penguins when
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they prey upon euphausiids (7.9 %o, Cherel 2008). Sec-
ondly, LMSA fed on higher trophic level prey, most
likely fish and squid, when they foraged in northern
subantarctic waters (Group 3). A few LMSA feathers
had intermediate isotopic signatures (Group 2), sug-
gesting either that some birds moulted in a latitudinal
area intermediate between the high-Antarctic and
Subantarctic Zones (Hypothesis 1), or, alternatively,
that feathers grew while the birds shifted from one zone
to the other, thus integrating the 2 different environ-
ments (Hypothesis 2). To test the 2 hypotheses, we
measured the §'°C and 8'°N values of 3 different parts
(proximal, medium and distal parts) of 6 body feathers
from 6 individual birds. Five feathers showed low intra-
feather 8'3C variances (<0.5%.), indicating that their
growth period took place within a given water mass (4
and 1 in the Subantarctic and Subtropical Zones, re-
spectively). Isotopic variances within the remaining
feather were much higher (1.9 and 2.9%. for 8'3C and
8'°N, respectively), with the resulting average values
being intermediate (-22.0 and 11.5%.) and identical to
those of feather Group 2. A hierarchical clustering
analysis (Ward's method) classified the distal (oldest)
part with feather Group 1 and the median and proximal
(voungest) parts with Group 3 (Fig. 4). Hence, the bird
migrated from the Antarctic to the Subantarctic Zones
and used the 2 well-defined isotopic moulting areas
and diets, thus verifying Hypothesis 2.

The moulting niche of LMSA illustrates well the util-
ity of measuring the isotopic signature of several body
feathers per bird in the case of isotopic generalist pop-
ulations (Jaeger et al. 2009). The usual method of pool-
ing several body feathers cannot provide information
about one of the 2 contrasted moulting environments
of LMSA, i.e. feeding on krill in Antarctica (Fig. 4). The
data also showed that using individual feathers can
exhibit the same negative integrative aspect, but at a
smaller time scale. From a practical point of view, indi-
vidual body feathers depicted the foraging behaviour
of moulting LMSA well, with Group 2 (intermediate
isotopic values that integrate the signature of the 2
habitats and diets) constituting no more than 10% of
the total number of feathers. Hence, analysing several
whole body feathers for generalist populations is a
good compromise to maximise ecological information,
while minimising the numbers of sampled birds and
isotopic measurements (Jaeger et al. 2009). Future
research is needed to determine the timing and tempo-
ral extent of body feather moult during the inter-nest-
ing period to facilitate interpretation of feather stable
isotope ratios at a higher temporal resolution.
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