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ABSTRACT: An important aspect of foraging ecology is the extent to which different individuals or
genders within a population exploit food resources in a different manner. For diving seabirds, much
of this information relates either to short-term dietary data or indirect measures such as time budgets.
Moreover, dietary specialisation can be difficult to detect due to biases associated with conventional
sampling techniques. We used stable isotope ratios in blood and feathers to infer trophic and habitat
specialisations among 4 diving seabird taxa—the gentoo penguin Pygoscelis papua, the macaroni
penguin Eudyptes chrysolophus, the South Georgian shag Phalacrocorax (atriceps) georgianus and
the Kerguelen shag P. (atriceps) verrucosus. This allowed us to investigate foraging specialisation
and assess whether social dominance or differences in foraging preferences explained the observed
patterns. In all taxa where sexes were known we found that males foraged at a higher trophic level
(8'°N values) than females, although this was not significant in macaroni penguins. We believe that
this is linked to a dual foraging strategy among female macaroni penguins. For South Georgian
shags, we found that sex-related dietary differences persisted for long periods (inferred from stable
isotope analyses of feathers and blood). We suggest that the trophic differences are driven by differ-
ences in physiological performance, with males tending to dive deeper than females because of their
larger size, and hence able to access higher trophic level prey items. Moreover, male and female
shags tend to forage at different times of day; therefore, social dominance by males is unlikely to be
driving the observed differences. We also recorded highly significant relationships between stable
isotope signatures in blood (representing the breeding season diet) and those in feathers (mostly rep-
resenting the previous non-breeding season diet) in both the South Georgian and Kerguelen shags.
This strongly suggests that these 2 taxa include individuals with distinct foraging specialisation (and
most probably foraging locations) that are maintained over long periods.
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INTRODUCTION This is often manifested as a gender-related difference

in spatial distribution, with segregation of male and

The extent to which different individuals in a popu- female foraging habitats a fairly common phenome-
lation vary in the manner in which they exploit food non, particularly in migratory birds (Cristol et al. 1999,
resources is an important feature of foraging ecology. Catry et al. in press). Sexual segregation in foraging
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areas has been observed over variable spatial scales,
from the localised habitat segregation seen in some
Nearctic passerine species (Marra & Holmes 2001) to
large-scale regional differences in distribution associ-
ated with differential migration (Cristol et al. 1999).
The degree of segregation may change temporally, as
constraints associated with different components of the
annual cycle take effect (Phillips et al. 2004). Sexual
segregation can also occur within habitats, whereby
males and females have similar foraging areas but spe-
cialise on different types of prey (Newton 1998). Indi-
vidual feeding specialisations that are not gender-spe-
cific are less frequently reported and much more
poorly understood, but there is some evidence of these
among waders (e.g. Durell 2000), gulls (Spear 1993)
and skuas (Bearhop et al. 2000, Votier et al. 2004). In
these cases, many individuals within the population
show foraging specialisation either as a consequence
of social status and (or) variation in foraging abilities.

There are two not necessarily mutually exclusive
proximate hypotheses that have been proposed to
explain why all individuals may not behave in the
same manner when it comes to exploiting food
resources. The first is that dominant individuals (usu-
ally males) exclude subordinates (often females and
immatures) from high quality habitats (Gauthreaux
1978, Greenberg 1986), which does appear to explain
segregation patterns in some passerines (Marra &
Holmes 2001). The second is that differences in forag-
ing habitat selection or utilisation among individuals,
or between sexes, reflects either variability in physiol-
ogy/anatomy, specialisation of breeding roles or even
the chance learning of a skill (e.g. Selander 1966,
Durell 2000, Catry et al. in press).

