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ABSTRACT
The goal of this thesis was to examine the relationship between total mercury
concentrations and stable isotopic ratios or carbon and nitrogen in a variety of tissues
from seven breeding seabirds on Machias Seal Island (MSI), New Brunswick in 2005 and
2006.
Trophic level, as indicated by 15N, was weakly correlated with total mercury
concentration in most tissue-species combinations, suggesting other physiological or
ecological factors influence mercury burden. MSI seabirds also had higher mercury levels
than other studies of conspecifics. Northern Krill have higher mercury concentrations,
and MSI seabirds have higher proportions of krill in their diet as compared to other sites.
Of the six species examined, all were classified as ‘income’ breeders, using
exogenous nutrients from the breeding grounds for egg production. Thus, mercury
contamination from eggs collected on MSI represents local mercury acquisition rather
than not long-distance transport.
In a comparison of visual feeding observations to isotope mixing models, the
visual study was more useful in estimating seabird diet because of uncertainty in the
physiological factors affecting isotopic ratios.
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Chapter 1

INTRODUCTION

xv

This thesis is an examination of the mercury burden among seven species of
colonially nesting seabirds on Machias Seal Island, New Brunswick, Canada. To reduce
repetition, a broad introduction is presented here, and each subsequent chapter is meant to
stand independently. The exception is the final discussion, which will summarize and
combine the analyses and ideas presented in the preceding chapters. I carried out
laboratory and field work, wrote the manuscripts, and will be a co-author with A.W.
Diamond, who provided the initial concept of the study and editing to the manuscript, on
all chapters.

1.1 Seabirds as indicators of marine contamination
Seabirds have frequently been used as indicators of marine ecosystem health
through study of their survivorship, provisioning, reproductive success and chick growth
(Cairns 1987, Furness and Camphuysen 1997, Diamond and Devlin 2003). They can also
be used to monitor changes in marine ecosystems (Hobson et al. 1994, Monteiro and
Furness 1995), including levels of environmental contaminants (Kim et al. 1998, Burger
and Gochfeld 2004). Seabirds are long-lived, have varying feeding habits, are accessible
in large numbers, nest colonially, are near the top of marine food webs, and can be
sampled non-destructively which makes them ideal indicators of contamination (Cairns
1987, Monteiro and Furness 1995, Diamond and Devlin 2003, Burger and Gochfeld
2004). Some species also have global distributions, allowing for an assessment of
contaminant burdens over a broad geographical area (Becker et al. 1985, Braune 1987,
Burger and Gochfeld 1997, Thompson et al. 1998b, Monteiro et al. 1999, Nisbet et al.
2002).
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Mercury is a pervasive environmental contaminant that is transported
atmospherically and has no known metabolic function (Muirhead and Furness 1988,
Thompson 1996, Weiner et al. 2003). Mercury levels in some seabird species have been
increasing over the last century (Furness and Camphuysen 1997, Thompson et al. 1998b,
Braune et al. 2001), while many remained unassessed.
While levels of mercury are frequently monitored in seabirds, few studies have
addressed the effects of mercury contamination, i.e., the level at which detrimental effects
occur. The United Nations Environmental Programme recommends less than 0.033 parts
per million (ppm, g g-1) methylmercury (MeHg) in eggs for healthy wildlife (UNEP
2002). An examination of Atlantic Puffin Fratercula arctica kidneys with 5.0 ppm of
mercury (Nicholson and Osborn 1983) revealed severe kidney lesions. In Mallards, Anas
platyrhynchos, 3.0 ppm in their eggs lead to decreased reproductive success (Heinz
1974). Captive Great Egrets, Ardea alba, that were dosed with 0.5 ppm MeHg in their
diets had decreased appetite, ataxia, anaemia, atrophy of the thymus and reduced growth
rates of chicks (Spalding et al. 2000a, Spalding et al. 2000b). Most mercury found in
seabird tissues is methylmercury, the toxic form (Thompson and Furness 1989, Monteiro
and Furness 1995), so I used total mercury concentration as a proxy for methylmercury.
At present it is not known how the levels administered in controlled laboratory studies
relate to levels observed in tissues of individuals in wild populations.
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1.2 Using stable isotopes to infer diet
It is thought that the vast majority of mercury burden accumulated by seabirds is a
result of dietary intake, and is dose-dependent (Thompson et al. 1998a); consequently, an
analysis of diet and mercury concentration in representative prey samples is crucial to
understanding the patterns of mercury burden, and how different species manage that
burden physiologically.
Conventional dietary studies of seabirds, that is, observing prey items delivered
by adults to chicks in the nest, suffer from several limitations. They are restricted to the
brief amount of time the chick is not provisioning itself, which is typically less than 8
weeks in most northern-hemisphere species, and can be as short as 15-20 days
(Huntington et al. 1996, Hatch 2002, Hipfner and Chapdelaine 2002). There is also no
indication whether prey items provided to the chick by the adult are representative of the
adult’s own diet, since adult foraging and ingestion takes place mostly at sea, nor is it
known if any difference in diet occurs between the sexes of the adults. In some cases,
adult diet is known from gut content analysis, which may be biased (Gaston and Hipfner
2000).
Gut content analysis (GCA) has been used to examine diets of adult seabirds, but
this requires the sacrifice of birds, which is impractical when working with threatened
species and does not allow repeated sampling of the same individual over time. GCA is
also biased in that soft-bodied organisms are typically under-represented, as compared to
fishes or squid (Duffy and Jackson 1986). Collecting samples that are either dropped by
incoming adults or regurgitated by chicks when handled may not be representative, and in
the case of regurgitated samples they may be partially digested and difficult to identify.
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The use of stable isotope ratios of carbon and nitrogen to examine diet has
become increasingly popular in recent years, especially those studies involved in
ecotoxicology (Jardine et al. 2006). Stable isotopes are those that do not experience
radioactive decay, and ecologists most frequently use the ratios of 13C/12C (13C) and
15

N/14N (15N).
Nitrogen isotopes can be used to estimate trophic position (DeNiro and Epstein

1981) since the lighter isotope (14N) is excreted preferentially in nitrogenous waste
(Peterson and Fry 1987), and the 15N/14N ratio increases by an average of approximately
3‰ with each increasing trophic level (Minagawa and Wada 1984). Carbon isotope ratios
show a minimal change between consumer and prey (McConnaughey and McRoy 1979,
Rau et al. 1983) such that the ratios of ultimate consumers are similar to those of primary
consumers (Hobson and Welch 1992); therefore it is more frequently used to indicate the
carbon source at the base of the food chain. Inshore/benthic or terrestrial (enriched in 13C)
food webs depend on CO2 as the primary carbon source, while offshore/pelagic (depleted
in 13C) have bicarbonate as the primary carbon source (Hobson 1987, Peterson and Fry
1987, O'Leary 1988, Cherel and Hobson 2007).
Different tissues have different metabolic rates, and therefore different turnover
rates of isotopes. This means that sampling different tissues can show dietary information
over varying time periods. Whole blood has a turnover time of approximately 12 days
(Hobson and Clark 1993, Evans Ogden et al. 2004), while whole eggs reflect the diet of
the previous week if the species is an “income breeder,” using exogenous nutrients for
egg production (Drent and Daan 1980). Feathers reflect the diet at the time they were
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grown, and receive no further input from the body (Hobson and Clark 1992). Selecting
feathers grown on the wintering grounds gives isotopic ratios indicative of winter diet.
Blood and feathers can be sampled non-destructively and the same individual can
be sampled repeatedly over time. Eggs are easily collected and archives of eggs and
feathers can be used to examine historical trends or shifts in diet (Thompson et al. 1995).
By combining an isotopic approach to assessing diet with an examination of mercury
levels in a variety of consumer and prey tissues, a greater understanding of seabird
mercury dynamics can be achieved.

1.3 Focal species
The seabird community on Machias Seal Island (MSI; 44° 30’N, 67° 06’W,
Figure 2.1) includes seven regularly breeding species, the majority of which are
examined here. In selecting focal species, my goal was to represent a variety of foraging
habits and behaviours, which are described below.

1.3.1 Family Alcidae
MSI is home to three breeding members of the family Alcidae (Aves:
Charadriiformes) – Atlantic Puffins, Razorbills Alca torda and Common Murres Uria
aalge. Of these, puffins are the most numerous, estimated at approximately 2800 pairs
(Diamond and Robinson 2000), followed by Razorbills at 550 breeding pairs (Grecian
2005), and approximately 250 Common Murres (Bond et al. 2007).
The alcids are pursuit divers whose diets comprise varying proportions of forage
fish such as Atlantic Herring Clupea harengus, the euphausiid shrimp (Crustacea:
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Euphausiidae), Northern Krill Meganyctiphanes norvegica (Bond et al. 2007). Puffins
and Razorbills are the subjects of intensive, long-term monitoring of diet, survival and
reproduction conducted by the Atlantic Cooperative Wildlife Ecology Research Network
(ACWERN). Puffin eggs have been collected for contaminant analysis by the Canadian
Wildlife Service (CWS) since the late 1960’s and mercury levels are increasing slowly
(Burgess and Braune 2001).

1.3.2. Family Laridae
Arctic Terns Sterna paradisaea and Common Terns S. hirundo breed regularly on
MSI, and have been the subject of previous isotopic (Charette 2005) and mercury studies
(MacIntosh 2004). Terns are smaller than alcids, and are plunge divers that feed mainly
on herring and euphausiids near the ocean surface (Bond et al. 2007). Like puffins and
Razorbills, both terns are subjects of intensive annual monitoring by ACWERN. In 2005,
there were an estimated 2000 pairs of Arctic Terns, and 1000 pairs of Common Terns
(Bond et al. 2006). In 2006, the terns abandoned the colony and did not fledge any young
(Bond et al. 2007).

1.3.3. Family Hydrobatidae
The only breeding member of the family Hydrobatidae (Aves: Procellariiformes)
on MSI is Leach’s Storm-petrel Oceanodroma leucorhoa. Because of their small
numbers and nocturnal habits they have not been examined in depth on MSI, although the
large population on Kent Island, ~20 km away, is very well studied (Huntington et al.
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1996). Two recent surveys revealed between 100 and 150 breeding pairs on MSI
(McFarlane and Benjamin 1998, Diamond, D. 2007).
Dietary analysis of storm-petrels is difficult as chicks are fed a lipid-rich oil by
the parents (Ricklefs et al. 1985), and adults return to burrows to provision young only at
night. Nonetheless, two studies at Atlantic Canadian colonies have examined diet using
GCA and found a combination of myctophid fish and euphausiid shrimp (Linton 1979,
Hedd and Montevecchi 2006).
The Kent Island storm-petrel population has been a focus of the CWS
contaminants monitoring program, and mercury levels were found to be increasing since
the 1960’s, but at a higher rate than in puffins from MSI (Burgess and Braune 2001).

1.3.4. Family Anatidae
The only member of this diverse family (Aves: Anseriformes) breeding on MSI is
the Common Eider, Somateria mollissima. Their abundance has fluctuated over the last
15 years from approximately 50 to 150 pairs (Diamond, A.W. 2007). Eiders feed on
benthic invertebrates, primarily Blue Mussels, Mytilis edulis (Bivalvia: Mytiloida) and
echinoderms. Eider chicks depart the nest within 24-48 hours (Goudie et al. 2000), and
are therefore are not considered in this study.

1.4 Hypotheses
The general hypotheses of this study relate to diet, and the allocation, or internal
distribution, of nutrients and contaminants.
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1.4.1 Diet
The main hypotheses are that mercury is related to trophic position, as indicated
by 15N, and that the amount of mercury present is related to the proportion of prey items
in the consumer’s diet and the mercury concentration in those prey items.
One assumption often made in seabird diet studies is that adult and chick diets are
the same, which has been shown in some studies to be incorrect (Forero and Hobson
2003); I will examine this for two of the seven focal species (Atlantic Puffin and
Razorbill) with detailed chick-provisioning observational data

1.4.2 Nutrient and contaminant allocation
Different species allocate nutrients to their eggs in different ways, typically
described as either income or capital breeding. Income breeders use nutrients acquired on
the breeding grounds for egg formation, while capital breeders use stored endogenous
nutrients (Drent and Daan 1980, Gauthier et al. 2003, Hobson et al. 2004). Nutrient
allocation will have consequences for contaminant burden if contaminants that have been
sequestered after acquisition on the wintering grounds are subsequently mobilized in the
process of egg formation. Sea ducks such as eiders, and some terns are capital breeders,
relying on stored nutrients (Parker and Holm 1990, Hobson et al. 2000); there are no data
for alcids or Leach’s Storm-petrel, although it has been assumed they are also capital
breeders (Meijer and Drent 1999).
By examining tissues derived throughout the annual cycle (feathers on the
wintering grounds, whole blood on the breeding grounds), and comparing egg
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components, an indication of capital/income breeding can be obtained, and implications
for coping with the contaminant burden within individuals examined.

1.5 Overview of Chapters
Chapter 2, Mercury burdens in a seabird community in the Northwest
Atlantic examines the mercury burden in feathers, whole blood, albumen and yolk of
each species, and shows the relationship between mercury burden in the consumers with
their prey items and diet using stable carbon and stable nitrogen isotope ratios in both
adults and chicks. I also discuss the implications of nutrient allocation to egg formation in
the capital/income model spectrum for contaminant transfer to chicks.
A comparison of conventional provisioning observation is presented in Chapter 3,
Comparing adult and chick diet in two alcid species, the Atlantic Puffin Fratercula
arctica and the Razorbill Alca torda, using stable isotopes. Inferences about adult diet
are made in relation to chick diet during the breeding season.
Finally, Chapter 4 provides a general discussion, linking isotope and mercury
levels to nutrient allocation model and diet for the whole seabird community.

1.6 Literature Cited
Becker, P.H., Ternes, W. and Rüssel, H.A. 1985. Schadstoffe in Gelegen von Brutvögeln
de deutschen Nordseeküste. II. Quecksilber. Journal für Ornithologie 126:253262.
Bond, A.L., Black, A.L., McNutt, M.-P.F. and Diamond, A.W. 2006. Machias Seal Island
Progress Report 1995-2005. Atlantic Cooperative Wildlife Ecology Research
Network, Fredericton, NB.

xxiv

Bond, A.L., McNutt, M.-P.F., Clarke, T.C. and Diamond, A.W. 2007. Machias Seal
Island Progress Report 1995-2006. Atlantic Cooperative Wildlife Ecology
Research Network, Fredericton, NB.
Braune, B.M. 1987. Comparison of total mercury levels in relation to diet and molt for
nine species of marine birds. Archives of Environmental Contamination and
Toxicology 16:217-224.
Braune, B.M., Donaldson, G.M. and Hobson, K.A. 2001. Contaminant residues in seabird
eggs from the Canadian Arctic. Part I. Temporal trends 1975-1998.
Environmental Pollution 114:39-54.
Burger, J. and Gochfeld, M. 1997. Risk, mercury levels, and birds: relating adverse
laboratory effects to field biomonitoring. Environmental Research 75:160-172.
Burger, J. and Gochfeld, M. 2004. Metal levels in eggs of Common Terns (Sterna
hirundo) in New Jersey: temporal trends from 1971 to 2002. Environmental
Research 94:336-343.
Burgess, N.M. and Braune, B.M. 2001. Increasing trends in mercury concentrations in
Atlantic and Arctic seabird eggs in Canada. Poster. Canadian Wildlife Service,
Mount Pearl, Newfoundland and Labrador.
Cairns, D.K. 1987. Seabirds as indicators of marine food supplies. Biological
Oceanography 5:261-271.
Charette, M.R. 2005. Variation in the breeding and wintering ground diets of sympatric
nesting Common and Arctic terns. M.Sc. Thesis, Department of Biology, The
University of New Brunswick, Fredericton, NB.
Cherel, Y. and Hobson, K.A. 2007. Geographical variation in carbon stable isotope
signatures of marine predators: a tool to investigate their foraging areas in the
Southern Ocean. Marine Ecology Progress Series 329:281-287.
DeNiro, M.J. and Epstein, S. 1981. Influence of diet on the distribution of nitrogen
isotopes in animals. Geochimica et Cosmochimica Acta 45:341-351.
Diamond, A.W. 2007. Machias Seal Island Tern and Eider Census 2006. In Bond, A.L.,
McNutt, M.-P.F., Clarke, T.C. and Diamond, A.W. (eds.). 2007. Machias Seal
Island Progress Report 1995-2006. Atlantic Cooperative Wildlife Ecology
Research Network, Fredericton, NB.
Diamond, A.W. and Devlin, C.M. 2003. Seabirds as indicators of changes in marine
ecosystems: Ecological monitoring on Machias Seal Island. Environmental
Monitoring and Assessment 88:153-175.

