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Marine mammals of the North Sea are loaded with metal pollutants. The environmental exposure 
induces concentrations bioavailable to immune cells high enough to affect their function. Such 
an imbalance of the immune system caused by pollutants may play a significant role in the 
incidence of infectious diseases in marine mammals. Metals influence the function of 
immunocompetent cells by a variety of mechanisms. Depending on the particular metal, its 
speciation, concentration and bioavailability, and a number of other factors, a continuous metal 
exposure will result in an immunosuppression or immunoenhancement effects. Both effects were 
demonstrated on the cellular level in animals of the North Sea. This article reviews metal 
concentrations in the North and Baltic Seas particularly in tissues of marine mammals, discusses 
pollutants effects on health and immune functions, and underlines the still existing problem of 
animals living in polluted coastal areas. 
 

The harbor (or common) seal, Phoca vitulina, the grey seal, 
Halichoerus grypus and the harbor porpoise, Phocoena phocoena are the most 
prominent domestic marine mammals in the Wadden Sea. Beside these species 
several other marine mammals occur in the Wadden Sea and adjacent North 
Sea as stragglers or regular visitors such as harp seal, Phoca groenlandica, 
hooded seal, Cystophora cristata, ringed seal, Phoca hispida, bearded seal, 
Erignathus barbatus, walrus, Odobenus rosmarus, various species of dolphins 
as well as large cetaceans, e.g. the minke whale, Balaenoptera acutorostrata, 
and sperm whale, Physeter macrocephalus. Seals living in the coastal area are 
strongly influenced by anthropogenic activities such as fishery, off-shore 
activities, habitat destruction and environmental pollution. 

Since 1978 The Netherlands, Germany and Denmark have been 
working together on the protection and conservation of the Wadden Sea, which 
results in the development of the “Trilateral Monitoring and Assessment 
Program” (TMAP). Within this agreement the seal population is supposed to 
serve as a bioindicator for the Wadden Sea ecosystem. Seals are considered as 
indicators for medium and long-term changes in the ecosystem due to their 
widespread distribution over the coastal areas, their high trophic level, which 
results in a bioaccumulation and biomagnification of chemicals in their tissues, 
their long-life span and relatively late maturity including a low reproduction 
rate. All these factors serve to qualify harbor seals as biomarkers of chemical 
exposure in the Wadden Sea. 

In addition, the “Seal Agreement” has been adopted, which establishes 
terms of research and monitoring including the monitoring of pollution and 
investigations on the effects of substances e.g. organochlorine compounds, 
metals and oil on the seal population. These terms have been specified in the 
“Seal Management Plan for the Wadden Sea Seal Population” which utilizes 
parameters such as reproduction, mortality and health status to assess the seal 
population and includes e.g. immunological, physiological, toxicological, 
pathohistological and microbiological research. 
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The growth of the harbor seal population in the Wadden Sea was 
interrupted by a phocine distemper virus epizootic in 1988 and 2002. In this 
context, the influence of pollutants on the immune system has been repeatedly 
discussed.  
 

Metals in the North and Baltic Seas 
 
 In the past, the North Sea ecosystem was highly loaded with both 
organic and metal pollutants introduced by various anthropogenic activities 
within the coastal zones. Until the middle of the eighties the yearly input of 
metal pollution caused by rivers, direct discharge, dumping at sea, atmospheric 
input and combustion at sea was around 340 tonnes Cd, 75 t Hg, 11.000 t Pb, 
5.000 t Cr and 2.150 t Ni (Rachor & Rühl, 1990). A review on the pollution 
situation in the North Sea has been published by Kersten et al., 1988. Table 1 
gives an overview of selected references dealing with environmental research 
on metals in the North and Baltic Sea.  

Current studies have shown a diminishing trend in the input of 
pollutants into the ecosystem. The BLMP monitoring program (Bund-Länder-
Messprogramm) confirmed this general tendency for metal pollutants, however 
it is necessary to consider this conclusion more detailed. The concentrations of 
Hg, Cd, Pb and Zn in water and sediment for example are still elevated 
compared to the “Background Reference Concentrations” which the 
Convention for the Protection of the Marine Environment of the North-East 
Atlantic (OSPAR) derived for the “Greater North Sea” (Schmolke et al., 2005). 
 The Quality Status Report of the TMAP concluded that major 
reductions in the input and the concentrations of metals in the Wadden Sea 
occurred mainly in the late 1980s until the early 1990s and continued 
moderately until 2002. However, local and metal specific elevated 
concentrations compared to the proposed background values were still 
frequently investigated (Bakker, van den Heuvel-Greve, & Vethaak, 2005). 
 

Metal body burdens in the mammals of the North and Baltic Seas 
 
 Contaminants found in various marine mammal species in the North 
and Baltic Seas include organochlorine pollutants (Bruhn, Kannan, Petrick, 
Schulz-Bull, & Duinker, 1999; Hall et al., 1999; Holsbeek et al., 1999; 
Kleivane, Skaare, Bjorge, Deruiter, & Reijnders, 1995; Sormo, Skaare, Jussi, 
Jussi, & Jenssen, 2003; Troisi et al., 2000), polybrominated diphenyl ethers 
(Kalantzi, Hall, Thomas, & Jones, 2005; Law, Allchin, Bennett, Morris, & 
Rogan, 2002), perfluorinated sulfonates (Kannan et al., 2002; Van de Vijver et 
al., 2004) and metals (Table 2).  
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Table 1 
Selected studies on metal concentrations in the environment of the North and Baltic Seas. 
Object of investigation Element Location Reference 
Fish Cd, Cu, Hg, Pb, Zn  Baltic Sea Perttilä et al., 1982a 
Fish Cd, Cu, Hg, Pb, Zn Baltic Sea  Perttilä et al., 1982b 
Fish As North Sea Falconer et al., 1983 
Water (surface water) Al, Cd, Co, Cu, Mn, Ni North Sea Kremling & Hydes, 1988 
Sediments As, Cd, Cu, Hg, Pb, Zn North Sea Chapman, 1992 
Fish, Shrimp, Mussel Hg, Se North Sea, Belgium Guns & Vyncke, 1992 
Fish, Mussel, Sediments Ni Baltic Sea Gdansk Bay Skwarzec et al., 1994 
Sediments Ag, Al, Ca, Cd, Co, Cr, Cs, Cu, Fe, K, Li, Mg, Mn, 

