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ABSTRACT: We studied the mercury contamination of 13 species of seabirds breeding on Bird Island,
South Georgia, in 1998. Total mercury concentrations in body feather samples of birds caught at their
breeding colonies were determined. Among the species, grey-headed albatross (8933 ng g–1) and
southern giant petrel (7774 ng g–1) showed the highest, and gentoo penguin (948 ng g–1) the lowest
body feather mercury concentrations. Mercury levels were negatively correlated with the proportion
of crustaceans (mainly krill) in the species’ diets, suggesting that the trophic level is the most important factor in explaining the variation of mercury concentrations in Antarctic seabirds. In 4 species
studied for age effects among adult birds (grey-headed and black-browed albatross, northern and
southern giant petrel), no age-dependent variation in mercury levels was found. Sex differences
were also assessed: female gentoo penguins had lower mercury levels than males, which may be
related to the elimination of part of the mercury body burden by females into eggs. In contrast, northern giant petrel males had lower levels than females, which may be related to a higher consumption
by males of carrion from Antarctic fur seals. In grey-headed albatrosses, mercury levels were 113%
higher than in 1989, when this species was investigated at the same site, indicating a possible
increase in mercury pollution of the Southern Ocean during the last decade.
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INTRODUCTION
Many seabird species occupy high positions in
marine food chains and biomagnify persistent environmental chemicals. Consequently, they are useful as
accumulative indicators to monitor the contamination
of marine environments with heavy metals and other
pollutants (e.g. Elliott et al. 1992a, Furness 1993, Bignert
et al. 1995, Monteiro & Furness 1995, Becker et al.
1998, 2001, Burger & Gochfeld 2002). Seabirds offer
various levels of ecological, spatial and temporal integration, and have been chosen as cost-effective and
successful monitors, particularly of environmental con-
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tamination of mercury (reviewed e.g. by Furness 1993,
Furness et al. 1995, Monteiro & Furness 1995, Monteiro et al. 1998). They integrate mercury contamination over marine food webs and reflect its hazards to
marine ecosystems and humans better than abiotic
samples (Burger 1993, ICES 1999).
Seabirds experimentally fed with a diet enriched
with mercury eliminate the metal ingested in a dosedependent fashion into eggs and plumage, and are
able to excrete from 33 to 60% of the body mercury
burden into the growing feathers during moult or
growth in young (Lewis & Furness 1991, Monteiro &
Furness 2001a,b). Bonaparte’s gulls Larus philadelphia
remove 59 to 68% of their body mercury burden into
the plumage by moult (Braune & Gaskin 1987). Almost
100% of the mercury in feathers was found to be
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methylmercury (Thompson & Furness 1989), and studies on seabird corpses showed that the plumage of an
adult bird contains between 73 and 93% of its total
body burden of mercury (Honda et al. 1986, Braune
1987). Simultaneous analyses of both blood and feathers have shown that during growth mercury levels in
feathers are strongly and positively related to the levels in blood (Kahle & Becker 1999, Monteiro & Furness
2001a). Even if the kinetics of mercury in birds’ bodies
is only partly understood (see Monteiro & Furness
2001a,b), feathers are clearly the main elimination
pathway for mercury in birds, decontaminating the
body from the burden accumulated during the period
before moult.
Consequently, levels of mercury in feathers can be
used as an effective index of a bird’s contamination.
Furthermore, feathers provide easily obtainable and
relatively non-invasive matrices for monitoring. Time
series of feather samples from seabirds both in the NE
Atlantic (Thompson et al. 1992a, 1993a, Monteiro &
Furness 1997) and from some seabird species in the
Southern Ocean (Thompson et al. 1993b) have
revealed significant increases in mercury concentrations in seabirds during the 20th century, owing to
increased mercury emissions transported and
deposited by the atmosphere around the world.
In this paper, we use body feathers to present information on the recent mercury levels in a community of
13 seabird species breeding on Bird Island, South
Georgia. The ecological long-term studies of marine
birds by the British Antarctic Survey allowed investigation of some important aspects of the level and variability of mercury in these seabirds. As numerous birds
have been individually marked with rings during the
last 50 yr, many can be aged and also sexed.
We address the following topics: (1) The number of
species (13) involved in our study may clarify the relationship between mercury levels and the trophic position of marine birds (cf. Monteiro et al. 1995, 1998,
1999, Mattig et al. 2000). Recently several studies have
provided new and detailed information on the foraging
ecology of Bird Island seabirds (see review by Croxall
& Prince 1987). This knowledge may help to explain
interspecific differences in mercury levels found in the
seabird community. (2) In 1998, we repeated feather
sampling from adult birds of 2 species (black-browed
albatross Diomedea melanophris and grey-headed
albatross Diomedea chrysostoma), studied in 1989 by
Thompson et al. 1993, in order to assess temporal
trends in mercury pollution in the South Atlantic
Ocean. (3) We investigated possible age effects on
mercury levels in adult seabirds, which to date have
not been detected by other studies (Furness et al. 1990,
Thompson et al. 1991, 1993a). (4) Sex is known to
affect mercury dynamics and levels in some tissues in

