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ABSTRACT 

Several investigations have described adverse effects in fish inhabiting polluted areas, though 

the causative, or aetiologic compounds have not been substantiated. Since environmental 

pollutants exist as complex mixtures, reliable risk estimations are difficult to obtain. Chemical 

analyses of known toxicants are not sufficient since unknown toxic compounds will not be 

identified. Diagnostic tools – biomarkers – will provide information on the potential toxicity, 

but only limited information on the aetiologic compounds. A promising strategy for 

pinpointing the major toxicants in environmental samples is to fractionate samples in several 

steps, guided by the toxicity of the isolated fractions. This enables a more precise 

identification of aetiologic compounds than the analysis of a non-fractionated sample. 

The present thesis describes the toxicological and chemical characterization of organic 

compounds in the polychlorinated biphenyl (PCB) polluted bay Örserumsviken on Sweden’s 

Baltic coast. Compounds in organic extracts of abiotic matrices collected in the bay were 

separated by degree of aromaticity prior to exposing early life-stages of rainbow trout 

(Oncorhynchus mykiss). The fraction containing PCBs and other dicyclic aromatic 

compounds (DACs) was less potentially toxic than the fraction containing polycyclic 

aromatic compounds (PACs). An estimated 1-5% of the total ethoxyresorufin O-deethylase 

(EROD) induction could be explained by PCBs, and less than 4% by the most commonly 

monitored PACs. Though the aetiologic compounds were not identified, a significant part of 

the EROD induction was isolated in a PAC-subfraction containing compounds with more than 

five rings and the major part of teratogenicity was isolated in a fraction containing three- and 

four-ringed PACs. As markers for the unidentified potent compounds in the DAC- and PAC-

fractions, PCBs and polycyclic aromatic hydrocarbons (PAHs) were analyzed in feral fish 

eggs from the bay. Adult northern pike (Esox lucius) had elevated levels of hepatic DNA 

adducts, which correlated with PAH concentrations in their eggs. ΣPCB concentration in pike 

eggs was equal to the injected concentration in the highest dose of the DAC-fraction, which 

caused a 50-fold EROD induction in rainbow trout larvae. This demonstrates that the 

compounds present in the abiotic matrices posed a threat to all life-stages of fish in this area. 

The findings in this thesis clearly reveal the limits of our knowledge regarding compounds 

responsible for potential toxicity in field situations. We need to place greater emphasis on the 

toxicological and chemical implications of our continuous release of PACs and to work for 

much more restrictive regulations. 
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1. INTRODUCTION 

Despite our awareness of the link between the pollution of our 

environment and adverse effects in organisms, our knowledge regarding the 

identities and the toxicity of the pollutants is severely limited. This information 

is obviously crucial when making priorities for remedial actions and for 

preventing further pollution. Since environmental pollutants almost exclusively 

exist as complex mixtures, organisms will be exposed to a myriad of potential 

toxicants, resulting in interactive effects and unknown mechanisms of toxicity. 

For environmental samples mere chemical analysis of known toxic compounds 

is insufficient since unknown toxicants will be disregarded, and the combined 

toxicity of all compounds is difficult if not impossible to estimate. An 

alternative approach is to apply biomarkers as diagnostic tools, for estimating 

the potential toxicity of pollutants found in a given location. Biomarkers will, 

however, only provide limited information on the compounds causing the 

observed effects (the aetiologic compounds). 

1.1. Unidentified compounds causing adverse effects in feral fish 

Toxic effects have been observed in feral fish in several studies, but the 

aetiological compounds remain unknown. In Lake Molnbyggen, Sweden, female 

perch (Perca fluviatilis) suffer from reproductive failure, probably due to an 

endocrine disturbance affecting the sexual maturation. Though the aetiological 

compounds most likely came from a leaking public refuse dump their identities 

were not established (Noaksson et al., 2001). Bleached kraft mill effluent 

(BKME) caused malformations and mortalities in perch larvae; the aetiological 

compounds were, however, not identified (Sandström, 1994). The early 

mortality syndrome (EMS) found in salmonid species in the Great Lakes and its 

similar condition observed in Baltic salmon (Salmo salar) are caused by 
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thiamine deficiency (Fitzsimons et al., 2001). EMS has, however, not been 

linked to any known anthropogenic pollutants (Asplund et al., 1999; Fitzsimons 

et al., 1995). Feral perch and northern pike (Esox lucius) along the Swedish 

Baltic coast suffer from recruitment failure the cause of which is unknown 

(Ljunggren et al., in press). The liver tumors found in bottom-dwelling English 

sole (Pleuronectes vetulus) along the Pacific coast of USA, are closely 

correlated to anthropogenic pollution, though the aetiologic compounds have not 

been identified (Myers et al., 2003). The reason why perch in background areas 

in Baltic Sea have, during the last thirteen years, increased hepatic enzyme 

activities, which may reflect an increased exposure of organic pollutants, is 

unknown (Olsson et al., 2003). 