Among diving seabirds, foraging habitat differences
between sexes or individuals might be predicted since
they tend to be highly colonial and have limited forag-
ing ranges, and thus the potential for intra specific
competition is very high. Several studies suggest that
sex-related foraging specialisation may be fairly wide-
spread, particularly amongst penguins and shags Pha-
lacrocorax spp. (e.g. Volkman et al. 1980, Clarke et al.
1998, Kato et al. 2000, Casaux et al. 2001, Ishikawa &
Watanuki 2002). Moreover, the lack of overlap in feed-
ing ranges of South Georgian shags P. (atriceps) geor-
gianus from adjacent colonies, as well as the consider-
able variability in time budgets amongst individuals
within the same colony (Wanless et al. 1992, Wanless &
Harris 1993) is strongly suggestive of a degree of indi-
vidual foraging specialisation. However, the extent to
which indirect evidence from time budgets reflects
dietary specialisation is unclear. Nor is such specialisa-
tion easy to detect using conventional dietary sampling
techniques, which suffer from a number of well-known
biases and usually represent diet over relatively short

time periods during the breeding season (Votier et al.
2001). This is important since competition pressure
should be relaxed during the non-breeding season
when seabirds are not constrained to the colony area,
although shags do remain coastal during the winter
period.

An alternative approach to quantifying and elucidat-
ing diet is to measure stable isotope ratios of nitrogen
and carbon in different tissues. This has been used
recently to demonstrate both age- and sex-based
dietary segregation in the southern giant petrel
Macronectes giganteus (Forero et al. 2005). The ratio
of N to N (expressed as 8'°N) increases in a step-
wise manner at each trophic level, such that consumer
tissues have values between 3 and 5%. greater than
those of the diets from which they were synthesised
(DeNiro & Epstein 1981, Hobson & Clark 1992, Bear-
hop et al. 2002). Although the ratio of 3C to !2C (ex-
pressed as 8'°C) also changes slightly with trophic
level (typically by around 1%.), the major source of
variation in 8C occurs over small and large spatial
scales as a consequence of variation in the rates of pri-
mary production, reflecting differences in photosyn-
thetic biochemistry within and between primary pro-
ducer communities (Rau et al. 1992, Lathja & Marshall
1994). As the 8°C values in primary producers are
reflected throughout the foodwebs they fuel, these
spatial patterns can allow inferences to be made about
the locations in which animals forage, and enable dis-
crimination between (amongst other things) inshore
versus offshore, or benthic versus pelagic feeding
habits (Hobson et al. 1994).

A further advantage of stable isotope analysis is
that tissue isotope signatures generally reflect diet
throughout the period of tissue synthesis (Hobson &
Clark 1992, Bearhop et al. 2002). Hence, by selecting
particular tissues, information spanning several tem-
poral scales can be collected during a single sampling
event. In the case of birds, whole blood integrates
dietary information over 3 to 4 wk prior to sampling
(Hobson & Clark 1992, Haramis et al. 2001, Bearhop et
al. 2002, Pearson et al. 2003). Similarly, bird feathers
reflect the diet during the period of feather synthesis,
and because they are metabolically inert this informa-
tion is preserved more or less indefinitely (Mitzutani et
al. 1991, Hobson & Clark 1992, Bearhop et al. 2002). If
a moult occurs during the non-breeding season, infor-
mation on winter feeding ecology can be accessed eas-
ily (Bearhop et al. 2000, Cherel et al. 2000, 2005),
something that would be difficult if not impossible to
achieve using conventional techniques. In addition,
collection of a random sample of body feathers will
probably reflect dietary preferences across the entire
moult cycle (several months). Consequently, correla-
tions in stable isotope ratios in different tissues from
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the same individuals could potentially reveal persis-
tent long-term foraging preferences.

In this study, we used stable isotope techniques to
assess the degree of sexual segregation and individual
foraging specialisation in a guild of 3 diving birds from
South Georgia (the gentoo penguin Pygoscelis papua,
the macaroni penguin Eudyptes chrysolophus and the
South Georgian shag Phalacrocorax |atriceps| geor-
gianus) and 1 species from Kerguelen (the Kerguelen
shag P. [atriceps] verrucosus). The taxonomic status of
the 2 shag taxa is of some debate, although their forag-
ing behaviours are different and are thus, at the very
least, ecologically distinct. We have also attempted to
determine whether social dominance or different for-
aging preferences might explain the observed pat-
terns. Moreover using the stable isotope approach
allowed us to undertake the first assessment of long-
term dietary specialisations in some of these popula-
tions.

