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Abstract 

Deposition remains the most common form of waste disposal in many parts 
of the world. As a terminus of the products consumed in our society a 
landfill may contain virtually all sorts of man-made chemicals. Despite this, 
the harmfulness of landfill leachate has not been extensively evaluated in 
feral organisms in the environment. In a leachate-contaminated lake, 
Molnbyggen, in Sweden, our studies reported a low percent of sexually 
mature (SM) female perch (Perca fluviatilis) that had decreased plasma 
androgen levels, decreased brain aromatase activity, distinctive sores and fin 
erosion. The impairments were attributed to unidentified compound(s) 
present in the leachate. In one out of four other investigated leachate-
contaminated lakes, the low percent of SM female perch had reduced plasma 
sex steroid levels and similar sores as perch in Molnbyggen. 

The biochemical mechanism causing the disorders was investigated in 
order to establish a connection between the impairments and possible 
causative compound(s). Plasma levels of the androgen precursors 
progesterone and 17α-hydroxyprogesterone were unaffected. Ovarian 17,20-
lyase activity was decreased while levels of biliary steroid conjugates and 
hepatic testosterone UDP-glucuronosyltransferase activity did not differ 
between exposed and reference SM fish. Furthermore, the decreased brain 
aromatase activity seems to be a secondary effect; possibly a result of low 
substrate availability. Altogether, this suggests a possible disruption in the 
synthesis of androgens, knowledge that could be used as a tool in biomarker-
directed fractionation studies to pinpoint compound(s). 

Molnbyggen sediment extracts decreased the testosterone and estradiol 
concentrations in whole-body homogenates of zebrafish (Danio rerio) after a 
three week exposure period. This suggests that compound(s) with the 
potency to alter endocrine function are present in the sediment. 

Although the first steps have been taken towards identifying compound(s) 
responsible for this kind of reproductive impairments, they still remain 
unidentified. Measures have to be taken to identify harmful chemicals in our 
society, to reduce their number, and to minimise their uncontrolled dispersal 
in the environment. 
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Introduction 

Background 
In the mid 90´s, people fishing in a freshwater lake, Molnbyggen, in 
Sweden, started to notice sores on the outside of their catch. The lake is 
surrounded by forest and the area in the immediate vicinity of the lake is 
used for recreational purposes. Since there is no industrial activity in the 
area, the proximity to the municipal landfill Lindbodarna lead to the 
suspicion that the lake was polluted with compounds originating from the 
landfill. Uncontrolled discharge of leachate from the landfill was later 
confirmed.  

The first organised investigations of the fish, using a set of physiological 
and biochemical biomarkers, were conducted in the autumns of 1996 and 
1997 (Noaksson et al. 2001). In the first study, 1996, the presence of distinct 
sores and fin erosion on perch (Perca fluviatilis) from Molnbyggen was 
confirmed, but it also revealed a severe reduction in the gonadosomatic 
index (GSI), especially in female perch. The GSI of male perch was reduced 
with 36%. The GSI of female perch was reduced with 80% due to that the 
major part of them being sexually immature (SIM): their gonad did not 
contain oocytes under development. The response of biotransformation 
enzymes, known to be induced by for example PCBs and PAHs, was rather 
low.  

In 1997, perch from Molnbyggen again had high frequencies of sores and 
fin erosion. Female roach (Rutilus rutilus), now included in the study, had 
the same kind of sores. Of the female perch investigated, only 25% were 
sexually mature (SM) and the GSI of these mature fish was reduced, as was 
the GSI of male perch and roach of both sexes. When dividing the catch into 
different age classes (3.5-5.5; 6.5-8.5; 9.5-14.5 yrs) or weight classes (45-99; 
100-199; 200-500 g) the percent of SM female perch was still decreased for 
all weights and ages for Molnbyggen females compared with female perch 
from the reference lake Djursjön. Both SIM and SM female perch as well as 
female roach from Molnbyggen had lower plasma testosterone (T) than fish 
from Djursjön. SIM female perch had lower plasma 17β-estradiol (E2) 
levels, and tendency was the same for SM female perch. Brain aromatase 
activity was decreased in SIM female perch from Molnbyggen compared 
with SM female perch from Djursjön; Molnbyggen SM females had 
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intermediate activities. There were no signs of pathogens, infections or 
malnutrition. 