Na, Ni, P, Pb, Rb, Sr, Zn 
Baltic Sea Gdansk Bay Szefer et al., 1996 

Birds Cd, Cu, Hg, Se, Zn North Sea, German Bight Wenzel et al., 1996 
Fish, Birds, Sediments Organo-Sn Polish Coast Baltic Sea Kannan & Falandysz, 1997 
Water (dissolved fraction, particulate matter) Cd, Co, Cu, Fe, Mn, Ni, Pb, Zn Southern North Sea Millward et al., 1998 
Fish Hg, Cu North Sea Broeg et al., 1999 
Sediment Cd, Cu, Pb, Zn North Sea, Dutch coastal zone Laane et al., 1999 
Birds Cd, Cr, Cu, Fe, Ni, Pb, Zn North Sea, Belgian coast Debacker et al., 2000 
Water Co, Cu, Fe, Zn Baltic Sea, Skagerrak Croot et al., 2002 
Sediment, Suspended particulate matter Al, Fe, K, Mn, Pb North Sea, German Bight Hinrichs et al., 2002 
Water (coastal water, dissolved) Co, Cu Western North Sea Achterberg et al., 2003 
Sediments Ba, Cd, Cr, Cu, Hg, Ni, Pb, V, Zn North and Baltic Sea Breuer et al., 2004 
Asteroids, Sediments Cd, Cu, Pb, Zn North Sea, Southern Bight Danis et al., 2004 
Water (dissolved fraction, particulate matter, surface & deeper 
water) 

Cd, Cu, Hg, Pb, Zn Western and Central Baltic Sea Dippner & Pohl, 2004 

Fish Cd, Cu, Mn, Pb North Sea, Southern Bight Henry et al., 2004 
Asteroids Cd, Cu, Pb, Zn North Sea, Southern Bight Danis et al., 2006
Mussel Cd, Cu, Ni, Pb, Zn German Wadden Sea Jung et al., 2006 
Air, Precipitation Hg North Sea Area Wängberg et al., 2007 
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Table 2 
Summary of studies on metal concentrations in tissues of marine mammals of the North and Baltic Seas. 
Species Organ Element Location Reference 
Phocoena phocoena, Lagenorhynchus albirostris B, L, M Cu, Hg, Pb, Zn Denmark Andersen & Rebsdorff, 1976 
Phoca vitulina Br, K, L Cd, Cu, Hg, Pb, Zn German Wadden Sea Drescher et al., 1977 
Phocoena phocoena, Phoca vitulina, Phoca hispida, Halichoerus 
grypus, Hyperoodon ampullatus, Delphinapterus leucas 

K, L, M Cd, Cu, Hg, Pb, Zn North and Baltic Coasts, 
Germany 

Harms et al., 1978 

Phoca vitulina B, Br, He, 
K, L, Pl, 
Sp 

Cd, Cr, Cu, Fe, Mn, Pb, Zn Dutch Wadden Sea Duinker et al., 1979 

Phoca vitulina Br, K, L Br, Hg, Se Wadden Sea Reijnders et al., 1980 
Phocoena phocoena Br, K, L,  Cd, Cu, Hg, Pb, Zn Scotland Falconer et al., 1983 
Phocoena phocoena, Tursiops truncates, Halichoerus grypus, 
Stenella coeruleoalba 

B, L, M Cd, Cr, Cu, Hg, Ni, Pb, Zn Irish Sea Morris et al., 1989 

Phoca vitulina L As, Cd, Cu, Hg, Se, Zn Norwegian Skaare et al., 1990 
Phoca vitulina, Halichoerus grypus, Tursiops truncates, 
Lagenorhynchus albirostris, Lagenorhynchus acutus, Delphinus 
delphis, Stenella coeruleoalba 

L Cd, Cr, Cu, Hg, Ni, Pb Zn Waters around British Isles Law et al., 1991 

Phocoena phocoena, Physeter macrocephalus, Delphinus 
delphis, Tursiops truncatus 

K, L, M Hg Denmark, 
Belgium 

Joiris et al., 1991 

Phoca vitulina, Halichoerus grypus, Phoca hispida K, L  Al, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb, 
V, W, Zn 

Swedish waters Frank et al., 1992 

Phoca vitulina H, S Cd, Hg, Pb German Wadden Sea Wenzel et al. 1993 
Phocoena phocoena L Organo-Sn Polish Baltic Sea Kannan & Faladysz, 1997 
Phocoena phocoena, Halichoerus grypus L Organo-Sn Waters around British Isles Law et al., 1998 
Physeter macrocephalus B, K, L, M Cd, Cr, Cu, Fe, Hg, Ni, Pb, Se, Ti, Zn Southern North Sea Holsbeek et al., 1999 
Grampus griseus, Lagenorhynchus albirostris, Delphinus 
delphis, Stenella coeruleoalba, Globicephala melas, 
Lagenorhyncus acutus, Kogia breviceps, Mesoplodon bidens, 
Mesoplodon densirostris, Hyperoodon ampullatus, Balaenoptera 
physalus, Balaenoptera acutorostrata 

L Organo-Sn Waters around British Isles Law et al., 1999 

Phocoena phocoena, Lagenorhyncus albirostris K, L, M  Hg North and Baltic Coasts, 
Germany 

Siebert et al., 1999 
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Phocoena phocoena L Cd, Cr, Cu, Hg, Ni, Pb, Se, Zn England, Wales Bennett et al., 2001 
Phoca hispida K, L, M Cd, Hg, Pb, Se Baltic Sea, Svalbard Fant et al., 2001 
Grampus griseus, Lagenorhynchus albirostris, Delphinus 
delphis, Stenella coeruleoalba, Globicephala melas, 
Lagenorhyncus acutus, Kogia breviceps, Mesoplodon bidens, 
Balaenoptera physalus, Balaenoptera acutorostrata 

L Ag, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Se, Zn Waters around British Isles Law et al., 2001 

Phocoena phocoena K, L, K Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn Southern Baltic Sea, 
Danish and Greenland 
coastal waters 

Szefer et al., 2002 

Phocoena phocoena, Phoca vitulina, Phoca hispida B, Br, K, 
L, M, S, 

organo-Sn Norwegian Berge et al., 2004 

Phocoena phocoena, Phoca hispida, Halichoerus grypus, 
Stenella coeruleoalba 

L organo-Sn Polish Baltic Sea Ciesielski et al., 2004 

Phocoena phocoena K, L, M Cd, Cu, Fe, Hg, Se, Zn Belgium, France, Germany 
(North and Baltic Sea), 
Denmark

Das et al., 2004 

Phoca vitulina Bl Al, As, Be, Cd, Cr, Co, Cu, Au, Fe, Pb, Mn, 
Mo, Ni, Pd, Pt, Se, Ag, Sn, Ti, Zn 

German Wadden Sea Kakuschke et al., 2005 

Phocoena phocoena L Hg, organo-Sn Danish waters Strand et al., 2005 
Phocoena phocoena, Phoca hispida, Halichoerus grypus, 
Stenella coeruleoalba 

L Al, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hg, K, 
Li, Mg, Mn, Mo, Na, Ni, P, Pb, Se, Si, Sr, Tl, 
V, Zn 

