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Abstract  
The Arctic and sub-Arctic region of the North Atlantic is a remote area, also in relations to 
environmental contaminants, such as Persistent Organic Pollutants (POPs), brominated flame 
retardants (BFRs) and last but not least, polyfluorinated compounds (PFCs). Both the BFRs 
and PFCs are considered emerging pollutants of significant environmental concern. Fish, 
marine mammals and birds in the region are exposed to environmental pollutants, increasing 
the stress of the marine ecosystem. Contaminated species are a source of exposure to 
environmental pollutants for humans. 
The main objective of this thesis is to increase the knowledge and understanding of 
organohalogen compound distribution in the Nordic environment, their occurrence in biota 
and change over time. The temporal change of environmental contaminants in the Baltic Sea 
was monitored over the years 1971 to 2001, with emphasis on bis(4-chlorophenyl) sulfone 
(BCPS). Further, the pollution profile of the Nordic region was investigated. Common 
guillemot (Uria aalge) eggs were used as a monitoring matrix. Further, to investigate a single 
remote site, Iceland, in more depth, eggs from guillemot, fulmar (Fulmarus glacialis), great 
black-backed gull (Larus marinus), lesser black-backed gull (Larus fuscus), common eider 
(Somateria mollissima), arctic tern (Sterna paradisaea) and great skua (Stercorarius skua) 
were collected and analysed. Both the organohalogen compounds mentioned above and their 
metabolites were investigated. The study focused also on an inter-species difference in the 
bird’s capability of metabolising polychlorinated biphenyls (PCBs) and DDT. 
All environmental pollutants investigated in the Baltic Sea show decreasing levels over the 
time period investigated. BCPS showed a remarkably small change over time, with an annual 
decrease of only 1.6%, compared to 13 and 16% annual decrease of CB-153, the most 
abundant PCB congener, and 4,4’-DDE, respectively. These results reinforce the previous 
findings, indicating the North Atlantic as remote where the concentrations of the 
organohalogens are lower compared to Europe in general. There are some exceptions 
however; the concentration of hexachlorobenzene (HCB) is ubiquitously distributed across 
the study area. Further, the spatial trends of the PFCs are complicated and differ between 
compounds within the PFC group. When comparing bird species from Iceland, the 
concentration of organohalogens mainly depends on trophic level, while migration seems to 
contribute to a lesser extent. There are some similarities in the metabolism between the bird 
species investigated. However, the guillemot seems to distinguish itself from other marine 
birds, having a different composition of metabolites, indicating a different metabolic capacity.  
In conclusion, even human populations living in remote areas need to minimise the release of 
pollutants to the environment. Further, long term, well organised, and extensive governmental 
monitoring programs are highly recommended to follow the quality the environment and to 
detect any immediate and/or new threats of chemical pollutants. 
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“There was a strange stillness. The birds, for example – where had they gone? 
Many people spoke of them, puzzled and disturbed. The feeding stations in the 
backyards were deserted. The few birds seen anywhere were moribund; they 

trembled violently and could not fly. It was a spring without voices.” 

Rachel Carson, Silent spring, 1962. 
 

 
Elsku Eiríkur og Ásdís. 

Vonandi þurfið þið aldrei að upplifa það að 
“Raddir vorsins þagna”. 
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1 Introduction 

In 1962, an American biologist, Rachel Carson, published a book on the 
environmental situation in North America called “Silent spring” (1). In the 
book she discusses how the vast use of pesticides caused a severe decrease in 
wildlife populations. People saw birds falling dead from the sky, fish floating 
lifeless in the rivers and noticed that the number of several terrestrial 
mammals decreased. “Silent spring” caused enormous publicity both in the 
scientific world as well as with the public. Carson was greatly criticised, 
mainly by the chemical industry, but also by politicians and scientists. Today, 
this book is recognised as one of the most influential books of the twentieth 
century, and by many considered to mark the awakening of environmental 
thinking and protection. Even earlier, Cottam and Higgins warned about the 
use of the pesticide 1,1,1-trichloro-2,2-bis(4-chlorophenyl) ethane (DDT) 
after gathering reports about the devastating effects of DDT on the entire 
ecosystem (2). Two years after the publication of “Silent spring”, Sören 
Jensen found unidentified compounds in white-tailed sea eagle eggs, but it 
was not until after another two years these compounds were identified as 
environmental contaminants originating from the commercial chemical 
products known as PCBs – Polychlorinated Biphenyls (3). Today, people 
realise that pesticides, industrial chemicals, additives in products and goods, 
by-products from industrial activities and incomplete incineration, and even 
pharmaceuticals for humans and veterinary uses, are spread over both 
hemispheres, some of which can be ubiquitously found in the environment. 
The Baltic Sea is considered to be one of the most contaminated marine 
environments on the planet. It is semi-enclosed water body with limited 
exchange of water to the North Sea and with an input of sometimes highly 
contaminated freshwater from rivers within the Baltic Sea drainage area. Over 
the years, several vertebrate species living in and around the Baltic Sea have 
exhibited a number of serious symptoms (4-8). These are sometimes of 
unknown origin but in a few cases, environmental contaminants have been 
found to be at fault. One well known example is the decreased egg-shell 
thickness of the white-tailed sea eagle (Haliaeetus albicilla), caused by 1,1-
dichloro-2,2-bis(4-chlorophenyl) ethene (4,4’-DDE) (8). This resulted in 
breeding failure among the birds, which then led to a significant reduction of 
the population along the Swedish Baltic Sea coastal line (8). Only after DDT 
and PCB were banned and following considerable effort to hand rear eagle 
chicks with uncontaminated food, the population showed signs of recovery. 
Today the situation for the white-tailed sea eagle is close to their original 
natural situation (9).  
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Another severely threatened Baltic Sea species during the 1970’s and -80’s, 
the grey seal (Halichoerus grypus), still shows symptoms of unidentified 
origin even though the seal population is growing. Autopsy reveals open 
wounds in the seal intestines puzzling veterinarians and other scientists (7). 
Furthermore, the blubber thickness of the grey seals in the Baltic Sea has 
decreased over the last 10 years (10). A very special neurological disease 
affects some birds in the Baltic, causing massive bird death (11). At first it 
seemed that only marine birds were affected but more recently symptoms 
have been recorded in terrestrial species. The earliest symptoms are 
disorientation, followed by a loss in the ability to control limbs, and then 
violent trembles and death. Whether the cause of these symptoms is 
xenobiotics or a viral disease remains unknown. The positive aspect of these 
problems is that environmental research around the Baltic Sea has advanced 
the collective understanding of various environmental issues, allowing a 
comparison to other less investigated areas. 

The environmental problem is an international, cross-border problem. It is, 
therefore, clear that international cooperation is crucial for any improvement 
of the condition of the environment. Several organisations have been set up 
and conventions signed to improve the environment. The Arctic Monitoring 
and Assessment Program (AMAP) is an international organization established 
in 1991 to fulfil goals of the Arctic Environmental Protection Strategy 
(AEPS) (12). The main purpose of AMAP is to advise the governments of the 
eight Arctic countries (Canada, Denmark/Greenland, Finland, Iceland, 
Norway, Russia, Sweden and the United States) on any current and potential 
environmental threats caused by pollution in the Arctic region. In the year 
1992, nine countries and the European Community signed a convention 
concerning protection of the marine environment of the Baltic Sea area. These 
were, Denmark, Estonia, Finland, Germany, Latvia, Lithuania, Poland, Russia 
and Sweden. The governing body of the convention is the Helsinki 
Commission, Baltic Marine Environment Protection Commission, also known 
as HELCOM (13). That same year, another convention was signed by fifteen 
European countries as well as the European Union, known as the OSPAR 
Convention. This Convention consists of international cooperation on the 
protection of the marine environment of the North-East Atlantic (14). The 
work of the main comities is to assess and monitor the North-East Atlantic, 
with emphasis on eutrophication, biodiversity, hazardous substances, offshore 
industry and radioactive substances. Then in April 1999, the Swedish 
Parliament agreed upon an environmental quality policy consisting of 15 
goals to be achieved by 2020, one of which was a “Non-toxic environment” 
(15). This policy states that the environment should be free of any 
anthropogenic compounds that pose a threat to humans and wildlife. The year 
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2001 saw the signing of the Stockholm Convention, which is a global 
convention focused on protecting human health and the environment from 
persistent organic pollutants (POPs) (16).  

The World’s oceans receive a constant flow of anthropogenic substances. 
These substances increase the environmental stress of marine organisms. This 
echoes throughout the ecosystem, resulting in detectable amount of several 
contaminants even in newborn infants. Unfortunately, as humans, we must 
first make mistakes in order to learn from them. One can only hope that we 
have learned important lessons from having repeatedly tried to manipulate 
nature for our own convenience. But it is difficult to put this knowledge into 
practise amongst the industry and general population. Fortunately, some 
environmental threats have been resolved, but new ones constantly appear. 
There is an Icelandic saying, describing the thinking of earlier generations: 
“hafið tekur endalaust við”, roughly translating to “the oceans can receive 
forever” representing an example of our ignorance in relation to the natural 
environment. For how long can the oceans sustain an infinite amount of mans 
waste? Is the future bright and has the humankind matured in the last decades, 
or haven’t we learned anyhing from our mistakes? Presently, the goal of a 
non-toxic environment by 2020 seems to be unattainable. 

1.1 Aims and brief content of the thesis 

The aim of the thesis is to increase the collective knowledge and 
understanding of organohalogen compounds with emphasis on the Nordic 
environment, their occurrence in biota and change in concentration over time. 
The organism chosen for this purpose is a small marine bird, the guillemot 
(Uria aalge). Guillemot eggs were collected from six geographical locations; 
Iceland, the Faroe Islands, Stora Karlsö (a Swedish island located in the Baltic 
Sea) and three locations in Norway, ranging from the mid-costal Norway up 
to the Arctic island of Björnøya (Bear Island). The information on the 
environmental conditions in the Baltic is extensive and the reason for using 
the Baltic Sea as a reference location. The other locations in the North 
Atlantic are less investigated and large gaps of information need to be filled. 
Further, eggs from several other marine bird species were collected in Iceland 
for an inter-species comparison in a remote location.  

This thesis is based on five scientific papers, numbered with roman numbers 
(Paper I-V). In brief, the first publication (Paper I) reports a modification of a 
well established and validated extraction method, called the Jensen method. 
The original Jensen method, first published in 1972 (17), and since validated 
in several inter-laboratory studies. The main purpose of the method is to 
extract both lipids and organohalogen compounds from tissue samples 
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without using any chlorinated solvents. The modified method was developed 
to improve the lipid extraction in matrixes with extreme low lipid content 
(<1%), where both methods are quantitative and qualitative for matrixes with 
lipid content above 1%. The original method was used in the study described 
in Paper II and the modified method was used in the studies described in 
Papers III and V. The second paper (Paper II) is an extensive investigation of 
the environmental condition with emphasis on organochlorine compounds in 
the Baltic Sea and how these have changed the last 30 – 40 years. Guillemot 
eggs collected in the years 1971 – 2001 were analysed to establish whether a 
time related trend existed in the occurrence of several contaminants and their 
metabolites. The third paper (Paper III) should be considered as the central 
paper of this thesis, where the environmental situation in the Nordic is 
investigated by means of guillemot eggs from several locations. Numerous 
chlorinated and brominated compounds, as well as some of their metabolites, 
were extracted from guillemot eggs, analysed and compared. The fourth paper 
(Paper IV) is also a spatial trend study, where the occurrence of a novel 
group, the polyfluorinated alkane compounds (PFCs) is investigated in the 
Nordic countries. The fifth and last paper (Paper V) compares the pollution 
load of seven bird species from a remote area, Iceland, and further 
investigates if there is an inter-species difference in the bird’s capacity of 
metabolising xenobiotics. 



 5

2 Background to the Nordic environment and environmental 
contaminants analysed in Papers II-V 

All samples analysed and reported in this thesis were collected from four 
Nordic countries; Iceland, the Faroe Islands, Norway and Sweden (Figure 
2.1). This chapter presents a short background on the Nordic environment as 
well as an introduction to the geography and human social habits in the 
region. Further, the biodiversity and the condition of the environment is 
discussed and the National monitoring program operated by the Swedish 
Museum of Natural History is briefly introduced followed by a presentation 
of all the compounds analysed in the Papers (II-V). 

2.1 The Nordic environment 

2.1.1 Iceland 
Iceland is a small volcanic island 
(Figure 2.2), the size of approximately 
100 000 km2 and around 300 000 
inhabitants. About two thirds of the 
population lives in the capital city, 
Reykjavík, or in the neighbouring 
communities. Of the countries included 
in this study, Iceland has the lowest 
population density (three persons/km2) 
and the second lowest of the Nordic 
countries. Iceland could be considered 
remote. Despite its sub-Arctic location, 

Figure 2.1. A map of the Nordic countries 
with the sample sites marked. 1: 
Sandgerði, Iceland, 2: Vestmannaeyjar, 
Iceland, 3: Kvísker, Iceland, 4: Sandøy, 
The Faroe Islands, 5: Sklinna, Norway, 6: 
Hjelmsøya, Norway, 7: Bjørnøya, Norway, 
8: Stora Karlsö, Sweden. 
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the climate is quite mild as it is strongly influenced by the Gulf Stream, 
making the winters relative warm and summers cool. The average winter 
temperature is about +3°C and the average summer temperature is about 
+10°C. The island’s population was fairly isolated from any external 
influence until the late 1800’s, but the lifestyle of modern Icelanders is a 
complex mixture combining western products and traditional food and habits. 
The food traditions of the Icelandic people have changed drastically over the 
last two decades and despite the fact that the fish consumption has decreased 
it is still an important part of the Icelandic diet. The main meat product is 
lamb, followed by beef. Consumption of fat or blubber has diminished 
whereas consumption of dairy products is quite extensive. There are, 
however, some traditional dishes that have survived, such as whale meat, sea 
birds and eggs. Consumption of marine food products is the main source of 
exposure to many well-known organohalogen compounds for humans (18). 
Therefore, the food habits of Icelanders can expose them to several 
environmental pollutants. Due to an extensive use of geothermal and 
hydroelectric power, the use of coals for heating is very uncommon. Fishery 
generates the largest export income followed by some industries, mainly 
aluminum production with electrolysis, an alloy factory and few smaller 
industries. The magnitude of the industry is quite small compared to other 
European countries. Apart for occasional incidents, the use of pesticides in 
Iceland has been very limited. The reported occurrence of some representative 
environmental pollutants in biota is presented in Table 2.1. It is apparent that 
the contamination in birds and seals seems to be either lower or comparable to 
other Nordic countries.  

Iceland has a flourishing bird population, consisting of marine and terrestrial 
birds, originating both from Europe and North America. The number of bird 
species is limited but the size of the populations are sometimes extensive. The 
country is an important breeding station and a resting destination for several 
migrating birds. The Vestmannaeyjar Islands is an island group, located off 
the south coast of Iceland (Figure 2.2). The largest island is Heimaey, 
populated with around 4000 inhabitants. There are mainly two bird species 
that nest there, guillemot and fulmar (Fulmarus glacialis). The guillemot eggs 
were collected at Geirfuglasker, a small and uninhabited island southwest of 
Heimaey. The great black-backed gull (Larus marinus) eggs, lesser black-
backed gull (Larus fuscus) eggs, common eider (Somateria mollissima) eggs 
and arctic tern (Sterna paradisaea) eggs were collected at Sandgerði, located 
at the South-West Iceland on the Reykjanes peninsula (Figure 2.1) where the 
common eider and arctic tern populations are quite large. The great skua 
(Stercorarius skua) eggs were collected at Kvísker, located far from any 
population dense areas or industrial sites.  



 7

2.1.2 The Faroe Islands 
The Faroe Islands are a cluster of 18 islands 
located between Iceland and the European 
mainland, composing a total area of 1400 km2 and 
populated by approximately 48000 inhabitants 
(Figure 2.3) and Tórshavn is the name of the 
capital. Due to the small size of the islands, the 
Faroe Islands have the highest population density 
of the investigated countries (35 persons/km2) and 
the second highest of all the Nordic countries. 
Similar to Iceland, the Faroe Islands are located 
below the Arctic Circle, but due to the North 
Atlantic current (19), the climate is much milder 
than one might predict, with an average winter 
temperature of +(3-4)°C and an average summer 
temperature of +(9.5-10.5)°C. As was the case for 
the Icelanders, the inhabitants of the Faroe Islands 

were relatively isolated until the beginning of the twentieth century and the 
lifestyle of Faroese is a mixture of combining traditional customs and western 
consumer products. The degree of which traditional food is consumed is 
larger among the Faroese population compared to the Icelandic. Whale meat, 
marine birds and their eggs make up a significant proportion of the Faroese 
diet, exposing them to high levels of pollution. This has been supported by 
recent studies reporting that the concentration of environmental pollution in 
the Faroese population is amongst highest values reported (20). There is no 
major industrial activity in the Faroe Islands, except for fishery. This makes 
the Faroese people immensely dependent on the marine environment and their 
economy vulnerable to fluctuations in the fish stock. The amount of pollutants 
in the Faroese marine environment seems considerable according to recent 
studies (Table 2.1). However, a comparison between the Faroese and other 
Nordic areas is difficult, since the species studied differ between locations. 

The bird fauna of the Faroe Islands is dominated by seabirds and birds 
attracted to open land due to the lack of woodland. Common species are eider, 
starling (Sturnidae ssp.), wren (Troglodytidae ssp.), guillemot and black 
guillemot (Cepphus grylle). The Faroic guillemot eggs used in Papers II-IV, 
were collected on the island Sandøy, an island the size of 125 km2 with 
approximately 1500 inhabitants. 

2.1.3 Norway 
Norway is a part of the European mainland, with about 4.7 million inhabitants 
and Oslo as the capital. The large size of the country results in a quite low 

Tórshavn

Sandøy

Tórshavn

Sandøy

Figure 2.3. Map of the
Faroe Islands. Tórshavn,
the capital, and Sandøy,
the sampling site are
marked 
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population density (overall <15 persons/km2, in northern parts <5 
persons/km2). Parts of Norway, especially the northerly areas, may be 
considered as remote. Food traditions are quite modern with some minor 
input of traditional food. Consumption of fish and marine products are ca. 20 
kg/person/year. Some heavy industry exists in Norway, e.g. aluminium 
production and oil industry (Norway is the third largest oil exporter in the 
world), but the industrial activity is quite low compared to the Baltic region 
and central Europe. Due to the length of the country the climate ranges from 
temperate to arctic, leading to a rich fauna. The avian class is no exception, 
and the Norwegian coast contains a major proportion of many of the seabird 
species found in the northwest Atlantic. The sampling sites in Norway are 
Sklinna, Hjelmsøya and Bjørnøya (Bear Island) (Figure 2.1). 