xxv

Diamond, A.W. and Robinson, D. 2000. Counting puffins with a lighthouse. In Bernard,
L.J., Devlin, C.M. and Diamond, A.W. (eds.). 2000. Machias Seal Island Progress
Report 1995-2000. Atlantic Cooperative Wildlife Ecology Research Network,
Fredericton, NB.
Diamond, D. 2007. Report on survey of Leach's Storm-petrels Oceanodroma leucorhoa
nesting on Machias Seal Island, NB in 2006. In Bond, A.L., McNutt, M.-P.F.,
Clarke, T.C. and Diamond, A.W. (eds.). 2007. Machias Seal Island Progress
Report 1995-2006. Atlantic Cooperative Wildlife Ecology Research Network,
Fredericton, NB.
Drent, R. and Daan, S. 1980. The prudent parent: energetic adjustments in avian
breeding. Ardea 68:225-252.
Duffy, D.C. and Jackson, S. 1986. Diet studies of seabirds: a review of methods. Colonial
Waterbirds 9:1-17.
Evans Ogden, L.J., Hobson, K.A. and Lank, D.B. 2004. Blood isotopic ∂13C and 15N)
turnover and diet-tissue fractionation factors in captive Dunlin (Calidris alpina
pacifica). Auk 121:170-177.
Forero, M.G. and Hobson, K.A. 2003. Using stable isotopes of nitrogen and carbon to
study seabird ecology: applications in the Mediterranean seabird community.
Scientia Marina 67:23-32.
Furness, R.W. and Camphuysen, K. 1997. Seabirds as monitors of the marine
environment. Journal of Marine Science 54:726-737.
Gaston, A.J. and Hipfner, J.M. 2000. Thick-billed Murre (Uria lomvia). In Poole, A. and
Gill, F. (eds.). 2000. The Birds of North America, No. 497. The Birds of North
America, Inc., Philadelphia, PA.
Gauthier, G., Bêty, J. and Hobson, K.A. 2003. Are Greater Snow Geese capital breeders?
New evidence from a stable-isotope model. Ecology 84:3250-3264.
Goudie, R.I., Robertson, G.J. and Reed, A. 2000. Common Eider (Somateria mollissima).
In Poole, A. and Gill, F. (eds.). 2000. The Birds of North America, No. 546. The
Birds of North America, Inc., Philadelphia, PA.
Grecian, V.D. 2005. The effect of physical and biological parameters on the breeding
success of Razorbills (Alca torda L. 1758) on Machias Seal Island, NB in 2000
and 2001. M.Sc. Thesis, Department of Biology, University of New Brunswick,
Fredericton, NB.

xxvi

Hatch, J.J. 2002. Arctic Tern (Sterna paradisaea). In Poole, A. and Gill, F. (eds.). 2002.
The Birds of North America, No. 707. The Birds of North America, Inc.,
Philadelphia, PA.
Hedd, A. and Montevecchi, W.A. 2006. Diet and trophic position of Leach's Storm-petrel
Oceanodroma leucorhoa during breeding and moult, inferred from stable isotope
analysis of feathers. Marine Ecology Progress Series 322:291-301.
Heinz, G.H. 1974. Effects of low dietary levels of methylmercury on Mallard
reproduction. Bulletin of Environmental Contamination and Toxicology 11:386392.
Hipfner, J.M. and Chapdelaine, G. 2002. Razorbill (Alca torda). In Poole, A. and Gill, F.
(eds.). 2002. The Birds of North America, No. 635. The Birds of North America,
Inc., Philadelphia, PA.
Hobson, K.A. 1987. Use of stable-carbon isotope analysis to estimate marine and
terrestrial protein content in gull diets. Canadian Journal of Zoology 65:12101213.
Hobson, K.A., Atwell, L., Wassenaar, L.I. and Yerkes, T. 2004. Estimating endogenous
nutrient allocations to reproduction in Redhead Ducks: a dual isotope approach
using D andδ13C measurements of female and egg tissue. Functional Ecology
18:737-745.
Hobson, K.A. and Clark, R.G. 1992. Assessing avian diets using stable isotopes I:
turnover of 13C in tissues. Condor 94:181-188.
Hobson, K.A. and Clark, R.G. 1993. Turnover of 13C in cellular and plasma fractions of
blood: implications for nondestructive sampling in avian dietary studies. Auk
110:638-641.
Hobson, K.A., Piatt, J.F. and Pitocchelli, J. 1994. Using stable isotopes to determine
seabird trophic relationships. Journal of Animal Ecology 63:786-798.
Hobson, K.A., Sirois, J. and Gloutney, M.L. 2000. Tracing nutrient allocation to
reproduction with stable isotopes: a preliminary investigation using colonial
waterbirds of Great Slave Lake. Auk 117:760-774.
Hobson, K.A. and Welch, H.E. 1992. Determination of trophic relationships within a
high Arctic marine food web using 13C and 15N analysis. Marine Ecology
Progress Series 84:9-18.
Huntington, C.E., Butler, R.G. and Mauck, R.A. 1996. Leach's Storm-petrel
(Oceanodroma leucorhoa). In Poole, A. and Gill, F. (eds.). 1996. The Birds of
North America, No. 233. The Birds of North America, Inc., Philadelphia, PA.

xxvii

Jardine, T.D., Kidd, K.A. and Fisk, A.T. 2006. Applications, considerations, and sources
of uncertainty when using stable isotope analysis in ecotoxicology. Environmental
Science and Technology 40:7501-7511.
Kim, E.Y., Goto, R., Tanabe, S., Tanaka, H. and Tatsukawa, R. 1998. Distribution of 14
elements in tissues and organs of oceanic seabirds. Archives of Environmental
Contamination and Toxicology 35:638-645.
Linton, A. 1979. The food and feeding habits of Leach's Storm-petrel (Oceanodroma
leucorhoa) at Pearl Island, Nova Scotia and Middle Lawn Island, Newfoundland.
M.Sc. Thesis, Department of Biology, Dalhousie University, Halifax, NS.
MacIntosh, E.K. 2004. Mercury trends in breeding Arctic Terns (Sterna paradisaea) and
Common Terns (Sterna hirundo) on Machias Seal Island, New Brunswick. B.Sc.
(Hons) Thesis, Department of Biology, University of New Brunswick,
Fredericton, N.B.
McConnaughey, T. and McRoy, C.P. 1979. Food-web structure and the fractionation of
carbon isotopes in the Bering Sea. Marine Biology (Berlin) 53:257-262.
McFarlane, D.M. and Benjamin, N. 1998. Report of Leach's Storm-petrel survey on
Machias Seal Island. Atlantic Cooperative Wildlife Ecology Research Network,
Fredericton, NB.
Meijer, T. and Drent, R. 1999. Re-examination of the capital and income dichotomy in
breeding birds. Ibis 141:399-414.
Minagawa, M. and Wada, E. 1984. Stepwise enrichment of 15N along food chains: further
evidence and the relation between 15N and animal age. Geochimica et
Cosmochimica Acta 48:1135-1140.
Monteiro, L.R. and Furness, R.W. 1995. Seabirds as indicators of mercury in the marine
environment. Water, Air, and Soil Pollution 80:851-870.
Monteiro, L.R., Granadeiro, J.P., Furness, R.W. and Oliveira, P. 1999. Contemporary
patterns of mercury contamination in the Portuguese Atlantic inferred form
mercury concentrations in seabird tissues. Marine Environmental Research
47:137-156.
Muirhead, S.J. and Furness, R.W. 1988. Heavy metal concentrations in the tissues of
seabirds from Gough Island, South Atlantic Ocean. Marine Pollution Bulletin
19:278-283.
Nicholson, J.K. and Osborn, D. 1983. Kidney lesions in pelagic seabirds with high tissue
levels of cadmium and mercury. Journal of Zoology 200:99-118.

xxviii

Nisbet, I.C.T., Montoya, J.P., Burger, J. and Hatch, J.J. 2002. Use of stable isotopes to
investigate individual differences in diets and mercury exposures among Common
Terns Sterna hirundo in breeding and wintering grounds. Marine Ecology
Progress Series 242:267-274.
O'Leary, M.H. 1988. Carbon isotopes in photosynthesis. Bioscience 38:328-336.
Parker, H. and Holm, H. 1990. Patterns of nutrient and energy expenditure in female
Common Eiders nesting in the high Arctic. Auk 107:660-668.
Peterson, B.J. and Fry, B. 1987. Stable isotopes in ecosystem studies. Annual Review of
Ecology and Systematics 18:293-320.
Rau, G.H., Mearns, A.J., Young, D.R., Olson, R.J., Schafer, H.A. and Kaplan, I.R. 1983.
Animal 13C/12C correlates with trophic level in pelagic food webs. Ecology
64:1314-1318.
Ricklefs, R.E., Day, C.H., Huntington, C.E. and Williams, J.B. 1985. Variability in
feeding rate and meal size of Leach's Storm-petrel at Kent Island, New
Brunswick. Journal of Animal Ecology 54:883-898.
Spalding, M.G., Frederick, P.C., McGill, H.C., Bouton, S.N. and McDowell, L.R. 2000a.
Methylmercury accumulation in tissues and its effects on growth and appetite in
captive Great Egrets. Journal of Wildlife Diseases 36:411-422.
Spalding, M.G., Frederick, P.C., McGill, H.C., Bouton, S.N., Richey, L.J., Schumacher,
I.M., Blackmore, C.G.M. and Harrison, J. 2000b. Histologic, nerologic and
immunologic effects of methylmercury in captive Great Egrets. Journal of
Wildlife Diseases 36:423-435.
Thompson, D.R. 1996. Mercury in birds and terrestrial mammals. In Beyer, W.N., Heinz,
G.H. and Redmon-Norwood, A.W. (eds.). 1996. Environmental contaminants in
wildlife: interpreting tissue concentrations. CRC Press, New York.
Thompson, D.R., Bearhop, S., Speakman, J.R. and Furness, R.W. 1998a. Feathers as a
means of monitoring mercury in seabirds: insights from stable isotope analysis.
Environmental Pollution 101:193-200.
Thompson, D.R. and Furness, R.W. 1989. Comparison of the levels of total and organic
mercury in seabird feathers. Marine Pollution Bulletin 20:577-579.
Thompson, D.R., Furness, R.W. and Lewis, S.A. 1995. Diets and long-term changes in
15N and 13C values in Northern Fulmars Fulmarus glacialis from two northeast
Atlantic colonies. Marine Ecology Progress Series 125:3-11.

xxix

Thompson, D.R., Furness, R.W. and Monteiro, L.R. 1998b. Seabirds as biomonitors of
mercury inputs to epipelagic and mesopelagic marine food chains. Science of the
Total Environment 213:299-305.
UNEP. 2002. Global Mercury Assessment. United Nations Environmental Programme Chemicals, Geneva, Switzerland.
Weiner, J.G., Krabbemhoft, D.P., Heinz, G.H. and Scheuhammer, A.M. 2003.
Ecotoxicology of Mercury. In Hoffman, D.J., Rattner, B.A., Burton, G.A., Jr. and
Cairns, J., Jr. (eds.). 2003. Handbook of Ecotoxicology, 2nd Edition. CRC Press,
New York.

Chapter 2

MERCURY BURDENS IN A SEABIRD COMMUNITY IN THE NORTHWEST ATLANTIC

xxx

2.1 Abstract
Mercury is a common focus of toxicological studies involving seabirds; however
most studies focus on one, or few species, and a single tissue, which limits the ability of
researchers to make strong conclusions about mercury acquisition and allocation.
Ultimately, mercury is acquired through diet, so an understanding of diet is essential to
interpreting mercury concentrations. I sampled blood and feathers from Arctic Terns
Sterna paradisaea, Atlantic Puffins Fratercula arctica, Common Eiders Somateria
mollissima, Common Murres Uria aalge, Common Terns S. hirundo, Leach’s Stormpetrels Oceanodroma leucorhoa and Razorbills Alca torda of two age classes (adults and
chicks), and examined mercury burden and stable isotopic ratios. Albumen and yolk from
eggs of each species were similarly analyzed. Leach’s Storm-petrels had the highest
mercury burden, while terns and eiders had the lowest. There was little evidence of
biomagnification, and factors including the duration of the pre-alternate (spring) moult
and higher mercury concentrations in low trophic level prey species contribute more to
the consumers’ burdens. I found that terns, murres, puffins, storm-petrels and Razorbills
were income breeders, using nutrients from the breeding grounds in egg production. This
implies that, for the majority of seabirds on Machias Seal Island, mercury concentrations
in eggs are a result of local contamination rather than that from wintering grounds.
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2.2 Introduction
Mercury is a pervasive environmental contaminant that is transported large
distances in the atmosphere (Furness et al. 1986, Muirhead and Furness 1988, UNEP
2002), and the majority of which is anthropogenic (Nriagu and Pacyna 1988, Nriagu
1989). It has no known metabolic function in vertebrates (Thompson 1996, Weiner et al.
2003), and has been examined in a variety of seabirds (Burger and Gochfeld 1997, 2000,
Braune et al. 2002, Nisbet et al. 2002). There have been very few studies examining the
effects of specific levels of mercury on wild birds (Heinz 1974, Nicholson and Osborn
1983, Spalding et al. 2000). Toxic levels are likely species-specific (UNEP 2002) making
a true assessment of harmful levels in wild populations difficult (Fisk et al. 2005). The
majority of mercury found in seabirds is methylmercury (Thompson and Furness 1989b,
1989a). It is, nevertheless, useful to examine mercury levels in a variety of tissues to
determine how different species allocate their respective mercury burden (Monteiro and
Furness 1995, Otorowski 2006) or to document changes in contaminant levels over time
(Thompson et al. 1992b).
Understanding mercury dynamics requires insight into diet, because most mercury
is accumulated through contaminated prey, and mercury levels in tissues have been
shown to be dose-dependent (Kahle and Becker 1999, Spalding et al. 2000). Most studies
of diet involve gut content analysis or intensive observations of adults provisioning
chicks, both of which have severe limitations. Gut content analysis is often biased
because soft-bodied organisms are digested faster than hard-bodied prey items (Duffy
and Jackson 1986), and it also requires the sacrifice of individuals, which may not be
appropriate, especially for threatened species. Provisioning observations are limited to the
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food adults bring chicks while they are still nest-bound, and thus cover only a small
window of time for one age class. It is also time-consuming, and observations must be
done over multiple sites throughout the breeding season for a representative sample to be
obtained. In addition, food carried by some species may not be visible to observers, or
feeding of young may occur only under cover of darkness (Huntington et al. 1996).
Stable isotope analysis (SIA) has been used extensively to examine seabird diet
(Kelly 2000, Hobson et al. 2002, Hedd and Montevecchi 2006) and typically, both carbon
and nitrogen isotopes are examined simultaneously (Hobson 1987). One advantage of
SIA is non-destructive sampling, only a small amount of tissue (i.e., feathers, blood, hair)
is required for analysis (Hobson and Clark 1992, 1993). This allows for detailed
examination of diets of endangered species (Romanek et al. 2000), or the repeated
sampling of the same individual over time (Hobson and Clark 1993).
The ratio 13C/12C is indicative of the base of the food web – terrestrial or marine
(Hobson 1987). It can also be used to infer a gradient from inshore/benthic to
offshore/pelagic foraging by marine species. Inshore food sources use CO2 as the main
carbon source and are enriched in 13C when compared to offshore sources, which are
dominated by bicarbonate cycling in the carbon pool (Peterson and Fry 1987, O'Leary
1988). The ratio is also affected by lipid content, because lipids are typically depleted in
13

C (DeNiro and Epstein 1977, McConnaughey and McRoy 1979). Tissues with a C:N

ratio > 4.0 should undergo lipid extraction to eliminate the variation due to lipid content
and to compare across species and tissues (McConnaughey and McRoy 1979, Hobson
1995, Sotiropoulos et al. 2004).
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Interpretation of carbon isotopic signatures is confounded by several factors.
While large differences in nitrogen isotope ratios between consumer and prey can be used
to infer trophic level (see below), there is a relatively small increase in 13C with
increasing trophic level on the order of 1 part per thousand (‰) per trophic level (DeNiro
and Epstein 1978, Rau et al. 1983). It has also been shown that the ratio 13C/12C increases
with latitude in the Southern Ocean (Rau et al. 1992, Quillfeldt et al. 2005, Cherel and
Hobson 2007), which acts as the wintering grounds for Arctic Terns. A full
understanding of each species’ foraging biology, in combination with the factors
mentioned above, is required to interpret carbon signatures correctly.
Nitrogen isotopic ratios are indicative of trophic position, since 14N is excreted
preferentially in nitrogenous waste (DeNiro and Epstein 1981, Peterson and Fry 1987),
resulting in an increased 15N/14N of ~3‰ for each increasing trophic level (Minagawa
and Wada 1984, Hobson et al. 1994, Post 2002). Comparing isotopic values across
systems, however, requires knowledge of particulate organic matter isotopic values at the
base of the food web (Post 2002).
To fully understand the diet, and therefore mercury burden, of individuals
throughout the annual cycle, different tissues can be sampled. Isotopic ratios in whole
blood reflect the diet of the previous two to three weeks, while feathers are indicative of
the food consumed when they were grown (Hobson and Clark 1992). Mercury is
accumulated in the body, and most is secreted into the feathers during moult (Braune and
Gaskin 1987b). It is then possible, by selecting feathers grown on the wintering grounds,
to compare diet and mercury from both the breeding and non-breeding seasons.