seabirds, but to have no or only small effects on body
feather mercury levels (Furness et al. 1990, Thompson
et al. 1991, Lewis et al. 1993, Monteiro & Furness
2001b). We studied possible sex effects in 2 species
of penguins, macaroni Eudyptes chrysolophus and
gentoo penguin Pygoscelis papua, and in the 2 species
of giant petrels, Macronectes halli and M. giganteus,
characterised by sexual dimorphism (e.g. GonzálezSolís et al. 2000a), which is linked with their foraging
ecology and may be reflected in differences in mercury
levels of the sexes (González-Solís et al. 2000b).

MATERIALS AND METHODS
Sampling. Feather sampling was carried out on Bird
Island, South Georgia (54° 03’ S, 38° 36’ W), between 29
September and 9 December 1998. We sampled adult
birds during the pre-breeding or the incubation period
except for wandering albatrosses Diomedea exulans,
for which only mature chicks were available. The 13
species and sample sizes used for mercury analyses
are given in Fig. 1 and Table 1. Penguins (Sphenisciformes): gentoo penguin, macaroni penguin; albatrosses,
shearwaters and petrels (Procellariiformes): wandering albatross (chick), black-browed albatross, greyheaded albatross, northern giant petrel, southern giant
petrel, white-chinned petrel Procellaria aequinoctialis,
blue petrel Halobaena caerulea, common diving petrel,
South Georgian diving petrel Pelecanoides georgicus;
cormorants (Phalacrocoracidae): blue-eyed shag Phalacrocorax atriceps georgicus; skuas (Stercorariidae):
brown skua Catharacta lonnbergi.
Sexing: Gentoo penguins, northern and southern
giant petrels were sexed by bill measurements (Renner et al. 1998, González-Solís et al. 2000a). Macaroni
penguins were sexed according to the arrival time at
the colony during the pre-breeding period, males
arriving 1 wk before females. For albatrosses, birds
had already been sexed as part of long-term population studies.
Age: With the exception of chicks in wandering albatrosses, only adult birds were included in feather sampling. Because many individuals had been ringed as
chicks or as adults, we could age some individuals of
black-browed albatross (age range 12 to 50 yr), greyheaded albatross (11 to 38 yr), northern giant petrel
(10 to 27 yr) and southern giant petrel (10 to 27 yr). Six
black-browed albatrosses and 6 southern giant petrels
ringed as adults were included on the basis of their
minimum possible age.
A total of 4 to 7 breast feathers per individual were
taken. Feathers were transported and stored in envelopes and at room temperature. Since breast feathers
in large seabirds are generally considered to be
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moulted all year round, possible effects of moulting on
mercury levels of individual feathers are minimised by
using several body feathers (Furness et al. 1986), and
average values of mercury content of 2 to 4 feathers
can be regarded as providing a temporal integration of
the mercury levels over the year.
Mercury analysis. For mercury analyses, we grouped
the birds into age and sex classes when possible. Each
of 2 to 4 feathers sampled per bird was analysed separately for mercury concentration in the chemical laboratory of the research centre TERRAMARE, Germany.
The feathers were washed alternately with bidistilled
water and acetone (p.a. grade) in an ultrasonic bath.
Small feathers can be digested as they are, bigger
feathers have to be cut into smaller pieces. For digestions, after Kruse (1979), ca. 50 mg feather material