MATERIALS AND METHODS

During January and February 2002, we sampled
blood from South Georgian shags, gentoo and maca-
roni penguins during mid to late chick rearing at Bird
Island, South Georgia (54°00'S, 38°03' W). Following
collection, samples were returned within 1 to 3 h to the
laboratory, and blood cells were isolated by centrifuga-
tion of the sample and removal of the supernatant
(plasma). In February 2000, we also sampled whole
blood from 11 Kerguelen shags rearing chicks at
Mayes Island (49°28'S, 69°57'E), located within the
sheltered Baie du Morbihan, Kerguelen Archipelago

We also collected a random sample of 8 to 10 body
feathers from South Georgian shags and the tip of 2
primaries from 11 Kerguelen shags. Kerguelen shags
were not moulting their primaries (apart from a single
individual) and the sampled feathers were not fresh
and fully-grown. The chronology of body feather moult
in the shags is not well known, but it seems likely that
these feathers are replaced over an extended period,
beginning in some cases in the summer, but with most
re-growth concentrated in the autumn after adults
have finished breeding (Rasmussen 1988). Moreover,
only 1 of a total of 51 South Georgian shags examined
in 2 yr during chick-rearing was actively moulting a
small number of body feathers. Thus, the stable isotope
signatures of whole blood or blood cells will reflect the
breeding season, and those of feathers (both body and
primaries) will represent a period of dietary intake dur-
ing moult (in the case of body feathers this will include
a substantial proportion of the non-breeding season).
Moreover even if some of the primary feathers in our
sample were grown during the breeding season, these

would reflect the diet between 10 and 12 mon prior to
the period reflected by the blood sample. South Geor-
gian shags were sexed from vocalisations (Bernstein &
Maxson 1984) or from DNA extracted from a blood
sample (Fridolfsson & Ellegren 1999), gentoo penguins
from extracted DNA (Fridolfsson & Ellegren 1999), and
macaroni penguins from bill dimensions (Williams &
Croxall 1991). Data on the sexes of the Kerguelen
shags were not collected.

Whole blood and blood cells were stored frozen until
preparation for stable isotope analyses (SIA), where-
upon they were freeze-dried and homogenised. Fea-
ther samples were dried, stored in sealed plastic bags,
and then later ground to a fine powder in a freezer mill
operating at liquid nitrogen temperature prior to SIA.
Nitrogen and carbon isotope ratios for blood and feath-
ers were measured by continuous-flow isotope ratio
mass spectrometry (CF-IRMS) using both a Carlo Erba
(Model NA 1500) EA linked to a Finnigan tracer mat
and a Costech (Model ECS 4010) EA combined with a
Thermo Finnigan delta plus XP. Approximately 0.7 mg
of each sample was combusted in a tin cup for the
simultaneous determination of nitrogen and carbon
isotope ratios. We analysed 2 internal laboratory stan-
dards (Sigma-Aldrich gelatin, and LSTD6 [a solution of
sucrose and ammonium sulphate]) for every 8 to 10
unknown samples in each analytical sequence, assur-
ing good matching of results and allowing any instru-
ment drift to be corrected. stable isotope ratios were
expressed in d notation as parts per thousand (%.) devi-
ation from the international standards V-PDB (carbon)
and AIR (nitrogen), according to the equation:

X = [(Rsample / Rstandard) - 1] x 1000

where X is N or 13C and R is the corresponding ratio
BN:MN or ¥C:'?C. Measurement precision of both
8N and 83C was estimated to be <0.2%o. All values
presented are means + 1 SD unless otherwise stated.