1.2. Bio-effect directed (BED) fractionation 

Difficulties in pinpointing toxic compounds in complex environmental 

samples may be circumvented by fractionating samples in several steps, guided 

by the toxicities of the isolated fractions, facilitating a more reliable 

identification of aetiologic compounds than the analysis of a non-fractionated 

sample. This strategy has been applied since the late 1960s for the identification 

of fish toxicants in BKME (e.g. Das et al., 1969) and since the late 1970s for the 

identification of mutagenic compounds (Schuetzle and Lewtas, 1986). In the late 

1980s the US EPA designed protocols for pinpointing toxic compounds in the 

environment, i.e. toxicity identification evaluations (TIE) (Mount and Anderson-

Carnahan, 1988; 1989; Mount, 1989). Several investigations have employed TIE 

protocols and similar approaches in aquatic environments and have 

demonstrated that these are promising tools for the identification toxicants in 

complex environmental samples (reviewed in Brack, 2003; Burgess, 2000). In 

the present thesis this fractionation strategy, combined with toxicity evaluations, 

is termed bio-effect directed (BED) fractionation. 
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1.3. Mechanisms of toxicity: role of the aryl hydrocarbon receptor (AhR) 

Many toxic effects of xenobiotics are manifested by biotransformation. 

Enzymatic processes detoxify xenobiotics by converting them to more water 

soluble metabolites, facilitating excretion via faeces or urine. The best 

characterized metabolic enzyme in fish is the cytochrome P4501A (CYP1A), 

which is similar in mammals (Stegeman and Hahn, 1994). When a xenobiotic 

binds to the cytosolic aryl hydrocarbon receptor (AhR) a signal transduction 

pathway activates the translation of a battery of proteins, including the CYP1A 

(Stegeman and Hahn, 1994). After translation, there are two molecular pathways 

generally considered to be associated with toxicity: the alteration of cellular 

homeostasis by induced proteins, which can lead to toxic effects (Nebert et al., 

2000), and the enzymatic biotransformation of xenobiotics into reactive 

intermediates that can bind to subcellular structures (Stegeman and Hahn, 1994). 

Hence, it is not the xenobiotic itself that causes adverse effects, instead the 

biological response. The compounds that are most potent in causing toxicity via 

this mechanism are generally those with highest affinity to the AhR. 

Consequently, structure is essential to this form of toxicity.  

Newly hatched fish larvae exposed to xenobiotics suffer from diverse 

malformations, including oedemas of the pericardium, subcutaneous 

haemorrhages (Brinkworth et al., 2003), as well as craniofacial (Billiard et al., 

1999; Spitsbergen et al., 1991) and spinal malformations (Carls et al., 1999; 

Heintz et al., 1999). These symptoms are collectively referred to as blue sac 

disease, named after the invasive yolk sac oedema found among salmonid larvae 

in hatcheries (Wolf, 1969). Blue sac disease, when caused by pollutants, is 

generally regarded as mediated by the AhR, since certain congeners of 

polychlorinated aromatic compounds – including polychlorinated naphthalenes 

(PCNs) (Villalobos et al., 2000), biphenyls (PCBs), dibenzo-p-dioxins (PCDDs) 

and dibenzofurans (PCDFs) – with known AhR-affinity are the most potent, 
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whereas those congeners with no AhR-affinity do not cause these malformations 

(Walker and Peterson, 1991). Evidence of the link between the AhR and 

teratogenicity has been found in a number of investigations (Brinkworth et al., 

2003; Cantrell et al., 1996; Cantrell et al., 1998; Guiney et al., 1997). Oedemas 

and haemorrhages are considered to be caused by peripheral circulation failure 

and cell death in the vascular endothelium (Guiney et al., 1997; Teraoka et al., 

2003). Endothelial cell death is closely related to AhR-mediated lipid 

peroxidation (Cantrell et al., 1996). Toxic effects in early life-stages of fish 

appear to occur mainly at the onset and after hatch, most likely due to the 

initiation of CYP1A induction during this developmental stage (Brinkworth et 

al., 2003; Guiney et al., 1997). 

Polycyclic aromatic compounds (PACs), cause malformations similar to 

those caused by the polychlorinated compounds mentioned above in early life-

stages of fish (Carls et al., 1999; Heintz et al., 1999). AhR involvement in early 

life-stage toxicity caused by PACs has, however, been established only for 

retene (7-isopropyl-1-methylphenanthrene) (Billiard et al., 1999; Brinkworth et 

al., 2003). Since PACs are generally easily metabolized they can also cause 

toxicity via metabolic activation. Reactive intermediates formed during PAC 

metabolism can covalently bind to subcellular structures, including nucleic 

acids, thus inducing genotoxicity as DNA adducts (Varanasi et al., 1989). Liver 

neoplasms in bottom-dwelling English sole along the Pacific coast of USA, were 

correlated to PAC pollution and, to a lesser degree to pollution of chlorinated 

compounds such as PCBs (Myers et al., 2003). These tumors were significantly 

correlated to CYP1A induction and DNA adducts, but recent investigations in 

AhR-null mice reveal an AhR-independent pathway for inducing hepatic DNA 

adducts (Kondraganti et al., 2003). Though the AhR is assumed to play an 

important role in the development of tumors caused by PCBs (Safe, 1994), 
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congeners with low AhR-affinity contribute significantly to the total tumor 

promotion potential of PCB mixtures exposed to rats (van der Plas et al., 2000). 

1.4. Exposure routes in fish 

For a compound to cause adverse effects it usually needs to enter the 

cells. Fish take up xenobiotics via the gills and skin from the surrounding water 

and via the gastrointestinal tract from food. In early life-stages of fish the 

maternal transfer is another important exposure route (Walker et al., 1996). 