was blended in a graduated test tube with 3 ml digestion acid, a mixture of chloric, nitric and perchloric acid
(60:40:6). All chemicals were of analytical grade and
obtained from Merck. The tube was closed with a
capillary stopper and heated in a dry block to 145°C for
2 h. After cooling the sample, the graduated test tubes
were filled up with bidistilled water up to the desired
volume. Although the samples should be digested
completely, filtration of the solutions with GF/C-filter
(Whatman) is recommended. A flow injection mercury
system (FIMS 400, Perkin Elmer) with an integrated
flow injection module of the flow injection analysis
system (FIAS 400, Perkin Elmer) was used for the measurement. For mercury determination, a carrier and a
reductant solution are needed. The carrier solution
was hydrochloric acid (1%) and the reductant solution
was stannous(II)-chloride-dihydrate (12.5 g l–1) in
hydrochloric acid (1%). For calibration of the FIMS,
6 standard solutions with mercury concentrations of
0.5, 1, 2, 5, 10 and 20 ppb were prepared. The limit of
determination for mercury was 0.1 ng g–1.
Statistics. Given the generally low variance between
body feathers in seabirds (Thompson et al. 1993a), an
arithmetic mean concentration of the 2 to 4 feathers
measured was calculated for each bird. As mercury
concentrations were not different from a normal distribution for any species, we used parametric statistics,
ANOVA and Dunnett-T3 multiple comparisons for
inhomogenous variances as well as t-tests. Arithmetic
means and standard deviations are presented if not
otherwise stated. We used 2 approaches to analyse the
data for age effects. First, we correlated age with the
mercury concentration (Pearson) and second, we classified the birds into 2 age groups: 10 to 19 and ≥ 20 yr.
In addition, correlation coefficients of mercury concentration with diet composition (after Croxall & Prince
1987; Spearman, Table 1) were calculated. All tests
were 2-tailed and have a level of significance of
p < 0.05.

RESULTS
Interspecific differences
Our data revealed distinct interspecific differences
in mercury feather levels, which were significant
between many species (Fig. 1, Table 1). Three groups
of species can be classified with respect to their feather
mercury burden, verified by the Duncan multiple comparisons test (5 homogeneous subgroups). The first
group, of low mercury concentrations, was represented by the gentoo penguin. Because of small sample size, the 2 other species showing low feather levels,
common diving petrel and South Georgian diving
petrel, have not been included in the statistical tests.
Most species were characterised by medium levels in
the range between 3309 and 5390 ng g–1 (Subgroup 2,
including the brown skua with 3965 ± 1641 ng g–1).
Both the grey-headed albatross (Subgroup 5) and the
southern giant petrel (Subgroups 4 and 5) showed significantly higher mercury levels than most other species of the community. The blue-eyed shag (Subgroups
3 and 4) was intermediate between the species of
medium and high mercury levels.
Grey-headed albatrosses had higher mercury levels
than black-browed albatrosses (Fig. 1). Southern giant
petrels had higher feather mercury levels than northern giant petrels but the difference was not significant
in the multiple comparison (Fig. 1); comparing the
2 giant petrels separately, however, the difference was
significant (T64 = –3.053, p = 0.003). The higher mer-