xxxiv

Eggs have frequently been used to examine contaminant levels in seabirds
(Braune et al. 2002), and have been used by the Canadian Wildlife Service (CWS) since
1968 to monitor contamination in seabirds (Braune et al. 2005). Like feathers, they are
easily collected, and sampling them has little impact on the population if relatively few
are taken. Albumen has a shorter isotopic turnover time than yolk, but both are less than
10 days (Hobson 1995).
It is possible by comparing isotopic values to determine whether the nutrients for
egg production were derived exogenously or endogenously (Hobson et al. 2000, Hobson
2006). Species that use exogenous nutrients are classified as ‘income breeders’, and those
that use endogenous nutrient reserves as ‘capital breeders’ (Drent and Daan 1980). Since
blood isotopic ratios are known to represent integration from 2-3 weeks prior to
sampling, and certain feathers are grown during the winter, we can compare these ratios
to those of eggs and determine whether each species is a capital breeder (values similar to
feathers), an income breeder (values similar to blood), or intermediate.
I sampled seven species with different feeding habits during the breeding seasons
of 2005 and 2006. Common Murres Uria aalge and Razorbills Alca torda are able to dive
deepest for fish (Piatt and Nettleship 1985, Wanless et al. 1988), followed by Atlantic
Puffins Fratercula arctica (Wanless et al. 1988), which also have a higher proportion of
invertebrates in their diet (Falk et al. 1992, Bond et al. 2007). Common Sterna hirundo
and Arctic Terns S. paradisaea feed on shrimp and small fish near the sea surface
(Braune 1987, Hays et al. 1999, Nisbet 2002, Bond et al. 2007); Leach’s Storm-petrels
Oceanodroma leucorhoa are sea surface feeders, taking plankton and small fish (Linton
1979, Hedd and Montevecchi 2006); and Common Eiders Somateria mollissima dive for
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benthic mussels and echinoderms (Goudie et al. 2000). While both tern species forage
similarly during the breeding season, they segregate geographically during the wintering
period (Hays et al. 1997). By sampling all species together, it is possible to compare both
feeding habits and mercury burden within an entire seabird community.
It is also important to establish the isotopic ratios and mercury concentration of
the prey eaten by the consumer to establish a baseline of both diet (Post 2002), and prior
contamination in the food web (Braune and Gaskin 1987a, Bocher et al. 2003). Collection
and analysis of prey items commonly observed in chick provisioning observations results
in a more confident interpretation of consumers’ isotopic ratios, and can provide valuable
insight into acquisition of mercury through diet.
My objectives were: (1) to determine the relationship between stable nitrogen
isotopic ratios, as a proxy for trophic level, and the mercury burden in seven seabird
species at different times in the annual cycle; (2) to determine, using carbon isotope
ratios, the source of nutrients for egg production and to classify each species as using a
capital, income, or intermediate breeding strategy; (3) to examine how mercury is
allocated to different tissues in these species; and (4) to compare our results to historical
mercury levels in the region and contemporary levels at a more global scale from across
each species’ range as appropriate.

2.3 Methods
2.3.1 Study site
Machias Seal Island (hereafter MSI, 44° 30’ N, 67° 06’ W, Figure 2.1) is a 9.5hectare island located in the mouth of the Bay of Fundy, 18 km southwest of Grand
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Manan Island, New Brunswick. Granite boulders form the periphery of the island, while
the central portion has a peat layer with non-woody plants and grasses. The Atlantic
Cooperative Wildlife Ecology Research Network (ACWERN) has conducted long-term
monitoring and research on MSI since 1995 (Diamond and Devlin 2003, Bond et al.
2007).

2.3.2 Sample collection
Eggs were collected as early into incubation as possible and freshness was
determined by flotation (fresh eggs sink in fresh water). Alcids and storm-petrels have a
clutch of one egg, so there are no effects of laying sequence on mercury concentrations.
For terns, clutches of only one egg were collected and for eiders, the longest egg was
assumed to be the first egg (Robertson and Cooke 1993). Eggs were frozen in the field at
-20°C within 30 min. of collection, which does not alter isotopic composition (Gloutney
and Hobson 1998). Common Murres have varying egg colours (green and white), but can
be divided into two main groups based on background colour; five of each were collected
to remove any biases associated with colouration (Ainley and Boekelheide 1990).
The whole egg mercury concentration can be obtained as follows:
HgWhole 

MassAlb  HgAlb   MassYolk  HgYolk 
MassAlb  MassYolk

Equation 1.

where, MassAlb and MassYolk are the mass of separated albumen and yolk
 respectively;

HgAlb or HgYolk represents the mercury concentration in each tissue;
and HgWhole is the whole egg mercury concentration.
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Birds were captured by using nest traps, mist-nets, box traps, or by hand.
Samples of feathers and blood were taken from adults and chicks for most species. Eider
chicks depart the nest very early after hatching (Goudie et al. 2000) and were not
sampled; murre chicks and adult blood were not sampled in 2005 to minimize
disturbance of their newly-established colony on Machias Seal Island (Bond et al. 2006).
Both tern species had poor productivity in both years of this study (Bond et al. 2007) and
sample sizes were small.
Blood samples from adults and chicks were taken via venipuncture from the
brachial vein, stored in sterile glass vials, and frozen at -20°C in the field prior to
analyses. Between 4-8 worn breast feathers were plucked from the same birds and placed
in sterile polythene bags. Body feathers are recommended for clarity because of potential
differences in naming other feathers (Furness et al. 1986) and because they are grown in
the winter (Ainley et al. 1976, Voelker 1997, Gaston and Jones 1998, Nisbet 2002) .
Chicks were sampled as close to fledging age as possible; 15 days for Razorbills
and murres (Ainley et al. 2002, Hipfner and Chapdelaine 2002), 40 days for puffins
(Lowther et al. 2002), 15-20 days for terns (Hatch 2002, Nisbet 2002), and 60 days for
petrels (Huntington et al. 1996). Ages were determined either by regularly monitoring
nests or by measurements of natural wing chord length. Adults were assumed to be
breeding based on either capture at an active nest, or the presence of an incubation patch.
In addition, breast, tail and wing feathers were sampled from Leach’s Stormpetrels that died from collision with buildings on the island. The fifth (R5, grown in late
fall) and sixth retrix (R6, grown in late summer) were removed from the right side of the
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tail, and the second secondary (S2, fall) was taken from the right wing in all cases. These
feathers are grown at different times in the annual cycle (Ainley et al. 1976).
Prey samples were either collected as regurgitated samples when birds were being
handled, or were found dropped in the colony. Samples were collected throughout the
season, weighted to the nearest 0.1 g using an electronic balance and measured to the
nearest 0.1 mm using dial callipers, prior to freezing at -20°C. Only whole specimens
were used for analysis.

2.3.3 Within-individual feather comparisons
To assess the level of intra-individual variation in feather mercury concentrations,
five breast feathers were sampled from 5 individual Leach’s Storm-petrels, Common and
Arctic Terns that were found freshly dead in the colony. All birds died of impact with
structures on the island or by predation and none were visibly emaciated, although
detailed necropsies were not performed.

2.3.4 Stable isotope analysis
Isotope analyses were done at the Stable Isotopes in Nature Laboratory (SINLAB)
at the University of New Brunswick. Frozen blood and egg component samples were
freeze dried for 24-48 hours in a Virtis Benchtop freeze-dryer. Lipids were removed
(Bligh and Dyer 1959) from yolk and prey samples, lipids are depleted in 13C, and
removing them eliminates this bias (Hobson 1995). It is recommended that tissues with
C:N > 4.0 should be lipid-extracted (McConnaughey and McRoy 1979). Approximately 2
mL of a 2:1 chloroform:methanol solution was used to wash the samples until the
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supernatant appeared clear, indicating that the majority of the lipids had been removed
(Bligh and Dyer 1959). Removing lipids has no effect on 15N values in either eggs or
prey items (Ricca et al. 2007). Samples were freeze-dried again for 24 hours.
Dried, powdered, samples were weighed out and approximately 0.2 mg was
placed in a tin capsule, which was crushed and loaded to an autosampler then combusted
in a Carlo Erba NC2500 elemental analyzer. The resultant gases were delivered to a
Finnigan Mat Delta XP mass spectrometer via continuous flow. Throughout analyses,
internal repeats and standards (presented below as mean ± S.D.) were used. Values were
corrected using International Atomic Energy Agency (IAEA) standards CH6 (13C: 10.49 ± 0.21), N1 (15N: 0.25 ± 0.29), and N2 (15N: 20.54 ± 0.17). Internal lab standards
of small-mouth bass muscle (13C: -23.26 ± 0.12; 15N: 12.42 ± 0.12), bovine liver (13C:
-18.71 ± 0.12; 15N: 7.25 ± 0.18), acetanilide (2 batches, 13C: -33.60 ± 0.15, -33.13 ±
0.14; 15N: -3.16 ± 0.19, -1.18 ± 0.19) and nicotinamide (13C: -34.20 ± 0.12; 15N: -1.77
± 0.14) were also used. One standard deviation of sample repeats within runs was <
0.55‰ for both 13C and 15N.
Results are expressed as differences in isotopic ratios expressed in parts per
thousand (‰) as compared to international standards; Pee Dee Belemnite (PDB) for
carbon and atmospheric nitrogen (AIR) for nitrogen, as in Equation 2:
Rsample

X  

 Rstd


11000


Equation 2.

where X is either 15N or 13C and Rsample is the ratio of 15N/14N or 13C/12C


respectively, and Rstd is the ratio present in the international standard.
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2.3.5 Total mercury analysis
Whole feathers were washed prior to analysis using a 0.25M NaOH solution to
remove external contamination (Bearhop et al. 2000, Bearhop et al. 2002). Washing does
not affect mercury levels as the mercury is bound to the disulfide bonds in the keratin
(Appelquist et al. 1984, Furness et al. 1986).
Blood samples were thawed, and 0.5 mL of 0.05% KOH solution was added to
remove clots. The KOH solution does not alter mercury levels when compared to blanks
(A. Bond, unpubl.).
Total mercury was analysed at the University of New Brunswick, Faculty of
Forestry and Environmental Management. Samples were loaded in a nickel boat and
analysed in a Milestone DMA-80 direct mercury analyzer by atomic absorption
spectrometry with a detection limit of 0.2 ng. Internal repeats and dogfish muscle
standard (DORM-2, NRC Canada) were used, in combination with blanks, to calibrate
the results in each run. Recovery of total mercury from DORM-2 was 87 ± 6.33%.
Freeze-dried and powdered egg components, and prey were analyzed by placing
0.02-0.08 g in the boats. Results are expressed as parts per million (ppb) fresh weight for
blood and feathers, and dry weight for egg components. The amount of moisture in egg
tissues can differ from year to year (Arnold et al. 1991), so dry weight concentrations of
mercury likely give greater insight into true burden. That said, dry weight values are
easily converted into wet weight concentrations provided the percent moisture is known.
An “albumen allocation factor” (AAF) can be determined by examining yolk and
albumen separately where:

AAF 



HgAlb
HgWhole

Equation 4.
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and an AAF value of 1 indicates parity between mercury found in albumen and
yolk; AAF values greater than 1 indicate that mercury is “preferentially deposited” in the
albumen.

2.3.6 Statistical analysis
All analyses were conducted in SPSS v.11, and consisted of multivariate or
univariate analysis of variance (MANOVA and ANOVA), using Student-Newman-Keuls
test for multiple comparisons of fixed factors. In all analyses, “year” was treated as a
random factor. All tests were conducted at a significance level of  = 0.05.

2.4 Results
2.4.1 Mercury levels
Feathers
There was no difference between years in total mercury levels of adult feathers
(F1,122 = 0.10, p = 0.77), so data were pooled. Leach’s Storm-petrels had significantly
higher mercury levels than the other species (Figure 2.2). Levels observed in all species,
except for storm-petrels, were below the estimated effect level of 5000 ppb. There was no
significant difference in mercury levels among the various tail, body, or wing feathers
from Leach’s Storm-petrels (F3,20 = 0.78, p = 0.52) implying constant deposition of
mercury throughout the lengthy moult cycle.
The year-by-species interaction was significant in the chick feather mercury
MANOVA, so years were analyzed separately using ANOVA. In both years, there was a
significant difference among species (2005: F4,24 = 4.26, p = 0.01; 2006: F3,34 = 6.58, p <
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0.01), although the large variance within species’ Hg levels in 2005 meant I could not
separate them using a post-hoc test. In 2005, puffins were significantly lower than the
other species (425 ppb), and feathers from Leach’s Storm-petrel chicks had the highest
mercury levels (2380 ppb in 2005) of all chicks examined (Figure 2.3)
There was a high level of intra-individual variation in adult seabird feather
mercury concentrations (Table 2.1). In Arctic Terns and storm-petrels, the coefficient of
variation (SD:mean ratio) was 26% and 22% respectively, while for Common Terns it
was 56%, and in one case, as high as 100%. Some individuals ranged from 250 ppb to
over 1400 ppb depending on the feather that was selected (Table 2.1),

Blood
Adult blood mercury levels differed between years, but not among species, with
levels in 2006 being significantly lower than those observed in 2005 (F1,104 = 33.626, p =
0.003) across all species (Figure 2.4). Blood total mercury levels were consistently lower
than those in feathers.
There was no difference among species or between years in mercury
concentrations in chick blood, and as in adults, levels were lower than those seen in
feathers (Figure 2.5), but chick blood mercury levels are likely confounded as chicks are
growing feathers, and thus eliminating mercury from their body at the time of sampling
(see Discussion).
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Eggs
Levels of mercury in albumen was consistently higher than those in yolk (Figure
2.6), likely due to the large protein content of albumen, or differences in the number of
disulfide bonds between the two tissues. As with feathers, Leach’s Storm-petrels had the
highest levels of mercury in albumen, followed by the three alcid species. There were
also differences between years, with some species’ albumen mercury concentrations
increasing (Arctic Tern, puffin, eider and Razorbill) and some decreasing.
Total mercury concentrations of lipid-free yolk were significantly correlated with
untreated yolk (r = 0.99, p < 0.01), and concentrations were on average 3.15 times higher
in lipid-free yolk; removed lipids probably contain very little or no mercury, although this
was not tested explicitly. Since there were no differences between years, data were
pooled, and Leach’s Storm-petrels again had the highest values, significantly different
from the remaining species (Figure 2.7). The albumen and yolk mercury levels are
consistent with the high mercury observed in Leach’s Storm-petrels from the Bay of
Fundy (Burgess and Braune 2001).
Yolk total mercury values were significantly less than those found in albumen,
likely owing to their lower protein content. Leach’s Storm-petrel eggs contained the most
mercury in the yolk, while terns and eiders contained the least. In some cases, the
difference between yolk and albumen mercury levels was almost 10 times, as in Common
Terns (Albumen mean: 1490 ppb, Yolk mean: 189 ppb). All species had an AAF > 1,
ranging from 1.41 in terns to 1.97 in eiders.

xliv

Whole egg mercury values ranged from 797 ppb (dry weight) in Common Terns
in 2006 to 4201 ppb (dry weight) in Leach’s Storm-petrels sampled in 2005. The same
patterns observed for yolk and albumen were present in reconstituted egg concentrations,
as expected (Table 2.2). When the proportion of mercury allocated to albumen compared
to yolk was examined, there was a significant difference between species (F6,5 = 11.40, p
< 0.01), although post-hoc tests could not detect which species were different. There was
no difference between years in allocation between yolk and albumen.
Species ranks of mercury concentration by tissue in adults reveal that Leach’s
Storm-petrels had either the highest (feathers, albumen, yolk) or second-highest (blood)
concentrations, and that Razorbills had the highest (blood) or second-highest (albumen,
yolk) in three of the four tissues. Terns and Common Eiders were consistently near the
bottom, except for Common Eider yolk mercury concentrations, which was ranked third
(Table 2.3).
Of the common prey species observed, Northern Krill Meganyctiphanes
norvegica had the highest mercury concentrations, and at levels similar for this species in
the Mediterranean (Minganti et al. 1996) with Atlantic Herring Clupea harengus,
Hake/Four-bearded Rockling Urophycis tennuis, Merluccius bilinearis and Enchelyopus
cimbrius (White Hake, Silver Hake and Four-bearded Rockling, indistinguishable in the
field) having lower mercury levels (Figure 2.8). There was no difference between years
in the fish, but euphausiids had significantly higher mercury concentrations in 2006 than
in 2005.