Sklinna is a small, uninhabited lighthouse station on an island off the coast of 
central Norway, about 200 km north of Trondheim. It is a national monitoring 
site for seabirds in Norway, with breeding populations of shag, cormorant, 
puffin (Fratercula arctica), guillemot, razorbill (Alca torda), black guillemot, 
and various species of gulls. Sklinna is protected as a seabird sanctuary. 
Hjelmsøya is a fairly large island (39 km2) on the northernmost coast of 
Norway, about 40 km west of the North Cape, facing the Barents Sea. It is a 
protected nature reserve, and a breeding site for guillemot, Brünnich’s 
guillemot (Uria lomvia), razorbills, black guillemot, puffin, kittiwake (Rissa 
tridactyla), long-tailed skua (Stercorarius longicaudus) and various species of 
gull. 
Bjørnøya is a part of the Svalbard archipelago, a small island and nature 
reserve located in the western part of the Barents Sea, approximately halfway 
between Spitsbergen and the North Cape of Norway. The arctic fox is the 
only indigenous land mammal in Bjørnøya. The terrestrial birds are the snow 
bunting (Plectrophenax nivalis) and ptarmigan (Lagopus muta), but the island 
has a thriving population of guillemots, (both common and Brünnich’s), 
puffin, fulmar, kittiwake, glaucous gull (Larus hyperboreus) and other 
seabirds that inhabit the vast cliffs in the south. In the past, some have 
attempted to settle the island, but none have lasted more than few years. Only 
few persons are stationed on Bjørnøya, working at the meteorological station. 
Despite its remote location and barren nature, the island has seen commercial 
activities in past centuries, such as coal mining, fishing and whaling. 

2.1.4 Sweden 
Sweden is also a part of the European mainland with Stockholm as its capital. 
The population counts at about 9.2 million with a higher population density 
than Norway (20 persons/km2). Food traditions and lifestyles are quite 
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modern and consumption of marine mammals and marine birds is not 
included in the diet of the average person. Fish consumption is average or 
fairly low. Studies have shown that the Swedish population has relatively low 
levels of contaminants as PCBs, DDTs and PBDEs (21-23). However, it must 
be noted that certain groups are more exposed to these compounds than other, 
such as fishermen from the east coast and their families due to a more 
pronounced consumption of fish from the Baltic Sea (18). The industry is 
highly developed, ranging from agriculture and fishery to pulp & paper and 
heavy industry. Sweden lies closer to the centre of Europe than other 
countries investigated in this thesis and is therefore considered to be closer to 
“sources” of contaminants. The fauna varies from the south to the north, 
including several large mammals such as wolves, wolverines, moose, otters 
and bears. The bird fauna is likewise extensive with large populations of both 
marine and terrestrial species. 

Stora Karlsö is a small, uninhabited island and a nature reserve; about 6 km 
west of the Swedish island Gotland in the Baltic Sea (Figure 2.1). It has a rich 
bird population of both guillemot and razorbill. The Baltic Sea differs from 
the North Atlantic Ocean, in it being a semi-enclosed sea with salinity much 
lower that of the Atlantic. Few marine species have adapted to the brackish 
condition, resulting in relatively low biodiversity. Due to human activity, the 
levels of inorganic nitrogen and phosphorus have risen in the Baltic Sea, 
leading to eutrophication. This causes a favourable environment for algal 
growth and a recurring problem of algal blooming. These extensive algal 
growths cause an increased pressure on an already strained ecosystem. 

2.2 Biodiversity and concentrations of POPs in the Nordic 

The countries investigated stretch from temperate climate up to sub-Arctic 
and the Arctic, with differing species composition at each sample site. The 
cold water masses flow into the North Atlantic from the north, meeting 
warmer water masses flowing from the south resulting in a diverse marine 
ecosystem with a favourable nutrition status. Still, the mammals and birds that 
inhabit the Northern hemisphere are specialised in their living and the food 
chains are in general short. This makes the ecosystem vulnerable to changes 
in climate or food availability compared to temperate and tropic ecosystems. 
Even if the sub-Arctic is remote with low population density and limited 
industrial activity, persistent organic pollutants (POPs) reach these areas and 
accumulate in the wildlife. Accompanied with extreme seasonal variations in 
light and low temperature at these latitudes, the half-life of persistent 
chemicals is longer compared to temperate climate. This increases the 
pollution induced stress in the wildlife and mammals in the Arctic and sub-
Arctic are amongst the animals with highest concentration of POPs found, 
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Table 2.1. There are several marine birds that thrive in these areas, one of 
which is the guillemot, also known as the common guillemot. Concentrations 
of organohalogen compounds in these birds are considerably higher compared 
to what can be found in other areas (Table 2.1, (24-26)). 

 
Table 2.1. Concentrations (ng/g l.w.) of organohalogens in biota from North-Western 
Europe and the European Arctic  

POPs 4,4’-DDE CB-153 HCB BDE-47 HBCDD References 
Region/Species:       
Greenland:       

Common eider (liver)   71   (27) 

Glaucous gull (liver) 14000 7300 1400   (27) 

Black guillemot (egg) Σ1 1310  390 52  (28) 

Brünnich guillemot (liver) 140  110 6.7  (29) 

Ringed seal (liver)   12   (27) 

Ringed seal (muscle)   13   (27) 

Ringed seal (blubber) Σ1 1130  19   (27) 

Polar bear (blubber)  1700  380  (30) 

Polar bear (liver)  8500  150  (30) 

Iceland:       

Common eider (muscle) Σ1 450  29   (31) 

Black guillemot (muscle) Σ1 900  260   (31) 

Grey seal (blubber) 890 420 17   (32) 

The Faroe Islands:       

Fulmar (egg) 2800 2500 330 4.3  (33) 

Pilot whale (blubber)2  8000 2900 290   (34) 

Norway       

Brünnich guillemot (yolk sac) 2300 580 712 60 35 (35) 

Common eider (yolk sac) 78 77 50 0.74 6.2 (35) 

Common guillemot (egg)      (36) 

Grey seal (blubber) Σ1 2000  43   (37) 

Svalbard       

Ringed seal (blubber)    17  (38) 

Polar bear (blubber)2    37  (38) 

The Baltic Sea:       

Common guillemot (egg) 10 000 2200    (39) 

Common guillemot (egg)    89 140 (40) 

Common guillemot (egg) 10 000 2300 620 60 170 (41) 

Grey seal (blubber) 15 000 21 000    (42) 

1 Sum of 4,4’-DDT, 4,4’-DDE, 3,3’-DDD and 2,4’-DDT 
2 Mean of male and female 

2.3 The Swedish national monitoring program 
Since the early sixties, the Swedish Museum of Natural History has operated 
a national monitoring programme, which role has been to collect samples of 
the Swedish flora and fauna, as well as performing numbers of chemical 
analyses. This continuous research has accumulated a substantial database of 
information of how the Swedish environment has been effected and changed 
over the last 50 years. Such a long time series of data is essential to detect 
possible environmental threats. Furthermore, being able to compare other 
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results to this dataset is priceless and allows for better quality of work to be 
published. In these times when industry is a large part in the progress of our 
civilization and the use of chemicals is extensive, the importance of 
continuously monitoring the environment must not be underestimated. 

2.4 Organohalogen compounds 
The chemical substances and substance classes that are analysed and 
presented in the Papers I-V of this thesis are described briefly below, referring 
to recent and comprehensive reviews on each one of them for in depth 
descriptions. Many are persistent and bioaccumulative but still there are some 
variations in their physical and chemical properties. The overall situation of 
POPs in the Arctic region is reviewed by e.g. Muir et al. (1999), Macdonald 
et al. (2000), AMAP (2004), Fisk et al. (2005) and de Wit et al. (2006) (43-
47). 

2.4.1 Polychlorinated compounds 

4,4’-DDT and 4,4’-DDE 
1,1,1-Trichloro-2,2-bis(4-chlorophenyl) ethane 
(4,4’-DDT) (Figure 2.4) is a very potent 
insecticide, produced in an technical mixture 
containing about 80% 4,4’-DDT (Buser et al 
1995 ES&T). 4,4’-DDT has mainly been 
utilised in mosquito control, but since the 
1970’s it has been banned in most countries. 
The use of 4,4’-DDT is still permitted in 
malaria infested countries, mostly around the 
equator (48). 4,4’-DDT is not particularly 
stable in biota where it is metabolically transformed firsthand to 1,1-dichloro-
2,2-bis(4-chlorophenyl) ethene (4,4’-DDE). 4,4’-DDE is very persistent and 
very bioaccumulative (vPvB) and is usually found in much higher levels in 
biota compared to 4,4’-DDT. 4,4’-DDE is not as acutely toxic as the parent 
compound (49, 50) but it is highly lipophilic and practically insoluble in 
water. This, accompanied with other physical and chemical properties, result 
in strong biomagnification throughout the food webs. The uptake of 4,4’-
DDT from the water is generally more important for aquatic organisms, 
whereas, in terrestrial fauna, food is the major source of exposure (50). 4,4’-
DDT has been reviewed by Turusov et al. (2002) (51) and the World Health 
Organisation (WHO) (50, 52). 
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Figure 2.4. a) 4,4’-DDT and b) 
4,4’-DDE. 



 12 

Polychlorinated biphenyls (PCBs) 

PCBs is a group of theoretically 209 congeners based on 
the biphenyl structure, containing one or more of 
chlorine atoms in different positions with the general 
chemical formula C12H10-nCln. Ballschmiter and co-
workers presented a system where each congener has 
been assigned a number from 1 to 209 according to the 
International Union of Pure and Applied Chemistry 
(IUPAC), and these CB-numbers are commonly used as 
abbreviations (53). Technical PCB production was 
initiated in 1929 and due to their chemical stability and 
physical properties, such as heat resistance, they were mainly used in 
transformers, capacitors, heat transfer mediums, hydraulic liquids and 
lubricants (54).  

Of all theoretical PCB congeners, about 130 are likely to occur in commercial 
products (55). Trade names of commercial PCB products are e.g. Aroclor 
(U.S.), Chlophen (Germany), Kanechlor (Japan), and Pheneclor (France), 
containing levels of chlorination ranging from 21 to 68% (w/w) (49). The use 
of PCBs has been restricted in most countries since the 1970s. Individual PCB 
congeners are often crystalline, while commercial mixtures exist as viscous 
liquids (49). Several PCB congeners are quite persistent in the environment, 
caused by their chemical stability and physical properties; they accumulate in 
organisms and biomagnify in the food chain. Sources, environmental 
behaviour and risk of PCBs were reviewed by Danse et al. (1997) (56). 

PCB and DDE metabolites 
When compounds like PCB have entered the body of an organism, the main 
rout of elimination is through metabolism, at least for higher organisms. 
Metabolism is aimed to increase the water solubility of a compound and the 
metabolic transformations are divided into two phases. Phase 1 is an 
activation phase, usually by oxidation, where the molecule becomes more 
reactive allowing phase 2 reactions to occur. Phase 2 is conjugation of an 
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Figure 2.5. Basic 
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initial stable metabolite with glucuronic acid or 
sulfate, or conjugation of a reactive compound or 
intermediate with glutathione (GSH), in each case 
introducing a highly water-soluble entity to the 
original molecule, promoting excretion.  
The nomenclature of OH-PCBs and MeSO2-PCBs 
used in this thesis is according to Letcher et al. 
(2000)(57). In brief, the abbreviated name is 
constructed by firstly identifying the PCB congener 
number by omitting the MeSO2- or OH-group in the 
methylsulfonyl-PCB and hydroxylated PCB, respectively. This is followed by 
the identification of which phenyl ring contains the primed and unprimed 
chlorine atoms, respectively. The numbering of the chlorine atoms then 
decides the number of the OH- or MeSO2-group when it is added back to the 
structure. This violates the rules set by IUPAC, where the OH- and MeSO2-
group weighs heavier and should therefore control the numbering. But by 
using this method, it is easier to understand the relationship between parent 
compound and metabolic product. According to this, 3-MeSO2-
2,2’,3’,4’,5,5’,6-heptaCB, which would be difficult to name according to the 
system presented by Ballschmitter (1993)(53), will be abbreviated as 5’-
MeSO2-CB174 according to the system presented by Letcher et al. (2000), 
showing CB-174 to be the parent compound (57). 

 
OH-PCB metabolites: OH-PCB metabolites are formed in phase 1 
metabolism. The oxidation of the molecule can occur either through direct 
insertion of an OH group or through an epoxy intermediate, an arene oxide, 
where both pathways are catalyzed by the P450 enzyme system (57, 58) 
(Figure 2.8). 
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Figure 2.7. Structure 
of 5’-MeSO2-CB174. 

Figure 2.8. Phase 1 metabolism of a PCB congener to OH-PCBs. 
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The arene oxide metabolic pathway is favoured by PCB congeners with a 
meta-para position free of chlorine atoms (57) where the formation of OH-
PCB via direct insertion of a hydroxyl group is occurring in PCB congeners 
with only a free meta-position (59, 60). If the epoxy intermediate is formed in 
a meta-para position with a chlorine atom in the para-position and hydrogen 
in the meta-position, there can be a 1,2-shift forming both a meta- and para-
OH-PCB, changing the chlorine pattern (61). OH-PCBs are more water-
soluble than the parent compounds. The OH-PCBs are retained in the blood of 
vertebrates, probably mainly due to their binding to the transthyretin protein 
(TTR), a protein that normally binds and transports thyroxine (62, 63). As 
many as 38 different OH-PCB metabolites have been identified in human 
plasma (64) but only a few congeners make up the major proportion of the 
total OH-PCB concentration. 

MeSO2-PCB and -DDE metabolites: After phase 1 activation with the P450 
system, the compounds can undergo a phase 2 conjugation. One possible 
pathway is a reaction between the arene oxide with glutathione (GSH), a 
tripeptide, catalysed by glutathione transferase (GST) or possibly 
spontaneously (65) (Figure 2.9). 

The glutathione conjugate is thereafter dehydrated and transformed through 
the mercapturic acid pathway (MAP) leaving only cysteine attached to the 
original PCB molecule. This cysteine conjugate can be excreted in the bile 
and into the gastrointestinal tract where C-S lyase in the intestinal micro flora 
can break the C-S bond, resulting in a PCB-thiol product. The thiol can be 
methylated forming a PCB methyl sulfide in the intestinal mucosa, a reaction 
catalysed by S-methyltransferase (SAM). Finally, this sulfide is oxidised in 
two steps catalysed by CYP enzymes, forming a MeSO2-PCB. MeSO2-PCBs 
are slightly more water-soluble than the parent PCB, but still hydrophobic. As 
for the PCBs, MeSO2-PCBs are distributed to lipid rich tissues, but a specific 
retention in liver, lung and uterus has been observed caused by protein 
binding (42, 57, 66-69). Up to 50 different MeSO2-PCB metabolites have 
been identified in humans (70-74) and up to 30 different metabolites 
identified in wildlife (75-79). 

All things in nature have a mirror reflection (80). This applies also to 
molecules. If this mirror reflection cannot superpose the original compound, 
these molecules or compounds are referred to as chiral. The classical 
definition of a chiral compound is a compound containing a carbon atom (a 
chiral atom) with four different substituents. However, a molecule can be 
chiral even though there is no chiral carbon atom present, the three-
dimensional structure of the molecule can produce chirality. The two mirror 
images of a compound form an enantiomeric pair. These two enantiomers  
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have identical physical and chemical properties but the biological properties 
may differ (81). There are two conditions a PCB molecule has to fulfil in 
order to be chiral. First, a chiral PCB congener requires two chlorine atoms in 
the two ortho-positions in one of the phenyl rings and at least one chlorine in 
the ortho-position of the other phenyl ring (57). Then the rotation of the 
biphenyl bond is limited and the enantiomers are sterically stable and can be 
separated from each other. Second, the chlorination pattern of the two rings 
must be asymmetric. Of 209 possible PCBs are 19 chiral congeners with 
stable atropisomers (82, 83) and five chiral MeSO2-PCB isomer pairs have 
been detected in biota (Paper II, (79, 84-86) and in humans (87, 88). 

Figure 2.9. Scheme of metabolism of CB-132 to 5’- and 4’-MeSO2-CB132. 
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HCB 

Hexachlorobenzene (HCB) is a white crystalline 
substance, practically insoluble in water. It has 
moderate volatility, 0.0023 Pa at 25°C and an 
octanol-water partition coefficient of log Kow 5.5 
(89). It has been used as a fungicide but is commonly 
formed as a by-product in several industrial 
processes, such as in the electrolytic production of 
magnesium, cobalt and nickel, from the chlor-alkali process, as well as in 
waste incineration and energy production from fossil fuel (90)) and in the 
thermal chlorination in the production of chlorinated solvents (91). HCB has 
been detected in wild life from most parts of the world (Table 1.1, (43)) and 
seems to be very ubiquitously distributed. Due to its chemical stability and 
physical properties, HCB is bioaccumulative. HCB can be metabolised to 
pentachlorophenol and several sulfur containing metabolites (92). The 
International Agency for Research on Cancer (IARC) and the US-
Environmental Protection Agency (EPA) classify HCB as a probable human 
carcinogen (93, 94). A review on sources and health effects is presented by 
Reed et al. (2007) (95). 