After spawning the developing embryo will be further exposed to water-borne 

pollutants, probably most significantly after hatch since the chorion apparently 

inhibits uptake. Brinkworth et al. (2003) demonstrated that rainbow trout 

embryo take up water-borne retene during their egg stage, but larvae showed no 

signs of toxicity unless they were exposed after hatch.  

1.5. Origin and concentrations of anthropogenic toxicants 

Polycyclic aromatic hydrocarbons (PAHs), the most monitored subclass 

of PACs, are continuously released into our environment mainly from road 

traffic and incomplete combustion of organic matter (Boström et al., 2002). 

PCBs are presently banned though they originally were produced commercially 

for use in electrical equipment for their insulating properties and ability to 

withstand high temperatures. PCBs have also been used as ingredients in e.g. 

PVC plastics, lubricants, and self-copying paper (Jensen, 1972). PCNs have 

similar physico-chemical characteristics to PCBs, and were thus produced 

commercially for similar purposes (Brinkman et al., 1976). The main source of 

PCDD/Fs is industrial activities, where they are formed without intention by the 

incomplete combustion of hydrocarbons in the presence of chlorine (Alcock and 

Jones, 1996; Wikström et al., 2003). In settling particulate matter from the 

Baltic Sea the dominating group of pollutants of those mentioned above is 
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PAHs. The relative concentration ratios are: [PCDD/Fs] = 1, [PCNs] = 2, 

[PCBs] = 250, [PAHs] = 44 000 (Axelman et al., 2001; Ishaq et al., 2003). 
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2. OBJECTIVES 

The overall aim of this thesis is to characterize organic toxicants in the aquatic 

environment of the polluted bay Örserumsviken on Sweden’s Baltic coast. We 

used early life-stages of rainbow trout as a biological tool in a BED fractionation 

strategy and feral fish inhabiting the bay to address the following questions: 

• How were PCBs and the potential toxicity distributed in the 

particulate and dissolved phases of the bay? To what degree did PCBs 

contribute to the toxicity? (Paper I) 

• How did chemical structure influence the potential teratogenicity 

(ability to induce developmental abnormalities), and the potential 

AhR-mediated toxicity, of compounds in Örserumsviken? To what 

extent could teratogenicity be explained by AhR-mediation? (Paper 

II) 

• To what degree contributed commonly analyzed PAHs to potential 

toxicity in early life-stages of fish? (Paper III) 

• Did the pollutants in the water column affect adult fish inhabiting 

Örserumsviken? Were PCBs and PAHs maternally transferred to their 

eggs? Could maternally transferred pollutants be a potential threat to 

early life-stages of feral fish? Did remedial actions in the bay affect 

feral fish? (Paper IV) 
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3. METHODOLOGIES 

3.1. Study area 

Örserumsviken, a relatively small bay on Sweden’s southeastern Baltic 

coast, is highly contaminated by PCBs that leaked into the bay during the 

recycling of PCB containing self-copying paper at Westervik paper mill. The 

bottom sediment was dredged in 1978-1979 and placed on a landfill from which 

PCBs were continuously redistributed into the bay. An estimated 1000 kg PCBs 

were present in the landfill and sedimentation basin, and another 100 kg in the 

bottom sediment. As the bay is located outside the small town of Västervik, with 

relatively rural surroundings, the paper mill is the only known source of PCBs in 

this area. The levels of PCBs in and around Örserumsviken make this a 

significant point source of PCBs, not only for the immediate area, but also for 

the Baltic Sea as a whole (Axelman and Broman, 1999). The concentrations of 

PAHs in the bottom sediment of the bay are approximately half those of PCBs 

(Paper II). Due to the high degree of PCB contamination, the bottom sediment 

(top 1 m) and the leaking landfill were recently remediated and placed on a dry 

deposit. 

3.2. Abiotic matrices 

We used abiotic matrices to investigate if organic compounds can pose a 

threat to fish in Örserumsviken. We collected the potentially most toxic 

compartment in the water column, bottom sediment, where the highest 

concentrations of organic compounds are found. Settling particulate matter 

(SPM) was used to investigate compounds bound to resuspended bottom 

sediment particles in the water column (Axelman and Broman, 1999). The 

dissolved phase was collected by means of semi-permeable membrane devices 
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(SPMDs) and reflect the direct uptake of compounds from the dissolved phase 

(Huckins et al., 1990). 

3.3. Biological material 

Early developmental stages of organisms are generally more sensitive to 

environmental factors than juvenile and adult stages. Early life-stages of fish are 

therefore, due to a well-characterized and highly developed physiology and 

biotransformation system frequently used as biological tools for evaluating 

toxicity, reviewed in Walker and Peterson (1992). We used early life-stages of 

rainbow trout (Oncorhynchus mykiss) to investigate the potential toxicity of 

lipophilic compounds in abiotic matrices (Papers I, II and III). Rainbow trout 

are pharmacologically well-characterized and commercially available; their eggs 

are fairly large, which facilitates handling and injection. Using the nanoinjection 

technique (Åkerman and Balk, 1995) rainbow trout were exposed to organic 

extracts of abiotic matrices and fractions thereof. Though extracts are injected 

into newly fertilized rainbow trout eggs, this method does not mimic actual field 

conditions it is instead used as a biological tool for potential maternal transfer of 

lipophilic compounds. Observe that we do not claim that feral fish have an 

internal extraction apparatus. 