Out of six adult female brook trout (Salvelinus fontinalis) inhabiting 
Vadbäcken, a stream that has been contaminated by leachate from 
Lindbodarna and that via Våtån feeds into Molnbyggen, only one was found 
to be mature (Noaksson et al. 2003). Brain aromatase activity and plasma T 
and E2 levels were reduced in adult female brook trout compared with brook 
trout from a reference stream. Male brook trout also had reduced GSI. Bile 
duct hyperplasia, a sign of contaminant exposure was found in exposed 
brook trout of both sexes. 

No sexually immature female perch were found either upstream 
Molnbyggen, in lake Yxen, or downstream, in lake Kvarntjärn. 

Levels of PAHs and PCBs determined in bottom sediment extracts from 
Molnbyggen and Djursjön and in the stream Våtån were similar (Noaksson 
et al. 2003; 2001) and of the same order of magnitude of those observed in 
other pristine lakes in Sweden (Söderström et al. unpublished). 

Altogether, the observations indicated that several species of fish 
inhabiting leachate-contaminated waters suffered from reproductive 
dysfunction, in perch leading to delayed or interrupted sexual maturation. 
Reduced brain aromatase activity and decreased plasma levels of T and E2 
suggested that endocrine function was affected. 
 

Endocrine disruption 
The definition of an endocrine disrupting substance given by the European 
Commission is an exogenous substance that causes adverse health effects in 
an intact organism, or its progeny, consequent to changes in endocrine 
function (Anonymous 1996). Such a substance is believed to exert its effects 
either by mimicking the effects of endogenous hormones, by antagonising 
these effects, by altering the pattern of synthesis and metabolism of natural 
hormones, or by modifying the hormone receptor levels. In the following, 
endocrine disruption will only refer to disturbances in the reproductive 
endocrinology although disruption can occur within other hormone systems 
as well. Effects of exogenous substances on the reproductive hormone 
system of fish were observed and proposed several decades ago (Förlin and 
Haux 1985) but it was not until later that the concept of endocrine disruption 
received greater attention (Colborn et al. 1993). A reason for this is that the 
effects on the endocrine system do not manifest themselves in acute tests, 
but rather in more subtle ways i.e. as decreased reproductive capacity or 
altered sex ratio in the offspring. 
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Figure 1. The brain-pituitary-gonadal axis governs reproduction in female fish. 
Gonadotropic releasing hormone (GnRH) stimulates, and dopamine (DA) inhibits, 
the release of follicle stimulating hormone (FSH) and luteinising hormone (LH) 
which in their turn stimulate the gonadal synthesis of estrogens (E), androgens (A) 
and maturation-inducing hormone (MIH). E stimulates the production of 
vitellogenin (Vtg) in the liver. MIH action leads to final oocyte maturation and 
ovulation. Both positive and negative feedback of E and A on the BPG-axis have 
been reported, the effects depending on sex, species and maturational stage. From 
Doroshov et al. (1997). 

The brain-pituitary-gonadal (BPG) axis governs reproductive processes, 
and its main components are preserved among vertebrate species. The main 
processes important for female fish reproduction are presented in Figure 1 
and are also described in the following sections.  

Gonadotropic releasing hormone (GnRH) is a peptide consisting of ten 
amino acids. All mammals produce at least two kinds of this hormone; many 
fish species as many as three (Gray et al. 2002). The form or forms produced 
in the pre-optical area of the brain influences the pituitary and its release of 
gonadotropic hormones (GTHs). The activity of the GnRH is transmitted 
through receptors. In goldfish (Carassius auratus) at least two different 
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receptors with higher and lower affinity for the GnRH have been identified 
(Trudeau et al. 1997).  

Two different GTHs are secreted from the pituitary: follicle stimulating 
hormone (FSH) and luteinising hormone (LH). FSH appears to induce and 
maintain follicular development and vitellogenesis, while LH is responsible 
for final oocyte maturation and ovulation (Moberg et al. 1995). In salmon 
FSH stimulates the uptake of vitellogenin by the follicle cells 100 times 
more efficiently than LH (Hassin et al. 1999). In salmonids FSH can be 
measured during the vitellogenesis while LH levels do not rise until just 
before final oocyte maturation and ovulation (Prat et al. 1996). 

In the mammal testicle two different receptors specific for FSH and LH 
respectively can be found (Wahlström et al. 1983). FSH receptors are 
expressed in Sertoli cells; LH receptors in Leydig cells. In the testicle of 
salmon there is also two different receptor types, one that interacts both with 
FSH and LH, and the other more specific towards LH (Schulz et al. 2001).  

