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Very little is known about trophic ontogenetic changes over
the prolonged immaturity period of long-lived, wide-ranging
seabirds. By using blood and feather trophic tracers (δ13C
and δ15N, and mercury, Hg), we studied age-related changes
in feeding ecology during the immature phase of wandering
albatrosses Diomedea exulans when they gradually change from
a pure oceanic life to visits to their future breeding grounds.
Immatures fed in subtropical waters at high trophic positions
during moult. Between- and within-individual variations in
isotopic niche were very high, irrespective of age, highlighting
wide-ranging exploratory behaviours. In summer, while acting
as central-place foragers from their future breeding colony,
individuals progressively relied on lower trophic level prey
and/or southern latitudes as they aged, until occupying
a similar isotopic niche to that of adults. Immatures had
exceptionally high Hg burdens, with males having lower Hg
concentrations than females, suggesting that they foraged more
in subantarctic waters. Our findings suggest a progressive
ontogenetic niche shift during central-place foraging of this
long-lived species.

1. Introduction
In long-lived species, young individuals have a critical impact
on population dynamics through their survival and recruitment
rates [1]. The immaturity stage may last several years, with the
first breeding attempt occurring well after physiological maturity.

2017 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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Young individuals may need a long learning period to increase their foraging skills and body condition
[2] before being recruited into the breeding population [3]. This might be exacerbated in marine
environments, where prey occurrence is patchy and difficult to predict, thus involving complex foraging
skills. As such, a failure in optimizing food acquisition leads to mortality in seabirds during the first
months of independence [1]. Ontogenetic changes in feeding ecology over the immaturity stage have
been rarely quantified [4]. Yet, they could be critical in shaping how immatures become adults, and
explaining their prolonged breeding deferral.

Feeding ecology of immature seabirds is largely unknown, with diet information being biased
towards chicks and breeding adults [4]. Lack of information is especially significant in species displaying
large-scale movement strategies and prolonged immaturity such as albatrosses, which spend this period
almost exclusively at sea. For instance, juvenile wandering albatrosses Diomedea exulans have a pure
oceanic life for 2 years at least (average 5 years) after leaving their birth place [3]. Then, in order to
search for future mates, they visit their natal colonies as immatures for short periods. During these
visits, immatures are central-place foragers, and have either to compete with adults or to exploit different
habitats [5] and/or prey. Over years, immatures could learn to use the waters surrounding the colony
and gradually change their feeding behaviour to match that of adults (progressive ontogenetic shift
hypothesis [4]).

Here, we quantify age-related differences in feeding ecology in immature wandering albatrosses from
the Crozet Islands (southern Indian Ocean) by using trophic tracers (δ13C and δ15N, and mercury, Hg).
Trophic information was obtained over two temporal scales: when immatures disperse widely and moult
over oceanic waters (feathers), and when they behave as central-place foragers during visits to the colony
(blood). Under the progressive ontogenetic shift hypothesis [4], we expected trophic tracer values to
change gradually with age until becoming similar to those of adults.

2. Material and methods
Thirty-nine immature wandering albatrosses were sampled in January–March 2015 on Possession Island,
Crozet Archipelago (46°S, 52°E), where a long-term capture–mark–recapture programme of the entire
population started in 1966 [3]. Individuals were 3–8 years old and had never attempted reproduction.
Blood (1.5 ml) was taken from the tarsal vein with 2 ml syringes and kept in ethanol (70%) until analyses.
One dorsal body feather was sampled from the lower back and 1–2 cm sections of barbs were cut
from primary feathers. Wandering albatrosses have a protracted wing moult pattern, with up to three
generations of primaries being present simultaneously and identifiable by their degree of wear: new
(not abraded, less than or equal to 1 year old), intermediate (abraded, 1–2 years old), and old (very
abraded, more than or equal to 2 years old) feathers [6,7]. The bird age at feather synthesis was therefore
deduced. For example, in a 5-year-old individual a new primary (and body feather) was assigned age 4,
an intermediate primary age 3 and an old primary age 2 [6,7]. Feather moult occurs entirely outside the
breeding period [6,7]. In seven individuals (aged 3–5), primaries of large chicks close to fledging were
still present, as shown by their low δ13C, δ15N and Hg values (‘chick feathers’, table 1). These feathers
were excluded from further analyses.

The isotopic niche was used as proxy of the trophic niche. δ15N values reflect the birds’ trophic
position, while δ13C values represent their feeding habitats [8]. Whole blood and feather isotopic values
reflect dietary intake in the last month and during feather synthesis, respectively. Hg is a highly toxic,
non-essential metal that biomagnifies up food webs. Top predators thus accumulate Hg through food
intake [9]. In the southern Indian Ocean, there is a latitudinal gradient in Hg transfer to predators,
with wandering albatrosses feeding in warm subtropical waters having higher blood Hg concentrations
than those feeding in colder, southern waters [10]. Blood Hg burden is thus a feeding habitat proxy.
Furthermore, Hg is excreted in feathers, with concentrations reflecting accumulated burdens over
the inter-moult period [11]. Stable isotope, Hg and statistical analyses are presented in the electronic
supplementary material.