HCH 
Hexachlorocyclohexane (HCH) exists in six different isomeric forms, but 
only three of them are of an environmental interest, the α-, β- and γ-HCH. 
Technical-grade HCH consists of 65-70% α-HCH, 7-10% β-HCH, 14-15% γ-
HCH, and approximately 10% of other HCH isomers and by-products. The γ-
HCH isomer is environmental active as a broad-spectrum insecticide also 
known as Lindane. It has been used since the early 1950s. The α- and β-HCH 
isomers are usually found in highest concentrations in biota (96). β-HCH is 
the isomers with all chlorine atoms in the equatorial position, causing it to be 
most resistant to degradation (97) and the most bioaccumulative of the 
isomers (98). 
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Figure 2.10. Structure 
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β-HCH is a colourless, crystalline substance with moderate solubility in water 
and vapour pressure (0.67 Pa at 20°C), log Kow is 3.8 (99). Compared to most 
other persistent organic compounds, β-HCH is at least somewhat soluble in 
water, 1.5 mg/L at 20°C (99). The main source of β-HCH in the environment 
is the release of technical-grade HCH. The insecticidal effect of β-HCH is 
quite limited compared to the γ-HCH isomer. The ecotoxicology of γ-HCH is 
reviewed by Misra et al. (2007)(100). 

BCPS 
Bis(4-chlorophenyl) sulfone (BCPS) is mainly used in 
the production of thermostable polymers for the 
plastic industry (101) but has also to a minor extent 
been used as an textile dye agent. It has been used as a 
pesticide for a short period of time (102). It is a 
crystalline substance with limited water-solubility 
(0.01g/L at 20°C) and a log Kow of 4.1 (103). BCPS 
was first detected in perch (Perca fluviatilis) from the Gulf of Riga in 1995 
(104). Since then, BCPS has been detected in a range of biological samples, 
mostly in wildlife around the Baltic Sea (42) but also in glaucous gulls from 
the Norwegian Arctic (105), the German population (84) and identified in 
herring gull from Canada (78).  

TCPMe 

Tris(4-chlorophenyl) methane (TCPMe) is a 
compound which has not received much attention. 
It most likely originates from 4,4’-DDT synthesis 
where detectable amounts have been found in 
technical DDT products (106). The compound was 
first discovered in biota in ringed seal from the 
Baltic Sea (107) and in birds and sea mammals 
from North America, the Arctic, the Antarctic and 

Australia (108). It is assumed that TCPMe can be metabolised to tris(4-
chlorophenyl) methanol (TCPM-OH), which has been detected in harbour 
seals from North America (109) and has received much more attention than 
TCPMe. Researches indicate that both TCPMe and TCPM-OH are 
bioaccumulative and the log Kow for TCPMe is 6.5, and 6.0 for TCPM-OH 
(110).  

2.4.2 Brominated compounds 
Flame retardants are added to material to prevent ignition or slow down the 
ignition process. There are several different groups of flame retardants, both 
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Figure 2.12. Chemical
structure of BCPS. 
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organic and inorganic. One group of organic flame retardants are halogenated 
flame retardants, which act by reacting with free radicals that are formed at 
combustion of materials. Brominated flame retardants (BFRs) are either 
additive, where they are added to the products and no chemical bond exists 
between the material and the flame retardant, or reactive BFRs, where the 
flame retardant is covalently bound to the material with a chemical reaction 
(111). There is always a risk of additive BFRs leaking from the final product 
into the environment. This can be due to low binding ability of the product, 
weathering, decomposition, heating or general use of the product, depending 
on the product and its application area. The risk is minimal for reactive BFRs 
due to the covalent bond between the BFR and product material. Unreacted 
BFR molecules present in the final product can leak out, but usually the 
amount of unreacted compounds is insignificant. Below are two groups of 
BFRs, PBDEs and HBCDD, discussed, where their application area and 
physical properties are described. Both are used as additive BFRs. Further, a 
short introduction of OH-PBDEs and MeO-PBDEs is given. OH-PBDEs are 
known to be metabolites of PBDEs, amongst other, and both OH-PBDEs and 
MeO-PBDEs have been found to be naturally occurring. These compounds 
are not known to be intentionally produced. 

PBDE 

Polybrominated diphenyls (PBDEs) are a group of diphenyl ethers with 
different degree of bromination. There are theoretically 209 different 
congeners of PBDEs. The nomenclature is the same as used for PCBs 
described above. PBDEs are used as additive flame retardants in textiles, 
plastics and electronic devises. There are three commercial PBDE products, 
named Penta-, Octa- and DecaBDE depending on the degree of bromination 
and named after the major congeners in each mixture. The use of Penta- and 
OctaBDE has been banned within the European Union (EU). The use is still 
allowed within the US but their production has been ceased by the 
manufacturing company (112). The use of all PBDEs has been restricted in 
the EU by the RoHS directive (113) and several US governmental actions 

Figure 2.14. Structure and abbreviations of some PBDE congeners that are amongst
those usually found in the highest concentration in biota. 
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have been taken in order to restrict use of PBDEs in USA, even decaBDE 
(114).  

PBDEs have been produced over more than 30 years and were first detected 
in pike from Sweden (115). Some of them, mostly the higher brominated 
PBDEs, are considerably persistent and several PBDE congeners are detected 
in remote areas like the Arctic as reviewed by de Wit et al. (2006) (46). 
Levels and trends of PBDEs have been reviewed by Law et al. (2008)(116). 
There are several risk assessments of PBDEs (117-121) and their toxicology 
has been reviewed by e.g. Rahman et al. (2001) (122), Birnbaum and Staskal 
(2004) (123), Gill et al. (2004) (124) and Vonderheide et al. (2008) (125).  

OH-PBDE and MeO-PBDE 
Neither OH-PBDEs nor MeO-PBDEs are known to be industrially produced. 
The nomenclature of both OH-PBDEs and MeO-PBDEs is the same as 
described for OH- and MeSO2-PCBs.  
OH-PBDEs: As for PCBs, when PBDEs have entered the body, the main 
route of elimination is via metabolism. The research on PBDE metabolism is 
still limited compared to PCB metabolism but some work has been done as 
reviewed by Darnerud et al. (2001) (126) and Hakk and Letcher (2003) (127). 
Similar to PCBs, PBDEs are oxidised with the P450 system to arene oxides, 
which are then further reacted to produce OH-PBDEs. Yet no MeSO2-PBDEs 
have been reported. The OH-PBDE metabolites are more hydrophilic than the 
parent compounds but the hydrophilicity deceases with increased number of 
bromines (128). The calculated pKa and log Kow of several major OH-PBDE 
congeners (protonated) ranges between 4.7 and 6.8, and 7.2 and 9.3, 
respectively (129). As for the OH-PCBs, OH-PBDEs are retained in the blood 
due to their binding to the TTR protein instead of being associated to lipid 
rich tissues (128, 130, 131).  

OH-PBDEs have been detected as naturally produced compounds, mostly by 
algae and sponges (132-134). The algae and sponges probably use these 
compound as defense against predators and bacterial invasion (135-137) as 
these compounds have shown antibacterial activity (138, 139). The natural 
production complicates studies on the origin of OH-PBDEs since it is difficult 
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Figure 2.15. Structures of a) 6-OH-BDE47 and b) 2’-OH-BDE68 
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to distinguish between naturally produced compounds and metabolites. 
Usually, when the OH-group is in meta- or para-position, the compound is of 
metabolic origin, but naturally produced when the OH-group is in ortho-
position. However, there are several exceptions, e.g. 6-OH-BDE47 and 2’-
OH-BDE68, that both have been detected both as metabolites (131, 140) and 
naturally produced (133). 

 

MeO-PBDEs: The origin of MeO-PBDEs has not been investigated in full 
depth but they have been identified as naturally produced in algae and 
sponges (134, 141-143). Certain MeO-PBDEs have been reported as 
metabolites, i.e. methoxy-hydroxy-metabolites of BDE-209 (144). The 
literature about MeO-PBDE is quite limited. They are more lipophilic than the 
corresponding OH-PBDEs, log Kow of 2’-MeO-BDE68 and 6-MeO-BDE47 
have been estimated to be approximately 6.8 (145) indicating distribution to 
lipid rich tissues and bioaccumulation in biota (145, 146). Several MeO-
PBDE congeners have been detected in higher organisms, like marine 
mammals (147), birds (148, 149) and even human breast milk (150). Little is 
known about the biological effects of MeO-PBDEs but 2’-MeO-BDE68 
shows antibacterial and anti-inflammatory activity (141). 

HBCDD 
Hexabromocyclododecane (HBCDD) is another BFR 
used as an additive BFR, mainly in polystyrene foam 
but also in textiles (111). The technical mixture 
mainly consists of three different isomers, α-, β- and 
γ-HBCDD, which are all of environmental interest. 
Unfortunately, due to the methodology used within 
this thesis, the isomers were not separated, therefore, 
when HBCDD is mentioned, it refers to the sum 
concentration of all isomers. In Europe, HBCDD has 
partially replaced the use of PBDEs, after PBDEs 
were banned in 2004. Physiochemical properties of HBCDD are similar to the 
compounds discussed above, which many are known to be persistent, 
bioaccumulative and toxic (PBT). Levels and trends of HBCDD have been 
reviewed by Law et al. (2008) (116). HBCDD has undergone an extensive 
risk evaluation by the Joint Research Center of the European Commission. 
Accordingly, it is classified as PBT and it is concluded that that there is an 
environmental threat caused by HBCDD and actions on reducing the 
environmental concentrations are advised (151). 

Br Br

Br
Br Br

Br

Figure 2.16. Structure of 
HBCDD. 
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2.4.3 Fluorinated compounds 
Polyfluorinated alkyl compounds (PFCs) consist of several classes of per- 
and/or polyfluorinated chemicals. PFCs are different from other compounds 
investigated within this thesis where these compounds are composed of long 
aliphatic chains where all or most of the hydrogens have been exchanged to 
fluorine. This changes drastically the physiochemical properties of the 
chemicals and this is the basis for their applications. PFCs have been 
industrially produced over the last 50 years and have been used for surface 
treatments of textiles and paper products, added to fire-fighting foams and in 
the chromium-plating industry (152). PFCs repel both water and oil, reduce 
surface tension, can act as catalysts for oligomerisation and polymerisation, 
and function where other compounds would rapidly degrade. Due to the 
strength of the C-F bond, these compounds are exceptionally stable and very 
resistant to environmental and metabolic degradation. PFCs are known to be 
associated to blood proteins, such as albumin and TTR (153, 154). Therefore, 
these compounds build up in the environment and can be detected in 
biological samples as reported over the last few years (155-158). PFC 
chemistry and analytical procedures are reviewed by Voogt et al (2006) (159). 

PFOS  
Perfluorooctyl sulfonate (PFOS) (Figure 2.17) is a perfluorinated C8 aliphatic 
chain with a sulfonate group. PFOS is both hydrophobic and lipophobic and 
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its solubility in water is negligible, but its PFOS K+ salt is quite soluble in 
water (1080 mg/L (160)). It is not possible to measure the log Kow, since 
PFOS forms a film between the octanol and the water, pointing the lipophilic 
tail (C8F17-) into the octanol phase and the polar head (-SO3

-) into the water 
phase. 
PFOS is both an intentionally produced substance and an unintended 
degradation product of related anthropogenic chemicals. It is extremely 
persistent and has not shown any degradation by hydrolysis, photolysis or 
biodegradation in any environmental condition tested. The only known 
degradation of PFOS is through high temperature incineration under 
controlled condition (161). PFOS is therefore classified as PBT and has been 
adopted as a POP compound by the Stockholm Convention (161). PFOS and 
related compounds were detected much later in the environment compared to 
chlorinated and brominated compounds discussed above. Hansen and co-
workers published an extraction method in 2001 that is commonly used today 
(162), employing high performance liquid tandem mass spectrometry (HPLC-
MS). One of the largest producers of perfluorooctanyl based products, 3M, 
announced in 2000 that these products would voluntarily be phased out (160). 
Compounds that can degrade to PFOS are though still produced. PFOS has 
been detected in high levels in surface and ground water (163-165), wildlife 
(155, 156, 166) and even in humans (162, 167, 168). The high levels of PFOS 
found in guillemots in the Baltic are expected to induce effects on the birds 
(169). 

PFCAs 

Perfluorinated carboxyl acids (PFCAs) (Figure 2.17) are alkyl chain 
molecules of different length containing a carboxylic acid group. The most 
common and most studied PFCA is the perfluorooctanoic acid (PFOA, C8), 
often found in high concentrations in human plasma (162, 170, 171). Longer 
chain acids (C11 – C15) are receiving increasing attention since these are 
often dominating in Arctic wildlife (156) due to their higher bioaccumulation 
potency compared to shorter chain acids (172, 173). PFOS is usually the 
major PFC in wildlife but PFCAs have been reported to be the major fraction 
of PFCs detected in marine birds from the Canadian Arctic (174). US-EPA is 
currently evaluating the risk of PFOA but similar to PFOS, PFOA is not 
known to degrade under any natural processes (175). As for PFOS, 3M has 
phased out PFOA from its production but PFOA is still used in products 
where no suitable replacement has been found (176). 
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PFOSA and N-Et-PFOSA 

Perfluorooctyl sulfonamid (PFOSA) and N-ethyl-perfluorooctyl sulfonamid 
(N-Et-PFOSA) are two perfluorinated compounds with the structures shown 
in Figure 2.17. Compared to PFOS and the PFCs, PFOSA and N-Et-PFOSA 
have received very limited attention. PFOSA has been detected in human 
serum (162) and wildlife (155, 174) and N-Et-PFOSA has been detected in 
biota from the marine food web from the Canadian Arctic (177). The 
concentrations of these compounds are usually lower compared to PFOS and 
PFCs. N-Et-PFOSA has been used as an insecticide against cockroaches and 
ants and can be metabolised to PFOSA (178-181) and both PFOSA and N-Et-
PFOSA can be metabolically degraded to PFOS (182). 
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3 Analytical methods 

In the Papers presented in this thesis, organohalogen compounds were 
analysed in bird eggs. There are several steps needed to attain an extract clean 
enough to be able to successfully perform analysis on a GC or a LC. Three 
groups of halogenated compounds are studied in the Papers (II-V): 
chlorinated, brominated and fluorinated organic compounds. The first two 
groups have rather similar physiochemical properties whereas the last, the 
fluorinated organic compounds, differ from the other two (c.f. Chapter 2.4). 
Therefore, a completely different extraction method and analytical equipment 
is needed for analysis of the fluorinated compounds compared to the 
chlorinated or brominated compounds. These methods are described below. 
The procedure of identification and quantification is discussed and the quality 
control is described, addressing difficulties and problems concerning 
environmental analysis. More detailed descriptions of the methods are 
presented in the Papers I-V.  

In the Papers presented in this thesis, concentrations of chlorinated and 
brominated compounds are presented on lipid weight basis. This is because 
most of these compounds, with exception of the metabolites OH-PCBs and 
OH-PBDEs as well as the fluorinated compounds, are mainly present in lipid 
rich compartments of the body. The lipid weight presentation simplifies 
comparison between tissues and species, where the lipid content may vary. 
OH-PCBs and OH-PBDEs are mainly present in blood and blood rich tissues, 
often bound to proteins, but these compounds are also presented on lipid 
weight basis to allow comparison between chemical groups. Fluorinated 
compounds are presented on wet weight basis, also known as fresh weight 
basis, where these compounds are neither lipophilic nor hydrophilic. 
Therefore, the extraction method for the fluorinated compounds does not 
involve lipid extraction as the method for chlorinated and brominated 
compounds. 

3.1 Analytical method for analysis of chlorinated and brominated 
compounds 

3.1.1 Extraction of lipids and compounds 
There are several different extraction methods described in the scientific 
literature, either utilising manual extraction or a complete automatic 
extraction (183-188). The extraction method used for the guillemot egg 
samples analysed within this thesis is a liquid-liquid extraction method. Sören 
Jensen originally developed this method in 1972 (17), referred to as the 
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Jensen method further on, shortly after his discovery of PCBs in nature, as 
described in Chapter 1. The idea behind the method is to quantitatively extract 
the lipids and all organohalogen compounds in the matrix without using any 
chlorinated solvents as the Bligh-Dyer method (183). The Jensen method is 
commonly used today, has been validated in several inter-laboratory studies 
(189, 190) and is the method utilized in the Environmental Monitoring 
Program at the Swedish Museum of Natural History. Although being a simple 
and efficient method, it appeared that for matrixes with extremely low lipid 
content (<1%), the original Jensen method did not extract the lipids efficiently 
enough, even if all the organohalogen compounds were extracted. This 
resulted in an overestimation of the reported concentration on lipid weight 
basis in extremely lean matrixes. To meet this problem, a new improved 
method was published in 2003 (Paper I), referred to as the modified Jensen 
extraction method. For most matrixes, the lipid content is above 1% and in 
these cases both methods are quantitative. The original Jensen extraction 
method was used in Paper II, and the modified Jensen extraction method was 
used in papers III and V. The modified Jensen method is validated for egg 
homogenate extraction in paper III. 
 
Table 3.1. Solvents used in the original Jensen and the modified Jensen extraction 
methods. 
    
  Solvent mixture  
Method A B C 
    
    

Original Jensen 
extraction method 

Acetone (25 ml) 
n-Hexane (10 ml) 

n-Hexane/Methyl-tert-
butyl ether (9:1)  

(25 ml) 

n-Hexane/Methyl-
tert-butyl ether (9:1) 

(25 ml) 
    

Modified Jensen 
extraction method 

Isopropanol (25 ml) 
Diethylether (10 ml) 

n-Hexane/Diethyl 
ether (9:1) (25 ml) 

Isopropanol (10 ml) 

n-Hexane/Diethyl 
ether (9:1) (25 ml) 

    
 
In papers II, III and V, only 1 g of the guillemot egg homogenate is used to 
simplify the sample treatment and to increase the time efficiency. This allows 
the extraction to be performed in test tubes instead of glass funnels as 
described in Paper I. In short, the sample is vortex mixed with mixture A, 
which has the function of dehydrating the sample (Table 3.1). The lipids and 
organohalogen compounds are then extracted with mixture B followed by 
extraction with mixture C. The extracts are combined and washed with 
aqueous sodium chloride (0.9%) in 0.1 M phosphoric acid solution. In paper 
III and V, an additional 0.5 ml of 2 M hydrochloric acid was added to the 
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sample simultaneously to mixture A. This was done since a pilot study 
showed that concentrations of OH-PCBs were higher in samples treated with 
hydrochloric acid compared to samples with no acid (Paper III). The higher 
concentrations of OH-PCBs are possibly due to a more efficient denaturation 
of proteins than if only isopropanol is used, leading to improved extractability 
of OH-PCBs. If increased recoveries of OH-PCBs were only due to shifted 
pH-values, recoveries of the surrogate standard (SS), which is also an OH-
PCB, would also increase and therefore no increase would be measured. This 
is happening because the recoveries of the analyte is normalised to the 
recoveries of the surrogate standard. The extracted lipids consist of 
triglycerids, phospholipids, cholesterol and fatty acids and the total lipid 
amount is determined gravimetrically. 