RESULTS

Stable nitrogen and carbon isotope values for all tis-
sues sampled from the 4 taxa are presented in Fig. 1. For
birds of known sex, in all cases 8'°N signatures of male
tissues were greater than those of females. However,
while Student's t-tests showed that these differences
were significant for gentoo penguins (Table 1; t;3= 3.46,
p =0.004) and South Georgian shags (Table 1; blood, t4
=3.22, p = 0.006; feathers, t;, =3.12, p = 0.008), this was
not the case for macaroni penguins (Table 1; ;4 =1.75,p
=0.1). There were no sex-related differences in §'*C sig-
natures in any of the tissues or species sampled (Table 1).
All these analyses were originally run in general linear
models (GLMs) with body mass included as a covariate
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177 females with those of males. The results were highly sig-
16 4 + nificant (F, 13 = 20.98, p < 0.001) with post hoc Scheffé
15 KS (fth) tests (p = 0.003) indicating that values for females in the

SGm (fth) high-8'3C group (-18.7 % 0.2 %.) were significantly differ-
147 f +KS (bld) ent from those of females in the low-8'3C group (-20.0 +

g 13 1 SGm (bId)#« SGf (fth) 0.6 %0) and from those of males (-20.6 + 0.3 %o), with no

Z 124 SGf(bld) significant difference between the last 2 groups.

s In the analyses of individual specialisation we again
1 corrected for the trophic component associated with
104 MPm GPm 313C by regressing these values upon 8'°N signatures

9 % in the same tissue. In Kerguelen shags, there were sig-
8 MPt GPf nificant positive relationships between §'°N and §'°*C
in blood (F; ¢ = 21.4, p = 0.001, r* = 0.68), and feathers
7_22 _2'0 —1I8 —1I6 _1'4 _1'2 _1'0 (Fy ¢ = 6.6, p = 0.03, 1? = 0.43) (Fig. 2). The same rela-
5C (%) tionships were present, but weaker and of marginal
statistical significance in blood and feathers of South
Fig. 1. Pygoscelis papua (gentoo penguin, GP), Eudyptes

chrysolophus (macaroni penguin, MP), Phalacrocorax (atri-
ceps) georgianus (South Georgian shag, SG), P. (atriceps) ver-
rucosus (Kerguelen shag, KS). Mean stable carbon and nitro-
gen isotope signatures (+1 SD) for all tissues and all taxa
sampled. Data for penguins and South Georgian shags are di-
vided into males (m) and females (f), for the 2 shag taxa into
blood (bl) and feathers (fth). Differences between blood and
feather values of this magnitude are likely to be a conse-
quence of differences in diet tissue discrimination factor,
rather than of changes in prey preferences over time

and a mass/sex interaction term. Mass was not signifi-
cant in any of these analyses even when sex was re-
moved from the models. The non-significant difference
in macaroni penguins (4 = 1.8, p = 0.102) is not likely to
be due to lack of power, but may be related to the pre-
dominance of 1 of 2 alternative foraging strategies in in-
dividual females. Variance in female macaroni penguin
813C signatures (1.01) was significantly greater (Fy4 =
7.02, p =0.019) than in males (0.36). The data for females
also showed an obvious bimodal distribution, suggesting
2 different principal foraging locations. Since 8'°C has a
trophic component, we corrected for this by regressing
these values upon §'°N signatures in the same tissue
(F1,14=4.8,p=0.048, r?=0.25). The Studentised residu-
als of this relationship were then used in a 1l-way
ANOVA to compare the values for the 2 groups of

Georgian shag (F; 14 = 4.1, p = 0.063, 1> = 0.23, and Fj 14
=3.3,p=0.09, 12 = 0.19, respectively). The Studentised
residuals from these relationships were then compared
in order to assess the degree to which individuals
maintain their habitat specialisations over longer peri-
ods. The relationships were highly significant for birds
from both South Georgia (Fig. 3; GLM, F; 4, =6.3, p =
0.025, r? = 0.32, sex and interaction not significant) and
Kerguelen (Fig. 3: F; g = 25.7, p = 0.001, r* = 0.74). Sim-
ilar highly significant relationships were also noted for
3N signatures (Fig. 2; GLM, South Georgian shag,
Fi14=9.67, p=0.008, r? = 0.41, sex and interaction not
significant; Kerguelen shag, F; ¢ = 12.4, p = 0.006, 2=
0.58), indicating that individuals maintain their trophic
positions relative to each other over long periods.

