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ABSTRACT: Mercury, cadmium, zinc and copper concentrations were analysed in the liver and ludney 
tissues of 14 species of albatross and petrel. These birds were obtained as by-catch of the long-line tuna 
fishing industry in New Zealand waters, and provided a unique opportunity to compare heavy metal 
accumulation in a group of closely related species. Mercury levels in the liver of the wandering and 
royal albatrosses were among the highest recorded for free-living birds. In multiple regression analy- 
ses, much of the inter-specific variation in cadmium and mercury levels was related to the importance 
of Crustacea in the diet, to phylogeny, or to the duration of the moult cycle. Species in which crustacea 
constituted >33% of the diet had significantly lower cadmium concentrations in liver tissues, and mer- 
cury concentrations in both liver and kidney tissues, than those in which birds consumed mainly or 
entirely squid and fish. Thls accords reasonably well with information on relative mercury and cad- 
mium content of prey species. After accounting for dietary variation, Procellariidae (petrels, shearwa- 
ters and prions) and Hydrobatidae (storm petrels) still exhibited higher cadrmum concentrations in the 
liver than Diomedeidae (albatrosses). In addition, albatrosses which took more than a year to moult 
accumulated higher mercury concentrations in their livers, probably because of a restricted ability to 
excrete mercury into growing feathers. 
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INTRODUCTION 

Heavy metal concentrations have been measured in 
numerous Northern Hemisphere seabirds at many lo- 
cations, but studies on Southern Hemisphere species 
are rare. This is perhaps linked to a perception of the 
southern oceans as being less polluted and generally 
remaining a cleaner environment. Consequently, sea- 
birds breeding at high southerly latitudes are not gen- 
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erally thought to be at risk from pollution nor are there 
any current plans to develop their role as biomonitors 
of toxins in that area. However, recent research has 
shown some alarming trends in the behaviour of pollu- 
tants whereby toxic chemicals released in the tropics 
or temperate zones are transported through the atmo- 
sphere to polar regions, where they accumulate in the 
ecosystem, cycling in food webs for many years 
(Mackay et al. 1995, Wania & Mackay 1995). Baseline 
studies of pollutant concentrations in biota are there- 
fore essential, especially since atmospheric transfer of 
pollutants from developing countries is expected to 
continue well beyond cessation of output (Nriagu & Pa- 
cyna 1988, Mackay et al. 1995, Wania & Mackay 1995). 
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Two potential pollutants of particular concern are  
the  heavy metals, mercury and cadmium (Furness 
1993). Currently, anthropogenic inputs are considered 
more important than natural sources in the biogeo- 
chemical cycle of mercury (Nriagu & Pacyna 1988, 
Slemr & Langer 1992). Moreover, it was estimated 
recently that mercury levels increased by more than 
1 % yr-' in the South Atlantic Ocean from 1977 to 1990 
(Slemr & Langer 1992). Previous studies have shown 
that many seabirds, particularly Procellariiformes 
(albatrosses and petrels), accumulate high levels of 
both mercury and cadmium (Muirhead & Furness 
1988, Walsh 1990, Thompson e t  al. 1993). This is con- 
sidered to be  a consequence primarily of the natural 
cycling of th.ese elements in the marine ecosystem, and 
their ability to bioaccumulate in food webs. Long-lived 
predatory species, which are at the apex of the food 
chain, are  therefore prime end-point accumulators of 
potentially toxic pollutants. 

Research on Northern Hemisphere species suggests 
that accumula.tion patterns are markedly species-spe- 
cific (Walsh 1990, Becker et al. 1994, Stewart et al. 1997, 
Monteiro et al. 1998). Much of this inter-specific varia- 
tion may be attributable to phylogeny as well a s  reflect- 
ing differences in physiology or ecology, yet few studies 
have attempted to identify which of these are  the most 
important factors in a large number of species from 
w~thln  the same taxonomic order. This study records 
the cadmium, mercury, zinc and copper levels in indi- 
viduals of 14 species of Procellariiformes obtained as 
fisheries by-catch in New Zealand waters in 1995 and 
1996. This provided a unique opportunity to investigate 
heavy metal dynamics in a large number of closely re- 
lated species, and to assess the importance of phylo- 
geny, sex, d.iet and moult schedule on metal levels. 