3.1.2 Lipid removal and separation of substance groups 
The various clean-up steps are illustrated in Figure 3.1. In guillemot eggs, the 
total amount of extractable lipids is approximately 13%. Several clean-up 
steps are performed to remove lipids and other biological matters in the 
sample to promote the analysis of organohalogen compound. Highly efficient 
extractable matter removal is crucial since even matrix traces can disrupt the 
analysis. Lipid removal is either destructive or non-destructive. Size or 
physiochemical properties of the analytes may be applied to separate lipids 
from analytes. Acetonitrile (ACN) separation of lipids and analytes is an 
example of a non-destructive method, where different physiochemical 
properties are applied as further described below. Gel permeation 
chromatography (GPC) is another non-destructive method utilising size of the 
analytes to separate them from the matrix. Other influential factors in the 
GPC are e.g. the mobile phase, and planarity and polarity of the compounds 
(191). The use of sulfuric acid or strong base are examples of destructive 
methods for lipid removal. In the work presented herein, lipid removal is 
mostly based on the use of sulfuric acid accompanied with several other steps, 
as presented below. 

 

Lipid removal with acetonitrile (ACN). A time effective method is to use 
ACN to remove the bulk of lipids. ACN dissolves the analytes fairly well 
while lipids are poorly solved in ACN (103, 192). If alkyl aryl or diaryl 
sulfone compounds, like MeSO2-PCBs or BCPS, are to be analysed, this step 
simplifies the clean up since the sulfone containing fraction is the most 
difficult one to obtain free from interfering compounds/material for optimal 
analysis. Lipid residues seem to have properties similar to sulfone 
compounds, complicating the separation the analytes from the matrix. The 
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extracted lipids are treated three times with ACN (1:9) to sufficiently recover 
the sulfone containing compounds. This method was used in paper II. 

 
Separation of OH-PCBs/OH-PBDEs and neutral substances. Aromatic 
compounds with an OH-group are slightly acidic. Therefore it is ideal to 
separate these compounds from other neutral compounds by using a slightly 
alkaline solution, 0.5 M potassium hydroxide (KOH) in ethanol:water (1:1). 
One drawback is a possible dehalogenation of compounds like p,p’-DDT, 
HCH and HBCDD caused by the KOH, decreasing the recovery of these 
compounds (193). This separation step was therefore used with precaution, 
where the sample was exposed to the KOH solution for as short time as 
possible. HCH showed sufficient recoveries (50%) in a recovery experiment 
presented in Paper III. Recovery of HBCDD was also regarded as sufficient 

Figure 3.1. Schematic presentation of the extraction and clean-up method used for 
chlorinated and brominated compounds. 
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(50-60%) as presented later in this chapter. This separation step was not 
performed in Paper II, where the OH-PCB metabolites were not analysed. 

 

Lipid removal with sulfuric acid and separation of sulfone-containing 
compounds from non-sulfone-containing compounds. As mentioned above, a 
very efficient, but destructive, method for lipid removal is sulfuric acid 
(H2SO4) treatment. This step also separates sulfone containing compounds 
from other compounds, where they partition to the sulfuric acid. The 
partitioning of sulfone compounds to the sulfuric acid is working because of 
Lewis acid/base pair formation of the sulfone group and the sulfuric acid. The 
sulfone containing compounds can thereafter be re-extracted from the acid by 
adding water, where water breaks the Lewis acid link. A silica gel column 
impregnated with sulfuric acid was used after the sulfuric acid step for all 
three fractions to further remove traces of lipids. The advantage of using silica 
gel column has been described by Valters (2001) (194). 

 

Separation of sulfone-containing compounds from non-sulfone-containing 
compounds with DMSO. Dry dimethyl sulfoxide (DMSO) can be used to 
separate sulfone containing compounds from other compounds with liquid-
liquid partitioning (195). Similar to re-extracting sulfone containing 
compounds from sulfuric acid, water is added to the DMSO to re-extract these 
compounds (195). This method was used in Paper III and V. 

3.1.3 Derivatisation of phenolic groups 
The GC technique used is appropriate for neutral compounds. When a phenol 
group is present in the compound, it becomes slightly acidic and making the 
compound more water-soluble. This decreases the analytical quality, due to 
interactions between the phenol and the stationary phase in the GC-column 
and the detection limits become higher. To improve the analysis, a fast and 
easy way is to derivatisize the OH-group by reacting it with diazomethane to 
form methyl ether compounds, as shown in Figure 3.2.  

CH2
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SN2
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Figure 3.2. Mechanism of derivatisation of OH-groups with diazomethane. 
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A drawback is the toxicological risks of diazomethane, due to its alkylating 
properties (196). It has been shown to be carcinogen in mice and rats and is 
suspected to be a foetal toxicant in rats (197). Due to lack of data, it is not 
classified as carcinogen in humans. Still, precaution is recommended when 
using diazomethane, also due to its extreme explosion risk. The advantages of 
the MeO-PCB derivates are their high chemical and thermal stability and the 
simplicity of their preparation. An immediate analysis is therefore not 
required and the sample can even be treated with sulfuric acid after 
derivatisation.  

There are other methods of derivatisation, i.e. acetylation (198), silylation 
(199) or react the metabolites with methyl chloroformate (MCF) to form 
MCF-O-PCB derivates (200). The chemical instability of the derivates formed 
in the latter few cases is the main reason for choosing diazomethane as a 
derivatisation method. 

3.1.4 Instrumental analysis of chlorinated and brominated compounds 
To analyse small and hydrophobic compounds, GC is the ideal analytical 
instrument. All analysis of chlorinated and brominated compounds presented 
herein are performed with a DB-5 or a CP-Sil8CB column, both capillary 
columns with 5% phenyl polysiloxane. The identification of TCPMe in Paper 
II, a PTE 5 capillary column was used. An enantioselective column was used 
to analyse enantiomer paris as described in Chapter 3.1.5. For analysis of 
PCBs and its metabolites, electron capture detector (ECD) is widely used due 
to its efficiency, simplicity and sensitivity towards electrophilic substances, 
e.g. halogen and oxygen containing compounds. The sensitivity of the ECD 
generally increases with increasing number of halogen atoms in the molecule. 
Still, the sensitivity decreases when the size of the analyte is above a certain 
limit due to analytical factors with the GC. These size limits vary, depending 
on the analyte. The detection and identification of compounds relies on 
comparing retention time to retention time of external standards and this 
method can therefore not be used to identify “new” or unidentified 
compounds.  

The mass spectrometer (MS) is a powerful tool for identification and 
quantification of new or known compounds. The MS can provide additional 
data on the compound, like molecular weight, fragmentation etcetera, 
depending on the instrument used and ionization technique. The GC/MS 
techniques used within this thesis are Electron Capture, Negative Ionization 
(ECNI) and Electron Impact ionization (EI). ECNI is a very selective and 
sensitive method for electronegative compounds such as the halogenated 
compounds that are in focus in this thesis. The response increases with the 
number of halogens. EI is a more universal technique where electronegativity 
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is not essential. The method can therefore be used on compounds that have no 
halogens or other electronegative groups. The response of EI does not vary 
between compounds as much as for ECNI. For EI, by controlling the voltage 
of the electron source, the fragmentation of the analyte can be controlled and 
this method therefore gives more information on the structure of the 
compound. Often the sensitivity of MS is greater compared to ECD, 
especially when used in selected ion monitoring mode (SIM) where one ion 
formed in the MS is selected for detection.  

The ECNI technique was used in Papers II and III for identification and 
quantification of PBDEs, OH-PBDEs, HBCDD, BCPS and MeSO2-PCBs. 
ECNI was also used in identification and quantification of PBDEs in different 
bird species from Iceland (Chapter 5). The analysis of PBDEs and HBCDD 
was performed by using GC/MS operated in the SIM mode, monitoring the 
bromine isotopes, 79Br and 81Br. HBCDD has been reported to degrade in 
temperature above 220°C (201) and LC is therefore a more appropriate 
analytical tool. Still, there seems to be a good agreement between 
quantification with GC and with LC (202, 203) indicating that the results 
presented in Paper II and Chapter 5 are not underestimations of the 
concentration. For analysing BCPS and chiral MeSO2-PCBs, the SIM ions 
monitored were [M]- and [M+2]-. A high resolution magnetic sector MS (EI) 
was used in Paper II to identify TCPMe, where the electron source was at 34 
eV. This gives a gentle ionization but a sufficient fragmentation for 
identification of the compound. Isomer specific analysis of HBCDD was 
performed with a high performance LC (HPLC) using a C18 analytical 
column, with methanol and water as mobile phase. A triple quadrupole was 
used, operated in electrospray ionisation (ESI) negative mode. This technique 
is discussed a bit further in the instrumental chapter for PFCs, Chapter 3.2.2. 

3.1.5 Enantiomeric specific analysis 
Traditional analytical columns, like the DB-5 or CP-Sil8, are not capable of 
separating the enantiomeric pairs of chemicals in general. For that purpose an 
enantioselective column is needed. The column is coated with a chiral 
stationary phase, often cyclodextrines (CD) and sometimes in a mixture with 
an achiral phase to increase thermal stability. CD are cyclic glucose oligomers 
with 6-8 D-glucose units forming a ring, called α-, β- or γ-CD depending on 
the number of glucose molecules, which is less polar on the inside of the ring 
and more polar on the outside. Enantiospecific retention occurs through 
interaction between the stationary CD phase and the enantiomers, where one 
of the enantiomers interacts stronger to the CD molecules. Most 
enantiospecific separation is controlled by enthalpy, resulting in increased 
separation with decreasing temperature (82). This often causes long retention 
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time in analysis of chiral compounds and temperature programs involving 
slow temperature increase with long isothermal temperature stages. The 
temperature program used for the analysis of chiral MeSO2-PCBs in the study 
presented in Paper II is almost 100 minutes. The enantiospecific analysis of 
chiral MeSO2-PCBs in Paper II was performed on a column coated with a 
mixture of hepatakis (2,3-di-O-methyl-6-O-t-hexyl)-β-cyclodextrin and OV-
1701 (1:1), a non-commercial column prepared by König and co-workers 
(204). 

3.2 Analytical method for analysis of polyfluorinated compounds 

3.2.1 Extraction of PFCs 
For analysis of PFCs, a recently developed 
method, by Tomy and co-workers (205), was 
applied. A detailed description of the method is 
given in Paper IV. The sample is vortex mixed 
with methanol and centrifuged with a high G-
centrifuge. No further clean up steps are 
required since these compounds are not 
lipophilic as the chlorinated and brominated 
compounds, and therefore, the method does not 
involve lipid extraction. The lack of lipophilicity 
is also the reason for not reporting the 
concentration of lipid weight (l.w.) basis, but 
rather on wet weight (w.w.) basis. This, of course, makes it difficult to 
compare PFCs to other compounds presented within this thesis, but a 
conversion between l.w. and w.w. can easily be made for that purpose.  

The first analytical method for PFC was published in 2001 by Hansen and co-
workers (162) but previous studies on analysing organic fluorinated 
compounds usually employed total organic fluorine detection. The total 
organic fluorine detection method is not able to separate between different 
compounds; therefore, earlier reports contain no information on the PFCs 
congener composition. The Hansen method is an ion-exchange method 
developed for plasma and liver samples. A matrix dependent suppression of 
the ion intensity in the mass spectrometer was observed for some PFCs when 
the Hansen method was applied on other tissue samples (177). The method 
proposed by Tomy et al. was developed for tissue samples to bypass this ion 
suppression problem resulting in a simple and fast method (205). 

Figure 3.3. Schematic picture 
of the extraction and clean-up 
method used for fluorinated 
compounds. 
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3.2.2 Instrumental analysis of PFCs 
It is difficult to use GC to analyse PFCs, since several of these compounds are 
non-volatile, hence using LC is more appropriate. Linking LC to a MS was a 
technical problem for a long time due to the complications of removing the 
mobile phase of the LC before the sample enters the MS. A flow of 1 ml/min 
of water becomes roughly 1250 ml/min of vapour, compared with 1 ml/min of 
gas from a GC capillary column and conventional ion sources cannot tolerate 
such large volumes of vaporized solvents. Ionisation at atmospheric pressure 
is therefore a great benefit for the LC/MS area (206). An advantage of the 
LC/MS is that a derivatisation of active functional groups is not necessary. 
Neutral PFCs can be analysed by GC but anionic and cationic PFC require a 
derivatisation as reviewed by de Voogt and Sáez (2006) (159). HPLC/MS 
using electrospray ionization (ESI) is considered the current standard for 
analysing PFCs, especially anionic PFCs (159). The PFCs presented in Paper 
IV were analysed by HPLC-tandem MS, equipped with a C18 analytical 
column. The tandem MS was a triple quadrupole using ESI, and with an 
atmospheric pressure ionisation (API) technique and multiple reaction 
monitoring (MRM). The quadrupole tandem mass technology operates in the 
way that one ion, often the molecular ion, is detected in the first quadrupol. 
Then there is an intermediate quadrupole where the selected ion is fragmented 
and the fragments transported to the second identification quadrupole. There 
the second verification ion is detected. This increases the quality of the 
identification of the target analyte. Single quadrupole MS can be employed 
for analysing anionic PFCs but tandem MS technology increases the quality 
of the analysis since it allows verification of the analysis. 

3.3 Identification and quantification 

Identification and quantification of HCH, HCB, PCB, DDE and their 
metabolites was performed by comparing their GC retention time to an 
external standard. The elution order of PCBs and pesticides on a DB-5 
analytical column is well documented. Background and relative 
concentrations are also well known so further identification is unnecessary. If 
the concentrations are very low, MS can be used instead of ECD where the 
sensitivity is greater. When unidentified peaks appear in the chromatogram, 
further investigations are needed, as in Paper II, when suspiciously high 
amounts of what seemed to be 4-MeSO2-CB52 were found. A high-resolution 
mass spectrometer (HRMS) was used to attain accurate molecular mass and 
mass spectra. This was compared to a mass spectra published by Jarman et al. 
(1992) (108) and the compound appeared to be TCPMe. TCPMe and 4-
MeSO2-CB52 co-elute on a DB-5 column when using the temperature 
program specialised for analysing the PCB methyl sulfones. Enantiomer pairs 
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of chiral MeSO2-PCBs were identified and quantified with GC-MS to 
eliminate all interruptions. BCPS was identified and quantified on a GC-MS 
in Paper II but further investigations showed that identification and 
quantification with a GC-ECD were sufficient. GC-ECD was, therefore, used 
in Paper III. BCPS was analysed in Paper V but was present at trace 
concentrations and therefore not reported. 

All brominated compounds were identified and quantified by using GC-MS. 
The elution order on a DB-5 column is fairly well known so identification 
was performed by monitoring the bromine isotopes, 79Br and 81Br, excluding 
all compounds that do not contain bromine. The PBDE congeners were 
identified by comparing their retention time to an external standard mixture.  
Analysis of fluorinated compounds is more complicated and the knowledge of 
the background and co-eluting peaks are not as extensive as for chlorinated 
and brominated compounds. Therefore a tandem mass technology and MRM 
was used to identify and quantify these compounds.  

The retention time of all analytes were compared to the retention time of the 
SS to exclude any drift in the GC or LC. The analytes were quantified with 
single point quantification. Therefore it is very important to operate within the 
linear range of the detector and the linearity of the detector was monitored on 
regular basis with calibration curves. 

3.3.1 Limit of detection – Limit of quantification 
There are several different methods of how to define the limit of detection 
(LOD) and the limit of quantification (LOQ). The instrumental limit of 
detection or quantification is the lowest amount of a compound that is needed 
to inject into the analytical tool for a correct identification or quantification. 
These limits are often established with a concentration curve, where different 
concentrations of the analytes are injected. The LOD or LOQ can also be the 
method limit, also known as “method detection limit” (MDL) or “method 
quantification limit” (MQD), which is the lowest amount detectable or 
quantifiable, using a certain method, sample amount and final sample volume. 
There are different methods to establish these method limits. Usually, these 
limits have to be defined for every occasion where they depend on the 
scientist, laboratory background contamination and the condition of the 
instruments. One method of defining LOD and LOQ is defining a “signal-to-
noise” ratio (S/N). This is especially important when analysing a 
chromatogram with low peak intensities or high background level. The most 
common ratio for LOD is S/N = 3 and for LOQ S/N = 5 or 10, depending on 
the quality of the analyses. If there is a background contamination, the 
definition “three times the concentration in the blank” is commonly used for 
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LOD. Many compounds reported within this thesis are present in fairly high 
concentrations, e.g. 4,4-DDE and PCBs. In these cases, LOD and LOQ are 
not relevant and therefore not reported. In papers II, III and V, when LOQ 
limits are reported, the lowest concentration analysed was set to LOQ using 
S/N = 5, or 3 times the blank when the analyte was present in the blank 
solvent sample. In paper IV, LOQ was defined as the arithmetic mean in the 
blank samples plus three times the standard deviation (S.D.) value.  

There is a disadvantage to have values below LOQ where these values are 
omitted from the statistical calculations, and therefore decrease the power of 
the statistical calculations. There are several approaches to solve this problem, 
where a certain concentration is given to the samples that have concentration 
below LOQ. One approach is defining all LOQ samples as zero, but then the 
mean value would be an underestimation of the “true” mean value. If the 
LOQ samples are given a concentration equal to the LOQ, the mean value 
would be an overestimation of the “true” value. There are also several models 
and calculation methods to estimate a value for each value below LOQ (207), 
but these methods often require a large sample set. In this thesis, another 
common method was used. All values below LOQ were set to ½ the LOQ. 
This method presents a fair estimation of the mean value but is still a certain 
underestimation, as presented by Bignert (2003) (207). Due to small samples 
set, the ½ LOQ method was chosen. 

3.4 Quality control 

It is crucial to verify the results when analysing and reporting concentrations 
of environmental pollutants. Below are some methods described to increase 
the quality of the results and hence the scientific value of the results. 

