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ABSTRACT  Mercury concentrations were determined in feather and food samples from adults of 6
seabird species {rom the Azores archipelago. Mean concentrations ranged from 54 to 432 ng g~! dry
weight in food and 2.1 to 22.3 pg ¢! fresh weight in feather samples and were highly significantly and
positively correlated. Significant seasonal differences in dietary mercury were also registered. Both
feather and food mean concentrations were 4-fold higher in seabirds feeding on mesopelagic prey than
in those feeding predominantly on epipelagic prey. Concentrations in feathers were 150x those in food,
which represents the highest methylmercury biomagnification factor reported for consumers in aquatic
foodchains. These findings show that the inclusion of mesopelagic prey in seabird diet has an influence
on mercury accumulation over and above that from trophic status and emphasises further the value of
seabird feathers as monitors of the ecological hazards of mercury in marine ecosystems.
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INTRODUCTION

Concentrations of mercury in the environment have
increased many-fold since pre-industrial times (Pheif-
fer-Madsen 1981, Nater & Grigal 1992, Swain et al.
1992, Thompson et al. 1992, Monteiro & Furness 1997)
as a result of anthropogenic emissions of gaseous mer-
cury to the atmosphere (Mason et al. 1994, Hudson et
al. 1995). The oceans play a major role in the global
cycle of mercury (Fitzgerald 1989), and monitoring of
the marine environment is a priority (EPMAP 1994). In
this respect, biomonitors present good prospects for
comprehensive appraisals of the abundance and
bioavailability of mercury (Phillips 1980) because
marine cycling of this metal includes many biologi-
cally-mediated processes (Mason & Fitzgerald 1990,
1993). Seabirds, in particular, feature prominently as
monitors of spatial and temporal patterns of mercury
contamination in marine ecosystems as a result of
growing knowledge of the metal dynamics in seabirds
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(reviews in Walsh 1990, Furness 1993, Monteiro &
Furness 1995).

Mercury dynamics in birds is best viewed as a multi-
compartment model involving ingestion from diet,
uptake in the intestine, transport in blood, accumula-
tion in internal tissues (e.g. muscle, liver, kidney), with
redistribution to the plumage during feather growth,
and elimination in eggs and excreta. The plumage
contains over 70% of the mercury body burden in
adults of a variety of bird species, despite forming less
than 10% of total body weight (e.g. Honda et al. 1986,
Braune & Gaskin 1987). Seabirds usually renew their
plumage every vear after breeding, when much of the
dietary mercury accumulated in soft tissues between
moults (most seabirds do not moult feathers over a 5 to
6 mo period; Ginn & Melville 1983) is transferred into
growing feathers. Feather samples have been widely
used for the assessment of whole-bird mercury bur-
dens due to the several methodological and conceptual
advantages they have over other tissues: (1) feather
sampling is easy and relatively non-invasive; (2) mer-
cury is stably bound to feather keratins (Appelquist et
al. 1984), thus special preservation procedures are not
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required, and the metal can be determined in historical
samples; (3) feathers exhibit high concentrations with
minor seasonal variations (Monteiro 1996); (4) concen-
trations in feathers correlate positively with those in
internal tissues (Lewis & Furness 1991, Thompson et
al. 1991); (5) feather concentrations mostly reflect the
uptake and storage of mercury during the breeding
season, rather than short-termm uptake (Furness et al.
1986, Honda et al. 1986, Braune & Gaskin 1987).

Large variations in mercury levels among seabird
species have been documented and attributed to a
variety of proximate and ultimate factors such as
trophic level, migratory habits, body size, life span,
moult pattern and taxonomic influences on physiology
(Walsh 1990, Monteiro & Furness 1995). Dietary and
feeding differences have been proposed as the best
explanation for consistently low mercury levels in
those species which feed predominantly upon crus-
taceans as compared to fish- and squid-eating species
(Braune 1987, Honda et al. 1990, Lock et al. 1992);
species feeding on other seabirds present some of the
highest levels (Stewart et al. 1997). Moult-related con-
straints in mercury elimination from the body tissues
to the plumage seem to lead to increased mercury
levels in species with longer than annual moult cycles,
like some albatrosses (Furness et al. 1986, Honda et
al. 1990). Migratory habits might account for mercury
levels in populations subjected to major differences in
dietary mercury loadings at breeding and non-breed-
ing grounds (Leonzio et al. 1986). Adult body size and
life span seem to be irrelevant to mercury levels of
adults in species so far studied, as size-dependency or
age-related variations are lacking (e.g. Thompson et
al. 1991, Burger et al. 1994). Potential taxonomic influ-
ences on physiology and mercury dynamics also seem
to be unimportant in determining seabirds' mercury
levels (Lock et al. 1992, Monteiro 1996). Besides all
these factors, major inter-specific differences in mer-
cury levels among fish- and squid-eating seabirds,
notably high levels observed in some species at
remote oceanic sites, are still poorly understood
(Muirhead & Furness 1988, Elliot et al. 1992, Monteiro
et al. 1995). The elucidation of such differences is
hampered by a major lack of information on mercury
levels in seabirds’ diets.