DISCUSSION

The stable isotope analyses in this study revealed
clear differences in the diets of male and female gen-
too penguins and South Georgian shags, and a sub-
tler, apparently more complex interaction between
sex and foraging area in macaroni penguins. The sig-
nificantly higher 8N values in the tissues of male
gentoo penguins and South Georgian shags indicate

that they feed to a greater extent than

Table 1. Pygoscelis papua, Eudyptes chrysolophus, Phalacrocorax (atriceps)

georgianus and P. (atriceps) verrucosus. Mean (+1 SD) stable isotope values

for males and females of the 3 species of diving seabirds sampled at Bird Island,

South Georgia. Gentoo penguins: 6 males, 9 females; macaroni penguins:
8 males, 8 females; South Georgian: shags 8 males, 8 females

SN s13C
Species (tissue) Males  Females Males Females
Gentoo penguin (blood cells) 1(0.2) 6 (0.3) -18.8 (0.4) —18.9 (0.3)
Macaroni penguin (blood cells) 3 (0.4) 9 (0.4) -20.0 (0.6) —=19.5 (1.0)
South Georgian shag (blood cells) 13 O (0.5) 12 3 (0.4) -18.2 (0.3) -18.3 (0.2)
South Georgian shag (feathers) 14.2 (0.4) 13.3(0.6) —-17.4(0.3) —-17.5(0.2)

females on prey of a higher trophic
level. This could reflect a difference in
diet composition by species and (or)
size class. In a number of fishes and
invertebrates (including Antarctic krill
Euphausia superba), larger individuals
tend to occupy higher trophic levels,
and thus have higher 8N signatures
(Lindsay et al. 1998, Schmidt et al.
2003, Pakhomov et al. 2004). More-
over, it has been suggested for several
sexually size-dimorphic penguins and
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Fig. 2. Phalacrocorax (atriceps) georgianus and P. (atriceps)

verrucosus. Significant relationships between blood and

feather 3'°N signatures in South Georgian (slope + SE = 0.7 +

0.2; intercept + SE = 4.5 = 3.0) and Kerguelen (slope + SE =
0.9 £+ 0.3; intercept + SE = 3.2 + 3.6) shags
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Fig. 3. Phalacrocorax (atriceps) georgianus and P. (atriceps)

verrucosus. Residual 8'°C values in blood significantly related

to values in feathers in South Georgian (slope + SE=1.9 +0.8;

intercept + SE = -0.3 = 2.7) and Kerguelen (slope + SE =
0.9 + 0.2; intercept + SE =-0.3 + 0.2) shags

shags that the larger bills of males allow them to cap-
ture larger prey items (Agnew & Kerry 1995, Kato et
al. 2000, Forero et al. 2002).

Other evidence, however, makes a difference in
species composition appear more likely. At South
Georgia, the bulk of the diet of gentoo penguins during
the breeding season consists of Antarctic krill, with
the remainder comprising mostly the fishes Champ-
socephalus gunnari and Lepidonotothen larseni
(Williams 1995), which both have higher 8!°N values
than krill (S. Bearhop et al. unpubl. data). Higher 8N
signatures in the blood of male gentoo penguins are
therefore consistent with a breeding-season diet that

145 15.0

includes more fishes than that of females. This has
been previously reported for a small number of breed-
ing birds diet-sampled in the late 1980s (T. D. Williams
unpubl. data cited in Williams 1995), and larger num-
bers of non-breeders sampled during the winter
(Williams 1991). It also appears to be the case for
pygoscelid penguins in other colonies (Volkman et al.
1980, Clarke et al. 1998).