3. Results
Moulting immatures fed extensively in subtropical waters, with feather δ13C values being generally
above −18.3‰ [8]. Feather δ13C and δ15N values were correlated (table 2). Age had no effect on between-
individual differences in feather δ13C and δ15N values (table 2). No gender differences were detected in
feather δ13C and δ15N values (tables 1 and 2). Within-individual variation in feather δ13C and δ15N values
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Table 1. Feather and blood δ13C, δ15N and Hg values in immature wandering albatrosses from Crozet Islands.

δ13C (‰) δ15N (‰) Hg (µg g−1 dw)

N mean± s.d. [min; max] mean± s.d. [min; max] mean± s.d. [min; max]

feathersa
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

F 22 −16.6± 0.4 [−17.8;−16.0] 17.3± 0.5 [16.2; 18.2] 42.9± 9.5 [28.1; 65.1]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

M 17 −16.7± 0.4 [−17.8;−15.8] 17.2± 0.4 [16.4; 17.9] 33.1± 6.7 [25.0; 51.4]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

chicks 7 −20.0± 0.5 [−20.5;−19.3] 14.9± 0.4 [14.3; 15.5] 8.6± 1.5 [6.2; 10.4]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

blood
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

F 22 −20.0± 0.6 [−21.1;−18.8] 14.4± 0.4 [13.2; 15.3] 11.0± 3.6 [5.0; 19.4]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

M 17 −20.3± 0.5 [−21.6;−19.2] 14.0± 0.4 [13.3; 15.0] 7.7± 2.7 [3.5; 14.4]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

aImmature body and primary feather values were pooled (n= 3 or 4 per bird), while chick feathers are primaries only (n= 1 per bird).

was very high, because including a random intercept for individuals did not significantly improve model
fit and explained a small part of the variance (table 2). Feather Hg concentrations decreased significantly
with age in both females and males (figure 1 and table 2), with the latter having lower concentrations
(tables 1 and 2). Including a random intercept for individuals improved model fit (table 2), indicating
low within-individual variation in feather Hg concentrations.

Blood δ13C values indicated that immature wandering albatrosses fed in subtropical (δ13C
values > −20.1‰ [8]) and subantarctic waters (−22.9‰ < δ13C values < −20.1‰ [8]) while visiting
Crozet Islands. Blood δ13C and δ15N values were correlated (table 2). Males had lower blood δ13C and
δ15N values than females (table 1) but the difference was not significant (table 2). Interestingly, blood
δ15N values decreased with age (figure 2), but the relationship was marginally non-significant, as shown
by the small effect size (table 2). By contrast, blood δ13C and Hg values were not age-related (table 2).
Blood Hg concentrations were significantly higher in females than in males (tables 1 and 2).

4. Discussion
This study presents novel trophic ecology data of the understudied yet crucial immaturity stage of a long-
lived, wide-ranging seabird. Critically, results suggest that feeding habits during central-place foraging
changed in a progressive manner over immaturity, and that effort should be made to study prey choice
of immature seabirds as they age.

4.1. Moulting feeding habits
During breeding, wandering albatrosses feed extensively on squids, and rely also on fish and carrion
[8,12]. Yet, very little is known on their diet outside the breeding period and during immaturity. This
study confirms that moulting immatures fed extensively in subtropical waters, irrespective of gender,
and occupied a very high trophic position [8]. Moreover, we showed that both between- and within-
individual variations in isotopic niche were high, suggesting that immatures varied largely in their
feeding habits during moult. This is consistent with the large number of oceanic destinations visited by
juvenile wandering albatrosses during their first year at sea, with some individuals showing multiple
strategies [13]. Between-individual variation in feeding strategies is high in all age classes [8], but
adult wandering albatrosses show long-term fidelity to foraging grounds and dietary specialization
[14,15]. Although tracking investigations should complement this study in order to understand subtler
ontogenetic changes in feeding ecology, our results suggest that individuals continue their wide range
exploration during immaturity following the juvenile stage, whereas fidelity to specific moulting
grounds or dietary specialization takes place during the transition phase to maturity, or later during
adulthood.

4.2. Feeding habits during summer
Trophic segregation of immature and breeding individuals has often been documented and could be
the result of inferior foraging skills of immatures, and/or competition with adults [4,8]. While at Crozet
Islands, immatures perform short foraging trips in waters surrounding the colony, where the competition

 on October 12, 2017http://rsos.royalsocietypublishing.org/Downloaded from 

http://rsos.royalsocietypublishing.org/


4

rsos.royalsocietypublishing.org
R.Soc.opensci.4:171039

................................................