MATERIALS AND METHODS 

The seabirds in this study were obtained as by-catch 
of the long-line tuna fishing industry around New 
Zealand in 1995 and 1996. These were: wandering 
albatross Diomedia exulans antipodensis and D. exu- 
lans gibsoni, southern royal albatross D. epomophora 
epomophora, northern royal albatross D. epomophora 
sanfordi, shy albatross D. cauta steadi, black-browed 
albatross D, melanophris impavida, southern Buller's 
albatross D. bullen bullen, southern giant petrel 
Macronectes giganteus, sooty shearwater Puffinus 
griseus, white-chinned petrel Procellaria aequinoc- 
tialis, black or Parkinson's petrel Procellaria parkin- 
soni, grey petrel Procellana cinerea, cape petrel Dap- 
tion capense, fairy prion Pachyptila turfur, grey-faced 
petrel Pterodroma macroptera gouldi and black-bel- 
lied storm petrel Fregetta tropica. 

Birds were tagged and recorded by observers when 
landed on board fishing vessels, flash-frozen and later 
transferred still frozen to the Natural History Unit of 
the Museum of New Zealand, Wellington. They were 
then defrosted overnight before dissection using stain- 
less steel instruments. All birds were sexed, and sam- 
ples of liver and kidney removed. Liver and kidney tis- 
sues were refrozen and transported to the University of 
Auckland for analysis. Prior to analysis, tissues were 
dried to constant mass at 50°C. 

Heavy metal analysis. For mercury analysis, samples 
of 0.05 to 0.10 g of dried liver and kidney tissue were 
acid-digested according to the method of Furness et  al. 
(1986). Total mercury in the samples was determined 
by cold vapour analysis using a GBC Atomic Absorp- 
tion Spectrophotometer. For cadmium, zinc and copper 
determination, 0.05 to 0.5 g of tissue was digested in 
10 m1 concentrated nitric acid on a hot plate by first 
pre-soaking for 2 h and then boiling until the sample 
had completely digested. Samples were then diluted 
with deionised water and analysed by flame atomic 
absorption spectrophotometry. 

Accuracy and, reproducibility of methods for mer- 
cury, cadmium, zinc and copper determination were 
tested by using NRC DOLT-2 (National Research 
Council, Canada),  and NIST Bovine Liver (National 
Institute of Standards and Technology, U.S. Dept of 
Commerce, No. 1577b) reference standards. All sam- 
ples were run in duplicate and reference material, 
standards and blanks were analysed along with each 
set of samples. 

Statistical analysis. Levels of copper, zinc, cadmium 
and mercury in liver and kidney were compared 
among species using l-way ANOVAs. Metal levels in 
the 2 sexes were compared within species with suffi- 
ciently large sample sizes. Multiple regressions were 
carried out to investigate the influence of phylogeny, 
diet and moult schedule on heavy metal levels. The 
mean (or single) measurement for each species was in- 
cluded as the dependent variable. Independent va- 
riables were coded as dummy variables with 1 of 2 
possible values. To look at phylogenetic differences, 
Diomedeidae (albatrosses) were coded as 1, and Pro- 
cellariidae (petrels, shearwaters and prions) and Hy- 
drobatidae (storm. petrel) coded as 0. An extensive re- 
view of published studies of diet during the breeding 
season was compiled. Reliance on each of 3 main prey 
categories (fish, cephalopods and Crustacea) was in- 
cluded as a separate variable in the regressions. If over 
33% of the diet by percentage occurrence or percent- 
age  wet mass was made up by a particular type of prey 
at any site (see Table 2), that prey was considered to be 
of major importance and the representative variable in 
the regression was coded as 1. If the prey category was 
of minor importance or absent from the diet, the vari- 



Stewart et  al.: Heavy metal concentrations in Procellaniformes 297 
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RESULTS 

Inter-tissue comparisons 
.- 

7 
Mercury, cadmium, zinc and $2 

u c copper concentrations in liver and G ,? 
kidney tissues of the 14 species are 
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coefficient of variation (CV = 100 X SD/mean) is usually 
taken to be an indication that a particular metal is regu- 
lated within internal tissues (Walsh 1990). CVs were 
generally highest for mercury, lower for cadmium, and 
lower still for copper and zinc levels. 

Inter-specific variation in metal levels 

There were highly significant differences among 
species in concentrations of cadmium, mercury, zinc 
and copper in liver and kidney tissue (Table 1). 