xlv

2.4.2 Stable Isotopes
When 13C values of adult feathers were examined, there was a significant
interaction of species and year, so years were analyzed separately. In 2005, 13C values
were different among species (F6,72 = 58.71, p < 0.01), with Arctic Terns having the most
depleted and Common Terns the most enriched 13C in feathers (Figure 2.9). The same
pattern was observed in 2006 (F6,59 = 327.96, p < 0.01), but the remaining species
grouped together into one group in the post-hoc test.
There was also a significant interaction between year and species for 15N so both
years were analyzed separately. As with 13C, nitrogen signatures differed among species
in both years (2005: F6,72 = 37.00, p < 0.01; 2006: F6,59 = 140.35, p < 0.01) Arctic Terns
also had the lowest 15N values; however, in 2005, most other species clustered together,
while there was greater separation in 2006 (Figure 2.9). These numbers must be
interpreted with caution because feathers were grown in different geographical regions
with different isotopic compositions in their respective food webs. Feather mercury was
significantly correlated with 15N (r = 0.24, p = 0.01) within individuals, but explains
little of the variance (r2 = 0.05).
Square-root-transformed mercury concentrations in adult feathers were strongly
related to the duration of pre-alternate moult, or in the case of Leach’s Storm-petrels,
annual moult (linear regression model, F1,4 = 57.50, p < 0.01, r2 = 0.85; Tables 2.4, 2.5,
Figure 2.14). Mercury levels were transformed to meet assumptions of normality in the
regression analysis. Including mean 15N values in the regression model explained only
an additional 1.5% of the variation. Moult duration and 15N were not correlated (r =
0.128, p = 0.7).
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Stable isotope values of adult blood also showed a significant species by year
interaction, so each year was analyzed individually. In 2005, 13C and 15N values were
different across species (13C: F4,49 = 18.50, p < 0.01; 15N: F4,49 = 138.75, p < 0.01).
Results were similar in 2006 in that both isotopic signatures differed among species
(13C: F6,52 = 14.21, p < 0.01; 15N: F6,52 = 33.15, p < 0.01, Table 2.10). Arctic Tern
blood was again the most depleted in 13C and 15N, but the alcids grouped together more
than in 2005. Blood 15N values were significantly correlated to blood mercury levels (r
= 0.2, p = 0.03), but again, little overall variation is explained (r 2 = 0.04).
There was no difference in 15N signatures of various Leach’s Storm-petrel
feathers, but 13C values were significantly different. Breast feathers were significantly
enriched in 13C as compared to either wing or tail feathers (Table 2.4).
Stable isotope values in chick blood had a significant year by species interaction,
so the years were analyzed separately. In both years, there were significant differences
among species in 13C (2005: F4,30 = 18.36, p < 0.01; 2006: F3,37 = 35.36, p < 0.01) and in
15N (2005: F4,30 = 15.67, p < 0.01; 2006: F3,37 = 4.10, p = 0.01). There is likely no
biological difference in isotopic signatures given their small range (Figure 2.12). Chick
blood mercury was not correlated with the stable nitrogen ratio (r = 0.09, p = 0.58).
Albumen stable isotopic ratios were analyzed by year as well. Both years showed
significant differences among species in carbon (2005: F5,51 = 40.36, p < 0.01; 2006: F6,54
= 15.55, p < 0.01) and nitrogen signatures (2005: F5,51 = 42.22, p < 0.01; 2006: F6,54 =
102.19, p < 0.01). Common Eiders consistently had the highest 13C ratio and the lowest
15N ratio among species, and the remaining species had closer ratios in relation to each
other, so there was some switching between years in post-hoc groupings (Figure 2.13).
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Albumen mercury levels were significantly correlated to 15N (r = 0.51, p < 0.01, Figure
2.14).
Yolk samples were similarly analyzed by year, and isotopic ratios differed among
species in carbon (2005: F5,43 = 36.52, p < 0.01; 2006: F6,45 = 25.95, p < 0.01) and
nitrogen ratios (2005: F5,43 = 55.01, p < 0.01; 2006: F6,45 = 32.55, p < 0.01). Post-hoc
tests revealed that Common Eider yolk had the lowest 15N and was the most enriched in
13

C, and all other species grouping together, although the specific order varied by year

(Figure 2.15). Yolk 15N and mercury levels were also significantly correlated (r = 0.22,
p = 0.03), although little variation is explained (r2 = 0.05).
Prey items showed a significant interaction between year and species and were
separated by year. In 2005, there was no significant difference in 13C signatures (F3,39 =
1.95, p = 0.14), yet there was for 15N (F3,39 = 32.55, p < 0.01). In 2006, both isotopes
were significantly different among species (13C: F3,37 = 12.14, p < 0.01; 15N: F3,37 =
14.19, p < 0.01). The significant effect of year seems to be driven by Northern Krill
(Figure 2.16) which was significantly different between years in 13C only (F1,15 = 37.88,
p < 0.01). Prey mercury levels were unrelated to the nitrogen isotopic ratio (r = 0.23, p =
0.07).

2.5 Discussion
2.5.1 Mercury levels in Machias Seal Island seabirds
Mercury concentrations in tissues from MSI seabirds ranged from less than 200
ppb to 9400 ppb depending on the species and tissue, which was similar to other seabird
studies (references in Tables 2.5 and 2.6). Many large Procellariiformes are at or near the
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top of marine food webs and are relatively long-lived, so high mercury concentrations are
expected because of biomagnification and bioaccumulation (Monteiro et al. 1998, Burger
and Gochfeld 2000). The same can also be said of many alcids and larids, (Gaston and
Jones 1998, Nisbet 2002), yet their mercury levels are in general much lower. Stormpetrels, however, are mostly planktivorous or eat small fishes, which suggests that trophic
level alone is not responsible for high mercury levels in Procellariiform feathers (see
below). There is no relationship between the amount of melanin and mercury in Whitetailed Eagle Haliaeetus albibilla feathers (Neicke et al. 1999), suggesting that feather
colouration alone is not responsible for the differences between storm-petrels, which are
dark, and the other species’ white feathers.
Selecting feathers that are comparable across species and studies presents a
difficult problem. Since mercury is deposited into feathers during moult, understanding
moult sequence or schedule is critical. In addition, global variation in naming and/or
numbering certain feather types can cause confusion. For this reason, Furness et al.
(1986) advocated the use of body feathers.
There was high within-individual variation in feather mercury concentrations.
When only one feather per individual is selected, and sample sizes are small, as with
many contaminant studies, this has the potential to drastically shift the mean
concentration in the sample away from the population mean. Future studies of mercury in
seabird feathers should examine the amount of intra-individual variation to eliminate
sampling biases. Clearly, total mercury varies at the scale of species, feather type,
individual feather, and within feathers (Furness et al. 1986, Dauwe et al. 2003).
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Blood mercury concentrations were much lower than those from feathers. This is
consistent with the idea that blood mercury levels represent the immediate or recent
burden before contaminants are sequestered in internal organs or secreted (Kahle and
Becker 1999) rather than the accumulated excretion of mercury found in feathers.
Only Otorowski (2006) analyzed mercury in separate egg components (from
Herring Larus argentatus and Great Black-backed Gulls L. marinus). As in Otorowski
(2006), I found albumen total mercury levels higher than those in yolk, due to the higher
protein content, and mercury’s affinity for disulfide bonds in protein (Thompson 1996,
UNEP 2002). Leach’s Storm-petrels had the highest mercury levels, which was expected
based on previous analyses on storm-petrels from nearby Kent Island (Burgess pers.
comm.). Razorbills, puffins and murres followed behind storm-petrels in the post-hoc
test. Terns and eiders had the lowest albumen mercury levels. While most mercury was
found to be eliminated during moult in Bonaparte’s Gulls Larus philadelphia (Braune
and Gaskin 1987b), this was during the fall moult, and there was no possibility to
examine eggs laid after this deposition. Since our feather values were from pre-alternate,
or spring moults prior to breeding, the egg values are dependent on the amount of
mercury the laying female was able to deposit in her feathers during moult.
When mercury values were combined for whole eggs, Leach’s Storm-petrels still
had the highest levels in both years, with the majority of other species grouping together
less than 1500 ppb, although in 2006, all three alcids grouped together. Species ranked
the same relative to each other whether whole eggs, yolk or albumen were considered.
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2.5.2 Inferring diet: stable isotope analysis of Machias Seal Island seabirds
Comparing the isotopic ratios of feathers is difficult because of the geographic
separation of the species when the feathers were grown. The winter range of many
seabirds remains largely unknown. Razorbills and murres winter in the North Atlantic,
but are likely coastal (Ainley et al. 2002, Hipfner and Chapdelaine 2002), while puffins
are thought to be more pelagic (Lowther et al. 2002), which is indicated by 13C
(Razorbills and murres more enriched than puffins). Storm-petrels winter in the tropical
Atlantic (Bourne 1959, Huntington et al. 1996), Common Terns off the coast of Brazil
and Argentina (Nisbet 2002) , and Arctic Terns in the Southern Ocean (Hatch 2002). A
direct comparison of isotopic ratios is impossible because there is no information on the
isotopic ratios at the base of these different food webs, which ultimately determine the
isotopic composition of higher consumers. Ratios used here to examine the relationship
between trophic position (15N) and mercury remain valid. Tern feather isotopic values
were not significantly different from those collected from MSI in 2003 (Charette 2005).
In addition, gradients in the Southern Ocean further confound interpretations, as
lower latitude plankton is enriched in 13C and 15N (Rau et al. 1992, Quillfeldt et al. 2005).
In a recent review (Quillfeldt et al. 2005), a regression equation was derived for 13C
signatures of seabird chicks such that:

13C  10.24  0.21 Latitude

Equation 3.

This places the Arctic terns from my study between 62-72°S, within their known

 wintering range (Hatch 2002), but is still a wide area. These problems also prevent any
great insight into the various ratios found in Leach’s Storm-petrel feathers, as they were
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grown over a wide geographic range. Further prey sampling in a coordinated effort would
be required to make inferences about any possible seasonal diet changes.
Blood collected on the breeding grounds removes the issues surrounding
geographic variability in isotopic ratios, and is thus a better comparative tool between
species and years. There were no differences between species in mercury concentrations
in either year, which is not surprising considering that most species from the same colony
exploit the same prey taxa, but in different proportions (Diamond 1983, Bond et al.
2007).
Terns fed consistently at a lower trophic position, as indicated by 15N in both
blood and eggs, when compared to alcids. Although Charette (2005) did not use adult
blood, egg isotopic values were nearly identical. Given the assumption that adult and
chick diet are similar during the breeding period (see Chapter 3), this is what was
expected. Leach’s Storm-petrels are part of a different food web than the terns and alcids.
Their diet in the Bay of Fundy is not known, but likely differs from the herring and krill
diets of alcids and terns. In Newfoundland, they feed mostly on pelagic myctophid fishes
such as Glacier Lanternfish Benthosema glaciale (Hedd and Montevecchi 2006) and are
an example of where similar isotopic ratios in a consumer can be derived from differing
food sources.
With the exception of Common Eiders, all other species’ isotopic signatures were
consistent with a similar prey base, and thus, similar pelagic foraging grounds. It has
been shown that Arctic and Common Terns forage in different areas of the Bay of Fundy
with Common Terns feeding inshore and offshore, and Arctic Terns between these two
areas (Black 2006). Post-hoc tests did distinguish between Arctic and Common Terns in
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both years, with Common Terns having a more enriched 13C signal as compared to
Arctic Terns, which could more inshore feeding grounds.
Razorbills had the more enriched 13C values, which are consistent with those of
young herring schooling inshore (Scott and Scott 1988). This is also supported by the
high 15N values and detailed feeding observations made over the course of this study
which reflect herring as a prey source (Bond et al. 2006, Bond et al. 2007).
Common Eiders had a much more enriched 13C signature. This is consistent
with their known feeding habits as echinoderms and molluscs are benthic organisms
found inshore, although they were not collected and analysed.
Overall, there was no direct evidence of biomagnification of total mercury when
15N is used as a proxy of trophic position. Consumers had higher blood total mercury
levels than prey species, but within the trophic groups (prey and consumers), no such
relationship existed. Within the group of prey species, euphausiids had the lowest 15N
value, yet the highest mercury concentration. This suggests that biomagnification is not
solely responsible for consumers’ mercury burden, although the ultimate mechanism is
unknown.
There were significant differences in chick isotopic ratios between years, 2005
having slightly more negative 13C signatures than 2006 and higher 15N values.
Razorbill blood was the most enriched in 13C and 15N, indicative of their herringdominated diet, corresponding with intensive observation (Bond et al. 2007). Puffins,
similarly, fed on herring during the stable isotope integration period in 2006, but on krill
in 2005. This difference can be attributed to the small amount of krill consumed on a per
mass basis, as opposed to proportions reported in Bond et al. (2007).
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Terns could be sampled only in 2005, but showed a lower trophic level and more
negative 13C signature than the alcids, although Common Terns had a more negative
signature than Arctic Terns.

2.5.3 Relationship between mercury and 15N
Some studies have found a relationship between 15N and mercury in the same
tissue (Jarman et al. 1996, Bearhop et al. 2000, Braune et al. 2005), while others have not
(Thompson et al. 1998, Das et al. 2003). I found that in cases where 15N and total
mercury were correlated, the amount of variation explained was small. This implies that
either 15N is a poor indicator of trophic position at a fine scale (within a class such as
tertiary consumers), that mercury burdens are determined only in part by
biomagnification and in part by other mechanisms, or both.
The duration of pre-alternate (spring) moult was found to explain 85% of the
variation in breast feather mercury concentrations (Table 2.8). Leach’s Storm-petrels
moult once annually, but that moult lasts for most of the year (Ainley et al. 1976, Spear
and Ainley 2007), while alcids and larids have both a pre-basic (fall) and pre-alternate
moult, although either may not be complete. The body feathers we used were all grown
during the pre-alternate moult (Harris and Yule 1977, Cramp 1985, Harris and Wanless
1990, Voelker 1997, Pyle and Howell In press). Most of the large Procellariiformes moult
slowly, and some moult schedules last more than one calendar year (Stewart et al. 1999,
Becker et al. 2002), thus higher mercury levels in feathers are expected. Further studies
of other species with protracted moult periods are required before conclusive statements
about this relationship can be made. The lack of difference I found between individual
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Leach’s Storm-petrel feathers grown throughout the moult cycle suggests this as well,
since mercury is being excreted almost constantly to the feathers for elimination (Braune
and Gaskin 1987b).
Regardless of moult duration, mercury burden is ultimately derived from dietary
intake, and dietary analysis of Leach’s Storm-petrels is difficult because adults provision
young at night, and there are only two studies of adult diet (Linton 1979, Hedd and
Montevecchi 2006), neither of which includes the Bay of Fundy population. Linton’s
(1979) study found high proportions of various euphausiid shrimp and myctophid fish,
while Hedd and Montevecchi (2006) found almost entirely myctophid fish, mainly
Glacier Lanternfish. For Bay of Fundy mercury levels in Leach’s Storm-petrels to be
properly interpreted, their diet must be quantified.
Adult blood mercury levels were lower in 2006, but because of the small size
range in the prey items sampled, I do not have the power to detect bioaccumulation of
mercury in larger fishes. Different retention times for nitrogen and mercury in the blood
stream could also explain this difference. Blood mercury levels were lower than those
observed in feathers, as expected, since they represent local acquisition rather than
accumulated excretion (Kahle and Becker 1999).
Chick blood 15N values were positively correlated to mercury burden, but this is
confounded since mercury in the blood is being shunted to feathers during growth
(Braune and Gaskin 1987b). In general, I found that chick blood is not a reliable indicator
of mercury burden despite its correlation with trophic level. This is due largely to the
constant excretion of mercury to the feathers during development, although chick blood
can be a useful indicator of diet using stable isotopes.
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Isotopic values of krill and fishes were similar to those from Charette (2005), the
exception being Atlantic Herring, which was more enriched in 13C in my study, although
by less than 2‰. Herring is assumed to be the preferred prey species on MSI (Diamond
and Devlin 2003), and occupied the highest trophic position as determined by 15N. The
reason for the decrease in herring 15N in 2006 is unknown. Northern Krill, which had
the lowest trophic position, had the highest mercury concentration in both years,
consistent with levels observed in the Mediterranean population of this species (Minganti
et al. 1996). Given the high proportions of euphausiids in the diet of puffins and terns on
MSI in recent years (Bond et al. 2007), this is worrying, especially when noting that other
seabird colonies in the Gulf of Maine are not seeing high proportions of euphausiids in
seabird diet (Goodale 2005, Hayward and Hall 2006). This could explain the higher
mercury levels observed in MSI seabird eggs as the nutrients for egg production are
derived from the breeding ground (see below). Although I did not find any relationship
between fish length and mercury concentration in muscle, there is a well established trend
in longer fish having higher mercury concentrations (Weiner and Spry 1996); my fish
samples are likely from too small a size range to detect this. Since larger fish tend to have
higher mercury concentrations (Weiner and Spry 1996), seabirds on MSI are exposed to
mercury from two pathways: larger fish in Razorbills and murres, and krill in puffins,
storm-petrels and terns.