Many of the actions initiated by the GTHs are mediated through the 
steroid hormones, produced mainly by gonadal and adrenal tissues from 
cholesterol (Fig. 2). Nagahama (1997) proposed a two-cell type model for 
the production of steroid hormones in the ovary. Thecal cells synthesise 
testosterone from cholesterol and secrete it into the granulosa cells where 
conversion to E2 is performed. During vitellogenesis the production of E2 is 
an important signal needed for vitellogenin production in the liver. At oocyte 
maturation, as a response to LH-stimulation, the granulosa cells instead 
produce maturation-inducing hormone (MIH) from 17α-
hydroxyprogesterone. 
The adrenal homolog of teleost fish is composed of interrenal steroidogenic 
cells located inside the head kidney (Gallo and Civinini 2003). In mammals 
both gonads and adrenals secrete androgens and in the reproductive human 
female the respective glands are each responsible for about 50% of the 
production of T and androstenedione (Longcope 1986). Androgen 
production by teleost interrenal tissue has been demonstrated in vitro in for 
example the African catfish (Clarias gariepinus), tilapia (Oreochromis 
mossambicus) and coho salmon (Oncorhynchus kisutch). The contribution of 
interrenal androgen secretion might be influenced by season, sex and 
maturity status. In gonadectomised female Atlantic croaker (Micropogonias 
undulates) both T and E2 levels were dramatically reduced in plasma three 
weeks after surgery (Larsson et al. 2002). On the other hand, plasma levels 
of both these hormones were increased in females lampreys, a jaw-less fish 
species, after gonadectomy (Lampetra fluviatilis) (Kime and Larsen 1987). 

Most actions of the steroid hormones are initiated after the binding of the 
steroid to its receptor. Estrogen receptors (ERs) as well as androgen 
receptors (ARs) (Sperry and Thomas 1999) have been identified in fish.  
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Figure 2. Steroid biosynthetic pathways in female fish. Through several enzymatic 
conversions the precursor cholesterol is transformed to all steroid hormones. The 
17α-hydroxylase and 17,20-lyase activities are mediated by the same protein (P450 
17α). Through the action of 17β-hydroxysteroid dehydrogenase (17β-HSD) and 
aromatase, the sex steroids testosterone, 17β-estradiol and estrone are produced in 
the gonad. The maturation-inducing hormone (MIH) is produced in the ovary right 
before oocyte maturation. Glucuronidation of testosterone is mainly performed in 
the liver through the action of UDP-glucuronosyl transferase (UDPGT). 11-
deoxycortisol and cortisol are glucocorticoids secreted by interrenal tissue.  

Xenobiotics can presumably interfere with the reproductive processes at 
any level of the BPG-axis. In particular the ER is rather promiscuous and 
binds, with higher or lower affinity, a variety of compounds allowing for 
interactions with xenobiotics (Janosek et al. 2006). Furthermore, some 
enzymes metabolise both steroids and xenobiotics and their induction and/or 
inhibition may thus alter endocrine function. 

Numerous compounds alter endocrine or reproductive function of fish 
when tested in vitro or in vivo in the laboratory. Natural estrogens as well as 
the synthetic estrogen used in the contraceptive pill can reduce egg 
production (Oshima et al. 2003; Patyna et al. 1999) or induce intersex 
(Hahlbeck et al. 2004; Kang et al. 2003) and sex reversal (Gimeno et al. 
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1998). Alkylphenols have been shown to alter male reproductive behaviour 
and function (Bayley et al. 1999; Gimeno et al. 1998; Gray et al. 1999). The 
pesticide vinclozolin and the DDT-metabolite p,p´-DDE showed 
reproductive effects in both sexes (Bayley et al. 2002; Makynen et al. 2000). 

In the 80´s and early 90´s negative effects on fish reproduction such as 
reduced serum steroid levels, delayed maturation and reduced gonad size 
were observed in the waters outside pulp mills both in North America 
(Howell et al. 1980; McMaster et al. 1995; 1991; Munkittrick et al. 1992; 
1991) and in Northern Europe (Sandström et al. 1988). Even though the 
bleaching process has been modified and the levels of organochlorines in the 
effluents substantially reduced, some negative effects still remain (Karels et 
al. 2001; Sandström and Neuman 2003) and recently, skewed sex ratios were 
found in eelpout (Larsson and Förlin 2002; Larsson et al. 2000).  