3.4.1 Surrogate standards 
Several pilot studies were conducted before performing the analytical studies 
on organohalogen compounds presented within this thesis. The purpose of 
these studies is among others to investigate the efficiency of the extraction 
method (recoveries), and identifying and eliminating background 
contamination in the laboratory. Also, it is crucial to know approximately the 
profile of the chromatogram and amount of the analytes. This enables one to 
choose an appropriate surrogate standard (SS) that will not co-elute with any 
peak and is in the right concentration range. An ideal SS is as structurally 
similar to the analytes as possible but not present in the untreated sample. The 
concentration of the SS should be similar to the concentration of the analytes, 
or give similar signal intensity in the GC or LC chromatogram. Furthermore, 
the SS should be added to the sample as early as possible in the work-up 
procedure to cover the recovery of the whole sample treatment. When 
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analysing environmental samples, it can be difficult to find a perfect SS and 
often compromises are needed and the best of several possible surrogate 
standards is selected. 

3.4.2 Blank solvent samples 
In Papers II-V, blank solvent samples were processed and analysed parallel to 
the egg samples. This was not done in Paper I where no chemical analysis 
was performed. For many analytes (e.g. PCBs, 4,4’-DDE and several 
metabolites), blank problem poses no threat to the analytical quality of the 
samples, but for several brominated and fluorinated analytes, a background 
contamination is commonly present and great caution should be taken while 
handling the samples. Therefore, analysing blank samples simultaneously is 
very important to be able to identify and subtract any interfering compound. 

3.4.3 Reference material 
To confirm the accuracy of the extraction method and clean up procedure, and 
hence verify the results of the analysis, a reference material is analysed 
simultaneously to the egg samples. For some matrixes, a commercial material 
is available, but unfortunately, that is quite uncommon. A commercial 
reference material for eggs was not available. Instead a multiple sample from 
the same guillemot egg was extracted and analysed to verify the results in 
Papers II, III and V. In Paper IV, sample of pike perch (Stizostedion 
lucioperca) with documented concentrations of PFCs (208) was used as 
reference material. This material was commonly used in the laboratory where 
the analyses were performed, but ideally, the reference material should be the 
same tissue or matrix as the samples being analysed. A relative variation in 
concentration of analytes within 10% is accepted. 

3.4.4 Recovery 
It is vital to investigate and monitor the quality of the method used to analyse 
and report levels of contamination in biota. The recoveries of the SS and 
reproducibility of a method are good measurements for quality of the results. 
This can differ between different sample types, surroundings, solvents and 
other materials used for the method, and especially between individual 
persons working with the same samples and method, depending on routine or 
experience of the individual. One method of estimating the recovery is to use 
a volumetric standard (VS) to measure the recoveries of the SS. The VS is 
added to the sample just prior to the GC or LC injection. This is to ensure that 
the concentration of the VS has not been affected with the extraction and 
clean up method. Ideally, the physiochemical properties of the VS should be 
similar to the analytes and SS, but that is not as crucial as for the SS. Still, the 
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VS should not co-elute with any other compound in the GC- or LC-
chromatogram and the concentration or intensity in the chromatogram should 
be similar to the SS. In order to calculate the recoveries of the SS, a reference 
standard is prepared with 100% concentration of the SS to compare to the 
samples. SS recoveries above 80% are good and excellent recoveries are 
above 90%. Recoveries that are above 100% should be taken with precaution 
and reasons behind these high recoveries should be investigated. It is evident 
that depending on the method used, the recovery differs amongst various SSs, 
determined by their physiochemical properties. As an example, CB-200 and 
CB-189 commonly used as SS for chlorinated compounds such as PCBs and 
pesticides, usually give quite good recoveries. When the clean up method that 
is described above is used, surrogate standards that contain a sulfone group 
usually give lower recoveries compared to PCB-SS. PFCs are notorious for 
giving unfavourable recoveries and being complicated to analyse, both due to 
background contamination and also because of methodological difficulties. 
Therefore, the recoveries are often lower than 80%. Coefficient of variation 
(CV) for the SS recoveries, also know as relative standard deviation, gives an 
indication on reproducibility, should ideally not exceed more than 10%. 

 

Recoveries of HBCDD and BDE-77 

A recovery study was performed for the chlorinated compounds presented in 
Paper III where hen’s eggs were impregnated with several compounds, to 
investigate whether the method used is suitable for these compounds. A study 
testing the recoveries of BDE-77 (the SS for PBDEs) and HBCDD was also 
conducted. This study also tested if the extraction and clean up method used 
changed the ratio of α-, β- and γ-HBCDD. These eggs were then analysed 
with HPLC-MS/MS to achieve a separation between the different HBCDD 
isomers. In this study 12 hen’s eggs were impregnated with a mixture of the 
three major HBCDD isomers (α, β and γ), six eggs before the extraction and 
six egg just prior the injection on the GC. The recoveries are presented in 
Table 3.2.  
 
Table 3.2. Recoveries of BDE-77 and HBCDD, both on isomer basis and as total HBCDD. 

       
Compound:  α-HBCDD β-HBCDD γ-HBCDD Total HBCDD BDE-77 

       
Recoveries (%):  56.8 53.9 58.8 57.0 74.6 

       
 
As can be seen, the isomers have similar recoveries. The samples were 
compared to the original standard indicating that no change of isomer ratio 
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was produced by the method. Still, the recoveries of HBCDD are lower than 
for other compounds presented and could be due to a partial dehalogenation in 
the alkaline solution used in the clean-up method. This is probably also true 
for HCH presented in Paper III, which has recoveries around 50%. Further, 
HCH is more volatile compared to other compounds analysed causing it to 
evaporate partially from the samples during the clean up procedure. These 
recoveries are acceptable and no further actions on improving the method 
were taken. 
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4 Through time and space: Complications of contaminant 
trends and sample selection in Papers II-V 

It is indeed very important to select an appropriate matrix when studies on 
environmental pollutants are to be conducted. The right species and tissue 
must be selected in relation to the compounds that are to be assessed. It is 
important to minimise any variation related to the sample, e.g. due to sex, age, 
size, trophic level, feeding etc as much as possible. The quality of the results 
depends highly on what matrix is chosen and if the matrix correctly addresses 
the questions raised by the goals of the study. In this chapter, problems related 
to performing trend studies are discussed.  

The advantages and disadvantages of the size of the sample set needed to 
reveal any trend (spatial or temporal) and to allow scientifically correct 
statistical calculations/analyses are presented. Furthermore, the difficulties of 
selecting an optimal target species are discussed, presenting the reasons 
behind choosing guillemot eggs as the monitoring matrix in Papers II-IV and 
the bird species presented in Paper V. In this thesis, there are three different 
trend studies, one temporal trend study (Paper II) and two spatial trend studies 
(Papers III and IV). 

4.1 Temporal trend studies 

It is easier to choose a target species when conducting a temporal trend study 
compared to a spatial trend study. Usually, and fortunately, drastic changes in 
feeding habits or living habitats are not common, so by using the same sample 
location, variation caused by these factors on the results can be eliminated. 
Minor changes in the sampling location can befall, affecting the target 
species; especially changes in food choice depending on e.g. food availability. 
The effect of these changes can be minimised through inter-collaborative 
work with biologists/ecologists. Still, precaution should always be taken.  

The Swedish guillemot egg samples used in Papers II-IV are obtained from 
the specimen bank at the Swedish Museum of Natural History. This sample 
bank reaches back to the 1960s with a wide range of species and has been 
used to acquire samples to perform several retrospective temporal trend 
studies with good results (40, 166, 209). When the target species has been 
decided on, the time span, sampling frequency and number of samples from 
each year have to be determined. It is essential to use a sufficient number of 
samples to promote statistical tests with a reasonable statistical power (i.e. a 
minimum of 5 individual samples are required in most cases). The ideal 
scenario is to have a large number of samples (>20) from each year over the 
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time period covered by the study, but if this is a long time period this large 
number of samples is often unrealistic. Bignert et al. present results showing 
that the time trend can differ dramatically, depending on which years are 
included in such a trend study if the sampling frequency is too low (210). The 
sampling years need to be rather dense to give a fair estimation of the “true” 
change over time. Further, temporal studies need a number of years of 
sampling to allow a proper estimation of a trend. However, the length of the 
period needed depends on how small the annual change of the contaminant is 
(210-212). Therefore, it is vital to have the time period long enough so a 
realistic trend can be detected. 

4.2 Spatial trend studies 
In my view, the largest problem of conducting a spatial trend study is to find 
an organism that represents each location. To minimize variation, the ultimate 
scenario is to choose the same species for all locations. This can be difficult 
where the fauna and flora often differ between sampling sites, especially if a 
larger area is to be studied. Further, if a higher animal is chosen as a 
monitoring species, there can still be an intra-species variation depending on 
food availability and preferences, as well as different habits between sampling 
sites. It is also questionable to use an animal at a high trophic level to 
represent a certain sampling site, where migration, feeding habits and even 
migration of the prey species can skew the observed picture of the 
contamination at the site of sampling. The advantage of using a more 
advanced species, like a bird, for monitoring a sampling site is that this not 
only indicates the pollution amount of the sampling site, but also the pollution 
load of the animals and effects of metabolism and kinetics in general for the 
species. There are several spatial trend studies published where birds have 
been used as a monitoring matrix, either by using the same species or 
different species, depending on the aim of the study (26, 213-215). 

Temporal studies have shown that analyses from a single year do not always 
represent the “true” concentration of environmental pollution in the sampling 
site. This is because drastic changes in food availability, weather extremes or 
other natural variations can result in data, making some years to “outliers” in 
the overall temporal trend (211). When samples from a site are taken from a 
single year, there is no way of knowing if that year is an “average normal 
year” or some conditions are out of the ordinary, producing an “outlier year”. 
This can be minimized by sampling from the same year from all sampling site 
that are to be included in the spatial trend study, or at least, from a very tight 
time period. Otherwise, a temporal trend study from every sampling location 
would be necessary, which is usually beyond the range of a normal Ph.D. 
study period. 
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4.3 Relevant size of sample set 

When planning a trend study, the ideal number of samples often exceeds a 
practical number of samples that can be handled, especially if the study is a 
temporal study, spanning over a long time period. This can be overcome by 
using pooled samples where equal amount from each sample is pooled 
together and homogenised. By doing so, there is a risk of loosing information 
about biological variation since individual samples might disclose an 
unexpected heterogenicity in the sample population (210, 211, 216). An 
increased or large variance within a sample set can be an indication of an 
ongoing contamination (210). If there is a possibility of using individual 
samples, this is always to prefer. As said before, the number of samples 
should preferably not be below five and a sample set larger than five samples 
is an advantage to handle a situation of accidental losses of samples during 
analysis. For time trends, the quality of the study increases with the number of 
sampling years and long time trends are crucial to determine development of 
trends of environmental pollutants. Also, the possibility to identify short-term 
variation increases with higher density of sample years. In paper II five 
samples from each year were analysed, with a time series from 1971 to 2001, 
taken every fifth year, giving the total amount of 35 samples. In paper III and 
IV, ten samples from each of the sampling locations were analysed, i.e. a total 
amount of 60 samples for the study presented in Paper III and 50 samples for 
the Paper IV study. In Paper V, the number of samples varied between 
species, ranging from six samples up to ten, giving a total amount of 53 
samples accumulated for analysis. Blank solvent samples and reference 
samples are then added to the total sample number to analyse. 

4.4 Guillemot eggs as a monitoring matrix (Papers II-V) 

Guillemot, also known as common guillemot, common murre or thin-billed 
murre (in North America) is of the auk family. It is a small pelagic bird, 
weighing about 1 kg (217) and is 38-46 cm as an adult (218), looking 
remarkably similar to a penguin (see cover). It is not very agile but is a very 
skilled diver. The guillemot is a circumpolar species, mostly nesting in the 
sub-Arctic region (219). The Baltic guillemot population, used in Papers II-
IV, nests on the Swedish island Stora Karlsö. Outside the breeding season the 
birds are at the open waters in the southern parts of the Baltic Sea and do not 
normally migrate to the northern parts or outside the Baltic Sea (220). The 
Baltic guillemots used in Papers II-IV therefore under-represents the northern 
parts of the Baltic Sea. The Icelandic guillemot is located in Icelandic waters 
all year around and Norwegian guillemots partially migrate to Icelandic 
waters outside the breeding season (221). It is therefore unlikely that these 
birds migrate further south in the Atlantic. The concentrations found in the 
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eggs studied, should therefore represent each sampling site in the North 
Atlantic. 

The guillemot lays one egg but a lost egg can be replaced in 14-16 days (222). 
There are significantly higher amounts of organohalogen compounds in the 
replacement eggs, probably due to lower fat status of the maternal bird (209). 
The Baltic guillemot feeds mostly on sprat (Sprattus sprattus) and herring 
(Clupea harengus) but the Atlantic guillemot has a more varying diet, feeding 
on crustaceans, molluscs, sandeel (Ammodytes spp.), capelin (Mallotus 
villosus), herring etc., depending on food availability (223-225). 

The fat content of the guillemot egg is high (10-14%) with low variations 
(209) and sea birds at the same trophic level as the guillemot show no age 
related accumulation of persistent organic pollutants so age of the egg laying 
bird has no effect on the concentrations of organochlorines as PCBs and DDE 
(226-229). The concentration of PCBs in guillemot eggs from the Baltic Sea 
correlates with what is found in herring from the Baltic Sea showing that this 
matrix is a good representation of the sampling site (210). Guillemot is also 
one of the few fish-eating birds that stay in the Baltic Region all year around. 
They nest in few colonies with high densities, making the colonial population 
very homogenous. This indicates that the guillemot is an excellent monitoring 
species for the Baltic Region and is one of the reasons why this matrix was 
chosen for the temporal trend study presented in Paper II. 

4.5 Bird species investigated in Paper V 

In Paper V, eggs from different bird species were analysed to monitor the 
distribution of environmental pollution in a remote location. Further, the 
study was designed to investigate if there were an inter-species difference in 
the capacity of metabolising organohalogen pollutants. Eggs from guillemot, 
fulmar, also known as northern fulmar, from great black-backed gull, lesser 
black-backed gull, common eider, arctic tern and great skua were collected 
from different locations in Iceland (Figure 2.2 and Table 4.1). The birds 
collected are all marine birds in different trophic levels. Marine birds were 
chosen since it has been shown that the main route of human exposure to 
POPs is via marine food products (18). The birds investigated mainly feed on 
fish and marine invertebrates but the gulls and the great skua are opportunistic 
feeders and predators, often feeding on garbage tips, offal, on eggs and other 
birds; mainly chicks. The bird species investigated can be divided into two 
groups, either pelagic, where they are residential in Icelandic waters all year 
around, or migrating, where they only arrive to Iceland to breed and migrate 
to southern locations for the winter. This can be used to indicate differences in 
the impact of migration versus bioaccumulation where birds from similar 
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trophic levels are compared, one residential and one migrating. Sampling site, 
feeding habits, migration and clutch size of the bird species investigated are 
presented in Paper V and summarised in Table 4.1.   
 
Table 4.1. Sample sites, feeding habits, clutch size and migrating status of different bird 
species from Iceland presented in Paper V. N is the number of egg samples from each 
site. 

       

Species Fulmar Great black- 
backed gull 

Lesser black-
backed gull Common eider Arctic tern Great skua 

       

       
Sampling 

location Vestmanna-eyjar Sandgerði Sandgerði Sandgerði Sandgerði Kvísker 

N 10 9 8 10 6 10 
Residential/ 

Migrating Residential Residential Migrating Residential Migrating Migrating 

Feeding Fish, fish offal Carnivore Scavenger, fish Crustaceans, 
molluscs, mussel

Fish, marine 
invertebrates 

Carnivore, 
Fish 

Clutch size 1 3 3 4-6 1-3 2 
       

 
The concentrations of chlorinated environmental pollutants and different 
metabolic capacity are presented in Paper V. Concentrations of PBDEs and 
HBCDD are presented in Chapter 5. 
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5 Perspectives on the contamination status of the Nordic 
environment 

The aim of this thesis, as adverted previously, is to investigate the 
environmental pollution profile of the Nordic countries with emphasis on 
halogenated persistent pollutants. Detailed presentation of all results, 
background and discussion, are found in Papers I-V, but unpublished data on 
PBDE concentrations in eggs of different bird species from Iceland are 
presented herein, accompanied with the discovery of an unidentified 
compound in eider eggs from Iceland. In this chapter, the results from Papers 
I-V will be discussed further and some thoughts are presented on issues that 
have arisen during this theis work. 

5.1 BCPS in the Nordic environment 

5.1.1 Temporal changes of BCPS 
BCPS is a rather “new” compound in the environmental pollution field. It was 
first detected in the environment in 1995 in perch from Latvia (104). Previous 
reports of BCPS temporal trends have shown increasing levels in white-tailed 
sea eagle eggs sampled between 1970 and 1991 (8) and in salmon (Salmo 
salar) (42). It is reasonable to assume that the production of thermostable 
plastics, for which BCPS is a precursor, has increased over the last 40 – 50 
years, since the use of polymers have in general increased over this time 
period. Also, persistent industrial chemicals, e.g. PCBs (Paper II, (209)), DDT 
(Paper II, (209)), and PBDEs (40), have shown increasing trends in at least 
some environmental compartments or species, before being banned. Many 
compounds, which are still in commercial production and use, seem to 
increase in concentration, in at least some species over time, e.g. HBCDD 
(40, 41) and PFOS (166). The production of PFOS has ceased but precursor 
compounds are still produced. The expected temporal trend of BCPS was 
therefore an increasing trend. In contrast, BCPS showed a slightly decreasing 
temporal trend, with the annual decrease of 1.6% over the years 1971 to 2001 
(Paper II). Even though this decrease is a statistically significant decrease, it is 
remarkably small compared to other compounds presented in Paper II, e.g. 
CB-153 with 13% and 4,4’-DDE with 16% annual decrease determined over 
the same time period. Still, BCPS has not been banned, and to my knowledge 
there are no voluntary changes in the BCPS production. It is also difficult to 
find any information on production volumes of BCPS in Europe or on a 
worldwide basis. In the U.S.A., BCPS is classified as a high volume 
production chemical, with an annual production of up to 10 000 tons (230). 
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One explanation for the unusual trend, as presented in Paper II, is changes in 
the handling of BCPS during the production process and/or in production 
techniques. Hypothetically, there may have occurred changes in areas of 
application of BCPS based polymers over time. Hence, the release of BCPS 
has possibly decreased per produced unit from production plants and from 
industries applying BCPS derived plastics over the years. Further, the release 
through pesticide production has presumably decreased, where BCPS has 
been shown to be a by-product in pesticides. Still, another explanation for the 
slow decrease over time is the reduction of body mass of the guillemot in the 
Baltic Sea, caused by the decreased biomass of sprat (231). If there had been 
no such change in body mass over time, perhaps a steeper decline in BCPS 
concentrations would have occurred. The different temporal trends discussed 
above are illustrated in Figure 5.1. When the drivers for the trends, as 
discussed above, are added together, they might result in the observed, 
unexpected, temporal trend of BCPS.  