Polish Baltic Sea Ciesielski et al., 2006 

Phoca vitulina Bl Ca, Cu, Fe, K, P, Rb, S, Se, Sr, Zn German Wadden Sea Griesel et al., 2006 
Halichoerus grypus Bl Al, As, Be, Cd, Cr, Co, Cu, Au, Pb, Mn, Mo, 

Ni, Pd, Pt, Se, Ag, Sn, Ti, V, Zn 
German Wadden Sea Kakuschke et al., 2006 

Phocoena phocoena K, L Cd, Cu, Hg, Se, Zn Southern North Sea Lahaye et al., 2007 
Phoca vitulina Bl Al, As, Be, Ca, Cd, Cr, Co, Cu, Fe, K, Pb, 

Mn, Mo, Ni, Pd, Pt, Rb, Se, Sn, Sr, Ti, V, Zn 
German Wadden Sea Griesel et al., 2008 

Phoca vitulina Bl Al, As, Be, Ca, Cd, Cr, Fe, Pb, Mn, Mo, Ni, 
Se, Sn, Zn 

German Wadden Sea Kakuschke  et al., 2008a 

Phoca vitulina Bl Al, As, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mn, 
Mo, Ni, Pb, Pd, Pt, Rb, Se, Sn, Sr, Zn 

German Wadden Sea Kakuschke  et al., 2008b 

B=blubber, Bl=blood, Br=brain, M=muscle, L=liver, K=kidney, S=skin, Sp=spleen, He=heart, Pl=placenta, H=hair 
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Most studies on metal body burdens focused on the investigation of 
metal concentrations in the liver, kidney or muscle, i.e. tissues available only 
through post-mortem examination. In living animals the choice of samples is 
mostly restricted to blood and hair. However, because of sampling difficulties, 
up to now only few studies have reported values for metals in the blood of 
marine mammals (Baraj et al., 2001; Caurant & Amiard-Triquet, 1995; 
Nielsen, Nielsen, Jorgensen, & Grandjean, 2000) and in particular for 
pinnipeds in the North Sea (Griesel et al., 2006; Kakuschke et al., 2005, 2006). 
Current studies suggested relatively high metal concentrations in living seals of 
the North Sea compared to human blood reference values as well as local 
differences in metal concentrations (Griesel, Kakuschke, Siebert, & Prange, 
2008). Furthermore newborn seals in the North Sea showed high body burdens 
of selected metals, probably caused by a transplacental transfer from the 
mother to fetus or through the milk during the lactation period (Kakuschke, 
Griesel, & Prange, 2008a).  
 

Metal pollutants and marine mammal health 
 

Metals and their effects on marine mammals have been reviewed by 
Das, Debacker, Pillet, & Bouquegneau (2003), O’Shea (1999), and Reijnders, 
Aguilar, & Donovan, (1999). Nevertheless, apart from metal body burden data, 
only limited information is available, especially on the related health effects.  
Hyvärinen & Sipilä (1984) found a relationship between stillbirths of ringed 
seal (Pusa hispida saimensis) pups from Finland and the Ni concentrations in 
hair samples. Experimental intoxication of harp seal (Pagophilus 
groenlandicus) with methyl-Hg by daily oral intake (25mg/kg) was found to 
result in lethargy, weight loss and finally death (Ronald, Tessaro, Uthe, 
Freeman, & Frank, 1977). The corresponding blood parameters indicated renal 
failure, uremia and toxic hepatitis. Rawson et al. (1993) found an accumulation 
of lipofuscin in the liver cells of stranded Atlantic bottlenose dolphins 
(Tursiops truncatus) caused by a Hg induced inhibition of the activity of 
digestive enzymes, which finally results in an increased number of liver 
diseases. In a case study Shlosberg et al. (1997) described progressive liver 
damage and finally death of a bottlenose dolphin resulting from Pb 
intoxication. Studies on the adrenal and testicular steroidogeneses in the grey 
seal (Halichoerus grypus) and harp seals (Pagophilus groenlandicus) indicated 
altered biosyntheses caused by metal contaminants (Freeman, Sangalang, Uthe, 
& Ronald, 1975; Freeman & Sangalang, 1977). Methyl-Hg intoxicated harp 
seals showed a low level of damage of sensory cells of the organ of Corti 
(Ramprashad & Ronald, 1977).  

Some researchers have used an indirect approach to investigate the 
prediction that metal pollutants result in lower resistance to diseases. The 
endangered population of belugas (Delphinapterus leucas) in the polluted 
estuary of the St. Lawrence River showed high concentrations of 
organochlorines, heavy metals, and benzo[a]pyrene in tissues as well as a high 
prevalence of tumors which suggests an influence of contaminants through a 
direct carcinogenic effect and/or a decreased resistance to the development of 
tumors (De Guise, Lagace, & Beland, 1994). Siebert et al. (1999) investigated 
Hg body burden and diseases in harbor porpoises (Phocoena phocoena) from 
the German Waters of the North and Baltic Seas. High Hg concentrations were 
associated with a prevalence of parasitic infections and pneumonia. Bennett et 
al. (2001) investigated harbor porpoises found dead along the coasts of 
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England and Wales that died as a consequence of physical trauma as well as 
infectious diseases. They found that the mean liver concentrations of Hg, Se, 
the Hg:Se molar ratio and Zn were significantly higher in the porpoises that 
died of infectious diseases in comparison to those who died because of a 
physical trauma. Similarly, Kannan, Agusa, Perrotta, Thomas, & Tanabe 
(2006) and Kannan, Guruge, Thomas, Tanabe, & Giesy (1998) investigated the 
concentrations of  butyl-Sn residues and trace elements in  sea otters  (Enhydra 
lutris nereis) found dead along the California coastal waters. They studied 
otters that died due to infectious diseases as well as those that died because of 
other reasons. Otters that died because of infectious diseases indicated higher 
concentrations of butyl-Sn in comparison to those that died as a result of 
physical trauma. The concentrations of Mn, Co, Zn, and Cd were elevated in 
the diseased and emaciated sea otters relative to the non-diseased sea otters. An 
elevated accumulation of tributyl-Sn was also found in bottlenose dolphins 
(Tursiops truncatus) stranded along the Atlantic and Gulf coasts of Florida 
(Kannan et al., 1997). These relationships are substantiated by the fact that the 
pollution with metals may affect the immunocompetence and disrupt the 
immune homeostasis of free-ranging populations of marine mammals in many 
areas of the industrialized world. 
 