Sewage treatment plants are point sources with direct discharge into 
receiving waters. Male roach with intersex or increased plasma Vtg outside 
sewage treatment plants in the United Kingdom are the results of insufficient 
treatment of estrogenic substances (Jobling et al. 2002; 1998). Vtg induction 
(Allen et al. 1999; Hecker et al. 2002; Schmitt et al. 2005) as well as other 
impairments like delayed maturation, reduced steroid glucuronidation 
(Lavado et al. 2004) and intersex (Kavanagh et al. 2004) have also been 
found in fish in more generally polluted areas. 

Although the previous sections have dealt only with evidence of 
endocrine disruption in fish, there is also evidence of endocrine alterations in 
other aquatic organisms, as well as terrestrial animals and even humans. For 
example, epidemiological studies of humans exposed to high concentrations 
of organochlorines found negative effects on several aspects of reproduction 
such as skewed sex ratios, spontaneous abortions, reduced semen quality and 
testicular cancer (reviewed in Toft et al. 2004). Even when living in less 
contaminated areas, most of us are exposed to low levels of organochlorines. 
The effects of these lower organochlorine concentrations on reproduction 
need to be further elucidated. 

Leachate toxicity 
Municipal solid waste has traditionally been disposed of by burial in 
landfills. Landfill leachate, generated when water percolates through the 
waste, constitutes a potential risk if released into the environment. In many 
countries deposition remains the most common form of waste disposal. 
Although the volume of waste deposited in Sweden has been decreasing for 
the last decade (Anonymous 2004) there are still about 500 active landfills in 
this country. 

Landfill leachates have been shown to be acutely toxic to microalgae, 
daphnids, protozoans, duckweed, bacteria and fish (Clement et al. 1997; 
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Clement and Merlin 1995; Sisinno et al. 2000; Ward et al. 2002), and most 
of the toxicity was attributed to the ammonia content in the leachate. 
Leachate from landfills receiving only hazardous waste was found to be the 
least toxic in acute tests, probably due to their low ammonia content 
(Clement et al. 1997). The effects of landfill leachate on reproductive 
variables are less commonly evaluated although chemicals like bisphenol A 
and nonylphenol with known estrogenic activity are frequently present in the 
leachate (Wintgens et al. 2003). Furthermore, diluted leachate injected into 
mice has been shown to induce abnormal sperm morphology (Bakare et al. 
2005). 

Traditional risk assessment of landfill leachate, based on the presence of 
specific compounds, such as ammonia, metals or organic compounds 
identified in the leachate, ignores possible effects of interactions between 
chemicals in complex mixtures. Biotests, on the other hand, integrate the 
biological effects of all leachate components. The effect of leachate from 
Lindbodarna has been investigated with regard to some biological end-
points. The leachate was considered to be slightly androgenic when assayed 
for the ability to bind the human androgen receptor in vitro in a recombinant 
yeast strain (Svenson et al. 2004), as was leachates from several other 
landfills. Dave and Nilsson (2005) concluded that acute toxicity of the 
leachate to water fleas (Ceriodaphnia dubia) was caused by ammonia while 
effects on reproduction were caused by nitrite. Attempts have been made to 
identify responsible compounds in the leachate water from the landfill. As 
expected, Öman (1999; 2001) found numerous compounds in the leachate 
water from Lindbodarna including benzenes, alkylated benzenes, alkylated 
phenols, PAHs, di-(2-etylhexyl)phthalate (DEHP), chlorinated benzenes and 
phenols, PCB, dioxins and furans, as well as degradation products of DDT. 
Some of these compounds, like DEHP, have been shown to have negative 
effects on female reproduction (Kim et al. 2002).  

Tens of thousands of compounds can be present in a landfill. Analysing 
for and finding some of them, in the leachate water or the sediments, will not 
give us the answer to the question of what compound(s) cause the biological 
effects in Molnbyggen fish if the connection cannot be established. Baun et 
al. (2004) analysed leachate from ten different Danish landfills for about 150 
known xenobiotic organic compounds (XOCs), including metabolites, and 
performed biotests to investigate the relationship between the presence of 
pollutants and observed toxicity. Existing toxicity data regarding the 65 
compounds identified in the leachate could explain only 2-37% of the algal 
toxicity observed in the study. Furthermore the identified XOCs accounted 
for less than 1% of the total organic content in the leachates. This further 
illustrates the difficulty in predicting toxicity from data on analysed 
pollutants, although it is also true that it is unlikely that the identity of 
responsible compounds will be revealed by non-specific biotests. 
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An expanded knowledge of the biochemical mechanism causing the 
endocrine dysfunction and reproductive impairments in fish in the 
waterways downstream Lindbodarna, is necessary in order to develop a tool 
with which compound(s) responsible for the effects can be isolated.  
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Aims 

The overall objective of this thesis was to expand the knowledge regarding 
the reproductive disorder observed for several species of fish in the leachate-
contaminated lake Molnbyggen. 
 