Ta
bl
e2
.E
ffe
cts
of
ag
ea
nd
se
xo
nf
ea
th
er
an
db
loo
dδ

13
C,

δ
15
N
an
dH
gv
alu
es
,a
nd
of
ind
ivi
du
al
ra
nd
om

eff
ec
ts
on
fea
th
er
va
lue
so
nl
y,
in
im
m
at
ur
ew

an
de
rin
ga
lba
tro
sse
sf
ro
m
Cr
oz
et
Isl
an
ds
.s
.e.
,s
ta
nd
ar
de
rro
r;C
I,9
5%

co
nfi
de
nc
e

int
er
va
l;A
dj.
,M
ar.
an
dC
on
d.
R2
,a
dju
ste
d,
m
ar
gin
al
an
dc
on
dit
ion
al
R2
,re
sp
ec
tiv
ely
;L
R,
log
-li
ke
lih
oo
dr
at
io.

ex
pla
ine
dv
ar
ian
ce
/d
ev
ian
ce

eff
ec
ts
ize
s

m
od
el
sp
ec
ifi
ca
tio
n

m
od
el
sig
nifi

ca
nc
e

Ad
jR

2
M
ar
R2

Co
nd
R2

va
ria
ble

es
tim

at
e±

s.e
.

CI
sta
tis
tic
s

p-
va
lue

fea
th
er
s

lin
ea
rm

ixe
de
ffe
ct
m
od
els
,N

=
13
6

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

δ
15
N

∼δ
13
C+

1:I
nd
ivi
du
al

LR
=
85
.12
;

p<
0.0
00
1*
**

—
0.4
7

0.5
0

δ
13
C

0.8
4±

0.0
8

[0
.69
;0
.99
]

t=
10
.9

<
0.0
00
1*
**

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

δ
13
C

∼A
ge

+
Se
x+

1:I
nd
ivi
du
al

LR
=
2.0
2:

p=
0.3
64

—
0.0
2

0.1
6

Ag
e

0.0
4±

0.0
5

[−
0.1
4;
0.0
6]

t=
−0

.82
0.4
17

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Se
x(
M
)

−0
.11

±
0.1
6

[−
0.4
3;
0.2
1]

t=
−0

.72
0.4
77

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

1:I
nd
ivi
du
al

—
—

LR
=
1.3
4

0.2
46

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

δ
15
N

∼A
ge

+
Se
x+

1:I
nd
ivi
du
al

LR
=
2.2
5;

p=
0.3
25

—
0.0
2

0.0
2

Ag
e

−0
.07

±
0.0
6

[−
0.1
8;
0.0
4]

t=
−1

.25
0.2
14

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Se
x(
M
)

−0
.03

±
0.1
7

[−
0.3
7;
0.3
0]

t=
−0

.20
0.8
44

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

1:I
nd
ivi
du
al

—
—

LR
<
0.0
00
1

0.9
99

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Hg
∼A

ge
+
Se
x+

1:I
nd
ivi
du
al

+
Va
rP
ow
er
(A
ge
)

LR
=
17.
52
;

p=
0.0
00
2*
**

—
0.0
5

0.1
2

Ag
e

−1
.83

±
0.7
7

[−
3.3
7;
−0

.30
]

t=
−2

.37
0.0
20
*

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Se
x(
M
)

−6
.82

±
2.6
1

[−
12
.11
;−

1.5
3]

t=
−2

.61
0.0
13
*

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

1:I
nd
ivi
du
al

—
—

LR
=
5.7
0

0.0
17*

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

blo
od

lin
ea
r(
LM
)o
rg
en
er
ali
ze
dl
ine
ar
(G
LM
),
N
=
39

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

δ
15
N

∼δ
13
C(
LM
)

F 1,
37

=
40
.26
;

p<
0.0
00
1*
**

0.5
1

—
—

δ
13
C

0.5
5±

0.0
9

[0
.37
;0
.72
]

t=
6.3
5

<
0.0
00
1*
**

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

δ
13
C

∼A
ge

+
Se
x(
GL
M
,G
au
ssi
an
ide
nt
ity
)

De
v=

−1
.15
;

p=
0.1
78

0.0
9

—
—

Ag
e

−0
.05

±
0.0
7

[−
0.1
9;
0.1
0]

t=
−0

.61
0.5
44

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Se
x(
M
)

−0
.26

±
0.2
2

[−
0.6
9;
0.1
7]

t=
−1

.19
0.2
43

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

δ
15
N

∼A
ge

+
Se
x(
GL
M
,G
au
ssi
an
ide
nt
ity
)