Ecological segregation in seabird communities may
result in the feeding specialisation of some species on
epipelagic prey (daytime depth <200 m) and of others
on mesopelagic prey (daytime depth >200 m but
migrating into epipelagic zone at night). Additionally,
increased concentrations of methylated mercury in
seawater below the thermocline (Mason & Fitzgerald
1990) result in enhanced bioaccumulation of mercury
in mesopelagic organisms (Monteiro et al. 1996a).
Hence, there is a rationale for hypothesising that major

inter-specific differences in mercury levels among
seabirds may be related to the relative importance of
epipelagic and mesopelagic prey in their diet. To test
this, we present here a comparison of mercury levels in
diet and plumage in 6 seabirds from the Azores
seabird assemblage. Such a comparison also provides
a quantitative empirical appraisal of a dose-response
relationship for mercury in wild birds.

MATERIALS AND METHODS

The study seabirds were selected according to their
predominant dietary and feeding characteristics
(Prince & Morgan 1987, Monteiro et al. 1996b) in order
to represent 2 dichotomous groups, one exploiting
mesopelagic prey—Bulwer's petrel Bulweria bulweri],
hot-season Madeiran storm petrel Oceanodroma cas-
tro and cool-season Madeiran storm petrel (these 2
temporally segregated storm petrel forms are treated
here as sibling species; Monteiro & Furness 1998) —
and another exploiting epipelagic prey —Cory's shear-
water Calonectris diomedea boreaiis, little shearwater
Puffinus assimilis baroli and common tern Sterna
hirundo.

Feather sampling was undertaken between April
1993 and June 1995 at 3 multispecific seabird colonies
(Vila, Praia and Baixo Islets) in the Azores (36° to 39° N,
25° to 31°W). Food samples were collected between
March 1994 and January 1995 at the same 3 seabird
colonijes, except for some regurgitations by Cory's
shearwater collected at Corvo Island (July 1994, n =
29). Sampling methods conformed to current guide-
lines for use of wild birds in research and sampling was
carried out under appropriate licenses from local
authorities. Birds were captured by hand on the
ground (Cory’s shearwater) or using mist-nets (petrels
and little shearwater) and nest traps (common tern).

Contour feathers are the most representative for esti-
mating whole-plumage mercury concentration in birds
(Furness et al. 1986) and up to 10 ventral feathers were
plucked from each of the live adults and placed in
polyethylene bags prior to analysis for total mercury.
For the common tern, diet composition was studied
using pellets (made of undigested fish-bones regurgi-
tated by adults and large chicks), and an estimate of
food mercury concentration was derived from diet
composition (Granadeiro et al. 1995) and mercury lev-
els in prey fish (Monteiro et al. 1996a). Food samples
from petrels and shearwaters consisted of spontaneous
or induced regurgitations. Regurgitations were ob-
tained from adults during the chick rearing periods
(Monteiro et al. 1996b), except for some samples from
Cory's shearwaters collected in March and all samples
from little shearwaters that were collected in Septem-
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ber-October. Induced regurgitations were obtained
using a stomach-pump (for Cory's shearwater) or a
50 ml syringe (for little shearwater and the petrels}, salt
water and a catheter adequate to species size (Wilson
1984, Gales 1985). After examination for the presence
of fish, squid or crustaceans, the excess salt water was
removed and all solid remains preserved in 70%
alcohol for later analysis. In the laboratory, the solid
fraction was examined under a microscope, and all
diagnostic hard parts (otholits, vertebrae, opercular,
maxillary and pre-maxillary bones, cleitra, squid
beaks, among others) were collected for identification
of the prey species. When available, the edible compo-
nent (hereafter designated as food, made mainly of
muscle and accounting for over 80% of the whole net
mass) was dehydrated to a constant weight in an oven
at 50°C, homogenised using a pestle and mortar and
stored in air-tight polystyrene containers until analysis
for total mercury.