Cadmium 

Multiple Tukey ranges tests indicated that cadmium 
concentrations in the kidney of shy albatross, Buller's 
albatross, black-browed albatross and white-chinned 
petrel were significantly lower than in grey petrel, and 
those in shy albatross were also lower than in Buller's 
albatross and sooty shearwater. Mean cadmium con- 
centrations in liver tissue exhibited a much lower over- 
all range. Mean concentrations in shy albatross, wan- 
dering albatross, royal albatross, Buller's albatross, 
black-brotved albatross and white-chinned petrel 
were lower than in grey petrel, those in shy albatross 
were also lower than in wandering albatross, white- 
chinned petrel, sooty shearwater and black petrel, 
and, in addition, those in Buller's albatross were lower 
than in wandering albatross and sooty shearwater. 

Mercury 

Mercury levels in the liver of royal albatross were 
significantly higher than in all other species apart from 
wandering albatross. Levels in wandering albatross 
were also significantly higher than all other species, 
with the exception of royal albatross, grey-faced petrel 
and black petrel. Variation in mercury levels in kidney 
tissue were less pronounced. Black petrel had signifi- 
cantly higher levels than all other species apart from 
wandering albatross and grey-faced petrel, and, in 
addition, wandering albatross had significantly higher 
levels than shy albatross, Buller's albatross and sooty 
shearwater. 

Zinc 

Inter-specific variation in zinc concentration was 
generally less marked (Table 1). Zinc levels in the kid- 
ney of shy albatross, Buller's albatross, black-browed 
albatross, white-chinned petrel, sooty shearwater and 

black petrel were significantly lower than in wander- 
ing albatross. Similarly, in the liver, zinc concentrations 
were significantly lower in shy albatross, Buller's alba- 
tross, black-browed albatross, white-chinned petrel, 
sooty shearwater, cape petrel, grey petrel and fairy 
prion than in wandering albatross, and those in shy 
albatross, white-chinned petrel and sooty shearwater 
were also lower than in royal albatross. 

Copper 

Variation in copper levels in the l d n e y  was more 
pronounced. Mean concentration in shy albatross, 
Buller's albatross, black-browed albatross, wandering 
albatross, royal albatross, black petrel and white- 
chinned petrel were lower than in black-bellied storm 
petrel, and in all these species, with the exception of 
royal albatross and black petrel, levels were also lower 
than in grey petrel. In addition, levels in shy albatross, 
Buller's albatross and black-browed albatross were 
significantly lower than in white-chinned petrel, grey 
petrel and sooty shearwater. In contrast, in the liver, 
copper concentrations of wandering albatross were 
significantly higher than in shy albatross, Buller's alba- 
tross, black-browed albatross, white-chinned petrel. 
sooty shearwater, grey petrel and black petrel. 

Influence of phylogeny, diet and moult duration on 
metal levels 

Cadmium 

In the stepwise multiple regression, inter-specific 
variation in cadmium concentration in the liver was 
related to crustacea consumption (F,,,, = 6.3, p < 0.05, 
r2 = 0.36), with family (Diomedeidae vs Procellariidae 
and Hydrobatidae) explaining a further 34% of the 
variation = 11.7, p i 0.005, r2 = 0.70). The associ- 
ation between consumption of crustacea and cadmium 
levels was negative, and, in addition, Procellariidae 
and Hydrobatidae had higher cadnlium concentrations 
than Diomedeidae. If the variable representing family 
was unavailable, none of the remaining variables 
entered the regression after crustacea. In contrast to 
these results for liver, none of the independent vari- 
ables had a significant effect on cadmium concentra- 
tions in the kidney. 

Mercury 

In the stepwise multiple regression, inter-specific 
variation in mercury concentration in the liver was 
related to moult duration = 19.2, p < 0.005, r2 = 
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0.66), with crustacea consumption explaining a further 
18% of the variation (F2,9 = 22.9, p < 0.001, overall r2 = 

0.84). Species that took more than a year to replace 
their feathers had higher mercury levels, and those 
that ate substantial amounts of crustacea had lower 
mercury levels. By comparison, in the regression, crus- 
tacea consumption (Fl, lo = 14.2, p < 0.005, r2 = 0.59), but 
not moult, had a significant effect on mercury concen- 
tration in the kidney. Again, those species that con- 
sumed lots of crustacea had lower mercury levels. 