The aims were to: 
 
1. Further explore the biochemical mechanism behind the 

reproductive failure in fish inhabiting the leachate 
contaminated waterways (Papers I, II and III). 

 
 

2. Investigate if exposure to Molnbyggen bottom sediments 
could cause endocrine disturbances in fish in the laboratory 
(Paper IV). 

 
 

3. Explore whether reproductive failure, as a result of leachate 
exposure, is a common problem found in female perch from 
leachate-recipients (Paper V). 
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Methods 

Study area 
Female perch were captured in Molnbyggen (60°40´N, 14°57´E) in the 
municipality of Leksand in the county of Dalarna, Sweden (Fig. 3). 
Molnbyggen is an oligotrophic lake with an area of 3 km2, a maximum depth 
of 22 m, and an average pH of 7. A public municipal landfill, in use 1980-
2003, is located on a mountainside at Lindbodarna (60°41´N, 14°52´E), 
Leksand, approximately 3 km from Molnbyggen. The dump was intended 
for household refuse, but industrial refuse of unknown origin and amount 
has been deposited, especially prior to 1991 when stricter management was 
introduced. The area closest to the landfill drains into the stream Vadbäcken. 
Vadbäcken joins the larger stream Våtån, and empties into Molnbyggen. It 
has been estimated that the landfill generates 18,000 m3 of leachate yearly, 
one-third of which at least until 1998 was uncontrollably discharged to the 
surrounding environment and known to contaminate Molnbyggen through 
Vadbäcken and Våtån (T. Lundgren, unpublished data). Female perch from 
Djursjön (60°38´N, 14°50´E), located in a neighbouring drainage area 7 km 
southwest of Molnbyggen, were used as reference fish. Djursjön is an 
oligotrophic lake with an approximate area of 4 km2, a maximum depth of 37 
m, and an average pH of 7. The main teleost species in both lakes were 
perch, roach, northern pike (Esox lucius), burbot (Lota lota), vendace 
(Coregonus albula), bleak (Alburnus alburnus) and ruffe (Gymnocephalus 
cernuus) when these studies were initiated.  
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Figure 3. Map showing the study area. From Noaksson et al. (2005). 

Species studied 
Perch is a synchronously spawning species that spawns once a year, in 
spring, the exact time depending on latitude (Craig 1987). In 2001 female 
perch in Molnbyggen and Djursjön spawned in the middle of May 
(Noaksson et al. 2004). 
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The mean length of the 301 SIM female perch from Molnbyggen studied 
in papers I-III and paper V was 22.3 cm (all >19 cm), the age was 
determined for 77 SIM fish and the mean age was 6.4 years. Female perch 
sampled in July were not included in these figures, since SIM and SM 
female perch could not be distinguished at this time, but were all >19 cm. 

All female perch four years and older and 18 cm and longer were reported 
as mature by Treasurer (1981). Sandström and Neuman (2003) reported that 
100% of female perch from reference areas were SM at a size above 22.5 
cm. Alm (1959) reports on the connection between maturity, size and age in 
perch. At the age of five all but a few percent of the perch, both male and 
female, had reached maturity except in the slowest growing population 
where 28% of the fish were still immature. At this age the mean size for 
mature fish varied between 16.8 and 22.1 cm, while immature fish were 13.3 
to 18.0 cm. In studies in Lake Windermere by Le Cren (1958) no mature 
two-year old female perch were found, while nearly all female perch four 
years or older had reached maturity.  

In most cases perch that have reached maturity spawn annually thereafter, 
but a few cases of omitted spawning were reported, the percent adult females 
omitting spawning being 3% and 17% respectively (Le Cren 1958).  