Sample digestion and total mercury determination
follow procedures described in detail elsewhere (Mon-
teiro et al. 1995). Determinations were made by cold
vapour atomic absorption spectrophotometry with a
Perkin-Elmer Mercury Analyser System Coleman 50B.
The limit of detection by the method, taken as twice
the standard deviation of triplicate analysis at blank
concenfrations (Saltzman et al. 1983), was 10 ng,
equivalent to 10 ng g~! for a 1 g sample. Within- and
between-laboratory quality control procedures were
employed throughout the study period. Accuracy of
the method (expressed as relative error) was within
10% and was monitored throughout the study with
standards of inorganic mercury, reference materials
(NRCC dogfish muscle DORM 1) and participation in
the hair mercury interlaboratory comparison program
undertaken by Health and Welfare Canada. Precision
(or reproducibility) of the method (expressed as coeffi-
cient of variation) for duplicates within and between
batches was generally within the usual 10 % for total
mercury determinations in biological samples (Saltz-
man et al. 1983). Interference with sensitivity due to
the matrix and pre-treatment was assessed by the
method of standard additions before the wet minerali-
sation digestion. Recoveries of added inorganic mer-
cury averaged 99.8% (SE = 5.6, n = 8) for feather sam-
ples and 69.3% (SE = 6.7, n = 8) for food samples. The
mean recovery in the food samples differed signifi-
cantly from 100 % (2-tailed t-test for comparison with a
hypothesised mean of 100%: t; = 4.58, p < 0.005) and
all food concentrations were corrected by this factor
(i.e. multiplied by 1.44). Mercury concentrations are
given in parts per million (pg g~') on a fresh weight
basis for feather samples (ppm, fw) and parts per bil-
lion (ng g7’) on a dry weight basis (ppb, dw) for food
samples. Concentrations in food may be converted to a

fresh weight basis using an overall average percent-
age of moisture in whole fish of 68.8% (SE=0.5%, n =
95) as a reference. Potential bias in mercury concentra-
tions in food related to preservation in 70% alcohol is
assumed to be negligible on the basis of testing with
whole fish reported elsewhere (Monteiro et al. 1996a).

Statistical analysis followed standard procedures
(Zar 1984). Data were tested for goodness of fit to a
normal distribution using a Kolmogorov-Smirnov 1-
sample test, and requirements of homogeneity of vari-
ances were determined using a Levene test. Where
appropriate, parametric or non-parametric tests were
employed.

RESULTS

A summary of diet composition of the study seabirds
is shown in Table 1. These data validate the a priori
separation into 2 groups based on the predominant ori-
gin of their prey, with the petrels exploiting meso-
pelagic prey and the shearwaters and the tern exploit-
ing mostly epipelagic prey.

Mean mercury concentrations ranged from 54 to
432 ppb dw in food and from 2.1 to 22.3 ppm fw in the
breast feathers of the 6 study seabirds (Table 2). Mer-
cury levels increase by about 4-fold, in both food and
feathers, in seabirds feeding on mesopelagic prey
compared to those feeding on epipelagic prey.

Mercury concentrations in food samples from Cory's
shearwaters were highly significantly different (Mann-
Whitney, Z = 5.77, p < 0.0001) in the 2 periods consid-
ered (median, range): courtship/March (306, 136 to
721, n = 17) and chick-rearing/July-August (48, 13 to
329, n = 51). Mercury concentrations in food samples
from the hot season (August) and cool season (Decem-
ber, January) Madeiran storm petrels (see Table 2)
were significantly different (t-test, £y = 2.20, p < 0.05).

Mean mercury concentrations in feathers (ppm fw)
and food (ppb dw) were highly significantly and posi-
tively correlated (r = 0.968, F, 5 = 73.6, p < 0.001). The
relationship is described by the linear equation, which
is constrained to pass through the origin (Fig. 1),

Hg in feathers = 0.0493 + 0.0057 SE x Hg in food

The slope of this equation represents a food:feather
biomagnification factor and assumes the value of 158 +
18 SE when both concentrations are expressed in ppm
fw. Biomagnification factors for each species (Table 2),
derived from the ratio of average mercury concentra-
tions in feathers (ppm fw) and food (expressed in ppm
fw; based on a fraction of moisture in fish of 0.688,
Monteiro et al. 1996a), have an overall average of 149
(SE = 15, n = 6). These figures represent conservative
estimates because food samples analysed for mercury
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Table 1. Diet composition for 6 seabirds at the Azores archipelago. BB: Bulweria bulwerii; OC: Oceanodroma castro (H: hot sea-

son, C: cool season); CD: Calonectris diomedea borealis; PA: Puffinus assimilis baroli; SH: Sterna hirundo. Food origin is cate-

gorised as epipelagic (E, 0 to 200 m), epipelagic to mesopelagic (EM, 0 to 400 m) or mesopelagic (M, 200 to 1000 m}. The fre-

quency of occurrence of food types is scored: absent (0}; 1 to 10% (1); 11 to 40% (2); >40% (3). Information is derived from pellets
for the common tern (Granadeiro et al. 1995) and from regurgitations for other species