Fig. 1. Mercury levels (ng g–1 fresh weight) in feathers of
13 seabird species at Bird Island, South Georgia, in 1998.
Means ± 95% confidence intervals. With the exception of
wandering albatross chicks, the feathers were taken from
adult birds during the breeding period
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cury levels of southern giant petrels than northern
giant petrels was mainly due to the low values of mercury concentration in northern giant petrel males (see
also below and Table 2: giant petrel males T27 = –3.053,
p = 0.008; giant petrel females T35 = –2.025, p = 0.051).
In wandering albatross chicks mercury concentrations (3309 ± 678 ng g–1) were lower than in adults of
grey-headed and black-browed albatross and southern giant petrel. Macaroni penguins were more contaminated than gentoo penguins (Fig. 1).

Sex effects
Giant petrel females contained higher mercury levels than males (Table 2: northern giant petrel, F =
6.374, p = 0.017; southern giant petrel, F = 3.803, p =
0.067). In the penguins studied, males had higher contamination than females, significantly so in gentoo
penguins (p = 0.016, Table 3).

DISCUSSION
Interspecific variability

Mercury levels and trophic position

As mercury levels in the plumage are strongly and
To study influences of the trophic position on mercury
positively related to a bird’s body burden (see referlevel of the species investigated, we linked the mercury
ences in ‘Introduction’), and as body feathers can be
findings with information on diets of the South Georgia
seabirds sampled. In general, species
feeding on fish also consume higher
proportions of squid and conversely, low
Table 1. Relationships between diet and feather mercury levels (means ± SD,
n in brackets; cf. Fig. 1). Diet data from Croxall & Prince (1987). Crustaceans
proportions of crustaceans (Table 1).
include mainly krill but also copepods (in common diving petrels 68% of diet),
A clear relationship between mercury
amphipods and other crustaceans
levels and trophic position was evident:
species with high dietary proporSpecies
Mercury
Diet (% by weight)
tions of crustaceans, mainly krill, had
concentration
Crusta- Squid Fish Other
lower mercury feather concentrations
(ng g–1)
ceans
than species whose diet is characGentoo penguin
948 ± 848 (14)
68
0
32
0
terised by higher proportions of fish
Macaroni penguin
3412 ± 732 (20)
98
0
2
0
(and/or squid; Table 1, Fig. 2), and
Black-browed albatross
5391 ± 2049 (16)
40
21
39
0
which accordingly feed at higher
Grey-headed albatross
8933 ± 2851 (19)
16
49
35
0
trophic levels.
Northern giant petrel
4988 ± 3762 (37)
15
6
2
77

Age effects
In the 4 species with birds of known
age, we investigated possible age
effects on the level of mercury.
No significant correlations with age
were found (grey-headed albatross, r =
0.107, p = 0.664, n = 19; black-browed
albatross, r = –0.027, p = 0.920, n = 16;
northern giant petrel, r = –0.011, p =
0.946, n = 37; southern giant petrel, r =
0.054, p = 0.781, n = 29). Furthermore,
classifying the birds according to age
and sex (Table 2) revealed no significant variation of mercury levels with
age, although southern giant petrel
males tended to have higher feather
levels when becoming older. A weak
tendency towards increasing levels
with age was found in all 4 species,
except male northern giant petrels
and female southern giant petrels.