In Paper IV we investigated both maternal transfer of PCBs and PAHs, as 

well as hepatic DNA adducts, in perch and pike from Örserumsviken. Both 

species can be considered rather stationary (Gerlach et al., 2001; Karås and 

Lehtonen, 1993), thus exposed to xenobiotics in the immediate area of their 

capture. In addition, both species are, or at least were, common along the Baltic 

coast of Sweden. 
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3.4. Fractionation of organic extracts 

The fractionation technique in our BED fractionation strategy was 

originally developed for separating PCBs and PCDD/Fs from PACs. The flow 

chart (Fig. 1) illustrates the isolation of fractions from abiotic matrices collected 

in Örserumsviken. After solvent change to n-hexane, the highly complex abiotic 

extracts were cleaned up for facilitating reproducible fractionation and analysis. 

Polar compounds were removed by running the extract on a silica gel column 

topped with sodium sulphate with n-hexane as eluent and elemental sulphur was 

removed by the addition of a small amount of elemental copper. The extracts 

were separated on an semi-preparative aminopropylsilica column (NH2, 

µBondapakTM, Waters, Milford, MA, USA, 7.8 × 300 mm, 10 µm) in an 

automated high performance liquid chromatography (HPLC) system (Zebühr et 

al., 1993) with a UV-VIS detector operating at 254 nm. Running the NH2-

column in straight phase mode, non-polar solvent (n-hexane) as mobile phase, 

the chemicals are predominantly separated according to their number of 

aromatic rings (Colmsjö et al., 1987), mainly by charge transfer interactions 

between the π-electron clouds of the compounds and lone pair electrons on the 

stationary phase nitrogen (Karlesky et al., 1983).  
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Figure 1. Flow chart illustrating the isolation of exposure solutions used in our BED 

fractionation strategy. Abiotic matrices from Örserumsviken were extracted, followed 

by clean-up, fractionation, chemical analyses and subfractionation. A synthetic PAC 

mixture was prepared with 17 commonly analyzed PAHs in amounts equimolar to 

those found in the sediment PAC-fraction. The PAHs given under the subfractions 

are examples of those found in each sediment PAC-subfraction (from Papers II and 

III). 
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3.7. Ethoxyresorufin O-deethylase (EROD) activity 

To investigate exposure to compounds causing their toxicity via the AhR-

pathway, we analyzed the CYP1A induction, measured as ethoxyresorufin O-

deethylase (EROD) activity in larval livers. This is one of the most widely-

acknowledged biomarkers of xenobiotic exposure in fish (Whyte et al., 2000). 

According to the known mechanism for AhR-mediated toxicity, the chemicals 

must pass a number of biological membranes before the biological effect is 

manifested as an EROD induction in the liver. So, although the exposure 

solutions are introduced directly into the yolk by means of nanoinjection, the 

EROD induction demonstrates that compounds extracted from the samples are 

bioavailable and thus pose a potential risk in situ. 

3.8. DNA adducts 

Hepatic DNA adducts are another indicator of PAC exposure in feral fish. 

Reactive intermediates formed during PAC metabolism can covalently bind to 

subcellular structures, including nucleic acids, thus inducing genotoxicity 

(Varanasi et al., 1989). Hepatic DNA adducts can provide an integrated 

measurement of multiple toxicokinetic factors, i.e. exposure, uptake, metabolic 

activation and detoxification of environmental mutagens, the efficiency of DNA 

repair, and excretion (Wirgin and Waldman, 1998). DNA adducts are found in 

feral fish from PAC polluted areas (Wirgin and Waldman, 1998) and are 

associated with degenerative/necrotic and preneoplastic hepatic lesions (Myers 

et al., 2003; Reichert et al., 1998). 
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4. RESULTS AND DISCUSSION 

4.1. Distribution of organic toxicants in the aquatic environment 

To investigate the distribution of PCBs and potential toxicity in the 

aquatic environment of Örserumsviken (Paper I) we collected three different 

abiotic matrices: bottom sediment, settling particulate matter (SPM), and the 

dissolved phase by means of semi-permeable membrane devices (SPMDs). The 

particulate and dissolved phases had similar PCB congener profiles and similar 

potential toxicity based on ΣPCB basis, indicating that the PCB profile and the 

potential toxicity in the bottom sediment is mirrored in the whole water column. 

In Paper IV we found that PCB congener profiles in pike and perch eggs were 

similar to the abiotic matrices, demonstrating that aquatic organisms in the area 

are exposed to the various PCB congeners and other potentially toxic 

compounds by diffusive uptake and maternal transfer. Compounds tightly bound 

to particles in the environment are generally considered less bioavailable, thus 

possessing only a minor threat to organisms in the aquatic environment. A 

suggested tool in risk assessments is using bioavailability for making priorities 

of remedial actions in polluted areas (Ehlers and Luthy, 2003). Our findings 

challenge this strategy since the degree of maternal transfer was equal for 

different congeners with different lipophilic characteristics, despite their 

supposedly different bioavailabilities. 

4.2. Relative potential toxicity of PCBs 

The first step in our BED fractionation strategy was to investigate PCBs’ 

contribution to potential toxicity in Örserumsviken (Paper I). We isolated three 

fractions from each of the three abiotic matrices: aliphatic and monocyclic 

aromatic compounds (MAC-fraction), dicyclic aromatic compounds, including 

PCBs (DAC-fraction), and polycyclic aromatic compounds, including PAHs 
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(PAC-fraction) (Fig. 1). These fractions were used to expose early life-stages of 

rainbow trout. PCBs contributed only an estimated 1-5% of the EROD induction 

potential (Paper I) and a minor percentage of the teratogenicity (Paper II). 