The brook trout investigated in this study were introduced into the study 
area approximately 50 years ago. All cultured brook trout were found to be 
sexually mature at the age 2+ but most were mature already one year earlier 
(Tam et al. 1986). Age was not determined for brook trout in this study; the 
fish were considered adult at a weight over 45 g. Brook trout spawn once a 
year, at the end of September or beginning of October. 

The zebrafish is a small fish species (30-40 mm) often used in 
developmental and toxicological studies. It reaches maturity 3-4 months 
after hatching and can easily bee induced to spawn in the laboratory. It is an 
ansynchronously spawning species that spawns every or every other day. 
 

Enzyme assays 
The amount of active enzyme present in a cell-fraction is measured by the 
activity it catalyses. An enzyme assay must be designed so that the observed 
activity is proportional to the amount of enzyme present.  

All the enzyme assays employed in this thesis were based on the same 
principle using radiolabelled substrates. The substrate is incubated with the 
tissue-fraction of interest and the product formed is detected and quantified 
after separation from the substrate. The amount of formed product per unit 
time is normalised against the protein content of the tissue as determined by 
the method established by Lowry et al. (1951). 
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In the 17α-hydroxylase, 17,20-lyase and 17β-hydroxysteroid 
dehydrogenase assays, modified after Sikka et al. (1985), products were 
separated from substrates using TLC. Radiolabelled products were detected 
on a Phosphor Imager (Molecular Dynamics, CA, USA). The radioactive 
spots on the autoradiograms were quantified with ImageQuant 5.0 computer 
software (Molecular Dynamics, CA, USA). 

In the aromatase and the UDP-glucuronosyl transferase (UDPGT) assay, 
substrate and product are separated. The substrate is retained in the organic 
solvent while the water-soluble product is present in the aqueous phase. 
Products were detected using a scintillation counter (Packard Tri-Carb 2100 
TR, Packard Instrument Company, Meriden, CT, USA). Aromatase was 
measured according to Jeyasuria et al. (1994) with some modifications 
(Noaksson et al. 2001). The UDPGT assay employed was modified after the 
methods described by Lavado et al. (2004) and Sturm et al. (1999). 

Steroid analysis 
In Paper I & V plasma steroids were determined with commercially 
available competitive immunoassays. 

In Papers II-IV high resolution gas chromatography combined with high 
resolution mass spectrometry (HRGC/HRMS) was used for the 
determinations of steroids. This allows for the analysis of several steroids 
simultaneously. Plasma samples were cleaned up according to Hartmann and 
Steinhart (1997) in which proteins are precipitated with methanol. Sequential 
extraction with n-hexane reduces the lipid content. C18-phases were used for 
separating steroids from fatty acids and mono- and diglycerids. Both polar 
and non-polar steroids were retained on the C18-phase and eluted with 
methanol. The sample is then applied to a NH2-phase for further clean-up. 
Bile samples were first enzymatically hydrolysed with glucuronidase and 
sulfatase, afterwards the deconjugated steroids were extracted with ethyl 
acetate. 

After extraction and/or clean-up steroids were derivatised with 
MSTFA/TMSI/DTE (1000:2:2). The derivatisation mixture was removed 
with extraction with hexane-acetonitrile prior to HRGC/HRMS analysis. The 
detection was carried out in the selected ion-monitoring mode, monitoring 
M+ and (M-15)+. Steroids were quantified against the corresponding 
internal standard. 

Season and stress 
When measuring biomarkers it is important to consider the natural 
fluctuations that occur in many variables due to for example age, size, sex 
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and season. Variables connected to the reproductive system can be expected 
to be highly influenced by the reproductive stage. The individual variations 
in some biomarkers may be naturally higher at a certain reproductive stage 
and differences due to xenobiotic exposure will thus be more difficult to 
detect. Thus, in Papers I-III the variables were determined at several 
different time-points in the perch reproductive cycle. 

Stress, induced during catching, confinement, and handling, can influence 
reproductive variables making it more difficult to detect differences in i.e. 
hormone levels. The feral fish used in these studies were placed in dark 
cages in the lakes, and sampled in our mobile field laboratory within 24 
hours of capture, to reduce effects of sampling stress on the variables 
investigated (Callard et al. 1981; Jardine et al. 1996). 
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Results and discussion 

Exploring the mechanism causing endocrine alteration 
Paper I 
In earlier studies of the high percent of sexually immature female perch in 
Molnbyggen, an inhibited aromatase activity was suggested as a possible 
mechanism causing the decreased hormone levels (Noaksson et al. 2003; 
2001). In this study the hypothesis was further explored by determining the 
aromatase activity at other time-points in the perch reproductive cycle. It 
was investigated whether sediment extracts from Molnbyggen and the 
stream Våtån were able to inhibit brain aromatase in vitro. The plasma levels 
of progesterone (P) and 17α-hydroxyprogesterone (17OHP), in addition to T 
and E2, were determined as potential biomarkers for an altered steroid 
biosynthesis prior to T formation. P and 17OHP were also determined in 
perch, roach and brook trout in which T and E2 had been determined 
previously (Noaksson et al. 2003; 2001). 