Metal influences on immune functions 
 
 Metals influence the function of immunocompetent cells by a variety 
of mechanisms. Depending on the particular metal, its speciation, 
concentration and bioavailability, and a number of other factors, a continuous 
metal exposure will result in an immunoenhancement or immunosuppression 
effects. Reviews of immunomodulation by metals in humans or laboratory 
animals include those of Chang (1996), Dean, Luster, Munson & Kimber 
(1994), or Lawrence & McCabe (2002), but metal influences on marine 
mammals in relation to environmental contamination have been only poorly 
investigated.  
 Immune cells such as macrophages can incorporate and store metal 
components, e.g. Hg and Se in mineral granules, as described for various 
marine mammal species (Nigro & Leonzio, 1996). In in vitro experiments, a 
similar incorporation of Ti was shown for blood macrophages of harbor seals 
(Figure 1a). Depending on the concentration, metals can be cytotoxic for 
immune cells as well as inhibit or stimulate cell functions, the latter in all 
probability by binding to proteins.  
 Killer cell activity, phagocytosis and transformation of lymphocytes 
have been investigated in various marine mammal species and evidence for the 
immunosuppression function of metal pollutants has been provided. The 
mitogen-induced proliferation of immune cells was inhibited by butyl-Sn 
compounds in several marine mammals and humans (Nakata et al., 2002). 
Phagocytosis and lymphoblast transformation in grey seal pups were adversely 
affected by Hg in vitro (Lalancette, Morin, Measures, & Fournier, 2003). The 
effects of heavy metals on beluga whale splenocytes and thymocytes in vitro 
indicate functional impairment (De Guise, Bernier, Martineau, Beland, & 
Fournier, 1996). Pillet et al. (2000) found a sex-dependent effect of Zn on 
phagocytic activity. In a study on harbor seal pups from the North Sea, 
lymphocyte proliferation was especially inhibited by Be, Pb, Cd and Hg in 
newborn pups (Kakuschke et al., 2008c). Interestingly, the susceptibility to the 
toxic effects of metals seems to be decreased in infant pups. 
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Figure 1. Morphological analysis of Ti-induced (A) and Ni-induced (B) lymphocyte 
proliferation. In A: two lymphoblasts, one macrophage with ingested titanium particle, and 
several resting lymphocytes. In B: several lymphoblasts, one macrophage, and resting 
lymphocytes. C: Principal transformation of lymphocytes. 

 
In addition to immunosuppression, metal pollutants may induce 

immunoenhancement leading to hypersensitivity and autoimmunity. Even 
though the metal input into the marine system appears to have been decreasing 
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in recent years, low-level metal concentrations can modulate the immune 
system. The chronic intake of metal pollutants renders marine mammals 
candidates for developing hypersensitivity reactions. A lymphocyte 
transformation test for detecting antigen-specific metal sensitivities according 
to the MELISA® (memory lymphocyte immuno-stimulation assay) (Stejskal, 
Cederbrant, Lindvall, & Forsbeck, 1994; Valentine-Thon & Schiwara, 2003; 
Valentine-Thon, Sandkamp, Müller, Guzzi, & Hartmann, 2005) was used to 
investigate pinnipeds from the North Sea (Kakuschke et al., 2005, 2006). The 
method is based on the fact that lymphocytes, which have been sensitized by a 
certain metal (“memory cells”), transform into blasts and proliferate when they 
are re-exposed to this metal (Figure 1). Altogether 31 pinnipeds from the North 
Sea were investigated, including 13 pups and 17 adult harbor seals as well as 
one grey seal (Kakuschke, 2006). 13 of these 31 animals showed such a metal-
specific delayed type hypersensitivity reaction. The frequency of sensitizing 
metals was in the order Mo > Ni > Ti > Cr, Al > Pb, Be, Sn. Furthermore, a 
relationship between the blood levels of metals and this immunological 
dysfunction was reported (Kakuschke et al., 2005).  

In the case study of the grey seal the hypersensitivity reaction to Ni and 
Be could be validated by different approaches – the proliferation of memory 
lymphocytes as well as the altered cytokine pattern (Kakuschke et al., 2006). 
With the cytokines interleukin-2 (IL-2) and interleukin-4 (IL-4) it is possible to 
distinguish between T-helper 1 (Th1), IL-2 secreting cells and T-helper 2 
(Th2), IL-4 producing cells (Elenkov & Chrousos, 1999). The impact of stress 
on the cytokine pattern was recently described for harbor porpoises from the 
North Sea (Fonfara, Siebert, Prange, & Colijn, 2007). Kakuschke et al. (2006) 
measured the mRNA-expression of IL-2 and IL-4 in grey seal lymphocytes co-
cultivated with the sensitizing metals Ni and Be as well as the non-sensitizing 
metals Hg and Cd. Ni and Be induced the lowest cytokine expression 
compared to the other metals and the quotient IL2/IL4 was increased due to a 
strong down-regulation of the Th2 cytokine IL-4, which suggests an antigen-
specific delayed-type hypersensitivity reaction with a Th1/Th2 polarization 
toward Th1 (Kidd 2003).  
 

Summary 
 
 The environmental exposure with metals is believed to affect marine 
mammal health adversely. One mechanism whereby metals can alter the health 
status is through modulation of immune homeostasis. Metals may change the 
response repertoire by direct and indirect means, which include changes in cell 
proliferation, phagocytosis, protein expression or other cell functions. Some 
resulting effects may include immunosuppression or acute as well as chronic 
inflammatory processes leading to hypersensitivities or autoimmune diseases. 
The multiple influences of metals on the immune system underline the 
importance of metals pollution as a potential stressor for marine mammals.  
 

References 
 
Achterberg, E.P., van den Berg C.M.G., & Colombo, C. (2003). High resolution 

monitoring of dissolved Cu and Co in coastal surface waters of the Western 
North Sea. Continental Shelf Research, 23, 611-623. 



  
- 188 - 

 

Andersen, S.H., & Rebsdorff, A. (1976). Polychlorinated hydrocarbons and heavy 
metals in harbour porpoise (Phocoena phocoena) and whitebeaked dolphin 
(Lagenorhynchus albirodtris) from danish waters. Aquatic mammals, 4, 14-20. 

Bakker, J. F., van den Heuvel-Greve, M., & Vethaak, D. (2005). Natural contaminants. 
In K. Essink, C. Dettmann, H. Farke, K. Laursen, G. Lüerßen, H. Marencic, W. 
Wiersinga (Eds.), Wadden Sea Quality Status Report 2004. Wadden Sea 
Ecosystem No. 19. 

Baraj, B., Bianchini, A., Niencheski, L. F. H., Campos, C. C. R., Martinez, P. E., 
Robaldo, R. B., Muelbert, M. M. C., Colares, E. P., & Zarzur, S. (2001). The 
performance of ZEISS GFAAS-5 instrument on the determination of trace metals 
in whole blood samples of southern elephant seals (Mirounga leonina) from 
Antarctica. Fresenius Environmental Bulletin, 10, 859-862. 

Bennett, P. M., Jepson, P. D., Law, R. J., Jones, B. R., Kuiken, T., Baker, J. R., Rogan, 
E., & Kirkwood, J. K. (2001). Exposure to heavy metals and infectious disease 
mortality in harbour porpoises from England and Wales. Environmental 
Pollution, 112, 33-40. 