Results from Norrgren et al. (1993) and our own unpublished results using PCB 

mixtures having similar relative congener contributions as abiotic matrices from 

Örserumsviken, indicate that the ΣPCB concentration would need to be 

approximately 70 times higher to achieve the EROD induction caused by the 

DAC-fraction. Other known potent EROD inducers, such as PCDD/Fs and 

PCNs (Whyte et al., 2000), are, if present, isolated in the DAC-fraction (Ishaq et 

al., 2003). To investigate these compounds’ contribution to the potential toxicity 

in the DAC-fraction, exposure to a synthetic mixture is needed. 

4.3. Relative potential toxicity of PACs 

Despite high levels of PCB pollution, the PAC-fraction contributed more 

to the potential toxicity, measured as EROD induction in larval livers, than the 

DAC-fraction. We also found that in SPM and sediment samples collected 

outside the bay the potential EROD induction was almost completely isolated in 

the PAC-fraction, indicating that in Örserumsviken compounds in the PAC-

fraction are more mobile and more environmentally relevant than PCBs (Paper 

I). This is, however, not surprising since PACs are continuously released into 

our environment (Boström et al., 2002). Other investigations using similar BED 

fractionation strategies in several aquatic environments have shown that PACs 

are potentially more toxic than generally more stable compounds such as PCBs 

and PCDD/Fs (reviewed in Brack, 2003). 

The next step in our BED fractionation strategy was to collect sediment 

from the bay, isolate the three fractions, and then subfractionate the sediment 

PAC-fraction (Paper II). To investigate the contribution of PAHs to potential 

toxicity we prepared a synthetic PAC mixture composed of 17 PAHs, including 
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11 of the 16 US EPA priority PAHs, in amounts equimolar to those we analyzed 

in the sediment PAC-fraction. The synthetic PAC mixture was subfractionated 

analogously as the sediment PAC-fraction (Paper III). In both these studies we 

used higher doses than in Paper I, facilitating investigations of teratogenic 

effects among rainbow trout larvae. 

4.3.1. Relationship between toxicity and aromaticity 

The PAC-fraction exhibited more teratogenic potential than the MAC- 

and DAC-fractions (Paper II and Fig. 2A), in agreement with previous studies 

using early life-stages of fish. Black et al. (1983) demonstrated that mortalities 

and malformations in rainbow trout larvae increase with degree of aromaticity 

for one- to three-ring aromatic compounds. Incardona et al. (2004) showed that 

zebrafish (Danio rerio) larvae suffer from cardiac dysfunction when exposed to 

dibenzothiophene and phenanthrene (three-ring compounds) and peripheral 

vascular defects, anemia and neuronal cell death when exposed to pyrene (a 

four-ring compound) whereas naphthalene (a two-ring compound) caused no 

teratogenic effects. 

Though we demonstrated that the aromatic structure is important for the 

teratogenic potential, substitution and incorporation of elements in the structure 

appear to significantly alter the toxic potencies of compounds. The major part of 

the sediment PAC-fraction’s teratogenic potential was found in subfraction II 

(Fig. 2B), containing alkylated and sulphur-incorporated PACs with three and 

four rings. In fact, a specific malformation – asymmetric yolk sac – could be 

traced from the total sediment extract via the PAC-fraction to PAC-subfraction 

II (which also demonstrates the reliability of this BED fractionation approach as 

a tool for pinpointing toxic compounds). More studies are needed to investigate 

the contribution to the potential toxicity of alkylated and sulphur-incorporated 

PACs, several studies have, however, demonstrated that they are more toxic than 



Henrik Sundberg – Characterization of environmental fish toxicants  

 16

their commonly monitored non-alkylated and homocyclic analogues. Barron et 

al. (2004), Hawkins et al. (2002), and Rice et al. (1977) have shown that 

alkylated PACs are more toxic to early life-stages of aquatic animals than non-

alkylated homologues. Early life-stage toxicity in fish increased when their 

relative exposure to three- and four-ringed PACs increased, and to two-ringed 

PACs decreased due to weathering (Carls et al., 1999; Heintz et al., 1999). 

Thiaarenes are more lethal to Daphnia magna than non-sulphur homologues 

(Eastmond et al., 1984). The major part of carcinogenity to mice was isolated in 

a fraction from flue gas condensate containing thiaarenes and other PACs with 

more than three rings (Grimmer et al., 1987). Although the latter two studies 

used other species and investigated endpoints that likely act through different 

mechanisms than the present study, it is interesting to note the similarities with 

our findings. 

In Papers II and III we demonstrated that EROD induction in rainbow 

trout is not solely dependent on the aromatic structures of the compounds (Figs. 

3A-3C). EROD induction potencies of sediment PAC-subfractions I to IX were 

similar, though their components differed in degree of aromaticity (Fig. 3B). 