The last period of the time trend study 
indicate that the concentration of BCPS is 
increasing (Paper II). Therefore it is very 
important to continue to monitor BCPS in 
the Baltic Sea and to evaluate if BCPS 
poses any threat to wildlife, in particular 
to guillemot. Further, the present 
concentration of BCPS is half the 
concentration of the most prominent PCB 
congener, CB-153, which makes BCPS 

Figure 5.1. Different trends of BCPS, usage in the world (red line), release from 
production plants per produced unit (blue line) and decreased biomass in the Baltic Sea 
(black line), resulting in an unusual temporal trend of BCPS found in nature (green line). 
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one of the major pollutants in the Baltic Sea environment and should therefore 
be seriously considered as an environmental risk. 

5.1.2 Spatial distribution of BCPS 
Concentration of BCPS in guillemot eggs from the Baltic Sea is in the low 
ppm range. This is an alarmingly high concentration for a xenobiotic. The 
distribution of BCPS to the other Nordic countries seems on the other hand 
very limited as shown in Figure 5.2. The difference in the concentration of 
BCPS between the North Atlantic and the Baltic Sea is much greater 
compared to other contaminants analysed, e.g. PCBs. The reason for the 
difference in dispersion of BCPS compared to e.g. DDE may be due to the 
fact that BCPS is more water-soluble and it may therefore be preferentially 
transported with sea currents rather than by air ((42), Paper II). If BCPS is 
mainly transported with water currents, the contamination found in the Baltic 
Sea will not reach the Faroe Islands or Iceland, both because of slow 
transition of the water body in the Baltic Sea and the main surface currents 
towards Iceland and the Faroe Island is the Modified North Atlantic Water 
current, originating in the Oceanic Source Region, west of the Middle 
Atlantic Ridge (19). The contaminants that are carried from the Baltic out 
through the Danish Straits and subsequently out to the North Sea, are 
eventually carried northwards in a Modified North Atlantic water or with 
coastal waters currents along the coasts of Norway (19, 232). Still, as 
indicated previously, the water flow out from the Baltic Sea into the North 
Sea is rather limited resulting in that water-soluble environmental 
contaminants in the Baltic Sea are transferred to the Atlantic Sea to a very 
limited extent. This supports the present results (Paper III) since the 
concentrations in Norwegian guillemot eggs are quite low compared to the 
guillemot eggs from the Baltic Sea. Further, dilution of BCPS in the large 
water body of the North Atlantic also aids to lower the BCPS concentrations 
in the North Atlantic biota. BCPS is not produced in Iceland or in the Faroe 
Islands and the usage in these countries is probably extremely limited. The 
concentration found in the North Atlantic is therefore probably transferred via 
long-range transport from sources in Europe or North America.  

The sources of the BCPS contaminations in the Baltic region are poorly 
recognized. Most studies on BCPS are from the Baltic area, i.e. the Gulf of 
Riga (104, 233) and from the Swedish island of Stora Karlsö (Paper II, (8, 
42)). These studies indicate that one source may be the industrial activities 
near the Latvian river Lielupe that flows into the Baltic Sea, where an 
increasing concentration gradient was found down the river (233). On the 
other hand, there must be other sources fro BCPS in the Baltic region. A 
detailed spatial trend study in the Baltic Sea is needed and is crucial to try to 
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identify any other sources of BCPS to better understand why BCPS differs in 
temporal and spatial trends from other environmental contaminants. 

5.2 Organohalogen compounds in the Nordic environment 

5.2.1 PCB, 4,4’-DDE and their metabolites 
After DDT and PCB were banned in the early 1970’s, the concentration of 
these compounds started to decrease in the Baltic Sea environment. This has 
been shown previously (209) and additional support is given in Paper II. 
Furthermore, other pesticides or related compounds like trans-nonachlor and 
β-HCH also show decreasing trends over the time period 1971 – 2001, which 
are results of actions taken in the 1970’s, i.e. to phase out these compounds. 
The decreasing trend of trans-nonachlor does not begin until after the 1980’s, 
which lowers the overall power of the statistical calculations (Paper II). One 
explanation could be that trans-nonachlor was banned later than the other 
compounds investigated. Spatial distribution of CB-153 and 4,4’-DDE is 
visualised in Figure 5.3, showing guillemot egg samples from the Baltic Sea 
with extensively higher concentration of the analytes compared to samples 
from the North Atlantic. 
Interestingly, MeSO2-metabolites of PCB and DDE do not show the same 
temporal trend as their parent compound. The metabolites are excreted more 
slowly, showing an annual decrease of 2.8 – 3.5%, and 3-MeSO2-DDE shows 
an annual decrease of 8.9%, compared to 13 % for CB-153 and 16 % for 4,4’-
DDE (Paper II). The metabolites are produced in the bird, not in their food. 
This is supported with the fact that MeSO2 metabolites of PCBs and DDE 
have, to my knowledge, never been reported in fish despite efforts of 
searching for them. Some OH-PCB metabolites have been reported in fish 
(234, 235).  

Different temporal trends of PCB metabolites and parent compounds could 
indicate saturation of the enzymes metabolising these compounds, resulting in 
that the ratio between metabolite and parent compound changes when the 
concentration of the parent compound decreases. Another reason for the 
difference in temporal trend of metabolite and parent compounds could be a 
limited transport of the metabolites from the female to the egg. The transport 
of organic chemicals to the egg is assumed to be passive (236). However the 
ovogenesis largely involves the transfer of lipoproteins from the maternal 
liver to the egg (237, 238), therefore physiochemical properties of the 
contaminants and their metabolites may influence the transport to the egg. 
Research on the maternal transport of organochlorines to the egg indicates 
that there is no chiral stereoselectivity controlling the transport of PCBs to the 
egg. This indicates that the enantiomers of chiral PCBs are equally 
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transported to the egg, so the enantiomeric fraction of PCBs does not change 
in the eggs compared to the maternal bird (239). The egg concentration seems 
to reflect the tissue concentration of the female rather than the contamination 
profile of the diet, though it depends on the reproductive strategy employed 
by the bird (240), but metabolites found in the guillemot eggs most likely 
originate from the bird itself instead of there food.  

In Figure 5.4 the ratio of three different metabolites and their parent 
compounds is compared for Iceland, the Faroe Islands and Sweden. Samples 
from the first two locations have much lower concentration of both parent 
compounds and metabolites compared to samples from Sweden. If the 
enzyme system is induced, the Swedish samples should have higher ratio than 
the other two locations. This might be the case for 4’-MeSO2-CB101 
compared to the parent compounds CB-101. When 3-OH-CB153 metabolite 
is studied, no difference is observed between the three locations. For 3-
MeSO2-DDE/4,4’-DDE, the pattern seems to be reversed, the ratio is higher 
for the North Atlantic samples where the concentration of the parent 

Figure 5.4. Ratio between three 
different metabolites and their 
parent compounds in samples 
from Iceland, the Faroe Islands 
and Sweden. The number 
above the bar is the concen-
tration of the parent compound 
in ng/g l.w. Note that the 3-
MeSO2-DDE/4,4’-DDE ratio, is 
multiplied with 100 to simplify 
comparison where as the ratio 
is much lower than for the other 
metabolite-parent compound 
pair. 
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Figure 5.3. Distribution of two major polychlorinated compounds in the Nordic, a) CB-153, 
one of the most persistent PCB congener, and b) 4,4’-DDE. The bars are not quantitative 
for comparison between pictures. 
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compound is lower. The reason could be saturation but apparently the 
metabolism of these compounds in birds is not fully investigated. If saturation 
or induction of a metabolic enzyme were causing this difference, this would 
be in the process of forming MeSO2-substituted metabolites and not in the 
oxidation step where the OH-metabolites are formed. These results show that 
it is important to monitor metabolites in the biota to obtain a more complete 
picture of the contaminant situation in a particular species. Also, the 
importance of further investigations regarding avian metabolism is shown. 

5.2.2 HCB distribution in the Nordic 
Spatial trends of HCB differs from other 
chlorinated compounds presented in 
Paper III in the way that the 
concentrations in the guillemot eggs are 
more equal between sampling sites, as 
visualised in Figure 5.5. This ubiquitous 
distribution has been observed before 
and has then been explained by higher 
volatility of HCB compared to 4,4’-
DDE and PCBs (43). HCB was 
originally used as a fungicide but it forms quite easily as a by-product in 
several industrial processes as described in Chapter 2.3.1. The by-product 
formation is probably the main sources of HCB contamination to the 
environment today. It is therefore, not unlikely that there are several 
unidentified sources of HCB contamination, both in Iceland and Norway. A 
detailed investigation of several main industrial sites in these countries is 
required to see if any unintentional release of HCB occurs to the environment. 

Figure 5.5. Spatial distribution of HCB. 
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Figure 5.6. Concentration of three PBDEs with ranges in guillemot eggs from the
Nordic countries. Plot a) includes samples from the Baltic Sea, and Plot b) Baltic Sea
samples are not included to reveal a certain west-east gradient in the North Atlantic. 
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5.2.3 PBDE and HBCDD distribution in the Nordic 
When investigating global distribution, there is not always just a simple 
south-north trend. In the case of PBDEs, the guillemot eggs from the Baltic 
Sea have the highest concentrations. But when Baltic eggs are excluded, and 
only the eggs from the North Atlantic are investigated, there seems to be a 
west-east gradient, with highest concentrations in guillemot eggs from Iceland 
and decreasing to the east. These two trends are illustrated in Figure 5.6. 

The results are in good agreement with the fact that PBDEs are mainly used in 
North America, which would be a “source site” and then transported to the 
North Atlantic. HBCDD shows a distribution similar to CB-153 and 4,4’-
DDE with highest concentration in samples from the Baltic Sea and very 
similar concentrations in samples from the North Atlantic. In contrast to 
PBDEs, HBCDD is mainly used in Europe, which may explain that its spatial 
trend differs from the spatial trends of PBDEs. These results show the 
importance of at least some knowledge about the use of chemicals, i.e. 
differences in where the products are used throughout the world. 

5.2.4 PFC distribution in the Nordic 
Perhaps the most complicated trends covered within this thesis are the spatial 
trends of PFCs (Paper IV). These compounds have a rather recent research 
history and much is still unknown about them. Their distribution in the Arctic 
and sub-Arctic differs from the more traditional compounds presented herein. 
The explanation of this difference may be due to different physiochemical 
properties compared to the chlorinated and brominated compounds. For 
example, the water-solubility is far higher for several of the PFCs than of the 
chlorinated and brominated compounds, indicating that they are more likely 
to be transported via water than by air. The concentrations of the PFCs, 
especially of PFOS, are high in the Baltic Sea ((166), Paper IV). A recent 
study show that PFOS concentration in the guillemot eggs is up to three times 
the concentration found in the liver of the guillemots, indicating that the 
mother-to-egg transfer is very efficient (169). The mechanism behind this 
transfer is still unknown and seems to differ greatly from the mechanism 
behind transport of traditional chlorinated compounds as discussed above. 
The concentration of PFOS in the guillemot eggs from the Baltic ranges 
between 200 and 760 ng/g wet weight. Newsted et al. (2005) report an 
investigation on different toxicological endpoints, including mortality, 
growth, feed consumption, histopahology and reproducability caused by 
PFOS (241). The concentrations of PFOS in eggs from the Baltic Sea are 
below the predicted no effect concentration (PNEC) of 1 µg/ml egg, i.e. 
approximately 1 µg/g egg (241), but still close to where effects may be 
expected giving the birds small margins for any changes in their condition or 
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environment. Even if there are no predicted effects of PFOS alone, the 
cocktail effect is unknown, where PFOS is one contaminant among many 
others in the environmental mixture of pollutants. 

5.2.5 Remarks on the spatial distribution of pollutants in the Nordic 
environment 

The global distillation hypothesis (242) and the grasshopper theory (243) are 
often used to describe concentrations of compounds found in the Arctic and 
sub-Arctic regions. Still, as for all theories, particular care should always be 
taken before making any assumption regarding the distribution of 
organohalogen compounds. Models can never substitute measured data but 
may be useful to suggest explanations of the observed patterns and trends. 
The main conclusions of Papers III and IV show that the spatial trends differ 
greatly between contaminants. It may be concluded that the mechanisms for 
their transport are complicated and not yet fully understood. The general trend 
is that the Baltic Sea is more contaminated than the North Atlantic, producing 
an increased pressure on wildlife in the Baltic. Still, this is not true for all 
compounds, e.g. the concentration of some PFCs is higher in eggs from the 
North Atlantic compared to the Baltic Sea (Paper IV). Further, the 
concentrations of HCB are very similar in the Nordic environment and is one 
of the major contaminants in the North Atlantic (Paper III). In fact, there 
seems to be a rather high global background of HCB in the entire northern 
hemisphere (43, 244). HCB has rather high volatility and high Henry’s law 
constant causing it to be present in the gas phase (47) allowing it to be 
transported long distances (242). Further investigations on possible sources of 
HCB, especially in Iceland and Norway, are recommended. 

5.3 Metabolism in birds and distribution of environmental pollution in 
Iceland 

5.3.1 Avian metabolism and difference between bird species 
Birds and mammals have significantly different metabolism of anthropogenic 
compounds, even though similar metabolites are formed. One of these 
differences is shown by the high concentration of BCPS in guillemots 
compared to grey seals in the Baltic (42). Although the guillemot eggs 
contained comparable amount of 4,4’-DDE to the grey seal, the BCPS 
concentration was an order of magnitude higher in the guillemot eggs. Of the 
species investigated in that study, the guillemot eggs had the highest 
concentration of BCPS. To compare metabolism in guillemots and grey seals, 
the ratio of two different metabolites and their parent compounds or the 
marker PCB, CB-153, is presented in Table 5.1. It indicates that the guillemot 
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seems to have lower capacity of metabolising organochlorines compared to a 
grey seal, as has been indicated before (57).  

A new focused study is required to test other bird species from the Baltic Sea 
for BCPS contamination and to investigate if other birds are also highly 
contaminated with BCPS or if the sensitivity towards BCPS is limited to the 
guillemot.  
 
Table 5.1. Ratio of metabolite and parent compound or PCB in guillemot egg and different 
grey seal tissues from the Baltic Sea. 

 
Guillemot eggs 

Baltic Sea 
(Paper II) 

Grey seal 
blubber 

Baltic Sea* 

Grey seal liver 
Baltic Sea* 

 

Grey seal lung 
Baltic Sea* 

 
     
3-MeSO2-DDE/4,4’-DDE 10-4 10-3 10-2 10-2 
3’-MeSO2-CB101/CB-153 10-3 10-2 10-1 10-2 
     
* (86) 
 
The fact that guillemot has higher concentration of BCPS and lower 
concentration of 3-MeSO2-DDE but similar concentration of 4,4’-DDE 
compared to seals, indicate that guillemots are less capable of metabolising 
para-halogen substituted phenyl rings. This is further supported by results 
indicating a more pronounced accumulation of TCPMe in birds than in 
mammals (Paper II, (245)). However, para-halogen substituted phenyl rings 
seem more resistant to transformation in the environment in general (110). 
The difference in metabolism between birds and mammals is also clear in 
different enantiomeric fraction of chiral MeSO2-PCB metabolites, where one 
enantiomer dominates in mammals but the ratio is close to a racemate in birds 
(Paper II, (66, 86)). 
It has previously been shown that metabolism differs amongst mammals, e.g. 
comparison between humans (20, 88), polar bears (30), otters and seals (246) 
or even different seal species (247). There has even been reported difference 
between human ethnic groups (248). It is therefore not surprising that 
metabolism differs amongst bird species ((24, 249), Paper V). Still, there are 
usually few specific congeners that play a main role in most species with 
minor variation in their internal ratio. In Paper V, this inter-species difference 
of PCB metabolism is investigated in birds. It has been shown that the 
number of isoforms of the Cytochrome P450 (CYP) enzyme differs between 
bird species (24) but the need to recognise the role of the CYP family is 
crucial to better understand how different species respond to environmental 
pollutants (250). Even if the CYP family is well conserved it exhibits species-
specific properties (251, 252). Also the trophic level of the birds may 
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influence the CYP activity amongst species (251). This may lead to the 
formation of different pattern of metabolites between bird species as shown in 
Paper V. Further, birds at a higher trophic level are probably also exposed to 
metabolites through their food while all metabolites present in birds from 
lower trophic levels are produced by the bird itself. The difference in 
metabolism between bird species seems greater for MeSO2-PCB metabolite 
formation than for the formation of OH-PCB metabolites. A reason for this 
may the multi-step metabolism leading to MeSO2-PCB metabolites. 
Therefore, the possibility of different routs between species increases. Still, 
the total absence of two major OH-PCB metabolites in guillemot is somewhat 
puzzling and needs further investigation (Paper III and V). 

5.3.2 Concentrations of PBDE in different bird species from Iceland 
Additional data are reported here on PBDE levels in the inter-species bird 
study from Iceland (Paper V). Geometric mean concentrations of the PBDEs 
detected in the highest concentrations are presented in Table 5.2.  

 
Table 5.2. Geometric mean concentrations (ng/g l.w.) with range of PBDE congeners in 
different bird species from Iceland.  
        