Diet composition

Food type Food origin BB (21)
Fish

Macroramphosus scolapax E

Capros aper EM

Trachurus picturatus EM

Scomberesox saurus E

Other epipelagic fish E

Lanternfish* M 3
Cephalopods E M 1
Crustaceans E M 1

“Mostly Myctophidae and Sternoptychidae

Seabird species (n)
OC-H (39) OC-C(11) CD (159) PA (10) SH (146)
3 3
3 1
2 1
2 0
1 3 1
3 3 0 0 1
1 1 3 1 0
1 1 1 0 0

Table 2. Mercury concentrations in food and feather samples of some seabirds from the Azores Archipelago. Values show mean *
SE, sample size (in parentheses) and range. See ‘Results’ for definition of biomagnification factor

Species Food (ppb, dw)
Bulweria bulwerii 318 £ 47  (19)
Oceanodroma castro hot season 243 £ 37 (33
Oceanodroma castro cool season 432 + 94 9)
Calonectris diomedea borealis 131+ 17  (68)°
Puffinus assimilis baroli 72 £33 (3)
Sterna hirundo 54¢

and 'Results’)

et al. 1996a)

43-738
22-879
128-938¢
13-722
27-136

*Outlier of 2352 ppb dw excluded (>3rd quartile + 1.5 x interquartile range)
bSimple mean of pooled data from the chick-rearing (July/August) and courtship (March) periods (cf. ‘Materials and methods’

‘Ponderal mean based on frequency of prey fish in diet (Granadeiro et al. 1995) and their mercury concentrations (Monteiro

Breast feathers (ppm, fw) Bicmagnification factor

22304 (91) 13.8-32.8 225
11.1+£03 (100) 5.4-23.0 146
17.4+ 04 (130) 6.8-34.3 129
5401 (186) 1.9-104 132
31:01 (82) 15-6.9 138
21201 (27) 12-3.5 125

excluded hard parts (fish otholits and bones, squid
beaks), which were presumed to contain no mercury
and accounted for ca 20% of the whole regurgitation
net mass.

DISCUSSION

This study provides clear evidence of a direct rela-
tionship between mercury in the diet of and mercury
levels in seabirds. The observed inter-species variation
of plumage mercury concentrations is not attributable
to differences in trophic level, as all the selected
seabirds feed predominantly on fish and/or squid and
are essentially third order consumers in their food
chains. The operational link between mercury in the
diet of and mercury levels in seabirds appears to be the
dichotomy arising from the predominance of either
epipelagic or mesopelagic prey in the diet. Indeed,

average mercury concentrations in breast feathers of
seabirds feeding predominantly on epipelagic prey
range from 2.1 to 5.4 ppm fw while those of seabirds
feeding predominantly on mesopelagic prey range
from 11.1 to 22.3 ppm fw. Such enhanced biocaccumu-
lation of mercury by seabirds feeding predominantly
on mesopelagic prey matches closely the 4-fold in-
crease in mercury concentrations in mesopelagic com-
pared to epipelagic fish preyed upon by seabirds
(Monteiro et al. 1996a, b). These findings suggest that
high mercury levels found in most petrels from remote
locations (Muirhead & Furness 1988, Honda et al. 1990,
Lock et al. 1992, Monteiro et al. 1995) result mainly
from the exploition of diel vertically migratory meso-
pelagic prey (Prince & Morgan 1987). Hence, feeding
specialisation emerges as a major proximate source of
inter-species variation of mercury levels among fish-
and squid-eating seabirds and presumably other
marine predators.
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Fig. 1. Relationship between mean mercury concentrations in
food and breast feathers of selected seabirds from the Azores.
Species names are given in Table 1