2.5.4 Nutrient allocation and implications for contaminant acquisition
The idea of capital and income breeding first presented by Drent and Daan (1980)
has been tested using stable isotopes at a community level before (Hobson et al. 2000),
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but this study used differences in individuals on arrival and during breeding to quantify
the origin of nutrients as being freshwater- or marine-derived. In this study, species were
deemed to be capital breeders if the isotopic ratios of egg components matched those of
feathers using Student-Newman-Keuls post-hoc comparison test, and were classified as
income breeders if the egg values matched those of blood. Of the six species assessed
(Common Eiders excluded), all were categorized as income breeders, with one or both
egg components with the same isotopic ratios as the blood (Figure 2.17).
In general, larger species will have greater reliance on endogenous nutrient
reserves for egg production (Meijer and Drent 1999), but the species’ breeding ecology
must also be taken into account. For example, puffins return to the colony in early to midApril, with peak laying dates in mid-May (Bond et al. 2007), so it is entirely possible that
nutrients mobilised for egg production were acquired by the laying females during this
pre-laying period in the same area, with the same isotopic composition of prey as during
the breeding season, making a true distinction difficult.

2.5.5 Mercury allocation in eggs
Most studies of egg mercury levels examine only whole homogenized eggs, or
composites of multiple eggs (Braune et al. 2005, Burgess pers. comm.), which has the
potential to mask differences in mercury allocation to albumen or yolk, or variation
within individual eggs, making comparisons difficult. The only other study of which I am
aware that examines differences in egg tissues is that of Otorowski (2006) who examined
Herring and Great Black-backed Gulls in the Passamaquoddy region of New Brunswick
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and found the same pattern of higher mercury burden in albumen than yolk as found in
the present study.
When data from Otorowski (2006) are examined to determine the mean albumen
allocation factor, Herring Gulls are 1.61 and Great Black-backed Gulls are 1.52, both in
the range of this study, however this differs between species (Table 2.9). Because
analysis of variance is more robust than a posteriori post-hoc tests, I am unable to
determine which species in this study differ in their allocation of mercury to yolk or
albumen.

2.5.6 Comparison of MSI mercury levels to other studies
A comprehensive list of mercury studies of the species considered here is
presented in Tables 2.5 and 2.6.
Common Terns from MSI had lower mercury levels in breast feathers as
compared to those from the Azores (Monteiro et al. 1998), Massachusetts (Nisbet et al.
2002), and the New York Bight (Burger and Gochfeld 1997). Common Terns from
eastern North America occupy the same wintering grounds (Hays et al. 1999), so either
mercury likely varies across the winter range, or the birds sampled wintered in a different
area.
Common Murres from MSI had feather mercury levels much lower than those
from some parts of Europe (Furness et al. 1995), but similar to others (Thompson et al.
1992a, Stewart et al. 1994) although these birds likely winter in separate waters (Cramp
1985).
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MSI puffins, however, had much lower levels than those reported from many
European colonies (Thompson et al. 1992a), which ranged from 3.0-5.1 ppm, although it
is unlikely that these birds mix with North American populations during the winter
(Cramp 1985). There are no other studies, of which I am aware, that examine feather
mercury levels from North American puffins.
Again, no North American studies of feather mercury exist for Razorbills, but
from European colonies, levels are similar, or only slightly elevated (Thompson et al.
1992a). Given that many of the birds examined in Thompson’s (1992a) study winter in
the North Sea (Cramp 1985), slightly elevated levels were expected. There are no studies
of which I am aware that examine feather mercury levels in Leach’s Storm-petrels or
Arctic Terns, with the exception of MacIntosh (2004), who found XXX in Arctic Tern
flight feathers and XXX in Common Tern flight feathers from MSI (MacIntosh 2004).
Without comprehensive mercury dosing studies to establish sub-lethal and lethal effect
levels, external indicators such physiological condition and breeding success must be
used to determine whether mercury levels in wild birds are of concern. There is concern
that elevated mercury levels on MSI as compared to other seabird colonies in the region
may be having immeasurable sub-lethal effects, but at present there is no indication of
near-lethal levels of mercury on MSI.
Previous studies, and a recent review of the literature (Burger and Gochfeld
1997), have found that egg mercury levels of as little as 500 ppb wet weight resulted in
reduced hatchability and chick growth and increase in chick abnormalities (Heinz 1974).
Common Terns experienced reproductive failure at levels of 3650 ppb wet weight
(Fimreite 1974), and it has been suggested that levels of 2000 ppb wet weight are high
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enough to cause non-lethal effects (Thompson 1996). None of our birds approached
levels this extreme, suggesting they are not currently at risk from their mercury burdens.
Arctic Tern eggs from MSI have slightly elevated mercury levels compared to
those of the next nearest colony at Petit Manan Island, Maine (PMI, 44° 22’N, 67°
52’W), which lies 67 km away. PMI reported 80-140 ppb in fresh eggs as compared to
219 ppb from MSI (Meirzykowski et al. 2001). Levels in Common Terns were similar to
those observed in the Azores (t-test for unequal sample sizes, t11 = 0.65, p = 0.53)
(Monteiro et al. 1999) and the Gulf of Maine (t-test for unequal sample sizes, t15 = 2.05, p
= 0.06) (Meirzykowski et al. 2005), but much lower than those from the North Sea in
Germany (t-test for unequal sample sizes, t15 = 286.35, p < 0.0001) (Becker et al. 1985).
Mercury levels in alcid eggs were consistently higher than those of northern Norway
(Barrett et al. 1996), but that there appears to be a relationship between increasing
latitude and increasing mercury concentration in eggs in the Norwegian study. The reason
for these differences is unknown since other studies did not examine mercury levels in
seabird prey species, and any disagreement or concordance with values from MSI are
likely confounded by temporal differences.
Previous data from puffins on MSI in 1992 (Burgess pers. comm.) was similar to
southern sites in Barrett et al. (1996), (t-test for unequal sample sizes, t6 = 1.94, p = 0.10)
and nearly identical to the northernmost site in east Finnmark (t-test for unequal sample
sizes, t13 = 0.36, p = 0.72) and to a single sample from Petit Manan Island (t-test for
unequal sample sizes, t9 = 0.95, p = 0.37) (Meirzykowski et al. 2005).
Global Common Murre egg mercury values are summarized in Day et al. (2006).
Again, levels from MSI are much higher than those from most of Alaska, (t-test for
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unequal sample sizes, t17 = 10.83, p < 0.01), California (t-test for unequal sample sizes,
t20 = 3.11, p = 0.01) and Norway (t-test for unequal sample sizes, t13 = 5.01, p < 0.01)
(Day et al. 2006). Different subspecies could be driving these differences as well, but
many other factors, such as diet, local contaminant levels, and contaminant levels in prey
items confound this interpretation.
The only data available for Razorbill egg mercury burden come from seven eggs
collected on Matinicus Rock, Maine (43° 47’N, 68° 51’W) in 2005 (Goodale et al.
2006).Values ranged from 98-226 ppb wet weight (Goodale pers. comm.), lower than
values from MSI (t-test for unequal sample sizes, t15 = 4.94, p < 0.001),
Common Eiders in Norway also had lower mercury levels (t-test for unequal
sample sizes, t13 = 3.16, p = 0.008) (Barrett et al. 1996), although this is the mollissima
subspecies (those on MSI are dresseri), so differences in size and diet could account for
this (Goudie et al. 2000). Levels in the Gulf of Maine, however, are lower than those on
MSI (t-test for unequal sample sizes, t12 = 2.37, p = 0.04) (Meirzykowski et al. 2005).
Puffin eggs from MSI have been the subject of long-term mercury monitoring by
the Canadian Wildlife Service since 1968 (Burgess pers. comm.). Data since 1992
suggest that puffin egg mercury levels have remained stable over the last 15 years.
Similarly, Leach’s Storm-petrels from Kent Island have been examined every four years,
and egg mercury levels have remained relatively constant since 1992, but storm-petrel
eggs from MSI have much higher concentrations (t-test for unequal sample sizes, t8 =
3.05, p = 0.02), which suggests either temporal differences and a rapid increase in
mercury levels that may not be detected on Kent Island because of the periodic sampling,
pooling of samples from Kent Island, or differences in diet between the two populations.
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The differences in mercury concentration found on MSI are likely because of the
higher mercury concentration in Northern Krill, a prey item not seen regularly at other
islands in the Gulf of Maine (Goodale 2005, Hayward and Hall 2006). Differences in
analytical methods are unlikely to be an issue, because recovery of our standard and
calibration of each separate run for background levels and for the recovery of the
standard should eliminate this bias.

2.6 Conclusions and Recommendations
There was little evidence that biomagnification within the tertiary consumer
(seabird) trophic level was a large factor in determining mercury burden. Other factors
such as the duration of pre-alternate moult, and higher mercury concentrations in prey
items of lower trophic level contributed much more. When mercury and 15N were
significantly correlated, the amount of variation explained was small (always < 0.3).
Chick blood is not a reliable indicator of mercury burden, and should not be used as such
given the confounding effect of feather growth. Further sampling of affected tissue (i.e.,
brain, liver) is required before a reliable assessment can be made regarding mercury risk
to the MSI seabirds.
All species metabolize nutrients for egg production from the breeding area,
meaning that contaminants found in eggs are the result of local acquisition rather than
carry-over effects from migration or the wintering grounds.
Northern Krill have the highest mercury burden of common prey items, which
could have consequences if the current diet of euphausiids continues, or increases on
MSI. It also explains the higher mercury levels in eggs when compared to other islands in
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the Gulf of Maine, as krill are not as dominant in the diet of seabirds in other colonies in
the region.
Mercury levels in Atlantic Puffin eggs appear to be stable on MSI from 1992present, while those in storm-petrels are higher than those recorded on Kent Island by the
Canadian Wildlife Service.
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Table 2.1. Intra-individual feather mercury concentrations of adult Common Terns,
Arctic Terns and Leach’s Storm-petrels from Machias Seal Island in 2005 and
2006. n = 5 feathers per individual. Results are given as parts per billion on a
fresh weight basis.
Species* Individual Min. Hg Max. Hg. Mean Hg ± SD SD:Mean
(ppb)
(ppb)
(ppb)
ratio
ARTE
1
253.5
721.6
502.8 ± 184.9
0.368
ARTE
2
369.4
810.2
580.1 ± 172.9
0.298
ARTE
3
588.3
1620.0
1081.0 ± 491.2
0.454
ARTE
4
270.3
416.4
328.2 ± 54.2
0.165
ARTE
5
551.5
938.1
728.4 ± 140.7
0.193
COTE
1
581.5
2065.5
1074.5 ± 596.1
0.555
COTE
2
1808.9
9473.9 4190.2 ± 3208.5
0.766
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COTE
COTE
COTE
LHSP
LHSP
LHSP
LHSP
LHSP

3
4
5
1
2
3
4
5

1662.7
236.3
247.2
4898.0
5961.1
3827.5
3490.7
349.9

3441.0
348.4
1402.5
11525.7
10822.5
5866.5
4970.5
462.3

2207.0 ± 703.9
282.2 ± 41.9
502.6 ± 504.2
6614.1 ± 2833.9
7843.5 ± 1805.1
5083.9 ± 781.0
4167.0 ± 688.5
408.7 ± 45.3

0.319
0.149
1.003
0.428
0.230
0.154
0.165
0.111

* ARTE: Arctic Tern, COTE: Common Tern, LHSP: Leach’s Storm-petrel
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Table 2.2. Whole egg mercury concentrations and albumen allocation factors for eggs
collected on Machias Seal Island in 2005 and 2006. AAF is the Albumen Allocation
Factor.

Species* Year

n

ARTE
ARTE
ATPU
ATPU
COEI
COEI
COMU
COTE
COTE
LHSP
LHSP
RAZO
RAZO

8
9
10
9
9
6
10
8
5
8
3
10
10

2005
2006
2005
2006
2005
2006
2006
2005
2006
2005
2006
2005
2006

Whole egg Hg
(ppb dry wt ± S.D.)
1030.4 ± 311.4
1154.6 ± 312.4
1047.7 ± 185.1
1389.6 ± 393.8
723.5 ± 454.2
1242.7 ± 644.1
1574.1 ± 282.8
1016.4 ± 256.1
796.9 ± 253.3
4201.1 ± 1146.6
3222.2 ± 1301.8
1771.2 ± 290.0
2036.5 ± 623.2

Whole egg Hg
(ppb wet wt. ± S.D.)
203.0 ± 48.7
235.5 ± 71.0
228.6 ± 61.0
281.5 ± 78.7
321.6 ± 179.7
420.1 ± 338.8
246.8 ± 61.3
126.1 ± 36.2
115.7 ± 31.5
1070.3 ± 298.9
703.0 ± 496.4
466.1 ± 167.6
455.0 ± 107.5

AAF
(mean ± S.D.)
1.41 ± 0.08
1.55 ± 0.12
1.94 ± 0.24
1.95 ± 0.47
1.91 ± 0.96
1.97 ± 0.85
1.53 ± 0.21
1.46 ± 0.09
1.41 ± 0.16
1.82 ± 0.22
1.86 ± 0.22
1.65 ± 0.42
1.79 ± 0.71

*ARTE: Arctic tern, ATPU: Atlantic Puffin, COEI: Common Eider, COMU: Common
Murre, COTE: Common Tern, LHSP: Leach’s Storm-petrel, RAZO: Razorbill

Table 2.3. Species ranks of mercury concentrations in adult breast feathers, whole blood,
albumen, and lipid-free yolk from Machias Seal Island in 2005 and 2006. Species
abbreviations as in Table 2.2.
Rank
1
2
3
4
5
6
7

Breast feather
LHSP
COTE
ATPU
COMU
RAZO
COEI
ARTE

Whole blood
RAZO
LHSP
COTE
COMU
ATPU
ARTE
COEI
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Albumen Lipid-free yolk
LHSP
LHSP
RAZO
RAZO
ATPU
COEI
COMU
COMU
ARTE
ATPU
COEI
ARTE
COTE
COTE

Table 2.4. Stable isotopic ratios and mercury concentrations of adult Leach’s Stormpetrel feathers collected on Machias Seal Island from 2003-2006.
Feather Type n
13C ± S.D.
Worn Breast 17 -17.31 ± 0.61
Secondary 2
5 -19.27 ± 1.07
Retrix 5
4 -19.17 ± 1.66
Retrix 6
4 -19.80 ± 1.34

15N ± S.D.
14.09 ± 0.53
13.41 ± 0.81
13.03 ± 0.72
13.83 ± 0.17
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Hg (ppb) ± S.D.
7786.9 ± 4500.0
6481.7 ± 4619.2
5432.1 ± 3446.7
4222.4 ± 2592.5

Table 2.5. Summary of feather total mercury levels taken from this study and the
literature for adult seabirds breeding on Machias Seal Island.
Species*
ATPU
ATPU
ATPU
ATPU
ATPU
ATPU
ATPU
ATPU

Year
2005
2006
1986-1991
1986-1991
1986-1991
1986-1991
1986-1991
1986-1991

Site
MSI
MSI
Iceland
Scotland
Scotland
Scotland
NW Norway
NE Norway

[Hg] (ppm) ± SD
1.4 ± 0.7
1.8 ± 1.1
4.8 ± 1.4
5.1 ± 1.5
3.2 ± 2.1
3.7 ± 1.8
3.0 ± 0.7
1.0 ± 0.4

Source
This study
This study
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a

COMU
COMU
COMU
COMU
COMU
COMU
COMU
COMU
COMU

2006
1986-1991
1986-1991
1986-1991
1986-1991
1988
after 1940
after 1940
after 1940

MSI
Iceland
Scotland
Scotland
NE Norway
NW Scotland
German Bight
E. Scotland
Shetland

1.6 ± 0.4
1.6 ± 0.6
3.8 ± 3.2
1.2 ± 0.4
1.2 ± 0.3
2.1 ± 0.8
6.1 ± 4.1
3.8 ± 3.2
1.2 ± 0.4

This study
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a
Stewart et al. 1994
Furness et al. 1995
Furness et al. 1995
Furness et al. 1995

COTE
COTE
COTE
COTE

2005
2006
1993-1995
1992

MSI
MSI
Azores
Bird Is., MA

1.9 ± 0.7
1.5 ± 1.3
2.1 ± 0.5
2.8 ± 2.4

This study
This study
Monteiro et al. 1998
Nisbet et al. 2002

RAZO
RAZO
RAZO
RAZO
RAZO
RAZO
RAZO

2005
2006
1986-1991
1986-1991
1986-1991
1986-1991
1986-1991

MSI
MSI
Iceland
Scotland
Scotland
Scotland
NE Norway

1.0 ± 0.1
1.8 ± 0.6
2.7 ± 1.1
2.1 ± 0.6
2.2 ± 0.8
2.2 ± 0.8
1.7 ± 0.6

This study
This study
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a
Thompson et al. 1992a

*Species abbreviations as Table 2.2.
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Table 2.6. Summary of whole egg mercury levels taken from this study and the literature
for seabirds breeding on Machias Seal Island. Results are given as parts per
million on a wet weight basis unless otherwise indicated.