 Guillemot Fulmar 
Great black-
backed gull

Lesser black-
backed gull Eider Arctic tern Great skua 

        

        
N 10 10 9 8 10 6 10 

Year 2002 2002 2003 2003 2003 2003 2004 
        

BDE-47 38 26 550 660 12 73 660 
range (13 – 96) (13 – 47) (360 – 950) (360 – 1600) (5.5 – 61) (60 – 85) (300 – 2200) 

BDE-99 11 12 60 220 11 11 210 
range (5.0 – 24) (6.4 – 28) (27 – 300) (38 – 360) (3.7 – 100) (9.3 – 15) (110 – 690) 

BDE-100 2.5 5.6 120 160 8.5 18 430 
range (1.1 – 5.4) (1.7 – 11) (75 – 200) (85 – 470) (3.4 – 60) (14 – 23) (250 – 1500) 

BDE-153 2.6 13 54 58 7.0 3.8 390 
range (1.3 – 7.0) (8.2 – 22) (25 – 100) (32 – 250) (2.3 – 75) (2.8 – 75) (100 – 1200) 

HBCDD1 19 11 41 15 (4)2 3.4 1.3 29 (7) 
range (7.3 – 47) (5.0 – 20) (14 – 180) (n.d. – 320) (1.3 – 5.9) (0.54 – 2.3) (n.d. – 370) 

        
1 LOD: 4.3 ng/g l.w. (lesser black-backed gull), 4.7 ng/g l.w.(great skua) 
2 The number in parenthesis (when applied) indicates the number of samples that have concentration above 
limit of detection (LOD) 
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Quantified concentration of each analyte in each species was considered to be 
a group. If the concentration of an analyte was below LOD, the ½ LOD 
concentration was used for statistical calculations. An ANOVA test was 
performed to investigate if the difference in concentration between species is 
statistically significant (p<0.05). When the ANOVA test showed a significant 
difference, a Tukey-Kramer post hoc test was performed to separate the 
groups. The results of the statistical calculations are presented in Table 5.3. 
 
Table 5.3. Statistic analysis of differences in PBDE concentration in seven marine bird 
species from Iceland. A letter, a-e, is used to indicate if there is a statistical significant 
difference in the PBDE concentration between the two bird species compared.  “-“ 
indicates no statistical significant difference between the two species (p<0.05). 
        

 Guillemot Fulmar Great black-
backed gull 

Lesser black-
backed gull Eider Arctic tern Great skua 

Guillemot  - a a, b - - a, b, c, d 

Fulmar   a a, b - - a, b, c, d 

Great black-
backed gull    - a a b, c, d 

Lesser black-
backed gull     a a c, d 

Eider       a, b, c, d 

Arctic tern       a, b, c, d 

Great skua        

        

a) BDE-47, b) BDE-99, c) BDE-100, d) BDE-153, e) HBCDD 

 
In contrast to the chlorinated compounds analysed in the same eggs (Paper 
V), the difference in concentrations of the PBDEs between species is not as 
clear. The concentrations of PBDEs are not always highest in the great skua 
eggs, e.g. the concentration of BDE-99 is slightly higher in lesser black-
backed gull eggs than in the great skua eggs, even if the difference is not 
statistically significant. Interestingly, the difference between species varies 
between the PBDE congeners, but the general pattern is that eggs of 
guillemot, fulmar, eider and arctic tern contain lower PBDE concentrations 
than eggs of gulls and great skua (Table 5.2). The high and low PBDE 
concentration groups are slightly shifted for HBCDD. For HBCDD, eggs of 
eider and arctic tern contain the lowest concentrations, while eggs of 
guillemot, fulmar and lesser black-backed gull show intermediate HBCDD 
levels and eggs from great black-backed gull and great skua contain high 
concentrations, with great black-backed gull eggs having the highest 
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concentrations of HBCDD. Still, no significant difference in the HBCDD 
concentration between the bird species was determined.  

Some PBDE congeners are present in lower concentration in great black-
backed gull eggs compared to the lesser black-backed gull, even if the 
difference is not statistically significant (Table 5.2 and Table 5.3). The 
differences in congener pattern of the main PBDE congeners are illustrated in 
Figure 5.7. For all species except for eider, BDE-47 is the dominating 
congener, ranging between 40 and 70% of the sum of PBDEs. In the eider, all 
PBDE congeners reported are in very similar concentrations. Great skua has 
also similar pattern, where the BDE-47 contributes with approximately 40% 
to the sum of the presented PBDE concentrations, while BDE-99, -100 and -
153 contribute 12, 25 and 23%, respectively. This difference in congener 
pattern might depend on feeding habits, but there seems to be no correlation 
between migrating and residential birds.  

 

Several official reports have been published, reporting levels of PBDEs in 
muscle of fish and other marine species from Icelandic waters, where the 
concentration of sum of 10 PBDEs ranged between 0.9 ng/g l.w. in herring up 
to 75 ng/g l.w. in ling (Molva molva) (253-255). The highest concentration 
reported in fish is similar to the sum of the four PBDE presented in Table 5.2 
in guillemot, fulmar and eider. The concentration and relative congener 
concentration in the fulmar eggs from Iceland differs from what has been 
reported in fulmar eggs from the Faroe Islands (33), where the concentration 
of BDE-47, -99 and -153 were all around 5 ng/g l.w. In the Icelandic fulmar, 
BDE-47 is the dominating congener with a concentration of 26 ng/g l.w. 
Black guillemot eggs from East Greenland have been reported to contain 
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Figure 5.7. Relative contribution of each of the four PBDE congener presented to 
the sum of PBDEs. 
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similar levels of BDE-47 as guillemot from Iceland, or around 50 ng/g l.w. 
(28). BDE-47 consisted of 65% of the sum of eight major PBDE congeners as 
reported therein. Another study of the glaucous gull from the Norwegian 
Arctic reports a concentration of 530 ng/g l.w. as the sum of 38 PBDE 
congeners in the egg yolk, where BDE-47 was the dominating congener, 
representing about half the sum PBDE concentration (256). It is clear that the 
congener composition differs between species and location. Previous studies 
have indicated that costal and inland birds accumulate higher concentrations 
of PBDEs than open sea birds (26). This might explain the similar 
concentration of PBDEs in guillemot and fulmar, despite that fulmar has 
much higher concentrations of chlorinated compounds (Paper V). The same 
pattern can be seen when great and lesser black-backed gulls are compared.  

The Icelandic marine birds, especially bird in higher trophic levels, contain a 
substantial amount of BFRs and monitoring of these compounds is therefore 
recommended. A detailed study of the trophic levels of the marine birds in 
Iceland, e.g. with examining the stable isotope ratio, would significantly 
increase the understanding of the factors influencing the different 
concentration of organohalogen compounds detected in the birds eggs. 
Further investigations are suggested to assess the physical condition of the 
great skua, since it is highly contaminated compared to other marine birds in 
Iceland and even comparable to the contamination level of white tailed sea 
eagle from Sweden (9). 

5.3.3 Unidentified compound present in eider samples from Iceland 
A rather large unidentified peak was observed in the PCB chromatogram of 
some of the eider samples. The unidentified compound is appearing just after 
CB-101 in the gas chromatogram (Figure 5.8). This compound was not 
present in all the eider egg samples and neither in any other bird species 
studied. The height of the peak was in some cases higher than the peak for 
4,4’-DDE, which is usually the most abundant contaminant, and highest peak 
in the PCB chromatogram. There was no linear relation between the peak 
height of the unidentified peak and the height of either 4,4’-DDE or CB-153, 
indicating that the compound producing the peak is not related to neither 
PCBs nor DDT. Presence of chlordane could be a possible explanation, but 
this has not yet been verified and further work is required. Why this peak is 
only present in the eider samples is puzzling. It is also peculiar why the peak 
is not present in all the eider samples. It is difficult to speculate why the eider 
distinguishes its self from the other birds when the compound behind the peak 
is unknown. Still, a potentially new environmental contaminant is indicated in 
this thesis. 
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Figure 5.8. Gas chromatogram for a PCB standard mixture and the PCB fraction from eggs
of lesser black-backed gull and eider, showing a large unidentified peak eluting after CB-
101 in the eider egg. 
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6 Concluding remarks and future aspects 

The work presented within this thesis is an input to further improve the knowledge 
on traditional and emerging halogenated compounds, with focus on the Nordic 
region. The results are used to describe the environmental quality of the Nordic 
environment. Fortunately, large areas of the Nordic region can still be considered 
pristine and relatively uncontaminated compared to the European mainland. 
However, the Nordic region is still not as free from environmental pollutants as we 
would like it to be. The environmental contaminants analysed in this work, were 
present at all sampling sites investigated, and at some of the sampling sites the 
contaminants were present at relatively high concentrations. The conclusion is 
therefore that further efforts are required to reduce the releases of undesirable 
chemicals. Long term, well organised, and extensive governmental monitoring 
programs are highly recommended to observe the environment and detect emerging 
threats. It is obvious that the Swedish monitoring program has had a great impact on 
at least the awareness of the situation in the Baltic Sea and inland Sweden and also 
on environmental management to some extent, even if more is needed. 

Birds have been used as monitoring matrices for environmental research and as any 
matrix, they have their advantages and disadvantages. Their advantages are their 
availability, distribution and often high population density at the sampling sites. 
Their main disadvantage is common for all wildlife, which is the lack of control 
over the matrix. In general, when using a wildlife, the biological variance is always 
“a pain”, but difficult to bypass. But that is also what gives the research its thrill, 
not being completely able to predict the results. Further, much is unknown about 
birds living habits, feeding and migrations and a very limited work has been 
conducted on their biochemical and physical characteristics. Birds are a large part of 
the vertebrate biosphere and it is vital to investigate the concentrations of 
environmental pollutants and their effects on birds.  

Several questions have emerged during this work, which need to be addressed in the 
future. The first subject is the BCPS, a contaminant that needs to be further 
investigated. This compound poses a potential threat to the Baltic Sea environment 
and a detailed spatial trend study in the Baltic Sea is required to identify sources of 
its release to the environment. The concentration in different bird species needs to 
be investigated to see if the guillemot is unique within the avian group with its high 
concentrations or if other bird species are threatened by BCPS as well. The 
toxicological information on BCPS is limited and it is therefore not clear if BCPS is 
causing effects on wildlife, either on its own or combined with other contaminants. 
This encourages further toxicological studies on this compound. 

Secondly, sources of HCB need to be investigated to see if the pollution found in 
remote places are caused by long-range transport or are generated unintentionally 
on site. The identification of sources is crucial to minimise the release of these 
compounds to the environment. Further studies are also needed regarding the PFC 
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group, both monitoring and toxicological studies, to increase our knowledge and 
understanding of these chemicals. The results of this thesis indicate that it is 
important to investigate metabolism of environmental pollutants, where the 
metabolites can play a role in the toxicological effects of the pollutant. Metabolism 
varies among species and therefore the total effect of the environmental 
contaminants and their metabolites probably also varies.  

The main issue of conducting environmental monitoring research of good quality is 
to choose the right matrix. Different research groups have different reasons for 
selecting each matrix. This non-controlled research is crucial to understand the 
global situation better, difference between species and detecting new risks and 
threats. However, the lack of uniform procedures is also creating problems of 
comparing research results. The selection of different species for analysis, methods 
for analysis and even difference in reporting data, complicate our ability to make 
appropriate and scientifically correct comparisons. The use of “sum concentration” 
is very common and sometimes a useful manner of reporting data. Still, different 
research groups include different congeners in the sums and ratios between 
congeners in the sum concentration can vary, both between species and even 
between tissues in the same species, making it almost impossible to compare the 
results correctly. When the data is reported on a congener basis it is possible to 
perform the calculations that are of interest. It is also important to report the fat 
content in the extracted material to enable comparison between concentration 
reported on lipid weight and fresh weight. In short, there is a need of guidelines of 
how to pursue and how to report data from major environmental assessments. This 
may be a work for IUPAC to consider.  

As an Icelander, I have grown up by hearing that Iceland is one of the most pristine 
countries in the world. This thesis is an input to address that statement. Of course, I 
would like to see Iceland as one of the least polluted countries in the world but the 
fact is that environmental contamination is a global problem and no country can 
deny its responsibility in creation and appreciation of the problem. Icelanders and 
citizens of the other small countries cannot turn a blind eye against environmental 
contaminants, dismissing it as a problem for the “large and polluting nations”. 
Fortunately, there are only about 300 000 inhabitants in Iceland so the input of 
Icelandic contamination is small compared to nations with millions of inhabitants. 
The pristine nature of Iceland is therefore perhaps related to the small population of 
the country, instead of low contamination release per capita. Icelanders and other 
small and “unpolluted” nations that hide behind the small number of inhabitants, 
must wake up and think of the Baltic Sea as a dark reminder of how the situation 
will be if nothing is done to prevent further contamination due to traditional and 
emerging organohalogen compounds. Small inputs of contaminations are still inputs 
of contamination and equally important as large volume sources in order to achieve 
a “non-toxic” environment as indicated as a vital goal in Chapter 1. 
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(159) Voogt, P.D.; Sáez, M. Analytical chemistry of perfluoroalkylated substances. TrAC - Trend. Anal. 
Chem. 2006, 25, 326-342. 

(160) 3M. Sulfonated perfluorochemicals in the environment: Sources, dispersion, fate and effects. 2000, 
AR226-0620, 1-51. 

(161) UNEP Report of the Persistent Organic Pollutants Review Committee on the work of its third 
meeting. 2007, UNEP/POPS/POPRC.3/20/Add.5, 
http://chm.pops.int/Portals/0/Repository/poprc1/UNEP-POPS-POPRC.1-9.English.PDF  

(162) Hansen, K.J.; Clemen, L.A.; Ellefson, M.E.; Johnson, H.O. Compound-specific, quantitative 
characterization of organic fluorochemicals in biological matrices. Environ. Sci. Technol. 2001, 35, 
766-770. 

(163) Schultz, M.M.; Barofsky, D.F.; Field, J.A. Fluorinated alkyl surfactants. Environ. Eng. Sci. 2003, 20, 
487-501. 

(164) Kannan, K.; Tao, L.; Sinclair, E.; Pastva, S.D.; Jude, D.J.; Giesy, J.P. Perfluorinated Compounds in 
Aquatic Organisms at Various Trophic Levels in a Great Lakes Food Chain. Arch. Environ. Contam. 
Toxicol. 2005, 48, 559-566. 

(165) Sinclair, E.; Mayack, D.T.; Roblee, K.; Yamashita, N.; Kannan, K. Occurrence of Perfluoroalkyl 
Surfactants in Water, Fish, and Birds from New York State. Arch. Environ. Contam. Toxicol. 2006, 
50, 398-410. 

(166) Holmström, K.; Järnberg, U.; Bignert, A. Temporal Trens of PFOS and PFOA in Guillemot Eggs 
from the Baltic Sea, 1968-2003. Environ. Sci. Technol. 2005, 39, 80-84. 

(167) Olsen, G.W.; Hansen, K.J.; Stevenson, L.A.; Burris, J.M.; Mandel, J.H. Human donor liver and serum 
concentrations of perfluorooctanesulfonate and other perfluorochemicals. Environ. Sci. Technol. 2003, 
37, 888-891. 

(168) Calafat, A.M.; Kuklenyik, Z.; Caudill, S.P.; Reidy, J.A.; Needham, L. Perfluorochemicals in Pooled 
Serum Samples from United States Residents in 2001 and 2005. Environ. Sci. Technol. 2006, 40, 
2128-2134. 

(169) Holmström, K.; Berger, U. Tissue distribution of perfluorinated surfactants in common guillemot 
(Uria aalge) from the Baltic Sea. Environ. Sci. Technol. 2008, 42, 5884. 

(170) Olsen, G.W.; Church, T.R.; Miller, J.P.; Burris, J.M.; Hansen, K.J.; Lundberg, J.K.; Armitage, J.B.; 
Herron, R.M.; Medhdizadehkashi, Z.; Nobiletti, J.B.; O'Neil, E.M.; Mandel, J.H.; Zobel, L.R. 
Perfluorooctanesulfonate and other fluorochemicals in the serum of American Red Cross adult blood 
donors. Environ. Health Perspect. 2003, 111, 1892-1901. 

(171) Olsen, G.W.; Church, T.R.; Larson, E.B.; Van Belle, G.; Lundberg, J.K.; Hansen, K.J.; Burris, J.M.; 
Mandel, J.H.; Zobel, L.R. Serum concentrations of perfluorooctanesulfonate and other 



 68 

fluorochemicals in an elderly population from Seattle, Washington. Chemosphere 2004, 54, 1599-
1611. 

(172) Martin, J.W.; Mabury, S.A.; Solomon, K.R.; Muir, D. Bioconcentration and tissue distribution of 
perfluorinated acids in rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 2003, 22, 196-
204. 

(173) Martin, J.W.; Mabury, S.A.; Solomon, K.R.; Muir, D.C.G. Dietary accumulation of perfluorinated 
acids in juvenile rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 2003, 22, 189-195. 

(174) Butt, C.M.; Mabury, S.A.; Muir, D.C.G.; Braune, B.M. Prevalence of long-chained perfluorinated 
carboxylates in seabirds from the Canadian Arctic between 1975 and 2004. Environ. Sci. Technol. 
2007, 41, 3521-3528. 

(175) EPA. Draft risk assessment of the potential human health effects associated with exposure to 
perfluorooctanoic acid and its salts. 2005, http://www.epa.gov/oppt/pfoa/pubs/pfoarisk.pdf 

(176) 3M What is 3M doing? 2008, 
http://solutions.3m.com/wps/portal/3M/en_US/PFOS/PFOA/Information/Action/ 

(177) Tomy, G.T.; Budakowski, W.; Halldorson, T.; Helm, P.A.; Stern, G.A.; Friesen, K.; Pepper, K.; 
Tittlemier, S.A.; Fisk, A.T. Fluorinated Organic Compounds in an Eastern Arctic Marine Food Web. 
Environ. Sci. Technol. 2004, 38, 6475-6481. 

(178) Schnellmann, R.G. and Manning, R.O. Perfluorooctane sulfonamide: A structurally novel uncoupler 
of oxidative phosphorylation. BBA-Bioenergetics 1990, 1016, 344-348. 

(179) Grossman, M.R. Distribution and tissue elimination in rats during and  after prolonged dietary 
exposure to a highly fluorinated sulfonamide  pesticide. J. Agr. Food Chem. 1992, 40, 2505-2509. 

(180) Manning, R.O.; Bruckner, J.V.; Mispagel, M.E.; Bowen, J.M. Metabolism and disposition of 
sulfluramid, a unique polyfluorinated insecticide, in the rat. Drug. Metab. Dispos. 1991, 19, 205-211. 