The large seasonal differences in mercury concen-
trations observed in food samples from Cory's shear-
waters indicate important seasonal variations in diet
composition. Indeed, variations in the frequencies of
occurrence of major prey in Cory’s shearwater regurgi-
tations were detected between March and July/
August, notably a decrease from 36.5 to 17.9% in the
importance (by weight) of mesopelagic cephalopods
(Granadeiro et al. 1998). However, a poor knowledge
of mercury concentrations in prey organisms compli-
cates the elucidation of the relationship between the
observed seasonal variations in diet and dietary mer-
cury concentrations. The observed mercury enrich-
ment in March food samples may reflect feeding to a
greater extent upon prey of mesopelagic origin and/or
older fish, both presumed to have enhanced mercury
levels (Monteiro et al. 1996a). Indeed, in March the
period of darkness for foraging, i.e. when diel verti-
cally migratory mesopelagic prey are available at the
surface (Roe & Badcock 1984, Perissinoto & McQuaid
1992), is longer, and towards July/August the abun-
dance of age 0 fish increases for some prey species
(Pinho et al. 1995). Important intra-specific seasonal
dietary shifts have been observed in other procellari-
iforms (e.g. Thompson & Furness 1995, Warham 1996}
and more research on this topic is warranted for the
Cory's shearwater.

Differences in mercury concentrations between the 2
storm petrel forms are mirrored in food, feathers (this
study) and eggs (Monteiro 1996), suggesting a notice-
able variation in the consumption of mesopelagic prey,

which appears to be more important for the cool-sea-
son form. Though full elucidation of this hypothesis is
hampered by the lack of detailed dietary information,
the hypothesis provides new insights into the under-
standing of ecological isolation between these 2 'pre-
sumed-sibling’ species (Monteiro & Furness 1998).

The high mercury levels found in the seabirds
exploiting mesopelagic prey raise questions about the
potential toxicity of mercury to those species, espe-
cially in view of rapidly increasing mercury contami-
nation of the deep sea (Monteiro & Furness 1997).
Exposure levels inferred from mercury concentrations
in the food of adult seabirds obtained in this study
(means up to 432 ppb dw) are well below the maxi-
mum reported avian non-observed-adverse-effect-
level (NOAEL) for external symptoms observed in
adult zebra finches Poephila guttata subjected to a
mercury dietary level of 2.5 ppm dw for 77 d (Scheu-
hammer 1988). Moreover, exposure levels observed in
this study were also below the lowest-observed-
adverse-effect-level (LOAEL) in wild bird populations
(Thompson 1996), with effects consisting of egg-laying
and territorial-fidelity impairment in loons Gavia
Immer at mercury concentrations of 0.3 to 0.4 ppm fw
in their prey (Barr 1986). Birds in general exhibit a rel-
atively low susceptibility to methylmercury toxicity.
This may result from the remarkable selectivity of
methylmercury for the higher and evolutionarily more
recent structures of the brain, such as the cortical
areas. Indeed, vulnerability to methylmercury may not
have been a problem throughout most of evolution, not
until recent times when the brain developed in mam-
mals and especially in primates (Clarkson 1994). More-
over, naturally high exposure of seabirds to mercury in
the food chain may have led to the evolution of detoxi-
fication mechanisms related to the co-accumulation of
selenium in these birds (Muirhead & Furness 1988,
Scheuhammer 1988).

The findings from this study contribute new insights
into the potential of seabirds as monitors for mercury.
First, mercury biomagnification (i.e. increase with
trophic levels) high in the food chains involves primar-
ily bioaccumulation of methylmercury (Riisgdrd &
Hansen 1990, Mason et al. 1995) and, in this respect,
data presented here constitute the first quantitative
field assessment of methylmercury enrichment associ-
ated with trophic transfer between fish/squid and
seabirds. Because virtually all mercury in fish and bird
feathers is methylmercury (>95%; Thompson & Fur-
ness 1989, Bloom 1992), the ratios of average feather:
food total mercury concentrations indicate an average
methylmercury enrichment factor over 150, while typi-
cal enrichment factors observed in field studies with
zooplankton and fish muscle, including top predators,
are of 2 to 10 (Windom et al. 1976, Watras & Bloom
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1992, Monteiro unpubl. data) This emphasises further
the value of seabirds as monitors for mercury and par-
ticularly of bird feathers as monitoring units (cf. Furness
et al. 1986). Second, ecological segregation in seabird
communities has resulted, in many parts of the world,
in feeding specialisation on epipelagic or mesopelagic
organisms, especially among procellariiforms (Prince &
Morgan 1987). This offers a unique opportunity for easy
and inexpensive monitoring of geographical and histor-
ical variations in mercury contamination within and be-
tween these vertical compartments of marine ecosys-
tems (Monteiro & Furness 1997).
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