Berge, J.A., Brevik, E.M., Bjorge, A, Folsvik, N., Gabrielsen, G.W., & Wolkers, H. 
(2004). Organotins in marine mammals and seabirds from Norwegian territory. 
Journal of Environmental Monitoring, 6, 108-112. 

Breuer, E., Stevenson, A.G., Howe, J.A., Carroll, J., & Shimmield, G.B. (2004). Drill 
cutting accumulations in the Northern and Central North Sea: A review of 
environmental interactions and chemical fate. Marine Pollution Bulletin, 48,12-
25. 

Broeg, K., Zander, S., Diamant, A., Korting, W., Kruner, G., Paperna, I., & von 
Westernhagen, H. (1999). The use of fish metabolic, pathological and 
parasitological indices in pollution monitoring - 1. North Sea. Helgoland Marine 
Research, 53, 171-194. 

Bruhn, R., Kannan, N., Petrick, G., Schulz-Bull, D. E., & Duinker, J. C. (1999). 
Persistent chlorinated organic contaminants in harbor porpoises from the North 
Sea, the Baltic Sea and Arctic waters. Science of the Total Environment, 238, 
351-361. 

Caurant, F., & Amiard-Triquet, C. (1995). Cadmium contamination in pilot whales 
Globicephala melas - source and potential hazard to the species. Marine 
Pollution Bulletin, 30, 207-210. 

Chang, L. W. (1996). Toxicology of metals. Boca Raton, New York, London, Tokyo: 
CRC Lewis Publishers. 

Chapman, P.M. (1992). Pollution status of North Sea sediments - an international 
integrative study. Marine Ecology-Progress Series, 91, 313-322. 

Ciesielski T. , Szefer P., Bertenyi Z., Kuklik I., Skora K,. Namiesnik J., & Fodor P. 
(2006). Interspecific distribution and co-associations of chemical elements in the 
liver tissue of marine mammals from the Polish Economical Exclusive Zone, 
Baltic Sea. Environment International, 32, 524-532. 

Ciesielski, T., Wasik, A., Kuklik, I., Skora, K., Namiesnik, J., & Szefer, P. (2004). 
Organotin compounds in the liver tissue of marine mammals from the polish 
coast of the Baltic Sea. Environmental Science & Technology, 38, 1415-1420. 

Croot, P.L., Karlson, B., Wulff, A., Linares, F., & Andersson, K. (2002). Trace 
metal/phytoplankton interactions in the Skagerrak. Journal of Marine Systems, 
35, 39-60. 

Danis, B., Wantier, P., Flammang, R., Pernet, P., Chambost-Manciet, Y., Coteur, G., 
Warnau, M., & Dubois, P., (2006). Bioaccumulation and effects of PCBs and 
heavy metals in sea stars (Asterias rubens, L.) from the North Sea: A small scale 
perspective. Science of the Total Environment, 356, 275-289. 

Danis, B., Wantier, P., Dutrieux, S., Flammang, R., Dubois, P., & Warnau, M. (2004). 
Contaminant levels in sediments and asteroids (Asterias rubens L., 
Echinodermata) from the Belgian coast and Scheldt estuary: polychlorinated 
biphenyls and heavy metals. Science of the Total Environment, 333, 149-165. 



  
- 189 - 

 

Das, K., Debacker, V., Pillet, S., & Bouquegneau, J. M. (2003). Heavy metals in 
marine mammals, Toxicology of Marine Mammals (pp. 135-167). London: 
Taylor & Francis Ltd. 

Das, K., Siebert, U., Fontaine, M., Jauniaux, T., Holsbeek, L., & Bouquegneau, J. M. 
(2004). Ecological and pathological factors related to trace metal concentrations 
in harbor porpoises Phocoena phocoena from the North Sea and adjacent areas. 
Marine Ecology-Progress Series, 281, 283-295. 

Dean, J. H., Luster, M. I., Munson, A. E., & Kimber, I. (1994). Immunotoxicology and 
immunopharmacology (2nd ed.). New York: Raven Press. 

Debacker, V., Jauniaux, T., Coignoul, F., & Bouquegneau, J.M. (2000). Heavy metals 
contamination and body condition of wintering guillemots (Uria aalge) at the 
Belgian coast from 1993 to 1998. Environmental Research, 84, 310-317. 

De Guise, S., Bernier, J., Martineau, D., Beland, P., & Fournier, M. (1996). Effects of 
in vitro exposure of beluga whale splenocytes and thymocytes to heavy metals. 
Environmental Toxicology and Chemistry, 15, 1357-1364. 

De Guise, S., Lagace, A., & Beland, P. (1994). Tumors in St-Lawrence beluga whales 
(Delphinapterus leucas). Veterinary Pathology, 31, 444-449. 

Dippner, J.W., & Pohl, C. (2004). Trends in heavy metal concentrations in the Western 
and Central Baltic Sea waters detected by using empirical orthogonal functions 
analysis. Journal of Marine Systems, 46, 69-83. 

Drescher, H.E., Harms, U., & Huschenbeth, E. (1977). Organochlorines and heavy 
metals in harbor seal Phoca vitulina from German North Sea coast. Marine 
Biology, 41, 99-106. 

Duinker, J.C., Hillebrand, M.T.J., & Nolting, R.F. (1979). Organochlorines and metals 
in harbor seals (Dutch Wadden Sea). Marine Pollution Bulletin, 10, 360-364. 

Elenkov, I. J., & Chrousos, G. P. (1999). Stress hormones, Th1/Th2 patterns, pro/anti-
inflammatory cytokines and susceptibility to disease. Trends in Endocrinology 
and Metabolism, 10, 359-368. 

Falconer, C.R., Davies, I.M., & Topping, G. (1983a). Trace metals in the common 
porpoise, Phocoena phocoena. Marine Environmental Research, 8, 119-127. 

Falconer, C.R., Shepherd, R.J., Pirie, J.M., & Topping, G. (1983b). Arsenic levels in 
fish and shellfish from the North Sea. Journal of Experimental Marine Biology 
and Ecology, 71, 193-203. 

Fant, M. L., Nyman, M., Helle, E., & Rudbäck, E. (2001). Mercury, cadmium, lead and 
selenium in ringed seals (Phoca hirspida) from the Baltic Sea and from Svalbard. 
Environmental Pollution, 111, 493-501. 

Fonfara, S., Siebert, U., Prange, A., & Colijn, F. (2007). The impact of stress on 
cytokine and haptoglobin mRNA expression in blood samples from harbor 
porpoises (Phocoena phocoena). Journal of the Marine Biological Association of 
the UK, 87, 305-311. 