Zinc 

In the stepwise multiple regression, inter-specific 
variation in zinc concentration in the liver was related 
to crustacea consumption (F,,,, = 19.6, p 0.001, r2 = 
0.64), and family explained a further 15 % of the varia- 
tion (F2,10 = 18.5, p < 0.0005, r2 = 0.79). There was a 
negative association between consumption of crus- 
tacea and zinc levels. In contrast to cadmium levels, 
zinc concentrations in the liver of Diomedeidae were 
higher than in Procellariidae and Hydrobatidae. With 
family unavailable, moult entered the regression equa- 
tion after crustacea consumption, and explained only 
slightly less (14%) of the additional variation in zinc 
levels (overall Fzalo = 17.9, p < 0.001, r2 = 0.78). Species 
that took more than a year to replace their plumage 
had higher zinc levels. As with cadmium, zinc levels in 
the kidney were unaffected by any of the independent 
variables. 

Copper 

Copper levels in the liver were also influenced by 
moult duration (Fl,,, = 9.5, p < 0.02, r2 = 0.46), again 
with higher levels in species that took longer to regrow 
their feathers. In the kidney, variation in copper levels 
was related to family (F,,,, = 6.1, p < 0.05, r2 = 0.38), 
with the Procellariidae and Hydrobatidae exhibiting 
higher levels than Diomedeidae. With family unavail- 
able for entry, levels of copper were related to squid 
consumption (FlJlo = 5.6, p 0.05, r2 = 0.36), with lower 
levels in species that consumed substantial amounts of 
squid. 

Influence of sex 

Samples of shy albatross, Buller's albatross and 
white-chinned petrel were large enough to test for the 
influence of sex on metal levels. t-tests revealed no dif- 
ferences between the sexes in cadmium or mercury 
concentrations in either organ (results not presented). 

However, zinc concentration was greater in the liver of 
females than males in both shy albatross (males, n = 20, 
mean = 118.0 * 25.8 1-19 g-l; females, n = 20, mean = 

136.8 * 29.4 pg g-l; t,, = 2.1, p < 0.05) and Buller's alba- 
tross (males, n = 15, mean = 126.9 + 41.6 pg g-l; 
females, n = 10, mean = 173.2 * 60.2 pg g-l; t23 = 2.3, 
p < 0.05). Zinc concentration in the kidney was also 
higher in female than male Buller's albatross (males, 
n = 15, mean = 139.0 i 21.5 pg g-'; females, n = 11, 
mean = 167.5 r 27.2 pg g-l; tZ4 = 3.0, p < 0.01). 

DISCUSSION 

Mercury and cadmium concentrations: comparison 
with other studies 

In terms of inter-specific variation in mercury and 
cadmium concentrations, the most interesting tissues 
to consider are, respectively, liver and kidney, as these 
are the principal sites for long-term storage (Walsh 
1990). The wandering and royal albatrosses analysed 
in this study had among the highest concentrations 
(dry mass) of mercury in the liver of any free-living 
bird (wandering albatross, mean = 360 i 183 pg g-l; 
royal albatross, mean = 449 490 pg g-l), far in excess 
of those which would cause severe renal dysfunction 
and toxic effects in terrestrial birds (Scheuhammer 
1987). Mercury concentrations in the liver of the black- 
browed albatross were also relatively high (mean = 

125 r 75 pg g-l), particularly in comparison with the 
similarly-sized shy albatross (mean = 35 i 18 pg g-l) 
and Buller's albatross (mean = 22 r 13 yg g-l). Several 
of the petrels analysed, including grey petrel, black 
petrel and white-chinned petrel, had also accumulated 
considerably higher mercury concentrations (means of 
143 + 147, 130 ? 9, and 79 r 63 pg g-', respectively) 
than shy and Buller's albatrosses. 