Species
*
ARTE
ARTE
ARTE

Year

Site

Source

2005
2006
1993

[Hg] (ppm) ±
SD wet wt.
MSI
0.20 ± 0.05
MSI
0.24 ± 0.07
Petit Manan Is., ME 0.10 ± 0.02

ATPU
ATPU
ATPU
ATPU
ATPU
ATPU
ATPU
ATPU
ATPU
ATPU

2005
2006
1992
1996
2000
2004
2004
1993
1993
1993

MSI
MSI
MSI
MSI
MSI
MSI
Petit Manan Is., ME
N. Norway
N. Norway
N. Norway

0.23 ± 0.06
0.28 ± 0.08
0.24 ± 0.02
0.27 ± 0.03
0.22 ± 0.02
0.21 ± 0.02
0.17
0.22 ± 0.01
0.10 ± 0.02
0.06 ± 0.02

This study
This study
Burgess, pers. comm.
Burgess, pers. comm.
Burgess, pers. comm.
Burgess, pers. comm.
Merizykowski et al. 2005
Barrett et al. 1996
Barrett et al. 1996
Barrett et al. 1996

COMU
COMU
COMU
COMU
COMU
COMU

2006
2000
2001
1994
1993
1993

MSI
Bogoslof, AK
St. Lazaria, AK
Farallones, CA
N. Norway
N. Norway

0.25 ± 0.06
0.03 ± 0.01
0.15 ± 0.04
0.17 ± 0.06
0.10 ± 0.04
0.08 ± 0.01

This study
Day et al. 2006
Day et al. 2006
Jarman et al. 1996
Barrett et al. 1996
Barrett et al. 1996

COTE
COTE
COTE
COTE
COTE
COTE
COTE
COTE
COTE
COTE
COTE
COTE

2005
2006
2004
2004
2004
2004
2004
2004
93-95
93-95
93-95
1982

MSI
MSI
Stratton Is., ME
Jenny Is., ME
Pond Is., ME
Metinic Is., ME
E. Egg Rock, ME
Petit Manan Is., ME
Azores
Azores
Azores
North Sea

0.13 ± 0.04
0.12 ± 0.03
0.12 ± 0.02
0.10 ± 0.03
0.15 ± 0.04
0.10 ± 0.05
0.12 ± 0.02
0.10 ± 0.02
1.0 ± 0.2**
1.5 ± 0.5**
1.1 ± 0.5**
3.7

This study
This study
Merizykowski et al. 2005
Merizykowski et al. 2005
Merizykowski et al. 2005
Merizykowski et al. 2005
Merizykowski et al. 2005
Merizykowski et al. 2005
Monteiro et al. 1999
Monteiro et al. 1999
Monteiro et al. 1999
Becker et al. 1985

COEI
COEI
COEI
COEI

2005
2006
2004
2004

MSI
MSI
Metinic Is., ME
Petit Manan Is., ME

0.32 ± 0.18
0.42 ± 0.34
0.10 ± 0.03
0.14 ± 0.04

This study
This study
Merizykowski et al. 2005
Merizykowski et al. 2005
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This study
This study
Merizykowski et al. 2001

Species
*
COEI

Year

Site

Source

N. Norway

[Hg] (ppm) ±
SD wet wt.
0.06 ± 0.02

1993

LHSP
LHSP
LHSP
LHSP
LHSP
LHSP

2005
2006
1992
1996
2000
2004

MSI
MSI
Kent Is., NB
Kent Is.
Kent Is.
Kent Is.

1.07 ± 0.30
0.70 ± 0.50
0.54 ± 0.03
0.58 ± 0.07
0.61 ± 0.05
0.48 ± 0.05

This study
This study
Burgess, pers. comm.
Burgess, pers. comm.
Burgess, pers. comm.
Burgess, pers. comm.

RAZO
RAZO
RAZO
RAZO

2005
2006
2005
1993

MSI
MSI
Matinicus Rk., ME
N. Norway

0.47 ± 0.17
0.45 ± 0.11
0.14 ± 0.05
0.18 ± 0.04

This study
This study
Goodale et al. 2006
Barrett et al. 1996

Barrett et al. 1996

*Species abbreviations as Table 2.2.
**Dry weight

Table 2.7. Pre-alternate moult timing and duration and accompanying sources for
breeding seabirds on Machias Seal Island taken from the literature. Middle of the
month chosen when description was in the format of “January-March.”

Species

Timing

ARTE
ATPU
COTE
COMU
RAZO
LHSP

15 Jan-15 Mar
15 Jan-15 Apr
15 Feb-15 May
15 Feb-15 May
01 Mar-01 Apr
July-Mar

Duration
(days)
~60
~90
~90
~90
~30
274

Source
Voelker 1997
Harris & Yule 1977; Gaston & Jones 1998
Nisbet 2002
Gaston & Jones 1998; Pyle & Howell in press
Harris & Wanless 1990; Gaston & Jones 1998
Ainley et al 1976; Spear & Ainley 2007

*Species abbreviations as in Table 2.2.

Table 2.8. Linear regression of moult duration, 15N and feather mercury concentrations
of adult seabirds from Machias Seal Island in 2005 and 2006.
Model
SSRegression SSError SSExtra Error Explained
Moult Duration
3888
681
85.0%
3959
610
71
86.5%
Moult Duration + 15N
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Figure 2.1. Map of the Gulf of Maine area indicating Machias Seal Island (MSI).

lxxx

Figure 2.2. Total mercury concentrations of breast feathers from adult seabirds from
Machias Seal Island in 2005 and 2006. Solid lines indicate mean, boxes 25-75%
range, whiskers 10-90% range and dots final outliers.
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Figure 2.3. Feather total mercury concentrations of seabird chicks from Machias Seal
Island in A) 2005 and B) 2006. Solid lines indicate mean, boxes 25-75% range,
whiskers 10-90% range and dots final outliers.
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Figure 2.4. Blood total mercury concentrations of adult seabirds from Machias Seal
Island in A) 2005 and B) 2006. Solid lines indicate mean, boxes 25-75% range,
whiskers 10-90% range and dots final outliers.
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Figure 2.5. Blood total mercury concentrations of seabird chicks from Machias Seal
Island in 2005 and 2006. Solid lines indicate mean, boxes 25-75% range,
whiskers 10-90% range and dots final outliers.
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Figure 2.6. Albumen mercury concentrations of seabirds from Machias Seal Island in A)
2005 and B) 2006. Solid lines indicate mean, boxes 25-75% range, whiskers 1090% range and dots final outliers.
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A

B

Figure 2.7. Yolk mercury concentrations of seabirds from Machias Seal Island in A) 2005
and B) 2006. Solid lines indicate mean, boxes 25-75% range, whiskers 10-90%
range and dots final outliers.
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Figure 2.8. Mercury concentrations of seabird prey from Machias Seal Island in 2005 and
2006. Solid lines indicate mean, boxes 25-75% range, whiskers 10-90% range and
dots final outliers.
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A

B

Figure 2.9. Stable isotopic ratios (mean ± S.D.) of adult seabird breast feathers from
Machias Seal Island in A) 2005 and B) 2006.
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Figure 2.10. Linear regression model for duration of pre-alternate moult and square-roottransformed feather mercury concentrations for adult seabirds from Machias Seal
Island. See Table 2.7 for sources of moult duration.
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A

B

Figure 2.11. Stable isotopic ratios (mean ± S.D.) of adult seabird blood from Machias
Seal Island in A) 2005 and B) 2006.
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Figure 2.12. Stable isotopic ratios (mean ± S.D.) of seabird chick blood from Machias
Seal Island in A) 2005 and B) 2006.

xci

Figure 2.13. Stable isotopic ratios (mean ± S.D.) of egg albumen from Machias Seal
Island in A) 2005 and B) 2006.

xcii

Figure 2.14. Biomagnification of total mercury in albumen across all seven seabird
species from Machias Seal Island in 2005 and 2006. r2 = 0.25, p < 0.01.

xciii

Figure 2.15. Stable isotopic ratios (mean ± S.D.) of lipid-free yolk from Machias Seal
Island in A) 2005 and B) 2006.

xciv

Figure 2.16. Stable isotopic ratios (mean ± S.D.) of seabird prey items from Machias Seal
Island in A) 2005 and B) 2006.

xcv

Figure 2.17. Stable isotopic ratios (mean ± S.D.) of seabird tissues by species. A) ARTE,
B) ATPU, C) COMU, D) COTE, E) LHSP, F) RAZO. Circles indicate feathers,
squares indicate blood, triangles indicate albumen and inverted triangles indicate
yolk. Egg components are bounded by ovals.
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Chapter 3

COMPARING ADULT AND CHICK DIET IN TWO ALCID SPECIES, THE ATLANTIC PUFFIN
FRATERCULA ARCTICA AND THE RAZORBILL ALCA TORDA, USING STABLE ISOTOPE ANALYSIS

xcvii

3.1 Abstract
Diet is a critical element in seabird ecology, yet very few studies of adult diet
from the breeding grounds exist for alcids. Stomach content analysis, regurgitated
samples, or excreta have been used to infer seabird diet, but all have biases. This study
combines a visual chick provisioning study with examination of stable isotopic ratios of
carbon and nitrogen from the blood of Atlantic Puffin Fratercula arctica and Razorbill
Alca torda adults and chicks from Machias Seal Island in 2006. Puffins and Razorbills
fed young with the same major prey items: Northern Krill Meganyctiphanes norvegica,
Atlantic Herring Clupea harengus and hake, which includes three similar species
indistinguishable in the field. Herring dominated Razorbill (83.3% by weight), and puffin
diet (70.7% by weight) as determined from daily observations of chick feedings. Stable
isotope analysis found that puffin adults and chicks had diets from similar trophic levels,
but adult blood was more enriched in 13C, perhaps indicative of greater herring
consumption. Razorbill adults and chicks had the same diet as determined by stable
isotope analysis, consisting mainly of herring.
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3.2 Introduction
Understanding diet is central to interpretations of both seabirds’ responses to
environmental change and competition for food resources, both of which often limit the
number and distribution of species (Ashmole 1963, Diamond 1983, Cairns 1987,
Diamond and Devlin 2003). Seabirds spend the majority of their life at sea, coming to
land only to breed, and often assemble in mixed-species colonies (Diamond 1983,
Diamond and Devlin 2003, Gaston 2004), so closely related species may be competing
for the same food resources.
Historically, seabird diet has been assessed using three primary techniques: killing
birds and examining stomach contents; live sampling of birds; and examination of waste
products (Duffy and Jackson 1986). When birds are killed at sea, typically by shooting,
attempts should be made to maximize information from a minimum number of birds.
Killing birds is not desirable for ethical reasons, is often inefficient when they have
empty stomachs, and is out of the question when examining species-at-risk. Seabirds
often regurgitate when handled or caught in a mist-net, providing samples “voluntarily,”
or emetics can be administered; care must be taken to ensure any substances administered
are non-toxic (Carlisle and Holberton 2006, Diamond et al. in press). Finally,
observations can be made of adults carrying food to young, or from pellets or guano, both
of which minimize disturbance (Duffy and Jackson 1986).
All of these methods have substantial biases. Diet estimates are highly biased
because of differences in digestion of soft-bodied prey items (Duffy and Jackson 1986)
and large hard-bodied organisms (González-Solís et al. 1997) and varying retention times
in the gut (Hilton et al. 1998). Thus, species that have high proportions of small
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crustaceans, such as amphipods or euphausiids, or hard squid beaks in their diet are not
amenable to this method of diet study.
The same problems apply to regurgitated samples; while there is a smaller chance
that all items will be completely digested, individuals differ in their willingness to
“volunteer” samples (Duffy and Jackson 1986, authors’ pers. obs.), and there is no
guarantee that the proventriculus has emptied completely. Completely emptying a bird’s
proventriculus can be time consuming and invasive (González-Solís et al. 1997).
Visual observations are not always possible, as some seabirds consume at sea, or
provision young at night. Chick provisioning studies are limited to the brief period of
time when the young are restricted to their nest, and cover only one age class;
assessments of adult diet in seabirds are very difficult to obtain, and consequently sparse
in the literature (Bradstreet 1983, Hedd and Montevecchi 2006).
Ratios of 15N/14N and 13C/12C in avian tissues have been used extensively in
recent years (Kelly 2000), and provide a non-destructive alternative to dietary studies.
Very little tissue, in the order of milligrams, is required for analyses, and individuals can
be resampled (Hobson and Clark 1992, 1993). The nitrogen isotope ratio gives an
indication of trophic level since 14N is preferentially excreted in nitrogenous waste
(DeNiro and Epstein 1981, Peterson and Fry 1987), resulting in an increase of
approximately 3‰ with each trophic level (Minagawa and Wada 1984, Hobson et al.
1994, Vanderklift and Ponsard 2003).
The ratio of 13C/12C gives an indication of the carbon source at the base of the
food web (Peterson and Fry 1987, O'Leary 1988, Hobson and Clark 1992), and can show
differences between inshore/benthic or offshore/pelagic foraging by seabirds (Hobson
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1987, Cherel and Hobson 2007). This ratio is confounded by variable lipid content in
tissues, as lipids are depleted in 13C (DeNiro and Epstein 1977). There is also a slight
trophic increase of ≤ 1‰ at low trophic levels (Rau et al. 1983, Hobson and Welch
1992), and a gradient in the Southern Ocean, with increasing 13C with increasing
latitude (Quillfeldt et al. 2005, Cherel and Hobson 2007). Regardless of the application,
knowledge of the base of the food web, or the prey of the species of interest, is required
(Post 2002).
Samples high in lipid content can have lipids extracted (Bligh and Dyer 1959)
with little effect on the nitrogen ratio (Bearhop et al. 2002, Ricca et al. 2007). Consumers
above the primary consumer level are generally not affected by increases in 13C as a
function of trophic level (Hobson and Welch 1992). Our species of interest are strictly
North Atlantic species, so the effects of the Southern Ocean gradient are not applicable
here. Blood is a suitable tissue for isotopic analysis because it can be sampled nondestructively, and is available from both adults and chicks. When whole blood is
sampled, the isotopic ratios represent the diet of the previous 2-3 weeks (Hobson and
Clark 1992, 1993, Bearhop et al. 2002, Evans Ogden et al. 2004). Blood also has low
lipid content, so extraction is not necessary (Bearhop et al. 2000).
Atlantic Puffins Fratercula arctica and Razorbills Alca torda provision their
young in the nest, and carry food conspicuously perpendicular to the bill (Hipfner and
Chapdelaine 2002, Lowther et al. 2002), allowing for visual observation of chick
provisioning (Diamond and Devlin 2003). Razorbill chicks are provisioned for
approximately 15-18 days (Hipfner and Chapdelaine 2002), and puffin chicks for about 6
weeks (Lowther et al. 2002); while their diets consist of similar species, the proportion of
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each prey item differs with species and year (Diamond and Devlin 2003, Bond et al.
2007). Razorbills are capable of diving deeper than puffins (Piatt and Nettleship 1985,
Burger and Simpson 1986, Wanless et al. 1988), and on Machias Seal Island, their chicks
have a diet with a higher proportion of fish, mainly Atlantic Herring Clupea harengus
and Hake/Four-bearded Rockling Urophycis tennius, Merluccios bilinearis and
Enchelyopus cimbrius (indistinguishable in the field), whereas puffins often consume
higher proportions of crustaceans, mainly Northern Krill Meganyctiphanes norvegica.
Knowledge of adult alcid diet is poor (Bradstreet and Brown 1985) and biased
because of the methods used (Duffy and Jackson 1986). Puffin and Razorbill adults from
the Gannet Islands, Labrador, are thought to feed almost exclusively on fish before and
during chick rearing (Bradstreet 1983), although for reasons discussed above, these
results are likely biased because of the methods used.
Understanding adult diet is important in the context of using seabirds as indicators
of changes in the marine environment (Cairns 1987, Furness and Camphuysen 1997). My
objective is to use stable isotopes to determine whether the diet of chicks, previously
known, is similar to that of adults, which is unknown at the breeding grounds.

3.3 Methods
3.3.1 Study site
Machias Seal Island (hereafter MSI, 44° 30’ N, 67° 06’ W; Figure 3.1) is a 9.5hectare island located in the mouth of the Bay of Fundy, 18 km southwest of Grand
Manan Island, New Brunswick. Granite boulders form the periphery of the island, while
the central portion has a peat layer with non-woody plants and grasses. The Atlantic
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Cooperative Wildlife Ecology Research Network (ACWERN) has conducted long-term
monitoring and research on MSI since 1995 (Diamond and Devlin 2003, Bond et al.
2007).