Southern giant petrel
White-chinned petrel
Blue petrel
Common diving petrel
South Georgia diving petrel
Blue-eyed shag

7774 ± 3571 (29)
3790 ± 1717 (10)
3098 ± 143 (3)0
594 ± 150 (2)
1631 (1)0 ± 00 0
6481 ± 1781 (10)

rS mercury with diet (n = 11)
p

12
28
91
1000
1000
10

2
47
1
0
0
20

1
24
8
0
0
70

–0.8290 0.796
0.002 0.003

85
0
0
0
0
0

0.493
0.123

Table 2. Age- and sex-specific differences in feather mercury levels of seabird
species from South Georgia, 1998. Means ± SD (n) in ng g–1 are presented.
Differences between age groups were not significant, but differences between
the sexes in northern giant petrels were significant (2-way ANOVA; sex
F = 6.374, p = 0.017)
Species

Grey-headed albatrossa
Black-browed albatross
Northern giant petrel
Southern giant petrel
a

Sex

–
Male
Male
Female
Male
Female

Age (yr)
10 to 19

≥ 20

8653 ± 2224 (10)
4948 ± 1242 (10)
3749 ± 2342 (9)
5485 ± 3337 (11)
4951 ± 2264 (5)
9005 ± 2717 (10)

9245 ± 3537 (9)
6128 ± 2962 (6)
2822 ± 2769 (7)
7071 ± 4894 (10)
7422 ± 3727 (8)
8544 ± 4762 (6)

Older age group is 20 to 38 yr; birds were not sexed
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Fig. 2. Negative relationship between mercury levels (ng g–1
fresh weight) in adult feathers and the proportion of crustaceans (mainly krill) in the diet of 11 seabird species from
South Georgia, in 1998. Diet information after Croxall &
Prince (1987). See Table 1 for further information on the
species, diets and statistics

assumed to be moulted continuously during the year,
body feathers may well be used to indicate the overall
body mercury load of an individual bird over the year.
Interspecific variability of mercury burdens in seabirds
is mainly attributed to diet, although other factors such
as moult patterns, foraging or migratory areas have
also been recognised (Walsh 1990, Lock et al. 1992,
Becker et al. 1993, Stewart et al. 1999). With respect to
the community of coastal birds, there is a general
tendency for mercury concentrations to be highest in
those species feeding on fish (Braune 1987, Mattig et
al. 2000) which contain higher mercury levels than
marine invertebrates (e.g. Mattig et al. 1997).
Although previous studies found no clear patterns
and associations of mercury levels with diets (Muirhead & Furness 1988, Elliott et al. 1992b), recent
studies on seabirds could relate mercury concentrations to the mercury burden of their prey (Monteiro et
al. 1995, 1996, 1998, Stewart et al. 1999, Arcos et al.
2002). Mercury is the heavy metal showing the clearest
biomagnification in food chains (Honda et al. 1987,
Atwell et al 1998). Thus, those seabird species feeding

Table 3. Sex differences in mercury feather levels of gentoo
and macaroni penguins from South Georgia in 1998. Means
± SD (n) in ng g–1 and p-values (t-test) are presented
Species
Gentoo penguin
Macaroni penguin

Males
1191 ± 892 (10)
3705 ± 655 (10)