Frank, A., Galgan, V., Roos, A., Olsson, M., Petersson, L. R., & Bignert, A. (1992). 
Metal concentrations in seals from Swedish waters. Ambio, 21, 529-538. 

Freeman, H. C., & Sangalang, G. B. (1977). Study of effects of methyl mercury, 
cadmium, arsenic, selenium, and a PCB, (Aroclor 1254) on adrenal and testicular 
steroidogenesis in-vitro, by gray seal Halichoerus grypus. Archives of 
Environmental Contamination and Toxicology, 5, 369-383. 

Freeman, H. C., Sangalang, G., Uthe, J. F., & Ronald, K. (1975). Steroidogenesis in-
vitro in harp seal (Pagophilus groenlandicus) without and with methyl mercury 
treatment in-vivo. Environmental Physiology & Biochemistry, 5, 428-439. 

Griesel, S., Kakuschke, A., Siebert, U., & Prange, A. (2008). Trace element 
concentrations in blood of harbor seals (Phoca vitulina) from the Wadden Sea. 
Science of the Total Environment, 392, 313-323. 

Griesel, S., Mundry, R., Kakuschke, A., Fonfara, S., Siebert, U., & Prange, A. (2006). 
Mineral elements and essential trace elements in blood of seals of the North Sea 
measured by total-reflection X-ray fluorescence analysis. Spectrochimica Acta 
Part B, 61, 1158-1165. 



  
- 190 - 

 

Guns, M., Vanhoeyweghen, P., Vyncke, W., & Declerck, R. (1992). Selenium 
assessment and its relation to mercury levels in fish, shrimp and mussels from 
Belgian Continental Shelf Waters. Landbouwtijdschrift-Revue De L Agriculture, 
45, 731-739 

Hall, A. J., Duck, C. D., Law, R. J., Allchin, C. R., Wilson, S., & Eybator, T. (1999). 
Organochlorine contaminants in Caspian and harbor seal blubber. Environmental 
Pollution, 106, 203-212. 

Harms, U., Drescher, H.E., & Huschenbeth, E. (1978). Further data on heavy metals 
and organochlorines in marine mammals from German Coastal Waters. 
Meeresforschung - Reports on Marine Research, 26, 153-161. 

Henry, F., Amara, R., Courcot, L., Lacouture, D., & Bertho, M.L. (2004). Heavy 
metals in four fish species from the French coast of the eastern English Channel 
and Southern Bight of the North Sea. Environment International, 30, 675-683. 

Hinrichs, J., Dellwig, O., & Brumsack, H.J. (2002). Lead in sediments and suspended 
particulate matter of the German Bight: natural versus anthropogenic origin. 
Applied Geochemistry, 17, 621-632. 

Holsbeek, L., Joiris, C. R., Debacker, V., Ali, I. B., Roose, P., Nellissen, J. P., Gobert, 
S., Bouquegneau, J. M., & Bossicart, M. (1999). Heavy metals, organochlorines 
and polycyclic aromatic hydrocarbons in sperm whales stranded in the southern 
North Sea during the 1994/1995 winter. Marine Pollution Bulletin, 38, 304-313. 

Hyvärinen, H., & Sipilä, T. (1984). Heavy metals and high pup mortality in the Saimaa 
ringed seal population in Eastern Finland. Marine Pollution Bulletin, 15, 335-337. 

Joiris, C.R., Holsbeek, L., Bouquegneau, J.M., & Bossicart, M. (1991). Mercury 
contamination of the harbor porpoise Phocoena phocoena and other cetaceans 
from the North Sea and the Kattegat. Water Air and Soil Pollution, 56, 283-293. 

Jung, K, Stelzenmuller, V., & Zauke, G.P. (2006). Spatial distribution of heavy metal 
concentrations and biomass indices in Cerastoderma edule Linnaeus (1758) from 
the German Wadden Sea: An integrated biomonitoring approach. Journal of 
Experimental Marine Biology and Ecology, 338, 81-95. 

Kakuschke, A. (2006). Einfluss von Metallen auf das Immunsytem von Meeressäugern. 
Dissertationsschrift, Universität Hamburg, Hamburg, Deutschland. 

Kakuschke, A., Griesel, S., & Prange, A. (2008a). Variations of metal concentration in 
blood of harbour seal (Phoca vitulina) pups of the German North Sea. Biological 
Trace Element Research, in press. 

Kakuschke, A., Valentine-Thon, E., Fonfara, S., Griesel, S., Siebert, U., & Prange, A. 
(2006). Metal sensitivity of marine mammals: A case study of a gray seal 
(Halichoerus grypus). Marine Mammal Science, 22, 985-996. 

Kakuschke, A., Valentine-Thon, E., Fonfara, S., Griesel, S., Rosenberger, T., Siebert, 
U., & Prange, A. (2008c). Metal-induced impairment of the cellular immunity of 
newborn harbour seals (Phoca vitulina). Archives of Environmental 
Contamination and Toxicology, DOI: 10.1007/s00244-007-9092-3. 

Kakuschke, A., Valentine-Thon, E., Griesel, S., Fonfara, S., Siebert, U., & Prange, A. 
(2005). Immunological impact of metals in harbor seals (Phoca vitulina) of the 
North Sea. Environmental Science & Technology, 39, 7568-7575. 

Kakuschke, A., Valentine-Thon, E., Griesel, S., Rosenberger, T., Mundry, R., Siebert, 
U., & Prange, A. (2008b). Blood metal levels and metal-influenced immune 
functions of harbour seals in captivity. Marine Pollution Bulletin, 56, 764-769. 

Kalantzi, O. I., Hall, A. J., Thomas, G. O., & Jones, K. C. (2005). Polybrominated 
diphenyl ethers and selected organochlorine chemicals in grey seals (Halichoerus 
grypus) in the North Sea. Chemosphere, 58, 345-354. 

Kannan, K., Agusa, T., Perrotta, E., Thomas, N. J., & Tanabe, S. (2006). Comparison 
of trace element concentrations in livers of diseased, emaciated and non-diseased 
southern sea otters from the California coast. Chemosphere, 65, 2160-2167. 

Kannan, K., Corsolini, S., Falandysz, J., Oehme, G., Focardi, S., & Giesy, J. P. (2002). 
Perfluorooctanesulfonate and related fluorinated hydrocarbons in marine 
mammals, fishes, and birds from coasts of the Baltic and the Mediterranean Seas. 
Environmental Science & Technology, 36, 3210-3216. 



  
- 191 - 

 

Kannan, K., & Falandysz, J. (1997). Butyltin residues in sediment, fish, fish-eating 
birds, harbour porpoise and human tissues from the Polish coast of the Baltic Sea. 
Marine Pollution Bulletin, 34, 203-207. 

Kannan, K., Guruge, K.S., Thomas, N.J., Tanabe, S., & Giesy, J.P. (1998). Butyltin 
residues in southern sea otters (Enhydra lutris nereis) found dead along California 
coastal waters. Environmental Science & Technology, 32, 1169-1175. 