(181) Arrendale, R.F.; Stewart, J.T.; Manning, R.; Vitayavirasuk, B. Determination of GX-071 and its major 
metabolite in rat blood by cold on-column injection capillary GC/ECD. J. Agr. Food Chem. 1989, 37, 
1130-1135. 

(182) Tomy, G.T.; Tittlemier, S.A.; Palace, V.P.; Budakowski, W.R.; Braekevelt, E.; Brinkworth, L.; 
Friesen, K. Biotransformation of N-Ethyl Perfluorooctanesulfonamide by Rainbow Trout 
(Onchorhynchus mykiss) Liver Microsomes. Environ. Sci. Technol. 2004, 38, 758-762. 

(183) Bligh, E.G. and Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. 
and Physiol. 1959, 37, 911-917. 

(184) Folch, J.; Lees, M.; Stanley, G.H.S. A simple method for the isolation and purification of total lipids 
from animal tissues. J. Biol. Chem. 1957, 226, 497-509. 

(185) Janák, K.; Jensen, E.; Becher, G. Determination of polychlorinated biphenyls in human blood by 
solid-phase extraction including on-column lipid decomposition. J. Chromatogr. B 1999, 734, 219-
227. 

(186) Stapleton, H.M.; Letcher, R.J.; Baker, J.E. Metabolism of PCBs by the beepwater sculpin 
(myoxocephalus thompsoni). Environ. Sci. Technol. 2001, 35, 47470-4752. 

(187) Chu, S.; Covaci, A.; Haraguchi, K.; Schepens, P. Optimized separation and determination of methyl 
sulfone metabolites of polychlorinated biphenyls (PCBs) and p,p'-DDE in biota samples. Analyst 
2002, 1621-1626. 

(188) García, I.; Ignacio, M.; Mouteira, A.; Cobas, J.; Carro, N. Assisted solvent extraction and ion-trap 
tandem mass spectrometry for the determination of polychlorinated biphenyls in mussels. Comparison 
with other extraction techniques. Anal. Bioanal. Chem. 2008, 390, 729-727. 

(189) QUASIMEME Quasimeme Laboratory Performance Studies. QUASIMEME Project Office, Marine 
Laboratory, Aberdeen, U.K. 1995, Round 4.  

(190) QUASIMEME Quasimeme Laboratory Performance Studies. QUASIMEME Project Office, Marine 
Laboratory, Aberdeen, U.K. 1995, Round 5.  

(191) Bicking, M.K.L.; Wilson, R.L. High performance size exclusion chromatography in environmental 
method development. 1. The effect of mobile phase and temperature on the retention of dioxins, 
furans and polychlorinated biphenyls. Chemosphere 1991, 22, 421-435. 

(192) Jensen, S.; Athanasiadou, M.; Bergman, Å. A technique for separation of xenobiotics from large 
amounts of lipids. Organohalogen Compounds 1992, 8, 79-80. 

(193) Reutergårdh, L. Identification and distribution of chlorinated organic pollutants in the environment. 
1988,  

(194) Valters, K. Assessment of organochlorine contamination in the aquatic environment of Latvia with 
perch and heron as biomarkers. Thesis, Stockholm University, 2001,  

(195) Bergman, Å.; Athanasiadou, M.; Bergek, S.; Haraguchi, K.; Jensen, S.; Klasson Wehler, E. PCB and 
PCB methyl sulfones in mink treated with PCB and various PCB fractions. Ambio 1992, 21, 570-576. 

(196) Zollinger, H. Azo and diazo chemistry: Aliphatic and aromatic compounds. Interscience: 1961; pp. 
444. 



 69

(197) Sunderman, F.W. Diazomethane, In Encyclopaedia of occupational Health and Safety, 3rd ed.; 
International Labour Office: 1983, Vol.1 pp. 620-621. 

(198) Rozemeijer, M.J.C.; Olie, K.; de Voogt, P. Procedures for analysing phenolic metabolites of 
polychlorinated dibenzofurans, -dibenzo-p-dioxins and -biphenyls extracted from a microsomal assay: 
optimising solid-phase adsorption clean-up and derivatisation methods. J. Chromatogr. A 1997, 761, 
219-230. 

(199) Bakke, J.E.; Feil, V.J.; Bergman, Å. Metabolites of 2,4',5-trichlorobiphenyl in rats. Xenobiotica 1983, 
13, 555-564. 

(200) Berger, U.; Herzke, D.; Sandanger, T.M. Two trace analytical methods for determination of 
hydroxylated PCBs and other halogenated phenolic compounds in eggs from Norwegian birds of prey. 
Anal. Chem. 2004, 76, 441-452. 

(201) Peled, M.; Scharia, R.; Sondack, D. Thermal rearrangement of hexabromo-cyclododecane (HBCD). 
1995, 7, 92-99. 

(202) Petersen, M.; Hamm, S.; Schöfer, A.; Esser, U. Comperative GC/MS and LC/MS detection of 
hexabromocyclododecane (HBCD) in soil and water samples. Organohalogen Compounds 2004, 66, 
226-233. 

(203) Zaruk, D.; MacInnis, G.; Marvin, C.; Sverko, E. Comparison of hexabromocyclododecane 
determinations using GC/MS and LC/MS/MS. Organohalogen Compounds 2005, 67, 226-228. 

(204) König, W.A.; Gehrcke, B.; Hochmuth, D.H.; Mlynek, C.; Hopf, H. Resolution of chiral 
[2.2]paracyclophanes by enantioselective gas chromatography. Tetrahedron-Asymmetr 1994, 5, 347-
350. 

(205) Tomy, G.; Halldorson, T.; Tittlemier, S. Methanolic extraction of poly- and perfluorinated alkyl acids 
from biota. Organohalogen Compounds 2005, 67, 787-789. 

(206) Johnstone, R.A.W. and Rose, M.E. Mass spectrometry for chemists and biochemists. Cambridge 
University Press: New York, USA, 1996; pp. 501. 

(207) Bignert, A. Biological aspects and statistical methods to improve assessments in environmental 
monitoring. 2003,  

(208) van Leeuwen, S.P.L.; Karrman, A.; van Bavel, B.; de Boer, J.; Lindstrom, G. Struggle for quality in 
determination of perfluorinated contaminants in environmental and human samples. Environ. Sci. 
Technol. 2006, 40, 7854-7860. 

(209) Bignert, A.; Litzén, K.; Odsjö, T.; Olsson, M.; Persson, W.; Reutergårdh, L. Time-related factors 
influence the concentrations of sDDT, PCBs and shell parameters in eggs of Baltic guillemot (Uria 
aalge), 1861-1989. Environ. Pollut. 1995, 89, 27-36. 

(210) Bignert, A.; Göthberg, A.; Jensen, S.; Litzén, K.; Odsjö, T.; Olsson, M.; Reutergårdh, L. The need for 
adequate biological sampling in ecotoxicological investigations: A retrostective study of twenty years 
pollution monitoring. Sci. Total Environ. 1993, 128, 121-139. 

(211) Bignert, A.; Olsson, M.; de Wit, C.; Litzén, K.; Rappe, C.; Reutergårdh, L. Biological variation - an 
important factor to consider in ecotoxicological studies based on environmental samples. Fresenius J. 
Anal. Chem. 1994, 348, 76-85. 

(212) Olsson, M. Ecological effects of airborne contaminants in Arctic aquatic ecosystems: a discussion on 
methodological approaches. Sci. Total Environ. 1995, 160/161, 619-630. 

(213) Steffen, C.; Borgå, K.; Skaare, J.U.; Bustnes, J.O. The occurence of organochlorines in marine avian 
top predators along a latitudinal gradient. Environ. Sci. Technol. 2006, 40, 5139-5146. 

(214) McKinney, M.A.; Cesh, L.S.; Elliott, J.E.; Williams, T.D.; Garcelon, D.K.; Letcher, R.J. Brominated 
flame retardants and halogenated phenolic compounds in North American West Coast bald eaglet 
(Haliaeetus leucocephalus) Plasma. Environ. Sci. Technol. 2006, 40, 6275-6281. 

(215) Murvoll, K.M.; Skaare, J.U.; Moe, B.; Anderssen, E.; Jenssen, B.M. Spatial trends  and associated 
biological responses of organochlorines and brominated  flame retardants in hatchlings of North 
Atlantic kittiwakes (Rissa  tridactyla). Environ. Toxicol. Chem. 2006, 25, 1648-1656. 

(216) Olsson, M. and Bignert, A. Specimen banking - a planning in advance. Chemosphere 1997, 34, 1961-
1974. 

(217) Harris, M.P. and Birkhead, T.R. Breeding ecology of the Atlantic alcidae, In Nettleship & Birkhead, 
1985, pp. 155-204. 

(218) Mullarney, K.; Svensson, L.; Zetterström, D.; Grant, P.J. Collins Bird Guide. Bonniers: Stockholm, 
Sweden, 1999;  

(219) Lloyd, C.; Tasker, M.; Partridge, K. The Status Of Seabirds In Britain and Ireland. A & C Black 
Publishers Ltd: 1991, pp. 355. 

(220) Lyngs, P. and Durinck, J. Diet of guillemots Uria aalge in the central Baltic Sea. Dansk Orn. Foren. 
Tidsskr. 1998, 92, 197-200. 

(221) Garðarsson, A. The density of seabirds west of Iceland. Rit Fiskideildar 1999, 16, 155-169. 
(222) Hedgren, S. Reproductive success of Guillemot Uria aalge on the island of Stora Karlsö. Ornis Fenn. 

1980, 57, 49-57. 



 70 

(223) Barrett, R.T.; Bakken, V.; Krasnov, J.V. The diets of common and Brünnich's guillemots Uria aalge 
and U. lomvia in the Barents Sea region. Polar Res. 1997, 16, 73-84. 

(224) Lilliendahl, K.; Solmundsson, J. An estimate of summer food consumption of six seabird species in 
Iceland. ICES J. Mar. Sci. 1997, 54, 624-630. 

(225) Mehlum, F. Crustaceans in the diet of adult common and Brünnich's guillemots Uria aalge and U. 
lomvia in the Barents Sea during the breeding period. Marine Ornithology 2001, 29, 19-22. 

(226) Bustnes, J.O.; Bakken, V.; Skaare, J.U.; Erikstad, K.E. Age and accumulation of persistent 
organochlorines: A study of arctic-breeding glaucous gulls (Larus hyperboreus). Environ. Toxicol. 
Chem. 2003, 22, 2173-2179. 

(227) Ólafsdóttir, K.; Petersen, Æ; Magnúsdóttir, E.; Björnsson, T.; Jóhannesson, T. Temporal trend of 
organochlorine contamination in Black Guillemots in Iceland from 1976 to 1996. Environ. Pollut. 
2005, 133, 509-515. 

(228) Henriksen, E.O. Levels and congener pattern of PCBs in Kittiwake, Rissa tridactyla, in relation to 
mobilization of bodylipids associated with reproduction. Thesis, Univ. Tromsö 1995, 55. 

(229) Donaldson, G.M.; Braune, B.M.; Gaston, A.J.; Noble, D.G. Organochlorine and heavy metal residues 
in breast muscle of known-age thick-milled murres (Uria lomvia) from the Canadian Arctic. Arch. 
Environ. Contam. Toxicol. 1997, 33, 430-435. 

(230) Chhabra, R.S.; Herbert, R.A.; Bucher, J.R.; Travlos, G.S.; Johnson, J.D.; Hejtmanik, M.R. Toxicology 
and carcinogenesis studies of p,p'-dichlorodiphenyl sulfone in rats and mice. Toxicol. Sci. 2001, 60, 
28-37. 

(231) Österblom, H.; Bignert, A.; Fransson, T.; Olsson, O. A decrease in fledging body mass in common 
guillemot Uria aalge chicks in the Baltic Sea. Mar. Ecol. Prog. Ser. 2001, 224, 305-309. 

(232) Tchernia, P. Descriptive regional oceanography. Pergamon: Oxford, New York, USA, 1980; Vol. 3, 
pp. 551. 

(233) Valters, K.; Olsson, A.; Vitinsh, M.; Bergman, Å. Contamination sources in Latvia: Levels of 
organochlorines in perch (Perca fluviatilis) from rivers Daugava and Lielupe. Ambio 1999, 28, 335-
340. 

(234) Campbell, L.M.; Muir, D.C.G.; Whittle, D.M.; Backus, S.; Norstrom, R.J.; Fisk, A.T. Hydroxylated 
PCBs and other chlorinated phenolic  compounds in lake trout (Salvelinus namaycush) blood plasma 
from the  Great Lakes region. Environ. Sci. Technol. 2003, 37, 1720-1725. 

(235) Buckman, A.H.; Brown, S.B.; Small, J.; Muir, D.C.G.; Parrott, J.; Solomon, K.R.; Fisk, A.T. Role of 
temperature and enzyme induction in the  biotransformation of polychlorinated biphenyls and 
bioformation of  hydroxylated polychlorinated biphenyls by rainbow trout (Oncorhynchus  mykiss). 
Environ. Sci. Technol 2007, 41, 3856-3863. 

(236) Russell, R.W.; Gobas, F.A.P.C.; Haffner, G.D. Maternal transfer and in ovo exposure of 
organochlorines in oviparous organisms: A model and field verification. Environ. Sci. Technol. 1999, 
33, 416-420. 

(237) Speake, B.K.; Murraya, A.M.B.; Noble, R.C. Transport and transformations of yolk lipids during 
development of the avian embryo. Prog. Lipid Res. 1998, 37, 1-32. 

(238) Norstrom, R.J.; Clark, T.P.; Jeffrey, D.A.; Won, H.T.; Gilman, A.P. Dynamics of organochlorine 
compounds in herring gulls (Larus argentatus): I. Distribution and clearance of [14c]dde in free-living 
herring gulls (Larus argentatus). Environ. Toxicol. Chem. 1986, 5, 41-48. 

(239) Ross, M.S.; Verreault, J.; Letcher, R.J.; Gabrielsen, G.W.; Wong, C.S. Chiral organochlorine 
contaminants in blood and eggs of glaucous gulls (Larus hyperboreus) from the Norwegian Arctic. 
Environ. Sci. Technol. 2008, 42, 7181-7186. 

(240) Drouillard, K.G.; Norstrom, R.J. Quantifying maternal and dietary sources of  
2,2′,4,4′,5,5′Hexachlorobiphenyl deposited in eggs of the ring dove  (Streptopelia risoria). Environ. 
Toxicol. Chem. 2001, 20, 561-567. 

(241) Newsted, J.L.; Jones, P.D.; Coady, K.; Giesy, J.P. Avian toxicity reference values for perfluorooctane 
sulfonate. Environ. Sci. Technol. 2005, 39, 9357-9362. 

(242) Wania, F.; Mackay, D. Global fraction and cold condensation of low volatility organochlorine 
compounds in polar regions. Ambio 1993, 22, 10-18. 

(243) Wania, F.; Mackay, D. Tracking the Distribution of Persistent Organic Pollutants. Environ. Sci. 
Technol. 1996, 30, 390-396. 

(244) Helgason, L.B.; Barrett, R.; Lie, E.; Polder, A.; Skaare, J.U.; Gabrielsen, G.W. Levels and temporal 
trends (1983-2003) of persistent organic pollutants (POPs) and mercury (Hg) in seabird eggs from 
Northern Norway. Environ. Pollut. 2008, 155, 190-198. 

(245) Strandberg, B.; Bergqvist, P.-.; Rappe, C. Dialysis with Semipermeable Membranes as an Efficient 
Lipid Removal Method in the Analysis of Bioaccumulative Chemicals. Anal. Chem. 1998, 526-533. 

(246) Boon, J.P.; Van Der Meer, J.; Allchin, C.R.; Law, R.J.; Klungsøyr, J.; Leonards, P.E.G.; Spliid, H.; 
Storr-Hansen, E.; Mckenzie, C.; Wells, D.E. Concentration-dependent changes of PCB patterns in 



 71

fish-eating mammals: Structural evidence for induction of cytochrome P450. Arch. Environ. Contam. 
Toxicol. 1997, 33, 298-311. 

(247) Routti, H.; Nyman, M.; Bäckman, C.; Koistinen, J.; Helle, E. Accumulation of dietary 
organochlorines and vitamins in Baltic seals. Mar. Environ. Res. 2005, 60, 267-287. 

(248) McGraw Sr., J.E. and Waller, D.P. The role of African American ethnicity and metabolism in sentinel 
polychlorinated biphenyl congener serum levels. Environ. Toxicol. Phar. 2008, In press,  

(249) Jaspers, V.L.B.; Dirtu, A.C.; Eens, M.; Neels, H.; Covaci, A. Predatory bird species show different 
patterns of hydroxylated polychlorinated biphenyls (OH-PCBs) and polychlorinated biphenyls 
(PCBs). Environ. Sci. Technol. 2008, 42, 3465-3471. 

(250) Rifkind, A.B. CYP1A in TCDD toxicity and in physiology - With  particular reference to CYP 
dependent arachidonic acid metabolism and  other endogenous substrates. Drug Metab. Rev. 2006, 38, 
291-335. 

(251) Walker, C.H. Avian forms of cytochrome P450. Comp Biochem Physiol C 1998, 121, 65-72. 
(252) Hahn, M.E. Biomarkers and bioassays for detecting dioxin-like compounds in the marine 

environment. Sci. Total. Environ. 2002, 289, 49-69. 
(253) Ásmundsdóttir, Á M.; Gunnlaugsdóttir, H. Undesirable substances in seafood products - Results from 

the monitoring activities in 2005. Rannsóknarstofnun fiskiðnaðarins, http://www.matis.is 2006, 22-06.  
(254) Ásmundsdóttir, Á M.; Baldursdóttir, S.; Rabieh, S.; Gunnlaugsdóttir, H. Undesirable substances in 

seafood products - Results from monitoring activities in 2006. Matís, http://www.matis.is 2008, 17-
08.  

(255) Auðunsson, G.A. Monitoring undesirable substances in seafood products 2003 (In Icelandic). 
Rannsóknarstofnun fiskiðnaðarins, http://www.matis.is 2004, 06-04.  

(256) Verreault, J.; Gebbink, W.A.; Gauthier, L.T.; Gabrielsen, G.W.; Letcher, R.J. Brominated Flame 
Retardants in Glaucous Gulls from the Norwegian Arctic: More Than Just an Issue of Polybrominated 
Diphenyl Ethers. Environ. Sci. Technol. 2007, 41, 4925-4931. 

 