Females

p

340 ± 192 (4) 0.016
3135 ± 723 (10) 0.081
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on fish or squid are expected to have higher levels of
mercury than species feeding on lower trophic levels.
This effect, however, is predicted not only because of
the biomagnification of mercury in fish and squid
compared to prey of lower trophic levels but also because many species of fish and squid are mesopelagic
(< 200 m), and become available to seabirds by migrating into epipelagic zones at night. In such subthermocline deep-water species, mercury levels are
higher, presumably due to methylation of mercury in
deep low oxygen water, thereby permitting greater
assimilation of mercury into biota (Monteiro et al. 1996,
1998, Thompson et al. 1998).
In Antarctic food webs, bioaccumulation and biomagnification of mercury have also been recognised
(Honda et al. 1987, De Moreno et al. 1997, Bargagli et
al. 1998). In the South Georgia seabird community, a
clear relationship between the mercury level and the
trophic position was evident: species with high proportions of crustaceans, mainly krill, in their diets had
lower mercury feather concentrations than species
feeding at higher trophic levels, and whose diet is
characterised by higher proportions of squid and/or
fish (Table 1, Fig. 2). Crustaceans, and particularly
krill, have previously been identified as a key factor
explaining mercury concentrations in marine biota
(food chain: Honda 1987; seals: Szefer et al. 1993;
cetaceans: Bowles 1999), including seabird communities (Lock et al. 1992, Steward et al. 1999). This result is
corroborated in this study by a clear and statistically
significant relationship between amounts of krill in the
diet and levels of mercury. The dietary information
compiled by Croxall & Prince (1987) and used here was
confirmed by later longer-term studies on some of the
species (Croxall et al. 1997). Our results suggest that
the length of the food chain, in particular in relation to
krill consumption, is the key factor for explaining patterns of mercury levels at seabird community level,
although bioaccumulation may be enhanced by the
consumption of some vertically migratory mesopelagic
prey (Monteiro et al. 1998).
Differences in mercury concentrations could also
be related to physiological differences among seabird
taxa, as has been shown for levels in liver (Walsh
1990). Especially high mercury concentrations have
been found in internal tissues and feathers of large
albatrosses (Muirhead & Furness 1988, Lock et al.
1992, Thompson et al. 1993b, Hindell et al. 1999). This
is confirmed by our study. Slow moult patterns were
suggested as the likely major reason for this, but small
procellariiforms with annual moult cycles also exhibit
such enhanced mercury levels, e.g. the White-chinned
and Blue Petrels in our study (Fig. 1). Monteiro et al.
(1995) suggested peculiarities of the metal dynamics
as possible reasons for the high mercury burdens
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within this taxonomic group. However, Stewart et al.
(1999) showed that phylogeny was a minor factor in
explaining mercury levels in New Zealand procellariiforms. In our study, differences between mercury
levels between closely related species were often more
pronounced than between seabird families (Fig. 1),
suggesting that ecological factors are more relevant
for mercury levels than phylogenetic relationships.
Foraging area may also be important in determining
mercury levels. This seems to be the case with gentoo
and macaroni penguins, though krill makes up a large
proportion of the food of both species. During summer
gentoo penguins feed inshore and macaroni penguins
offshore (Croxall & Prince 1987, Reid et al 1996), the
first feeding more extensively on fish than the second (gentoo penguin, 68% crustaceans and 32% fish;
macaroni penguin, 98% crustaceans and 2% fish).
Blue-eyed shag was another inshore feeding species,
but with a great proportion of fish in its diet (Table 1,
Croxall & Prince 1987) characterised by high feather
mercury levels (6481 ng g–1). De Moreno et al. (1997)
also found relatively high mercury levels in tissues of
this species and discussed the possibility that the
mercury intake originates from their migration to
more contaminated South American coasts. Indeed, in
body feathers of 3 individuals of this species found
dead near Punta Arenas, southern Chile in 1995, high
mercury levels of 4166 ng g–1 were measured, (n = 3;
P. H. Becker unpubl. data), indicating generally high
mercury burdens in this species. In contrast to the
South American situation, however, the blue-eyed
shag population at South Georgia is resident yearround.
The highest feather mercury concentrations were
found in grey-headed albatrosses, even higher than
those of black-browed albatrosses. This difference
agrees with liver mercury concentrations reported in
both species from New Zealand (28.2 and 20.7 µg g–1
dry weight for grey-headed and black-browed albatross, respectively; Lock et al. 1992). The diet of greyheaded albatrosses is characterised by smaller proportions of krill and higher proportions of squid than that
of black-browed albatrosses (Croxall & Prince 1987).
In this case, differences in the consumption of mesopelagic and epipelagic fish and squid species (Monteiro et al. 1998) may be linked with the observed
interspecific difference in mercury levels.
Low mercury levels in the plumage were found in
common diving petrel and South Georgian diving
petrel. The small sample sizes, however, preclude a
general statement on mercury levels of these petrel
species. Common diving petrel liver mercury concentrations were also reported to be very low in comparison with other species (Muirhead & Furness 1988, Lock
et al. 1992). Both species of diving petrels predomi-

nantly feed inshore on marine organisms of the lower
trophic levels: krill (common diving petrel 15% by
weight, South Georgian diving petrel 76%; Croxall &
Prince 1987), copepods (68 and 20%) and amphipods
(17 and 4%).
To summarise, the mercury feather concentrations in
the seabird community studied showed strong relationships to the trophic level of the species, with
increasing levels of mercury in relation to decreasing
proportions of krill in the diet. Some findings, however,
cannot be explained by diets alone, and moult strategies and foraging areas may also be involved.