Kannan, K., Senthilkumar, K., Loganathan, B.G., Takahashi, S., Odell, D.K., & 
Tanabe, S. (1997). Elevated accumulation of tributyltin and its breakdown 
products in bottlenose dolphins (Tursiops truncatus) found stranded along the US 
Atlantic and Gulf coasts. Environmental Science & Technology, 31, 296-301. 

Kersten, M. D., M.; Kriews, M.; Naumann, K.; Schmidt, D.; Schulz, M.; Schwikowski, 
M.; & Steiger, M. (1988). Distribution and fate of heavy metals in the North Sea. 
In W. B. Salomons, B.L.; Duursma, E.K.; & Förster, U. (Eds.), Pollution of the 
North Sea. An Assessment. Berlin, Heidelberg: Springer Verlag. 

Kidd, P. (2003). Th1/Th2 balance: the hypothesis, its limitations, and implications for 
health and disease. Alternative Medicine Review, 8, 223-246. 

Kleivane, L., Skaare, J. U., Bjorge, A., Deruiter, E., & Reijnders, P. J. H. (1995). 
Organochlorine pesticide-residue and PCBs in harbor porpoise (Phocoena 
phocoena) incidentally caught in Scandinavian Waters. Environmental Pollution, 
89, 137-146. 

Kremling, K., & Hydes, D. (1988). Summer distribution of dissolved Al, Cd, Co, Cu, 
Mn and Ni in surface waters around the British Isles. Continental Shelf Research, 
8, 89-105. 

Laane, R., Sonneveldt, H.L.A., Van der Weyden, A.J., Loch, J.P.G., & Groeneveld, G. 
(1999). Trends in the spatial and temporal distribution of metals (Cd, Cu, Zn and 
Pb) and organic compounds (PCBs and PAHs) in Dutch coastal zone sediments 
from 1981 to 1996: A model case study for Cd and PCBs. Journal of Sea 
Research, 41, 1-17. 

Lahaye, V., Bustamante, P., Law, R.J., Learmonth, J.A., Santos, M.B., Boon, J.P., 
Rogan, E., Dabin, W., Addink, M.J., Lopez, A., Zuur, A.F., Pierce, G.J., & 
Caurant, F. (2007). Biological and ecological factors related to trace element 
levels in harbour porpoises (Phocoena phocoena) from European waters. Marine 
Environmental Research, 64, 247-266. 

Lalancette, A., Morin, Y., Measures, L., & Fournier, M. (2003). Contrasting changes of 
sensitivity by lymphocytes and neutrophils to mercury in developing grey seals. 
Developmental and Comparative Immunology, 27, 735-747. 

Law, R. J., Allchin, C. R., Bennett, M. E., Morris, S., & Rogan, E. (2002). 
Polybrominated diphenyl ethers in two species of marine top predators from 
England and Wales. Chemosphere, 46, 673-681. 

Law, R. J., Bennett, M. E., Blake, S. J., Allchin, C. R., Jones, B. R., & Spurrier, C. J. 
H. (2001). Metals and organochlorines in pelagic cetaceans stranded on the coasts 
of England and Wales. Marine Pollution Bulletin, 42, 522-526. 

Law, R. J., Blake, S. J., Jones, B. R., & Rogan, E. (1998). Organotin compounds in 
liver tissue of harbour porpoises (Phocoena phocoena) and grey seals 
(Halichoerus grypus) from the coastal waters of England and Wales. Marine 
Pollution Bulletin, 36, 241-247. 

 Law, R. J., Blake, S. J., & Spurrier, C. J. H. (1999). Butyltin compounds in liver 
tissues of pelagic cetaceans stranded on the coasts of England and Wales. Marine 
Pollution Bulletin, 38, 1258-1261. 

Law, R. J., Fileman, C. F., Hopkins, A. D., Baker, J. R., Harwood, J., Jackson, D. B., 
Kennedy, S., Martin, A. R., & Morris, R. J. (1991). Concentrations of trace-
metals in the livers of marine mammals (seals, porpoises and dolphins) from 
waters around the British Isles. Marine Pollution Bulletin, 22, 183-191. 

Law, R. J., Jones, B. R., Baker, J. R., Kennedy, S., Milne, R., & Morris, R. J. (1992). 
Trace metals in the livers of marine mammals from the Welsh Coast and the Irish 
Sea. Marine Pollution Bulletin, 24, 296-304. 



  
- 192 - 

 

Lawrence, D. A., & McCabe, M. J. (2002). Immunomodulation by metals. 
International Immunopharmacology, 2, 293-302. 

Millward, G.E., Morris, A.W., & Tappin, A.D. (1998). Trace metals at two sites in the 
southern North Sea: Results from a sediment resuspension study. Continental 
Shelf Research, 18, 1381-1400. 

Morris, R.J., Law, R.J., Allchin, C.R., Kelly, C.A., & Fileman, C.F. (1989). Metals and 
Organochlorines in Dolphins and Porpoises of Cardigan Bay, West Wales. 
Marine Pollution Bulletin, 20, 512-523. 

Nakata, H., Sakakibara, A., Kanoh, M., Kudo, S., Watanabe, H., Nagai, N., Miyazaki, 
N., Asano, Y., & Tanabe, S. (2002). Evaluation of mitogen-induced responses in 
marine mammal and human lymphocytes by in-vitro exposure of butyltins and 
non-ortho coplanar PCBs. Environmental Pollution, 120, 245-253. 

Nielsen, J. B., Nielsen, F., Jorgensen, P. J., & Grandjean, P. (2000). Toxic metals and 
selenium in blood from pilot whales (Globicephala melas) and sperm whales 
(Physeter catodon). Marine Pollution Bulletin, 40, 348-351. 

Nigro, M., & Leonzio, C. (1996). Intracellular storage of mercury and selenium in 
different marine vertebrates. Marine Ecology-Progress Series, 135, 137-143. 

O'Shea, T. J. (1999). Environmental contaminants and marine mammals. In J. E. 
Reynolds & S. A. Rommel (Eds.), Biology of marine mammals. Washington, 
London: Smithsonian Institution Press. 

Perttilä, M., Tervo, V., & Parmanne, R. (1982a). Age dependence of the concentrations 
of harmful substances in baltic herring (Clupea harengus). Chemosphere, 11, 
1019-1026. 

Perttilä, M., Tervo, V., & Parmanne, R. (1982b). Heavy metals in Baltic herring and 
cod. Marine Pollution Bulletin, 13, 391-393. 

Pillet, S., Lesage, V., Hammill, M., Cyr, D. G., Bouquegneau, J. M., & Fournier, M. 
(2000). In vitro exposure of seal peripheral blood leukocytes to different metals 
reveal a sex-dependent effect of zinc on phagocytic activity. Marine Pollution 
Bulletin, 40, 921-927. 