3.3.2 Chick provisioning
Throughout the 2006 breeding season, detailed observational provisioning studies
were conducted on both puffins and Razorbills, although only data from 24 June to 08
July are used for Razorbills, and from 15 July to 08 August for puffins. Differences in the
timing of observations are because blood was sampled from older chicks to eliminate any
possible confounding carry-over effects from egg nutrients, and Razorbills have an earlier
breeding phenology than puffins (Diamond and Devlin 2003). These times represent the
2-3 week periods over which stable isotopes can provide information on diet (Hobson
and Clark 1992, 1993, Evans Ogden et al. 2004). Observers in fixed blinds (three sites
per species) watched adult deliveries to nest-bound chicks and recorded the prey species
to the lowest possible taxonomic level, the number of each prey species, and the length of
the prey as compared to the adult bird’s exposed culmen (from the tip of the upper
mandible to the base of the feathers). Observers were rotated through species and sites.
Only prey items identified to the species groups are included here.

3.3.3 Sample collection
Blood samples were obtained through venipuncture of the brachial vein using a
sterile needle and capillary tubes. Samples were placed in sterile glass vials and frozen at
-20° C in the field and during transportation.
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Prey items dropped in the colony by returning adults, or from samples
regurgitated during routine handling, were collected. Samples were identified, weighed
and measured fresh prior to freezing at -20° C.

3.3.4 Stable isotope analysis
Isotope analyses were done at the Stable Isotopes in Nature Laboratory (SINLAB)
at the University of New Brunswick. Frozen blood and whole prey samples were freezedried for 24-48 hours in a Virtis Benchtop freeze-dryer (Kaehler and Pakhomov 2001).
Prey samples were ground to a powder using a mortar and pestle, and muscle was
sampled from the fish for isotopic analysis to decrease variability (Pinnegar and Polunin
1999, Becker et al. 2007). Lipids were removed, as lipids are depleted in 13C, and
removing them eliminates this bias (Hobson 1995, Bearhop et al. 2002). Approximately 2
mL of a 2:1 chloroform:methanol was used to wash the samples until the supernatant
appeared clear, indicating that the majority of the lipids had been removed (Bligh and
Dyer 1959). Removing lipids has no effect on 15N values in prey items (Bearhop et al.
2002, Ricca et al. 2007). Samples were freeze-dried again for 24 hours.
Dried, powdered, blood and fish muscle were weighed out, and approximately 0.2
mg was placed in a tin capsule, which was crushed and then combusted in a Carlo Erba
NC2500 elemental analyzer. The resultant gases were delivered to a Finnigan Mat Delta
XP mass spectrometer via continuous flow. Throughout analyses, internal repeats and
standards were used. Values were corrected using International Atomic Energy Agency
(IAEA) standards CH6 (13C: -10.49 ± 0.21), N1 (15N: 0.25 ± 0.29), and N2 (15N:
20.54 ± 0.17). Internal lab standards of small-mouth bass muscle (13C: -23.26 ± 0.12;
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15N: 12.42 ± 0.12), bovine liver (13C: -18.71 ± 0.12; 15N: 7.25 ± 0.18), acetanilide (2
batches, 13C: -33.60 ± 0.15, -33.13 ± 0.14; 15N: -3.16 ± 0.19, -1.18 ± 0.19) and
nicotinamide (13C: -34.20 ± 0.12; 15N: -1.77 ± 0.14) were also used. Sample repeats
within runs had standard deviations less than 0.55‰ for both isotope ratios.
Results are expressed as differences in isotopic ratios expressed in parts per
thousand (‰) as compared to international standards; Pee Dee Belemnite (PDB) for
carbon and atmospheric nitrogen (AIR) for nitrogen, as in equations 1:
Rsample

X  

 Rstd


11000


Equation 1.

where X is either 15N or 13C and Rsample is the ratio of 15N/14N or 13C/12C


respectively, and Rstd is the ratio present in the international standard.

3.4 Results
3.4.1 Chick provisioning
There were no significant differences in observed diet between the three
observation sites for Razorbills (22 = 0.51, n.s.) or puffins (22 = 0.61, n.s.), so data
were pooled for each species. For puffins, 33 observation stints totalling 85.6 hours were
conducted, including 17 in the morning and 16 in the afternoon and times of observation
ranged from 08:20 to 17:45. A total of 1547 prey items representing nine species were
recorded, of which 1427, or 92.2%, were identified (Table 3.1). By mass (estimated from
mass of individual collected specimens), herring represented 70.7%, hake/rockling 12.2%
and krill 11.4%. Unidentified prey items consisted mainly of “herring/hake.”
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Because of the shorter time Razorbills spend in their nest relative to puffins, only
19 observation stints were conducted totalling 51.3 hours. Of these, 9 were in the
morning and 10 in the afternoon with times ranging from 08:15 a.m. to 17:30 p.m. A total
of 504 prey items representing eight species were recorded, and 463, or 91.9%, were
identified (Table 3.1). By mass, Atlantic Herring comprised 83.3%, while only 6.8%
were hake and < 0.01% were krill, totalling 89.2% of all identified prey items.

3.4.2. Stable isotope analysis
Isotopic ratios did not differ between species in 15N (F1,33 = 0.15, P = 0.903), but
did in 13C (F1,33 = 7.247, p = 0.011; Figure 3.2); puffin blood was more depleted in 13C
than Razorbill blood. Similarly, there was no difference between ages in 15N (F1,33 =
0.974, p = 0.311), but the ages were different in 13C (F1,33 = 8.903, p = 0.005) as adults
had blood more enriched than chicks.
Prey carbon-isotope values ranged from -19.11 in herring to -20.17 in krill, and
nitrogen ratios from 8.29 in krill to 10.08 in hake/rockling. All prey species were of
similar carbon isotopic composition, while krill were of a significantly lower trophic
level than the fishes (Table 3.2).
When consumers were analysed separately, there was a difference between puffin
adults and chicks in 13C (F1,17 = 8.478, p = 0.010), but not in 15N (F1,17 = 1.468, p =
0.242). Chick tissues were more depleted in the heavier isotopes ( 13C and 15N) than adults
(Table 3.3). Conversely, Razorbill adults and chicks had the same diet as shown by stable
isotopes (13C: F1,18 = 1.800, p = 0.198; 15N: F1,18 = 0.005, p = 0.945; Table 3.3).
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3.5 Discussion
Understanding adult diet is critical in seabird ecology, conservation and
management, yet to date, few studies have examined this in a reliable way. Stable isotope
analysis has been promoted as a reliable and non-destructive way to examine diet, but it
has not been tested in comparison to traditional observational methods.
Puffin and Razorbill chick diets differed significantly in the proportion of major
prey items brought to chicks, but also between years (Bond et al. 2007). That there were
no differences in 15N is reflective of the similar trophic level shared by the two.
It is hypothesized that krill are a poor quality prey item for puffins, and result in
decreased growth rates, and consequently, nutritional stress in puffin chicks (Øyan and
Anker-Nilssen 1996), which could result in an artificially enriched 15N signature
(Hobson et al. 1993) and would explain the higher 15N values observed. However, given
that fledging masses of puffins were typical in 2006 (Bond et al. 2007) and that mass
growth is of lower priority than head and wing growth when limited resources are
allocated to growth (Øyan and Anker-Nilssen 1996), it is possible that the stress was
sufficiently acute to affect blood 15N, but was not manifested in growth measurements.
Krill also accounted for little of the observed mass ingested by puffins. It should also be
noted that early in the season, puffins fed almost exclusively on krill, but switched to
herring mid-way through the sampling period, on 27 July (Bond et al. 2007); it is possible
that the length of time adopted to reflect the isotopic ratios was incorrect, and should in
fact be shorter because of increased metabolism in chicks as compared to adults, resulting
in a much smaller proportion of krill over the period examined. This difference could be
due to increased metabolic activity associated with rapid chick growth, meaning faster
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turnover rates or varying fractionation factors between source and consumer than those
reported for adults.
Razorbills have been able consistently to find herring with which to provision
their young in 11 of the 12 years of study on MSI (Bond et al. 2007). This has been
attributed to their ability to dive deeper, although present estimates from North America
are from birds caught in fishing gear (Piatt and Nettleship 1985), and could be biased.
Regardless of the reason, the similarities between adult and chick diet suggest that
monitoring chick diet annually could act as reliable indicator of changes in prey
(specifically herring) availability. Adults will often choose to provision their young with
prey of higher quality, or from higher trophic levels (Hobson 1993, Forero et al. 2005,
Hedd and Montevecchi 2006), suggesting that any changes in prey availability would be
first evident in adults. In light of decreasing quantities of herring (DFO 2005), and
decreasing herring in seabird diet on MSI since 1995 (Minich 2007), Razorbill blood
stable isotopic ratios could be an additional management tool in assessing seabird use of
pre-commercial herring stocks in the Bay of Fundy. It is important to note, however, that
a set of isotopic values does not have a unique solution in prey composition; it is possible
that Razorbill adults and chicks have diets differing in either species composition or
proportion, but similar in isotopic composition.

3.6 Conclusions
Puffin adults and chicks seem to forage for species from similar trophic levels, but
they have differing carbon isotope ratios suggesting differences in chick- and selfforaging by adults. Razorbills appear to forage for similar prey, irrespective of its
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ultimate consumer (self or chick). Caution is urged when interpreting stable isotope
results given the effect of physiological processes such as metabolic rate or stress level.
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Table 3.1. Proportion of prey items in observed diets of Atlantic Puffin and Razorbill
chicks from Machias Seal Island. Puffin data from 15 July – 08 August 2006,
Razorbill data from 24 June – 08 July 2006.

Atlantic Puffin
Razorbill
Prey Species
% by number % by mass % by number % by mass
Atlantic Herring
20.3
70.7
70.8
83.3
Hake/Four-bearded Rockling*
10.3
12.2
18.1
6.8
Northern Krill
65.0
11.4
0.2
< 0.1
Total / Total identified
1547 / 1427
504 / 463
* White and Silver Hake, and Four-bearded Rockling; indistinguishable in the field.

Table 3.2. Means, standard deviations, sample sizes and post hoc comparisons of stable
isotope signatures of common seabird prey items from Machias Seal Island in
2006.

Species
Hake
Herring
Northern Krill

n
4
20
19

13C ± S.D.
-20.17 ± 0.42
-19.11 ± 0.60
-19.41 ± 0.37

Group†
a
a
a

†Student-Newman-Keuls multiple comparison test
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15N ± S.D.
10.08 ± 0.63
10.07 ± 0.29
8.29 ± 0.71

Group†
a
a
b

Table 3.3. Means, standard deviations and sample sizes of stable isotope signatures of
blood samples from Atlantic Puffins and Razorbills from Machias Seal Island in
2006.
Species & age class
n
13C ± S.D.
Atlantic Puffin, adult 7 -18.84 ± 0.13
Atlantic Puffin, chick 10 -19.41 ± 0.58
Razorbill, adult
8 -18.61 ± 0.18
Razorbill, chick
10 -18.89 ± 0.56
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15N ± S.D.
13.79 ± 0.45
12.83 ± 0.40
13.06 ± 0.24
13.08 ± 0.55

Figure 3.1. Map indicating the position of Machias Seal Island (MSI) in the Gulf of
Maine.
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Figure 3.2. Isotopic ratios of whole blood from adult and chick Atlantic Puffins and
Razorbills from Machias Seal Island in 2006.

Chapter 4

GENERAL DISCUSSION
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4.1 General discussion and recommendations
Despite their widespread use as indicators of marine contamination, seabirds can
provide only relative indices of this contamination, and very little is known about
thresholds or the effects of specific contaminant levels. Effect levels are species-specific
(Heinz 1974); to date, only one study (Nicholson and Osborn 1983) has been conducted
on seabirds, and examined only internal tissues while most field studies sample feathers
or eggs. Studies of the effects of specific contaminant levels are challenging biologically
and ethically, but essential to the interpretation of the abundant seabird mercury
literature.
Tissues that can be sampled non-destructively are more desirable from a
conservation standpoint than internal organs. As such, many studies of seabird
contamination have focused on feathers (Furness et al. 1986, Thompson et al. 1998,
Burger and Gochfeld 2000) and eggs (Braune et al. 2002, Burger and Gochfeld 2004,
Day et al. 2006), yet few have used blood as a bioindicator of mercury in the marine
environment (Kahle and Becker 1999, Bearhop et al. 2000, Wayland et al. 2000). In
adults, blood gives an indication of recent mercury acquisition, but when chick blood is
sampled, mercury levels are confounded by the continuing growth of feathers, the main
excretory pathway for mercury (Braune and Gaskin 1987b) and carry-over effects from
the egg. Since feather growth is not complete at the time chicks fledge or leave the
colony, I recommend that chick blood not be used as an indicator of mercury
contamination.
As mentioned, many studies make use of eggs as a convenient sampling tool for
seabird mercury levels; the Canadian Wildlife Service has done so since the 1960’s.
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While originally the cost of analyses was likely quite great, samples can now be analysed
for total mercury for much less. Analytical cost was the main reasoning for pooling
samples, which, given the large amounts of variability between eggs of the same species,
provides much less information, results in decreased sample sizes and thus decreased
power to detect changes over time. Results should also be given on a dry weight basis
since the amount of moisture in eggs is not consistent over years (Arnold et al. 1991),
which could pose problems with interpretation of long-term results.
I found large differences in mercury concentrations between yolk and albumen,
with albumen having much more mercury than yolk. Yolk fuels chick development, but
water is acquired from the albumen so it is possible that, despite higher mercury
concentrations in albumen, less is incorporated into the growing chick. Albumen has a
much higher protein content than yolk and mercury binds with disulfide bonds found in
the amino acids methionine and cysteine, so higher concentrations in albumen are
expected.
Of more ecological interest is how various species allocate their mercury burden,
i.e. mercury budget (Braune and Gaskin 1987a). Since whole homogenized eggs are
typically analysed, separate albumen and yolk mercury concentrations are not reported. I
found that the allocation of mercury to albumen varied between years and species,
suggesting this could be a physiological mechanism to deal with varying local mercury
accumulation.
I also found that some species’ eggs from Machias Seal Island had higher
mercury levels than those reported for the same species elsewhere (Barrett et al. 1996,
Meirzykowski et al. 2005, Day et al. 2006, Goodale et al. 2006). The diets of the seabirds
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that were the focus of these previous studies are different from those on Machias Seal,
where Northern Krill seem to be more abundant (Bond et al. 2007) as compared to other
sites (Hall et al. 2000, Barrett 2002). Given that we found krill to have the highest
mercury concentration of the common prey items on MSI, higher egg mercury
concentrations are not surprising. This suggests that MSI seabirds face elevated mercury
levels from two main sources: in the case of Razorbills and Common Murres, large fishes
have higher mercury concentrations than smaller fishes consumed by storm-petrels and
terns (Weiner and Spry 1996) and krill, a common prey species in Atlantic Puffins, terns,
and likely storm-petrels. Further sampling of prey items from other areas should be done
to assess contaminant levels in seabird prey.
With two years’ data, it is readily apparent that constant acquisition and frequent
excretion of mercury in seabird tissues results in high annual variation. I found that blood
mercury levels in 2006 were lower than those in 2005, although I can find no explanation
for this since common prey items did not decrease correspondingly in mercury
concentration between years. Differences in physiological allocation of contaminant
burden are likely the cause of this variation.
Similarly, there is large variation in feather mercury concentrations within
individuals, between individuals from the same site, and between sites. Multiple repeats
from the same individual can help in the interpretation of future studies.
It has been shown in other studies that since mercury bioaccumulates (increases in
concentration with increasing trophic position) and is biomagnified (increases in
concentration with age within individuals) that individuals at higher trophic levels will
have greater mercury concentrations, but this can not be applied to many of the tissues
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examined in this study. Correlations between mercury and 15N were either weak or
explained very little of the overall variation. Factors such as the duration of pre-alternate
moult or assimilation of different prey items likely contribute to consumers’ overall
mercury burden more than trophic level within the consumers. Knowledge of moult
duration, especially in seabirds, is sparse, or in some cases, non-existent, making
generalisations difficult.
For feather mercury concentrations to be interpreted properly, characteristics of
the wintering range are required. At present, this information is either vague or unknown
for many seabirds, including Leach’s Storm-petrels, Atlantic Puffins and Common
Murres. Recent advances in telemetry technology, such as satellite transmitters or dataloggers, are beginning to answer some of the questions surrounding winter distribution.
Contaminant studies suffer from the large drawback of not knowing the source of
contaminants in the most frequently sampled tissues, feathers and eggs. As mentioned
above, knowledge of moult is required to interpret feather mercury concentrations, but
similarly, the origins of nutrients for egg production are required to infer the origin of
contaminants in eggs. I found that all species considered were income breeders, having
similar isotopic signatures between one or both egg components and blood. I can
therefore conclude that mercury burden found in the eggs is of local origin for Arctic and
Common Terns, Atlantic Puffins, Razorbills, Common Murres and Leach’s Stormpetrels.
The ultimate key to understanding and interpreting mercury contamination studies
is, however, knowledge of diet during the period in question, as it is the main source of
mercury in consumers. The use of stable isotopes provides a convenient mechanism to
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compare diets quantitatively across species and years, but this interpretation is contingent
on an understanding of the isotopic composition of the food web (Post 2002). This is
difficult for seabirds during the winter at sea, and in many cases also at the breeding
grounds where young may be provisioned in such a way that direct observation is not
possible (e.g. sublingual pouch, nocturnal activity). Erroneous interpretations of isotopic
data are easily made when all factors are not considered. Discrinmination factors, or the
amount of enrichment between a source and the tissue of interest in the consumer, and
turn-over rates in the tissues, are species-specific (Cherel et al. 2005, Becker et al. 2007),
and while further captive studies are increasing the number of species examined, better
use could be made of many of these studies. Recently, Becker et al. (2007) reported
isotopic fractionation factors for Common Murres on a capelin diet, but for feathers only.
Sampling blood to determine fractionation and turn-over rates would have been an
equally valuable piece of information, and it could be argued that these could apply to
other large alcids as well.
Nutritional state also influences isotopic ratios (Hobson et al. 1993), and taking
regular growth measurements of chicks throughout the season to quantify this is critical
when using stable isotopes to examine chick diet.
Until there is greater knowledge of the factors affecting stable isotopic ratios in
the tissues of wild seabirds, this technique should be used with caution, or only in cases
where other more proven techniques, such as visual observation, are not possible.
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Appendix I: Seabird morphometrics & egg measurements
Table I.1. The following morphometrics were taken from adult seabirds on Machias Seal
Island in 2005 and 2006. Mass was taken to the nearest 5g for Atlantic Puffins,
Razorbills and Murres, to the nearest 2g for Common and Arctic and to the
nearest 1g for Leach’s Storm-petrels using a spring balance. Wing chord was
taken as natural unflattened wing chord measured as the distance from the end of
the wrist to the tip of the longest primary feather, and was measured to the nearest
millimetre using a stopped ruler. Head measurements were taken with dial
callipers to the nearest 0.1 mm. Gape (Razorbills only) is defined as the distance
from the tip of the bill to the commissure. Culmen is the distance from the base of
the feathers to the tip of the bill along the upper mandible. Bill depth is the depth
taken at the gonys or, in the case of puffins, at the widest point near the base.
Head+Bill is defined as the distance from the tip of the bill to the back of the
skull. Note that not all measurements were taken on all species. Sample sizes are
indicated in parentheses.
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-