Part of the reason why levels in Procellariiformes, in 
wandering and royal albatrosses in particular, are so 
high without the birds apparently experiencing any 
toxic effects is that they may be able to demethylate 
mercury from its more toxic methyl form to the less 
toxic inorganic form (Thompson & Furness 1989a, 
Honda et al. 1990). The inorganic mercury can then be 
stored, possibly bound up in a selenium complex, 
where it may accumulate perhaps even over the life- 
time of the bird (Thompson & Furness 1989a). Thomp- 
son & Furness (1989a) found for 12 species of seabird 
(penguin, albatross, petrel, prion, shearwater and 
skua) that, as the total amount of mercury in the liver 
increased, the percentage of methyl mercury de- 
creased, suggesting that many, if not all, species could 
demethylate mercury to a greater or lesser extent. Any 
remaining methyl mercury can be transferred into the 
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Species 

both water content and metal levels. 
However, in keeping with the pattern 
from this study (see Fig. l ) ,  Honda et 
al. (1990) did find that sooty shearwa- 
ters accumulated very low levels of 
mercury in the liver, but high concen- 
trations of cadmium in the kidney. 

Inter-specific variation in zinc and 
copper concentrations 

There was a fair degree of variation 
in zinc and copper levels in the alba- 
trosses and petrels analysed in this 
study (Table 1). Zinc and copper are 
essential metals, and, as such, their 

plumage during moult, since it cannot be excreted in 
the inorganic form. 

In contrast to mercury, the pattern of accumulation of 
cadmium in the ludney was entirely different, showing 
no correspondence with inter-specific variation in mer- 
cury levels; the greatest concentrations were recorded 
not in the large albatrosses, but in grey petrels and 
sooty shearwaters (means of 190 r 88 and 151 + 65 pg 
g-', respectively, see Table 1 and Fig. 1). Although 
cadmium concentrations were high, they did not reach 
the level of 100 to 200 pg g-' wet mass thought to cause 
toxic effects (Scheuhammer 1987). 

Published data on mercury and cadmium concentra- 
tions for a number of southern ocean albatross and 
petrel species from Gough Island are presented in 
Muirhead & Furness (1988), for others from the New 
Zealand region in Lock et al. (1992) and for sooty 
shearwaters collected in the North Pacific in Honda et  
al. (1990). Unfortunately, in these studies, all tissues 
were analysed on a wet mass basis and are not directly 
comparable. Water content of tissues can vary greatly 
both within and between species (Furness et al. 1994, 
Stewart unpubl. data), and analysis of dried samples is 
clearly preferable given the error involved in any con- 
version to dry mass equivalents. In addition, sample 
sizes in both Muirhead & Furness (1988) and Lock et al. 
(1992) were small for many species, and, in view of the 
high level of individual variation in metal concentra- 
tions, the mean values should be viewed with caution. 
Furthermore, many of the specimens analysed by Lock 
et al. (1992) were beached birds, and in many cases 
would have starved to death. Atrophy of internal tis- 
sues associated with starvation is likely to have altered 

Fig. 1. Inter-specific differences in the pattern of accumulation of mercury in the concentrations in the body are regu- 
kidney and cadmium in the liver of New Zealand Procellariiformes. Cadmium lated (Walsh 1990). Consequently, 
concentrations are indicated by shaded columns, mercury by open columns. both intra. and inter-specific 

Error bars are +l SE 
tions are expected to be generally 
quite low (Walsh 1990). However, 

concentrations in internal tissues will fluctuate de- 
pending upon requirements, and, replacement of 
moulted feathers, changes in nutritional requirements 
during breeding, and seasonal changes in diet may 
all have an influence (Stewart et al. 1994). Changes in 
zinc and copper levels may also result from co- 
accumulation with cadmium, as all 3 bind onto the 
same low molecular weight protein, metallothionein 
(Stewart et al. 1996). Metallothionein is thought to 
have a protective influence which ameliorates the 
potential toxic effects of cadmium, as well as being 
involved in storage of both zinc and copper. Zinc 
and copper were correlated with cadmium con- 
centrations in most of the albatross and petrel species 
in this study (Stewart unpubl, data), which could 
account for some of the inter-specific variation. It is as 
yet unclear whether increases in zinc and copper 
levels per se offer some protection from the toxic 
effects of cadmium, or whether they are an incidental 
consequence of cadmium-mediated metallothionein 
induction. 