Previous studies of macaroni penguins have not
revealed a consistent difference between male and
female diets, perhaps because of the overall domi-
nance of a single species, Antarctic krill (Williams
1995). In our study, males showed higher 8°N values,
but the difference was not significant. However the
frequency distribution of §2C indicated 2 discrete
groups of females, corresponding to 2 alternative for-
aging strategies. The 8'3C values of 1 group were sim-
ilar to those of gentoo penguins (which feed within 10
to 20 km of the colony during both summer and winter:
Croxall & Prince 1987, Tanton et al. 2004), suggesting
that some female macaroni penguins may have con-
centrated their recent feeding activity mainly on the
nearby shelf. The §'°C values of the other group, in
contrast, were indicative of foraging much further from
the colony. When comparing maximum foraging
ranges of adults tracked during chick-rearing, Barlow
& Croxall (2002) recorded an interaction between year
and sex, implying no consistent differences between
males and females. However, in agreement with iso-
tope results, the overall density-distribution map for
females appears to indicate 2 cores, one within the
200 m, and the other around the 2000 m bathymetric
contours, whereas that for males reflects only a core
within the 200 m contour and a generally more dis-
persed distribution overall. Furthermore, the tracking
analysis excluded the shortest foraging trips (those
providing <3 locations) that could be carried out dis-
proportionately by females.

Even if the identification of these 2 discrete groups
is an artefact of the small sample size, the very large
range of 83C values exhibited by females (-18.6 to
—20.9%o), compared with males (-19.4 to —20.9%o), still
indicates much greater variability in female foraging
strategies. Variable foraging strategies have also been
described for male and female Adélie penguins
Pygoscelis adeliae, particularly during the brood-
guard stage (Clarke et al. 1998), although it is unclear
whether this was at the individual or a population
level. As blood isotope signatures reflect diet over
several weeks, it is unlikely that individual female
macaroni penguins similarly mix trips of different
duration, as observed in albatrosses and petrels
(Weimerskirch et al. 1994), but instead it appears that
certain birds make consistently shorter, and others
longer, foraging trips.
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Sex-related dietary differences have never been pre-
viously noted for South Georgian shags (Fig. 1). As with
gentoo penguins, the isotope results for the shags could
reflect a difference in diet composition by prey species,
by size class, or even by prey depth distribution as a con-
sequence of vertical SN gradients. However, variation
in prey species is the most likely explanation, given that
this occurs during the breeding season in a closely-
related taxon (Kato et al. 1996, Casaux et al. 2001). In any
case, the precise explanation is not crucial, as the main
points of interest are that substantial between-sex di-
etary segregation exists and that, according to the
consistent differences in isotope values in both blood
(indicating breeding season diet) and body feathers
(indicating dietary intake over many months), this
persists throughout much of, if not the entire, year.

Our data provide support for both the dominance and
habitat specialisation hypotheses. For example, in the
case of gentoo penguins and South Georgian shags, the
sex-related diet differences may be related to dimor-
phism in size and physiological performance (diving
capability). In both these species, males are larger than
females, with an average of 5 to 17 % higher biomass,
depending on the biometric used (Williams 1995, R. A.
Phillips unpubl. data). In general, heavier species dive
longer and deeper (Schreer & Kovacs 1997, Watanuki &
Burger 1999) and this relationship is also known to
apply intra specifically among Japanese cormorants
Phalacrocorax capillatus (Watanuki et al. 1996). We
might therefore expect male gentoo penguins and
shags to dive deeper than females. Croxall et al. (1988)
found no significant differences in the diving parame-
ters of male and female gentoo penguins, but his results
were based on a sample of only 6 birds. Male South
Georgian shags tend to make longer dives than females
(Wanless et al. 1995), and these dives are almost
certainly deeper (Croxall et al. 1991, Kato et al. 2000).
In addition, studies on other shags have also recorded
males diving deeper on average than females (Wata-
nuki et al. 1996, Kato et al. 2000).

Given the paucity of empirical data from tracked birds,
itis difficult to determine whether the dietary difference
between male and female gentoo penguins reflects hor-
izontal or vertical spatial segregation, and whether this
is related to competitive exclusion or niche differentia-
tion. Segregation by depth seems more likely, as the diet
of males includes more fishes (Williams 1991), and forag-
ing trips of gentoo penguins that return with mainly
fishes rather than krill include a significantly higher
proportion of deep dives (Croxall et al. 1988).

For South Georgian shags, the situation is somewhat
clearer. Not only do males and females probably for-
age routinely at different depths, but they also feed at
different times of day, as do all other taxa within the
Phalacrocorax atriceps complex (Bernstein & Maxson

1984, Kato et al. 1992, 2000). Social dominance by
males and competitive interaction is therefore unlikely
to be an issue and, instead, niche specialisation
through differences in morphology and physiological
performance (diving capacity) is much more likely to
be driving sexual segregation in diet in this species.