Rachor, E., & Rühl, N.-P. (1990). Schadstoffeinträge. In J. L. Lozan, W. Lenz, E. 
Rachor, B. Watermann, & H. von Westernhagen (Eds.), Warnsignale aus der 
Nordsee. Berlin, Hamburg: Verlag Paul Parey. 

Ramprashad, F., & Ronald, K. (1977). Surface preparation study on effect of methyl 
mercury on sensory hair cell-population in cochlea of harp seal (Pagophilus 
groenlandicus Erxleben, 1777). Canadian Journal of Zoology-Revue Canadienne 
De Zoologie, 55, 223-230. 

Rawson, A. J., Patton, G. W., Hofmann, S., Pietra, G. G., & Johns, L. (1993). Liver 
abnormalities associated with chronic mercury accumulation in stranded Atlantic 
bottle nosed dolphins. Ecotoxicology and Environmental Safety, 25, 41-47. 

Reijnders, P. J. H. (1980). Organochlorine and heavy metal residues in harbor seals 
from the Wadden Sea and their possible effects on reproduction. Netherlands 
Journal of Sea Research, 14, 30-65. 

Reijnders, P. J. H., Aguilar, A., & Donovan, G. P. (1999). Chemical pollutants and 
cetaceans. Journal of Cetacean Research and Management, Special Issue 1. 

Ronald, K., Tessaro, S. V., Uthe, J. F., Freeman, H. C., & Frank, R. (1977). Methyl 
mercury poisoning in the harp seal (Pagophilus groenlandicus). The Science of 
the Total Environment, 8, 1-11. 

Schmolke, S. R., Haarich, M., Petenati, T., Obert, B., Schubert, B., Becker, P., Harms, 
U., Schröter-Kermani, C., & Steffen, D. (2005). Anorganische Schadstoffe, Bund 
- Länder - Messprogramm: Meeresumwelt 1999 - 2002 Nordsee. Hamburg, 
Rostock: Bundesamt für Schifffahrt und Hydrographie (BSH). 

Shlosberg, A., Bellaiche, M., Regev, S., Gal, R., Brizzi, M., Hanji, V., Zaidel, L., & 
Nyska, A. (1997). Lead toxicosis in a captive bottlenose dolphin (Tursiops 
truncatus) consequent to ingestion of air gun pellets. Journal of Wildlife Diseases, 
33, 135-139. 

Skaare, J.U., Markussen, N.H., Norheim, G., Haugen, S., & Holt, G. (1990). Levels of 
polychlorinated biphenyls, organochlorine pesticides, mercury, cadmium, copper, 



  
- 193 - 

 

selenium, arsenic, and zinc in the harbor seal, Phoca vitulina, in Norwegian 
Waters. Environmental Pollution, 66, 309-324. 

Skwarzec, B., Holm, E., Roos, P., & Pempkowiak, J. (1994). Ni-63 in Baltic fish and 
sediments. Applied Radiation and Isotopes, 45, 609-611. 

Siebert, U., Joiris, C., Holsbeek, L., Benke, H., Failing, K., Frese, K., & Petzinger, E. 
(1999). Potential relation between mercury concentrations and necropsy findings 
in cetaceans from German waters of the North and Baltic Seas. Marine Pollution 
Bulletin, 38, 285-295. 

Sormo, E. G., Skaare, J. U., Jussi, I., Jussi, M., & Jenssen, B. M. (2003). 
Polychlorinated biphenyls and organochlorine pesticides in Baltic and Atlantic 
gray seal (Halichoerus grypus) pups. Environmental Toxicology and Chemistry, 
22, 2789-2799. 

Stejskal, V. D. M., Cederbrant, K., Lindvall, A., & Forsbeck, M. (1994). Melisa - an 
in-vitro tool for the study of metal allergy. Toxicology in Vitro, 8, 991-1000. 

Szefer, P., Szefer, K., Glasby, G.P., Pempkowiak, J., & Kaliszan, R. (1996). Heavy 
metal pollution in surficial sediments from the Southern Baltic Sea off Poland. 
Journal of Environmental Science and Health - Part A, 31, 2723-2754. 

Szefer, P., Zdrojewska, I., Jensen, J., Lockyer, C., Skora, K., Kuklik, I., & Malinga, M. 
(2002). Intercomparison studies on distribution and co-associations of heavy 
metals in liver, kidney, and muscle of harbor porpoise, Phocoena phocoena, from 
southern Baltic Sea and coastal waters of Denmark and Greenland. Archives of 
Environmental Contamination and Toxicology, 42, 508-522. 

Troisi, G. M., Haraguchi, K., Kaydoo, D. S., Nyman, M., Aguilar, A., Borrell, A., 
Siebert, U., & Mason, C. F. (2000). Bioaccumulation of polychlorinated 
biphenyls (PCBs) and dichlorodiphenylethane (DDE) methyl sulfones in tissues 
of seal and dolphin morbillivirus epizootic victims. Journal of Toxicology and 
Environmental Health-Part A, 62, 1-8. 

Valentine-Thon, E., Sandkamp, M., Müller, K., Guzzi, G., & Hartmann, T. (2005). 
Metallsensibilisierung: Nachweis, Validierung und Verlaufskontrolle mittels 
Lymphocyten-Transformations-Test (LTT-MELISA). Zeitschrift für 
Orthomolekulare Medizin, 1, 12-15. 

Valentine-Thon, E., & Schiwara, H. W. (2003). Validity of MELISA for metal 
sensitivity testing. Neuroendocrinology Letters, 24, 57-64. 

Van de Vijver, K. I., Hoff, P. T., Das, K., Van Dongen, W., Esmans, E. L., Siebert, U., 
Bouquegneau, J. M., Blust, R., & De Coen, W. M. (2004). Baseline study of 
perfluorochemicals in harbor porpoises (Phocoena phocoena) from Northern 
Europe. Marine Pollution Bulletin, 48, 992-997. 

Wängberg, I., Munthe, J., Berg, T., Ebinghaus, R., Kock, H. H., Temme, C., Bieber, E., 
Spain, T. G., & Stolk, A. (2007). Trends in air concentration and deposition of 
mercury in the coastal environment of the North Sea Area. Atmospheric 
Environment, 41, 2612-2619. 

Wenzel, C., Adelung, D., Kruse, H., & Wassermann, O. (1993). Trace metal 
accumulation in hair and skin of the harbor seal, Phoca vitulina. Marine Pollution 
Bulletin, 26, 152-155. 

Wenzel, C., Adelung, D., & Theede, H. (1996). Distribution and age-related changes of 
trace elements in kittiwake Rissa tridactyla nestlings from an isolated colony in the 
German Bight, North Sea. Science of the Total Environment, 193, 13-26. 

 