The most potent EROD inducer among sediment PAC-subfractions, X (Fig. 3B), 

did not contain the highest concentrations of those PAHs we analyzed, 

indicating that the most potent EROD inducing compounds in the sediment 

PAC-fraction were composed of more than five rings (Paper III). In Paper III, 

we found that less than 4% of the potential EROD induction (Figs. 3A and 3C) 

and a minor portion of the potential teratogenicity from Örserumsviken’s bottom 

sediment could be attributed to 17 commonly analyzed and environmentally 

monitored PAHs, representing an estimated 13% of the compounds in the 

sediment PAC-fraction. Our results indicate that our knowledge of which 

compounds actually are responsible for toxicity in field situations is alarmingly 

limited.  
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4.3.2. Relationship between teratogenicity and AhR-mediation. 

The AhR-mediated pathway could only to a limited degree explain the 

observed teratogenicity. (Paper II and III). The sediment DAC-fraction caused 

the highest EROD induction but was less teratogenic than the sediment PAC-

fraction in rainbow trout. The EROD induction of the most teratogenic sediment 

PAC-subfraction, subfraction II, was almost half that of subfraction X, which 

contributed significantly less to the teratogenic potential of the sediment PAC-

fraction (Paper II and III). Zebrafish (Danio rerio) exposed to phenanthrene and 

dibenzothiophene experienced a direct effect on cardiac function by an unknown 

mechanism (Incardona et al., 2004). Barron et al. (2004) could best predict early 

life-stage toxicity in fish exposed to PAC mixtures by considering several 

mechanisms. This multi-mechanistic hypothesis is supported by our findings, 

and underlines the importance of including several biological endpoints when 

estimating environmental risk. 
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Figure 2. Malformations among newly hatched larvae exposed to the isolated 

fractions described in Figure 1. A: Exposure solutions obtained from the first 

fractionation step. B: Exposure solutions obtained from subfractionation of the PAC-

fraction. Carrier controls were larvae exposed only to triolein, benzo[a]pyrene (B[a]P) 

served as positive control. Pie charts depict the percentages of normal and 

malformed larvae, and mortalities in egg and larval stages at the time of recording. 

Bar graphs illustrate percentages of larvae suffering from asymmetric yolk sac, 

oedemas or haemorrhages. *Significantly higher than carrier control (p<0.05, Chi-

square), n: number of injected eggs (note that cumulative larval mortality throughout 

the entire experiment was used for statistical analysis), adose expressed as g 

sediment/kg egg or µg B[a]P/kg egg, ball surviving larvae were malformed, suffering 

from one or several malformations, i.e. asymmetric yolk sac, oedemas or 

haemorrhages (data from Paper II). 
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Figure 3. Hepatic EROD induction expressed as % of carrier control in rainbow trout 

larvae exposed as newly fertilized eggs. A: Exposure solutions obtained from the first 

fractionation step (Fig. 1), data from Papers II and III, n=5, except for the highest 

doses of the total sediment extract and the synthetic PAC mixture, n=4; carrier 

control, n=15. B and C: Exposure solutions obtained from subfractionation of the 

sediment PAC-fraction and the synthetic PAC mixture, data from Paper III, n=10, 

except for carrier control, n=15. *Significantly higher than carrier controls. Mean 

values and ± 95% confidence limits (error bars) are shown for each treatment. Carrier 

control responses are defined by the upper and lower 95% confidence limits (- - - - ). 
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4.5. Maternal transfer of PCBs and PAHs in feral fish 

To investigate if the polluted sediment posed a threat to early life-stages 

of feral fish we analyzed PCBs and PAHs, as markers of the currently 

unidentified DACs and PACs, in eggs of pike and perch caught in the bay 

(Paper IV). The average concentration of ΣPCB in pike eggs from the polluted 

bay was equal to the concentrations in the highest doses of the total extract and 

the DAC-fraction injected into rainbow trout eggs (Papers I and II). In fact, in 

four of the seven pike egg samples from Örserumsviken ΣPCB concentrations 

were higher than those we injected into rainbow trout eggs. Although other 

compounds than PCBs were estimated to contribute to the major portion of the 

toxicity in the DAC-fraction, feral fish may experience co-exposure of PCBs 

with currently unidentified DACs. 

Though ΣPAH concentrations in the highest doses of the total extract and 

the PAC-fraction injected into rainbow trout eggs (Paper II) were 530 times 

higher than the average concentrations found in feral fish eggs, continuous 

exposure to water-borne PACs will subject feral fish to concentrations that are 

equal or even greater than those we injected. An estimation of the dose of 

benzo[a]pyrene received by feral fish larvae inhabiting the polluted bay before 

dredging can serve as an example. Since the concentration of PAHs in the 

dissolved phase of the bay is unknown, we assume that it could be predicted 

from the logarithmic partition coefficient between octanol and water (log Kow). 

The log Kow for benzo[a]pyrene is 6.04 (de Maagd et al., 1998), and the 

concentration of benzo[a]pyrene analyzed in the polluted bay’s sediment was 

530 µg/kg, resulting in a dissolved concentration of 0.48 ng/l. Assuming a 

logarithmic bioconcentration factor (the ratio between benzo[a]pyrene 

concentration in whole fish and surrounding water at equilibrium) similar to that 

for zebrafish larvae (4.82 from Petersen and Kristensen, 1998), feral fish larvae 

in the bay would be exposed to 32 µg benzo[a]pyrene/kg. Rainbow trout eggs 
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injected with the highest concentrations of the total extracts and fractions were 

dosed with 30-40 µg benzo[a]pyrene/kg egg. Jonsson et al. (2004) observed that 

with increasing degree of alkylation PAHs have increased uptake rate constants 

and decreased elimination rate constants in sheepshead minnows (Cyprinodon 

variegatus). It is also demonstrated that the toxicity of benzo[a]pyrene to 

channel catfish (Ictalurus punctatus) is enhanced when co-exposed with PCB 

metabolites (James et al., 2004). Considering the already high pollutant burden 

in feral fish eggs from Örserumsviken, the continuous exposure of feral fish 

larvae to pollutants dissolved in the water, higher uptake rates for alkylated 

PAHs, and increased toxicity due to metabolism, pollutants in sediments will 

certainly adversely affect feral fish. Taken together, these studies provide a basis 

for increased concern for PACs. The development of analytical methods and 

toxicological evaluations for a larger number of PACs is necessary for more 

reliable environmental risk estimations.  