Patterns of accumulation of mercury and cadmium 

The pattern of accumulation of mercury in the liver 
and cadmium in the kidney in the different species 
appears to fall into 3 broad categories (see Fig. 1): 
extremely high mercury and high cadmium levels 
(wandering and royal albatross), moderately high mer- 
cury and high cadmium levels (black-browed alba- 
tross, white-chinned petrel, black petrel and grey 
petrel) and low or very low mercury but high cadmium 
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levels (Buller's albatross, shy albatross, sooty shearwa- 
ter, grey-faced petrel, cape petrel and fairy prion). 
There was no relationship between mercury and cad- 
mium burdens, but this is unsurprising given the dis- 
tinctive biochemistry of the 2 metals (Scheuhammer 
1987, Walsh 1990, Stewart et al. 1996). 

Factors determining intra- and inter-specific 
variation in mercury and cadmium levels 

Diet 

Diet is often considered the most important factor in 
determining metal levels (Hutton 1981, Becker et al. 
1994, Monteiro et  al. 1998). In this study on a number 
of closely related seabirds, differences in diet were 
responsible for a considerable amount of the inter-spe- 
cific variation in levels of some metals. Species that 
included appreciable amounts of crustacea in their diet 
(>33%; see 'Materials and methods') had lower cad- 
mium concentrations in liver tissue, and lower mercury 
concentrations in both liver and kidney tissue, than 
those that tended to rely predominantly on squid and 
fish alone. 

Although there are many published values for heavy 
metal concentrations in seabirds, there is a paucity of 
data on total metal content of their prey. Analysis of 
fish, squid and crustacea tends to be conducted in 
order to assess the threat of contamination to humans 
after consumption and often only muscle tissues are 
analysed. Since metals are concentrated mainly in 
liver, kidney, or digestive gland (cephalopods) tissue, 
and these are not only the largest sources of metals but 
are probably also consumed preferentially by scaveng- 
ing species, many studies are of limited value in deter- 
mining heavy metal exposure to seabirds. 

Cephalopod digestive glands do contain high con- 
centrations of cadmium: 19 to 110 pg g-' dry mass in 
Notodarus gouldi (Smith et al. 1984), 71 to 694 pg g-' 
in Ommastrephes bartrami, 42 to 1106 1-19 g'.' in 
Symplectoteuthis oulananiensis and 33 to 233 pg g-' in 
Loligo opalescens, all dry mass (Martin & Flegal 1975), 
and 31 to 146 pg g-' wet mass in arrow squid Noto- 
darus sloani (Fenaughty et al. 1988). Muscle tissue of 
cephalopods contains comparatively low levels of mer- 
cury, with mean values of less than 5 pg g-' dry mass 
(Rossi et al. 1993) and 0.15 pg g-' wet mass (Monteiro 
et al. 1992) recorded. As indicated above, however, 
most mercury is likely to be in the digestive gland, but 
unfortunately no data are available. 

In fish, in general, both cadmium and mercury levels 
in muscle tissue are usually low ( < l  pg g-' wet mass), 
with those in kidney and liver tissue somewhat greater 
(Thon~pson 1990). However, mesopelagic species, as 

well as some other groups, exhibit very high mercury 
concentrations (Thompson 1990, Monteiro et al. 1996). 
Cadmium concentrations of crustacea are variable, 
with values (wet mass) of 0.1 to 0.7 pg g-' in copepods, 
7 to 9 pg g-' in decapods and as high as 24 to 34 pg g-' 
in amphipods (Ritterhoff & Zauke 1997) recorded. In 
contrast, mercury levels in crustacea are generally 
very low, at 0.1 to 0.7 pg g-' wet mass (Dietz et al. 1996, 
Ritterhoff & Zauke 1997). 

The overall pattern seems to be that cadmium con- 
centrations are higher in cephalopods and some crus- 
tacea than in fish, and mercury concentrations are far 
greater in fish and cephalopods than in crustacea. 
Inter-specific variation in mercury and cadmium con- 
centrations in tissues of the procellariiform seabirds 
in this study therefore accords reasonably well with 
that in their principal prey. However, dietary vana- 
tion provided only part of the explanation for the pat- 
terns of metal accumulation. Several species with 
somewhat similar diets had quite different metal 
burdens. For example, both wandering and royal 
albatrosses show much higher mercury concentra- 
tions than Buller's albatross, grey-faced petrel, white- 
chinned petrel and sooty shearwater, even though all 
share the characteristic of a diet, at least during the 
breeding season, which includes considerable quanti- 
ties of cephalopods (Table 2). High mercury levels, 
particularly in wandering and royal albatrosses, may 
be partly attributable to greater longevity, as birds 
retain a proportion of ingested mercury from one 
year to the next. 