Intraspecific variability
Intraspecific variability in mercury burdens is poorly
understood, but several factors such as age, sex, season, dietary and foraging area specialisation, and their
combinations have been suggested (Walsh 1990, Monteiro & Furness 2001b). We did not find significant
effects of adult age on mercury feather levels in any of
the 4 species studied. This accords with earlier results
from black-browed, grey-headed and wandering albatrosses (Thompson et al. 1993b), which moult infrequently and irregularly (Furness 1988, Weimerskirch
1991), and from other species such as red-billed gulls
Larus novaehollandiae scopulinus (Furness et al.
1990), great skuas Catharacta skua (Thompson et al.
1991) and common terns Sterna hirundo (Burger et al.
1994), which moult more regularly. The independence
between feather mercury levels and bird age may be
explained by the (usually annual) moult being an
effective way of decontaminating the body mercury
burden (see ‘Introduction’). In addition, especially procellariiforms may demethylate ingested mercury into
inorganic mercury and store this in internal tissues
(Thompson & Furness 1989, Lock et al. 1992; but see
Monteiro 1996). An indication that total mercury loads
in internal tissues may be age-dependent was recently
presented by Hindell et al. (1999), who showed that
adult wandering albatrosses had higher liver mercury
levels than juvenile birds.
There is evidence that mercury dynamics varies
between the genders in procellariiform species owing
to reproductive processes. Monteiro & Furness (2001b)
argued that sex-related differences in physiology may
be a cause of the inter-sex differences observed in the
blood dose-response in Cory’s shearwater Calonectris
diomedea. However, many studies found no sexual differences in mercury burdens in internal tissues; in particular, body feather levels have been reported to be
fairly independent of sex (red-billed gulls, Furness et
al. 1990; great skua, Thompson et al. 1991; herring
gulls Larus argentatus, Lewis et al. 1993). Lower con-
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centrations of mercury in females are occasionally
found (tissues of common murres Uria aalge, Stewart
et al. 1994; female Primary 1 of herring gulls, Lewis et
al. 1993; Primaries 1 to 5 of Bonaparte’s gull, Braune
& Gaskin 1987) as well as slightly lower concentrations
in feathers compared to males, probably indicating an
additional depletion of female body mercury burdens
by the route of egg production (Becker 1992, Lewis et
al. 1993). In our study, the higher levels in male compared with female gentoo penguins, as well as the tendency towards higher mercury feather levels in male
macaroni penguins, are consistent with such suggestions.
However, higher values of mercury burdens in
females are rarely reported (e.g. in liver of female wandering albatrosses; Hindell et al. 1999). In this study,
we found that northern giant petrel females showed
significantly higher levels of mercury than males,
and we found a similar tendency for southern giant
petrels, although differences were just non-significant
(Table 2). These differences can be attributed to
dietary segregation between sexes in both species.
Male and female giant petrels display sex-specific foraging strategies, with females showing more pelagic
habits and males feeding on carrion to a greater extent
than females, at least during the breeding season
(Hunter 1983, González-Solís et al. 2000a,b, 2002). The
inter-sex differences in mercury concentrations may
arise from differential consumption of carrion of penguins as opposed to carrion of Antarctic fur seals
Arctocephalus gazella. At Bird Island, northern giant
petrel males, which showed the lowest concentration
of mercury among giant petrels, are known to feed
extensively on carrion of Antarctic fur seal. Although
important concentrations of mercury were found in the
liver of Antarctic fur seals (215 000 ng g–1 dry weight,
Malcolm et al. 1994), concentrations in muscle seem
to be very low (< 50 ng g–1 wet weight; De Moreno et
al. 1997), as would be expected from a species that
feeds primarily on krill (Croxall & Pilcher 1984, Reid
& Arnould 1996). However, a comprehensive sampling
of potential preys around Bird Island and studies of
their mercury levels are needed before reaching clear
conclusions on these differences.