4.6. Relationship between hepatic DNA adducts in feral fish and burden of 

PCBs and PAHs in their eggs 

Hepatic DNA adduct levels in female feral pike plotted against the burden 

of ΣPCB in their eggs (Fig. 4A) gave a significant positive correlation. An even 

better curve-fit was found for hepatic DNA adduct levels plotted against egg 

burden of ΣPAH (Fig. 4B). Several studies have demonstrated the causal 

relationship between PAH exposure and hepatic DNA adducts (reviewed in 

Wirgin and Waldman, 1998). DNA adduct analysis is more suitable for larger 

adducts (>3 rings). PCBs are generally not considered to bind to DNA to form 

bulky adducts in vivo (Whysner et al., 1998), suggesting possible explanations 

for the better curve-fit between ΣPAH and DNA adducts (Fig. 4B) than between 

ΣPCB and DNA adducts (Fig. 4A). The correlation between DNA adducts and 

egg concentration of ΣPCB is therefore likely a result of co-exposure with PAHs 
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to feral fish. The results presented in Figure 4 may provide an additional 

possibility for environmental risk estimations, i.e. hepatic DNA adducts can 

provide information concerning maternal exposure to xenobiotics. 
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Figure 4. Relationships between levels of hepatic DNA adducts in female pike and 

their egg concentrations (µg/kg extractable lipid) of ΣPCB (A) and of ΣPAH (B). 

Correlations were statistically significant between hepatic DNA adducts and egg 

concentrations of ΣPCB (p<0.05, Spearman’s ρ=0.81) and ΣPAH (p<0.05, 

Spearman’s ρ=0.85). The best curve-fit was obtained by the logarithmic equation. 
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4.7. Relationship between dredging, hepatic DNA adducts and 

concentrations of PCBs and PAH in fish eggs  

Higher levels of hepatic DNA adducts in feral fish than were found before 

dredging provided evidence of an increased release of genotoxic compounds to 

the aquatic environment during dredging. How these hepatic DNA adducts 

affect pike and perch is unknown, but laboratory experiments with several fish 

species have demonstrated that DNA adducts correlate with hepatic neoplasms 

(Bailey et al., 1996; Fong et al., 1993; Reichert et al., 1998). Furthermore, 

hepatic DNA adducts are demonstrated to be persistent in pike (Ericson et al., 

1999), implying that elevated levels decline slowly. Dredging may therefore 

cause adverse effects in aquatic organisms on a time scale of several years, 

while on a longer perspective further studies are needed for investigating 

environmental improvement. 

Eight PCB congeners had significantly higher concentrations in pike eggs 

during dredging than before dredging, but with no significant increase in ΣPCB 

or ΣPAH concentrations, underlining the importance of combining chemical 

analyses with biomarkers for reliable risk estimations. PAH concentrations in 

feral fish eggs were three orders of magnitude lower than PCB concentrations, 

with no observed increase during dredging, which may be explained by a high 

metabolic activity, reducing bioaccumulation. Kleinow et al., (1998) showed 

that benzo[a]pyrene was more rapidly metabolized when the CYP1A inducer β-

naphthoflavone was pre-exposed in channel catfish. Fish used in this study had 

high metabolic activity before dredging, demonstrated by high levels of hepatic 

DNA adducts compared with both the reference areas in the present study and 

with other reference areas (Ericson et al., 1998). The increased levels of DNA 

adducts during dredging is a probable indication of increased metabolic activity. 
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5. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

The results presented in this thesis demonstrate that the most commonly 

analyzed and monitored pollutants, PCBs and PAHs, make only a minor 

contribution to the potential toxicity of abiotic matrices from Örserumsviken in 

early life-stages of fish. Analyses of hepatic DNA adducts in adult female pike, 

and PAHs and PCBs in their eggs, demonstrated that mere chemical analysis is 

insufficient for investigating elevated exposure to toxic compounds in aquatic 

environments. Though we could not conclusively determine the aetiologic 

compounds responsible for the major portion of the potential toxicity, our results 

and that of others indicate that alkylated and heterocyclic PACs may contribute 

significantly to the observed potential toxicity. We do not claim, however, that 

the contribution of the most commonly monitored pollutants should be neglected 

– additional biological and chemical investigations of PACs are urgent. Our 

findings also stress the need for more restrictive regulation of anthropogenic 

PAC sources. 

The BED fractionation strategy applied in these studies is a promising 

tool for pinpointing toxicants in the environment. This was demonstrated by the 

isolation of a specific malformation – asymmetric yolk sac – and a significant 

part of the EROD induction through the fractionation steps to two specific 

subfractions. By applying this strategy we could also demonstrate the 

importance of including several biological endpoints for reliable estimations of 

environmental risk. 