De
v=

−1
.55
;

p=
0.0
10
**

0.2
0

—
—

Ag
e

−0
.10

±
0.0
5

[−
0.2
0;
0.0
03
]

t=
−1

.91
0.0
64

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Se
x(
M
)

0.1
6±

0.1
5

[−
0.4
6;
0.1
4]

t=
−1

.05
0.3
03

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Hg
∼A

ge
+
Se
x(
GL
M
,G
am
m
ai
nv
er
se
)

De
v=

−1
.24
;

p=
0.0
04
**

0.2
3

—
—

Ag
e

−0
.00
4±

0.0
04

[−
0.0
1;
0.0
04
]

t=
−0

.95
0.3
50

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Se
x(
M
)

0.0
4±

0.0
1

[0
.02
;0
.07
]

t=
3.2
3

0.0
03
**

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

 on October 12, 2017http://rsos.royalsocietypublishing.org/Downloaded from 

http://rsos.royalsocietypublishing.org/


5

rsos.royalsocietypublishing.org
R.Soc.opensci.4:171039

................................................

F
M
chicks

80

70

fe
at

he
r 

H
g 

(
g 

g–1
 d

w
)

fe
at

he
r 

H
g 

(
g 

g–1
 d

w
)

60

50

40

30

80

70

60

50

40

30

20

10

20

10

CH 2 3 4
age at feather synthesisage at feather synthesis

5 6 7 CH 2 3 4 5 6 7 ADAD

(a) (b)

Figure 1. Feather Hg concentrations decrease with age in (a) female and (b) male immature wandering albatrosses from Crozet Islands.
Mean± s.d. is also presented for chicks (CH, table 1) and adults (AD) [11].
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Figure 2. Age-related changes in blood (a) δ13C and (b) δ15N values in immature wandering albatross from Crozet Islands. Mean± s.d.
is also presented for chicks (CH, authors’ unpublished data 2007) and adults (AD, young breeders) [8].

with breeding adults might be high [5]. Indeed, young immatures here had higher blood δ15N values
than breeding individuals (data from a previous study on the same population [8]), but there was a
decreasing trend towards lower values as they aged (figure 2). The small size effect of this age-related
decrease is likely due to the small sample size. Immatures showed also an age-related decrease, although
not significant, in blood δ13C values. Hence, immatures progressively relied on lower trophic level prey
and/or exploited colder, subantarctic waters as they aged, until having a similar niche to that of adults.
These results support the progressive ontogenetic niche shift hypothesis during central-place foraging.
Increasing foraging and/or competition skills of immatures as they age might enable them to select
and/or access higher-quality habitats and prey around the colony. This could be critical to manage the
constraints of central-place foraging and reach the body condition necessary for breeding onset [3]. The
age-related niche shift was evident in blood (central-place foraging niche), but not in feathers (moulting
niche), but this is not in opposition with the progressive ontogenetic niche shift hypothesis, because
immatures are not exposed to the same constraints when they are central-place foragers and when
they moult. Indeed, when not bound to the colony, both juveniles [13] and adults [14] disperse over
huge distances, with high between-individual variation in oceanic destinations, which likely weakens
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intra-specific competition. The higher competition pressure around the breeding colony likely drives the
ontogenetic niche shift more clearly than during moult.

4.3. Further insights from Hg exposure
Immature wandering albatrosses had extremely high feather and blood Hg concentrations, in agreement
with their high trophic position and subtropical feeding habitats [11,16]. High Hg burdens also stem
from the albatrosses’ protracted moult cycle, which results in smaller Hg quantities that are excreted
each year [11,16]. This mechanism could explain the age-related decrease in Hg concentrations described
here. Moult is energetically demanding, thus in conflict with maintenance in young individuals, limiting
the amount of feathers that can be replaced each year [7]. Over the immaturity period, with increasing
foraging skills, immatures may become more efficient in energy intake and allocation, and feather
replacement more regular, implying a decrease in Hg body burdens. Moreover, during visits to the
natal colony, immatures gradually relied more on subantarctic waters, where Hg exposure is lower
[10], thus boosting the age-related Hg decrease. Males had lower Hg concentrations than females,
indicating that they spent more time in subantarctic waters. Males’ preference for cold, southern
latitudes could thus occur earlier than previously thought [8]. Alternatively, the larger size of males
[6,7] could account for a greater dilution of Hg body burdens, or they could be physiologically less
prone to Hg accumulation than females. Hg concentrations were higher than past reports, especially
in females [10,11], suggesting a temporal increase in Hg bioavailability in the southern Indian Ocean,
and/or a trophic shift to more Hg-contaminated prey. Young individuals are more sensitive than adults
to environmental stressors, including contaminants [9]. Monitoring Hg exposure and toxic effects in
immature wandering albatrosses should thus be a research priority.
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