Spatial and temporal trends
Compared with other islands in the South Atlantic and
South Indian Ocean, the 2 species of giant petrels are
contaminated to a much lesser extent at South Georgia
(Table 4). The brown skua mercury levels found at South
Georgia were also significantly lower (3965 ± 1641 ng
g–1, n = 10) than those of great skuas from the Shetlands
(6340 ± 2600, n = 54, samples from 1994; Stewart et al.
1997; t = 3.781, p < 0.001, df = 18). In general, concentrations of mercury in the seabirds analysed are lower
than those found in seabirds from other areas where vertically migratory mesopelagic prey seem to have an important role for mercury body burdens of the seabirds
(Monteiro et al. 1998). These differences are probably related to the shorter food chain in the Antarctic ecosystem
(Honda et al. 1987, Szefer et al. 1993), with krill as an essential prey for many seabird species.
Albatrosses and giant petrels can be considered
good species for monitoring long-term changes of mercury in Antarctic and sub-Antarctic waters: firstly,
because they are at the top of the food web and can
integrate the mercury levels of the food chain, as indicated by their diets and higher values of mercury concentrations compared to other seabird species; secondly, because they cover vast areas while foraging
for prey (e.g. Prince et al. 1998, González-Solís et al.
2000a), spatially integrating marine pollution with
mercury over large parts of the Southern Ocean; consequently, their mercury burdens reflect background
levels at large rather than local scales.
In black-browed and grey-headed albatrosses we
found clear signs of an increasing contamination with
mercury during the last decade, especially in greyheaded albatrosses whose feather mercury levels had
more than doubled over 9 yr (t = 6.218, p < 0.001, df =
31; black-browed albatross: t = 1.213, ns, df = 32). In
contrast, Thompson et al. (1993) detected no significant
change between South Georgia grey-headed albatross
mercury contamination before and after 1950. Among 6
species from various sites from the sub-Antarctic only
in wandering albatrosses, northern and southern giant
petrels from New Zealand have significant increases in
mercury levels after 1950 been found. Modelling the at-

Table 4. Spatial and temporal variation in mercury feather levels (ng g–1) in 4 seabird species from the South Atlantic (Gough
Island, South Georgia) and South Indian Ocean (Marion Island). Data from Thompson et al. (1993b) and this paper
Species

Black-browed albatross
Grey-headed albatross
Northern giant petrel
Southern giant petrel

Gough Island
1985

Marion Island
1986

1989

–
–
–
11900 ± 61500

–
–
19620 ± 13270
11380 ± 64000

4570 ± 1980
4200 ± 2270
–
–

South Georgia
1998 (this paper)
5391 ± 2049
8933 ± 2851
4988 ± 3762
7774 ± 3571
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mospheric transport of mercury from industrial sources
predicted a 4-fold increase in mercury loads in the
northern, but only little increase in the southern hemisphere (Mason et al. 1994, Fitzgerald 1995). This prediction matches closely the temporal trend of mercury
contamination of seabirds in the NE Atlantic (Thompson et al. 1992, Monteiro & Furness 1997). Our results of
increasing mercury levels in albatrosses breeding at
South Georgia are a first warning that southern oceans
may also be affected by the world’s ongoing mercury
pollution owing to industrial and agriculture emissions
which originate mainly from the northern hemisphere.
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