We have demonstrated that toxicants in the sediment of the bay exposed 

and contributed to adverse effects in both adult and early life-stages of feral fish. 

The chemical analysis of feral fish eggs demonstrated that rainbow trout eggs 

injected with organic extracts were not overdosed with reference to field 

conditions. Since top 1 meter of the sediment and the old landfill are now placed 
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in a dry deposit on land this environmental problem is at least partly (re)moved. 

More studies are, however, needed to investigate the extent of environmental 

improvement in Örserumsviken. 
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SAMMANFATTNING 

Fisk som lever i förorenade områden har i flera undersökningar visats vara negativt 

påverkade. Trots detta faktum har de ämnen som orsakar skadorna aldrig blivit fullständigt 

identifierade. Att genomföra riskuppskattningar genom enbart kemiska analyser av kända 

miljögifter är omöjligt. Dels kommer okända giftiga föreningar ej att hittas och dels består 

förorenade områden oftast av tusentals olika ämnen vilket gör det omöjligt att uppskatta 

giftigheten genom enbart några få föroreningar. Genom att använda biomarkörer erhålls 

information om biologiska effekter, men inte en fullständing bild av vilka föreningar som 

orsakar dem. Ett sätt att komma runt dessa problem vid identifiering av de föreningar som har 

förmåga att orsaka skador är att separera olika föreningsgrupper från varandra genom kemisk 

fraktionering. Därefter undersöks de erhållna fraktionernas biologiska effekter, de mest 

biologiskt aktiva fraktionerna delas sedemera upp ytterligare. Genom detta stegvisa förfarande 

vaskas således de ämnen med förmåga att orsaka mest skada fram. 

Denna avhandling beskriver arbetet med att karakterisera, både kemiskt och toxikologiskt, 

organiska föroreningar i Örserumsviken utanför Västervik. Viken är kraftigt förorenad av 

polyklorerade bifenyler (PCBer). Som biologiskt verktyg för att undersöka toxiska effekter 

använde vi oss av embryon och larver från regnbåge (Oncorhynchus mykiss). Olika 

föreningsgrupper isolerades genom fraktionering från organiska extrakt erhållna från abiotiska 

matriser i Örserumsviken varefter fraktionerna och extrakten injicerades i nybefruktade 

regnbågsägg. Den fraktion som innehöll polycykliska aromatiska föreningar (PAFar) 

orsakade större effekter på regnbågslarverna än fraktionen som innehöll PCBer och andra 

dicykliska aromatiska föreningar (DAFar). Uppskattningsvis kunde endast 1-5% av den totala 

ethoxyresorufin O-deetylas (EROD) induktionen förklaras av PCBer. Mindre än 4% av 

EROD induktionen kunde förklaras av de vanligast analyserade PAFarna, så kallade 

polycykliska aromatiska kolväten (PAHer). Trots den låga förklaringsbakgrunden av de 

vanligast analyserade miljöföroreningarna kunde vi genom att subfraktionera PAF-fraktionen 

isolera en signifikant del av dess EROD induktion i en subfraktion som innehöll föreningar 

som bestod av fler än fem ringar. Vi kunde även isolera en signifikant del av den teratogena 

potentialen i en fraktion som bestod av föreningar med tre och fyra ringar. Som kemiska 

markörer för de fortfarande okända mest potenta PAFarna och DAFarna analyserades PAHer 

och PCBer i ägg från lekande abborre (Perca fluviatilis) och gädda (Esox lucius) i viken. 
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Gäddäggen innehöll lika mycket PCBer som regnbågsägg vilka hade blivit injicerade med den 

högsta dosen av DAF-fraktionen. De kläckta regnbågslarverna hade 50 gånger högre EROD 

aktivitet än oexponerade larver. Dessutom korrelerade DNA addukter i lever hos adulta 

gäddhonor med halten PAHer i deras ägg, vilket ytterligare visar att föroreningarna i 

Örserumsvikens sediment hade förmåga att ge skador på vildlevande fisk i alla 

utvecklingsstadier. Eftersom en stor del av bottensedimentet är muddrat och placerat i en 

sluten torrdeponi på land, är detta miljöproblem delvis flyttat. Dock krävs ytterligare studier i 

Örserumsviken för att undersöka om miljön har blivit förbättrad efter muddringen. 

Resultaten i denna avhandling understryker vår begränsade kunskap om vilka miljögifter som 

är mest ansvariga för de skador som uppträder i vår miljö. För att kunna utföra mer korrekta 

riskuppskattningar krävs det ytterligare toxikologiska och kemiska undersökningar av de 

föroreningar vi konstant släpper ut, där PAFar ingår som en viktig grupp. Resultaten 

understryker också att utsläppen av dessa ämnen måste begränsas i högre utsträckning än i 

dag. 
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så snäll. Jag önskar också att en av mina idoler, morfar Gösta varit med nu, men jag tackar 

dig iallafall. Det största tacket går till min lilla familj. Tack Karin för att du såg till att den 

sista tiden blivit så mycket kortare, enklare och faktiskt ganska hanterbar, tack för att du orkat 

och tack för din uppenbarelse. Tack Wilmer för att du finns och tack för att du får en att 

skratta och må bra varje dag. 

Tack Västerviks kommun, EU, Naturvårdsverket, SMF och C.F. Liljevalch Jr:s 

resestipendier för pengarna. 
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