Although it seems likely that size is the driving force
behind differences in foraging specialisation between
the sexes in these species, mass did not explain signif-
icant amounts of variation in any of our analyses, even
when entered into the models on its own. Thus, there is
no simple linear relationship between mass and forag-
ing behaviour, from which we might infer that small
males do not appear to forage in the same manner as
large females. It is possible, considering our small sam-
ple sizes and the amount of overlap in body size
between the sexes, that size-based effects would be
difficult to detect, but other sex-based traits such as
breeding role specialisation may be important.

The range of 8N values of the blood (11.5 to
13.8%0) and feathers (12.4 to 14.8%.) in South Geor-
gian shags indicates substantial dietary breadth dur-
ing both the breeding and non-breeding seasons, and
this is just as pronounced in Kerguelen shags (blood:
13.0 to 14.8%o; feathers: 14.4 to 16.7%0). There were
also highly significant correlations in both §°N and
residual §'°C values between blood and feathers in
birds of both species. As the stable isotope signatures
in shag blood represent the breeding period, and
those in body feathers represent an extended period,
including much of the previous non-breeding season
(Rasmussen 1988) (present Fig. 2), this suggests that
individuals exhibit foraging specialisation that persists
throughout most of the year, and that this phenome-
non could be widespread in the species complex.
Even though the primary feather tips of Kerguelen
shags will reflect a relatively short period, this will
still represent the diet sometime between 8 and 14 mo
prior to the period reflected by the blood. The corre-
lated 8'°N values suggest that each bird maintains a
similar relative trophic level over time. Moreover,
given that the residuals from the regression of §3C
will account for much of the variability associated
with trophic level, the significant relationships in
Fig. 3 strongly imply that these individuals may for-
age in the same locations over long periods.

Other circumstantial evidence provides support for
a degree of foraging area fidelity. Firstly, adjacent
colonies of South Georgian shags maintain mutually-
exclusive foraging areas (Wanless & Harris 1993).
Secondly, there is considerable variability in the time
spent foraging by birds within a colony, which has also
been inferred to reflect individual specialisation (Wan-
less et al. 1995). Finally, results from studies of other
species including cormorants have shown that individ-
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uals do concentrate their feeding in particular areas
(Irons 1998, Grémillet et al. 1999, Hamer et al. 2000,
Watanuki et al. 2003). The diet of these shags includes
a wide range of benthic and benthic-demersal prey
with diverse habitat requirements, and in the case of
certain fishes and octopuses a degree of site-fidelity
and potentially a limited availability of suitable
crevices (Wanless et al. 1992, Ridoux 1994, Casaux &
Ramén 2002). The physical characteristics of the near
shore foraging environment utilised by shags is
extremely varied in terms of water depth, turbidity and
currents (Wanless & Harris 1993). Experience of local
conditions, and the capacity to memorise and repeat-
edly exploit the same sites could therefore be
extremely advantageous, reducing search times and
improving diving efficiency. This is particularly true
for resident species such as shags, which could main-
tain high levels of foraging area fidelity throughout the
year and potentially their whole life.

The stable isotope analyses in this study have
yielded several unique and relatively subtle insights
into the foraging ecology of this guild of diving species.
Despite small sample sizes, our data provided clear
evidence of sexual segregation in gentoo penguins and
South Georgian shags, and some indication that this
also applied to macaroni penguins (although this
requires further investigation). In addition, at least for
South Georgian shags, the sex-related foraging prefer-
ence seemed to be driven by niche specialisation,
although we cannot completely exclude the domi-
nance hypothesis. We have also demonstrated that
individual seabirds may have distinct foraging prefer-
ences with respect to both prey type and foraging area
that appear to be maintained over long periods (also
see Bearhop et al. 2000). This finding, in particular, has
a number of implications for both conservation and our
understanding of the processes underlying individual
variability in a suite of foraging traits.
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