Differences in size or trophic status of squid prey 
might account for some of the variation in metal levels. 
However, although there is a slight tendency for wan- 
dering and royal albatrosses to consume larger 
cephalopods on average than the smaller albatrosses 
and petrels, size selection of squid by procellariiforms 
is not particularly pronounced (Ridoux 1994, Croxall & 
Prince 1996). Part of the explanation may instead lie in 
the relative importance in the diet of mercury-rich 
mesopelagic prey (both fish and squid), particularly in 
light of recent suggestions that consumption of 
mesopelagic prey is a crucial determinant of mercury 
burdens in North Atlantic seabirds (Monteiro et al. 
1998, Thompson et al. 1998). 

Moult 

One factor that did account for some of the inter-spe- 
cific variation in the level of certain metals was moult 
duration (see 'Results'). Mercury can be eliminated 
from internal tissues in its methyl form by transporta- 
tion from storage in the liver into growing feathers dur- 
ing the moult cycle (Furness et al. 1986, Thompson & 
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Furness 1989b). Work on Bonaparte's gull Larus phila- 
delphia demonstrated that up to 93 % of the accumu- 
lated body burden of mercury could be excreted dur- 
ing moult (Braune & Gaskin 1987). Three species of 
albatross (wandering albatross, royal albatross and 
black-browed albatross) do not routinely moult and 
regrow feathers on an annual basis. These may have a 
restricted ability to excrete mercury, which presum- 
ably contributes to higher concentrations of this metal, 
especially in the liver. There was no effect of moult 
duration on cadmium concentrations, which was ex- 
pected as this is not an excretion pathway for this metal 
(Stewart unpubl, data). 

Sex 

By excreting a substantial amount of what is a 
potentially toxic material into the egg, breeding 
females have the potential to reduce their body pool 
of mercury between moults (Braune & Gaskin 1987, 
Lewis et  al. 1993). However, there was no evidence 
that this resulted in consistent long-term differences 
between the sexes in cadmium or mercury levels in 
Buller's albatross, black-browed albatross or white- 
chinned petrels in this study. It might also be antici- 
pated that sexual size dimorphism or differences in 
diet between males and females could play a role in 
determining cadmium or mercury concentrations, par- 
ticularly as many albatrosses and petrels appear to 
have sex-specific foraging strategies (Bartle 1990, 
Prince et al. 1992). However, the similarity in mean 
concentration of these metals in males and females 
suggests that any dietary segregation between the 
sexes is likely to be minor. 

Phylogeny 

Although Procellariiformes clearly concentrate 
heavy metals, resulting in much higher metal burdens 
than many other seabirds (Walsh 1990), phylogeny 
explained comparatively little of the inter-specific vari- 
ation within the order. There were no consistent differ- 
ences in mercury levels in kidney or liver tissue, or in 
cadmium levels in kidney tissue between the 2 fami- 
lies. However, the Diomedeidae (albatrosses) gener- 
ally had lower cadmium but higher zinc levels in the 
liver and lower copper concentrations in the kidney 
(see 'Results'). Higher zinc concentrations in the liver 
of albatrosses appeared to be related to their longer 
moult duration, whereas lower copper levels in the 
kidney seemed to be partly attributable to whether or 
not squid was an important component in the diet (see 
'Results'). 

Conclusions 

The albatrosses and petrels analysed in this study 
had particularly high cadmium burdens compared to 
many seabirds, probably attributable to a high level of 
squid consumption and presumably a slow rate of 
excretion of bound cadmium. The high mercury levels 
accun~ulated by most species can be explained by a 
combination of a diet of squid and fish, many of which 
are mesopelagic, a long life-span during which mer- 
cury may be demethylated and stored, and in the case 
of wandering, royal and black-browed albatrosses, 
slow moult cycles which restrict mercury excretion. 
The Procellariiformes seem therefore to have evolved 
a suite of physiological mechanisms which allows them 
to cope with high levels of these potentially very toxic 
metals in their prey. In particular, the manner by which 
wandering and royal albatrosses are able to de-toxify 
and store extraordinarily high quantities of mercury, 
even compared with other albatrosses, still remains 
very poorly understood, and deserves further study. 
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