22.8 ± 1.1 (21)

34.1 ± 1.8 (21)

53.6 ± 2.7 (13)

201 ± 5 (21)

667 ± 47 (21)

RAZO

-

15.1 ± 1.9 (5)

-

155 ± 4 (17)

46 ± 4 (17)

LHSP

76.7 ± 3.2 (27)
7.2 ± 0.6 (27)
-

-

267 ± 6 (27)

116 ± 7 (27)

COTE

112.3 ± 5.2 (18)
14.7 ± 2.4 (18)

43.0 ± 2.3 (19)

202 ± 7 (18)

880 ± 51 (18)

COMU

-

97.7 ± 4.2 (21)

41.0 ± 0.7 (5)

80.0 ± 2.8 (19)

35.4 ± 1.7 (19)

47.2 ± 2.5 (19)

163 ± 4 (19)

414 ± 33 (18)

ATPU

71.5 ± 2.9 (32)
6.6 ± 0.4 (32)

-

-

269 ± 9 (34)

105 ± 7 (34)

ARTE

Head+Bill
(mm) ± S.D.

Culmen
(mm) ± S.D.

Bill Depth
(mm) ± S.D.

Gape
(mm) ± S.D.

Wing Chord
(mm) ± S.D.

Mass
(g) ± S.D.

Species

Table I.2. Mean egg measurements (± S.D.) from Machias Seal Island in 2006. Length
and breadth measured to the nearest 0.1 mm using dial callipers and fresh mass to
the nearest 0.1 g using an electronic balance.

Species
ARTE
ATPU
COEI
COMU
COTE
LHSP
RAZO

n Length (mm) Breadth (mm) Fresh mass (g)
10
41.7 ± 2.0
29.3 ± 0.9
18.3 ± 3.0
10
63.5 ± 2.5
43.7 ± 1.4
10
78.9 ± 2.2
52.2 ± 1.0
115.7 ± 5.9
10
84.6 ± 3.3
50.0 ± 3.5
114.1 ± 6.4
8
42.6 ± 1.6
30.3 ± 0.4
20.3 ± 1.0
10
32.4 ± 1.1
23.4 ± 0.5
9.7 ± 0.8
10
75.7 ± 2.8
48.0 ± 1.3
85.3 ± 8.9
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Appendix II: Total mercury concentrations of tissues sampled on Machias Seal
Island in 2005 and 2006.
Table II.1. Means, standard deviations, sample sizes and post hoc comparisons of adult
feather total mercury levels from Machias Seal Island in 2005 and 2006. Results
are given as parts per billion on a fresh weight basis (ppb fw).

Species*
ARTE
ATPU
COEI
COMU
COTE
LHSP
RAZO

Feather Hg ± S.D. (ppb fw)
2005
2006
957 ± 337
725 ± 338
1362 ± 727
1813 ± 1126
902
1601 ± 1455
1645 ± 424
1931 ± 692
1501 ± 1314
9402 ± 3463
5632 ± 2438
1037 ± 133
1841 ± 644

n**
8, 19
8, 7
1, 2
0, 8
16, 4
6, 5
11, 8

Group†
a
a
a
a
a
b
a

*ARTE: Arctic Tern, ATPU: Atlantic Puffin, COEI: Common Eider, COMU: Common
Murre, COTE: Common Tern, LHSP: Leach’s Storm-petrel, RAZO: Razorbill
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test of pooled year data.

Table II.2. Means, standard deviations, sample sizes and post hoc comparisons of chick
feather mercury levels from Machias Seal Island in 2005 and 2006. Results are
given as parts per billion on a fresh weight basis.

Species*
ATPU
COMU
LHSP
RAZO

n**
7, 9
0, 8
10, 8
6, 10

Feather Hg ± S.D. (ppb fw)
2005
2006
425 ± 72
498 ± 213
1236 ± 357
2380 ± 1577
1120 ± 654
1414 ± 732
1653 ± 811

*Species abbreviations as Table II.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test of pooled year data.
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Group†
a
b
b
b

Table II.3. Means, standard deviations, sample sizes and post hoc comparisons of adult
blood mercury levels from Machias Seal Island in 2005 and 2006. Results are
given as parts per billion on a fresh weight basis.

Species*
ARTE
ATPU
COEI
COMU
COTE
LHSP
RAZO

n**
8, 19
8, 7
1, 2
0, 8
16, 4
6, 5
11, 8

Blood Hg ± S.D. (ppb ww)
2005
2006
317 ± 274
139 ± 62
324 ± 488
184 ± 44
26
68 ± 17
233 ± 47
462 ± 443
112 ± 72
525 ± 768
279 ± 151
639 ± 593
321 ± 93

Group†
a
a
a
a
a
a
a

*Species abbreviations as Table II.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test of pooled year data.

Table II.4. Means, standard deviations, sample sizes and post hoc comparisons of chick
blood mercury levels from Machias Seal Island in 2005 and 2006. Results are
given as parts per billion on a fresh weight basis.

Species*
ATPU
COMU
LHSP
RAZO

n**
7, 9
0, 8
10, 8
6, 10

Blood Hg ± S.D. (ppb ww)
2005
2006
42 ± 34
78 ± 135
109 ± 162
40 ± 57
12 ± 7
70 ± 39
156 ± 203

*Species abbreviations as Table II.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test of pooled year data.
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Group†
a
a
a
a

Table II.5. Means, standard deviations, sample sizes and post hoc comparisons of egg
mercury levels from Machias Seal Island in 2005 and 2006. Results are given as
parts per billion on a dry weight basis.

Species*
ARTE
ATPU
COEI
COMU
COTE
LHSP
RAZO

Tissue
Albumen
Yolk
Albumen
Yolk
Albumen
Yolk
Albumen
Yolk
Albumen
Yolk
Albumen
Yolk
Albumen
Yolk

n**
10, 10
8, 9
10, 10
10, 9
10, 8
9, 6
0, 10
0, 10
8, 5
6, 6
9, 8
8, 3
10, 10
10, 10

Egg Hg ± S.D. (ppb dw)
2005
2006
1393 ± 431
1671 ± 472
206 ± 38
222 ± 92
2039 ± 484
2553 ± 662
268 ± 293
182 ± 56
1388 ± 1064
1652 ± 1104
268 ± 146
320 ± 357
2385 ± 444
343 ± 372
1490 ± 336
1147 ± 439
189 ± 73
131 ± 36
7413 ± 1679
5860 ± 2029
1076 ± 354
640 ± 764
2899 ± 775
3292 ± 567
399 ± 156
357 ± 98

Group†
a
r
b
r
a
r
b
r
a
r
d
s
c
r

*Species abbreviations as Table II.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test of pooled year data (Albumen: a-d,
Yolk: r-s).

Table II.6. Means, standard deviations, sample sizes and post hoc comparisons of
mercury levels of common seabird prey items collected on Machias Seal Island in
2005 and 2006. Results are given as parts per billion dry weight.

Species
n**
Northern Krill 10, 2
Hake
18, 14
Herring
4, 12
Larval Fish
2, 1

Hg ± S.D. (ppb dw)
2005
2006
Group†
36 ± 11 60 ± 16
a
23 ± 16 14 ± 12
b
25 ± 15 21 ± 10
b
14 ± 5
13
b

**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test for pooled year data.
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Appendix III. Stable isotopic ratios of seabird and prey tissues from Machias Seal
Island in 2005 and 2006.

Table III.1. Means, standard deviations, sample sizes and post hoc comparisons of stable
isotope signatures of adult seabird feathers from Machias Seal Island in 2005 and
2006.

Species* n**
ARTE
16, 22
ATPU

10, 7

COEI

3, 2

COMU

8, 8

COTE

20, 10

LHSP

9, 8

RAZO

13, 9

13C ± S.D.
2005
2006
-23.38 ±
-25.34 ±
2.57
0.99
-18.42 ±
-17.55 ±
0.34
0.46
-16.42 ±
-16.80 ±
0.92
1.58
-16.84 ±
-17.18 ±
0.55
0.51
-15.43 ±
-14.89 ±
0.89
0.57
-17.36 ±
-17.27 ±
0.78
0.39
-17.13 ±
-16.88 ±
0.34
0.74

Group†
a
r
b
s
c
s
bcd
s
d
t
bc
s
bcd
s

15N ± S.D.
2005
2006
9.30 ±
8.48 ±
1.49
0.65
13.75 ±
13.78 ±
0.61
0.45
12.17 ±
11.66 ±
0.62
0.14
15.55 ±
15.34 ±
0.45
0.96
15.13 ±
13.21 ±
2.29
1.12
13.82 ±
14.39 ±
0.42
0.49
14.48 ±
14.79 ±
0.37
0.90

*Species abbreviations as Table II.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test (2005: a-d, 2006: r-v)
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Group†
a
r
bc
tu
b
s
c
v
c
t
bc
uv
c
uv

Table III.2. Means, standard deviations, sample sizes and post hoc comparisons of stable
isotope signatures of adult seabird blood from Machias Seal Island in 2005 and
2006.

Species*
ARTE
ATPU
COEI
COMU
COTE
LHSP
RAZO

n**
9
15
10
9
0
2
0
8
16
7
7
9
12
9

13C ± S.D.
2005
2006
-20.26 ±
-19.79 ±
0.32
0.39
-20.02 ±
-18.84 ±
0.25
0.13
-17.58 ±
0.71
-19.08 ±
0.40
-19.75 ±
-19.12 ±
0.35
0.31
-19.52 ±
-19.41 ±
0.43
0.68
-19.09 ±
-18.69 ±
0.35
0.29

Group†
a
r
ab
st
u
st
bc
st
c
rs
d
t

15N ± S.D.
2005
2006
10.94 ±
10.70 ±
0.21
0.29
13.00 ±
13.25 ±
0.39
1.01
10.87 ±
1.05
13.57 ±
0.28
11.24 ±
11.62 ±
0.38
1.06
12.92 ±
13.17 ±
0.38
0.54
12.31 ±
12.34 ±
0.37
1.31

*Species abbreviations as Table II.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test (2005: a-d, 2006: r-t)
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Group†
a
r
b
t
r
t
a
s
b
t
c
t

Table III.3. Means, standard deviations, sample sizes and post hoc comparisons of stable
isotope signatures of seabird chick blood from Machias Seal Island in 2005 and
2006.

Species*
ARTE
ATPU
COMU
COTE
LHSP
RAZO

n**
6
0
8
10
0
11
2
0
10
10
9
10

13C ± S.D.
2005
2006
-20.33 ±
0.79
-20.15 ±
-19.42 ±
0.14
0.58
-19.14 ±
0.31
-20.97 ±
0.53
-20.77 ±
-20.77 ±
0.32
0.28
-20.19 ±
-18.89 ±
0.70
0.85

Group†
b
b
s
st
a
ab
r
c
t

15N ± S.D.
2005
2006
12.20 ±
0.39
13.00 ±
12.83 ±
0.15
0.40
13.33 ±
0.22
11.94 ±
0.35
12.48 ±
12.41 ±
0.48
0.55
13.54 ±
13.08 ±
0.66
0.57

*Species abbreviations the Table. II.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test (2005: a-c, 2006: r-t)
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Group†
a
b
rs
s
a
a
r
c
s

Table III.4. Means, standard deviations, sample sizes and post hoc comparisons of stable
isotope signatures of albumen from seabird eggs collected on Machias Seal Island
in 2005 and 2006.

Species*
ARTE
ATPU
COEI
COMU
COTE
LHSP
RAZO

n**
10
10
10
9
10
8
0
10
8
6
9
8
10
10

13C ± S.D.
2005
2006
-20.37 ±
-19.43 ±
0.50
0.45
-19.25 ±
-18.88 ±
0.20
0.35
-17.20 ±
-17.52 ±
0.57
0.39
-18.92 ±
0.26
-19.62 ±
-18.96 ±
0.49
0.45
-18.83 ±
-19.62 ±
0.72
1.04
-19.21 ±
-18.86 ±
0.44
0.14

Group†
a
rs
bc
st
d
u
st
b
st
c
r
bc
t

15N ± S.D.
2005
2006
10.81 ±
10.54 ±
0.22
0.22
11.94 ±
12.32 ±
0.32
0.34
10.05 ±
9.09 ±
0.67
0.29
12.56 ±
0.28
11.69 ±
11.17 ±
0.78
0.69
12.78 ±
12.32 ±
0.55
0.50
12.55 ±
12.05 ±
0.30
0.23

*Species abbreviations as Table II.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test (2005: a-d, 2006: r-v)
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Group†
b
s
c
uv
a
r
v
c
t
d
uv
d
u

Table III.5. Means, standard deviations, sample sizes and post hoc comparisons of stable
isotope signatures of yolk from seabird eggs collected on Machias Seal Island in
2005 and 2006.

Species*
ARTE
ATPU
COEI
COMU
COTE
LHSP
RAZO

n**
8
10
8
8
9
7
9
6
5
8
3
10
10

13C ± S.D.
2005
2006
-19.72 ±
-19.04 ±
0.47
0.32
-19.03 ±
-18.53 ±
0.11
0.22
-16.92 ±
-17.18 ±
0.33
0.52
-18.48 ±
0.35
-19.42 ±
-18.58 ±
0.46
0.33
-18.52 ±
-18.00 ±
0.71
0.30
-18.88 ±
-18.14 ±
0.54
0.13

Group†
a
r
bc
s
d
u
s
ab
s
c
t
bc
st

15N ± S.D.
2005
2006
12.04 ±
12.40 ±
0.32
0.62
12.62 ±
13.29 ±
0.32
0.55
10.71 ±
10.49 ±
0.53
0.41
13.54 ±
0.65
12.41 ±
12.53 ±
0.65
0.63
13.33 ±
13.50 ±
0.52
0.36
13.84 ±
12.76 ±
0.31
0.16

Group†
b
s
c
t
a
r
t
bc
s
d
t
e
t

*Species abbreviations as Table I.1.
**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test (2005: a-e, 2006: r-t)

Table III.6. Means, standard deviations, sample sizes and post hoc comparisons of stable
isotope signatures of common seabird prey items from Machias Seal Island in
2005 and 2006.

Species
Hake
Herring
Larval fish
Northern
Krill

n**
14
4
20
19
5
15
5
3

13C ± S.D.
2005
2006
-20.12 ±
-20.17 ±
0.71
0.42
-19.93 ±
19.11 ±
1.41
0.60
-20.43 ±
-19.47 ±
0.94
0.45
-20.67 ±
-19.41 ±
0.35
0.37

Group†
a
r
a
s
a
s
a
s

15N ± S.D.
2005
2006
10.38 ±
10.08 ±
0.78
0.63
10.34 ±
10.07
0.36
± 0.29
9.86 ±
10.04 ±
0.64
0.34
8.36 ±
8.29 ±
0.56
0.71

**Sample sizes for 2005 and 2006.
†Student-Newman-Keuls multiple comparison test (2005: a-c, 2006: r-s)
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