The frequency of SIM female perch was as high in February as in 
September the previous year, indicating that oogenesis was never initiated in 
these individuals. Brain aromatase activity was decreased in SIM female 
perch at this time, but SM perch had similar brain aromatase activities as 
reference perch. Just before the onset of oogenesis, in July, SIM and SM 
could not be distinguished. Brain aromatase activity was decreased in the 
Molnbyggen females. Average plasma levels of P, 17OHP, T and E2 were 
all about 20% lower in Molnbyggen than Djursjön, although the differences 
were not statistically significant. Since levels of all steroids were lower at 
this time the significantly lower aromatase activity could be a consequence 
of down-regulation at the mRNA and/or protein level as a direct result of the 
low T levels, instead of being a result of inhibition.  

SIM female perch had P levels which either did not differ from or were 
significantly higher than SM Djursjön females. The only SIM Djursjön 
female perch, in which P was analysed, had similar plasma P as the SIM 
Molnbyggen female perch. In roach, adult and juvenile brook trout and SM 
perch from Molnbyggen waters, Yxen and Kvarntjärn, P levels were not 
different from reference fish.  

17OHP levels in SIM female perch either did not differ from or were 
significantly lower than in SM females. 17OHP levels were lower in adult 
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brook trout and unaffected in juvenile brook trout compared with brook trout 
from a reference stream. In roach and SM female perch 17OHP levels did 
not differ from reference fish. All raw extracts inhibited brain aromatase in 
vitro to a similar extent, including extracts from the two reference lakes 
tested. Although the substances in the extracts inhibiting brain aromatase 
could be xenobiotics, the similarity in response for all extracts indicated that 
naturally-occurring substances present in the sediments were capable of 
inhibiting aromatase in vitro. There are several studies reporting aromatase-
inhibiting properties of naturally-occurring compounds such as flavonoids 
and lignans (Adlercreutz et al. 1993; Pelissero et al. 1996; Wang et al. 
1994). Whether such compounds are present in the investigated sediments is 
not known. 

 

Paper II 
A study looking at plasma steroid levels of a number of steroids in SM 
female perch from Molnbyggen and Djursjön during one reproductive cycle 
confirmed the steroid pattern observed in paper I, P and 17OHP levels did 
not differ much while average androstenedione and T levels were lower in 
Molnbyggen SM females (Noaksson et al. 2004). Thus, in paper II the 
hypothesis of a decreased androgen biosynthesis was investigated by 
determining the activities of 17α-hydroxylase (17OHlase), 17,20-lyase, 17β-
hydroxysteroid dehydrogenase (17βHSD) in exposed fish. 17OHlase and 
17βHSD were determined in head kidney, but 17,20- was determined in the 
ovary instead since it could not be detected in head kidney. The enzyme 
activities were determined at the onset of oogenesis, during vitellogenesis 
and at spawning. Brain aromatase activity and gonad histopathology was 
also assessed. 

Ovarian 17,20-lyase activity was significantly decreased in Molnbyggen 
females during vitellogenesis. At spawning there was a shift in the synthesis 
of steroids in the gonad, and the 17,20-lyase activity could was only detected 
in some of the sampled fish. At this time gonadal steroid production is 
directed at producing MIHs, i.e. 17α,20β-dihydroxy-4-pregnen-3-one 
(Nagahama 1997; Senthilkumaran et al. 2004).  

There were no differences in head kidney 17OHlase or 17βHSD activities 
in Molnbyggen and Djursjön SM females at any time during the 
reproductive cycle. 17OHlase showed strong correlation to plasma cortisol 
levels. Brain aromatase activities did not differ between SM female perch 
from Djursjön and Molnbyggen. 

In July, when female perch cannot be divided into SIM and SM based on 
visual inspection, the histological examination revealed that all females from 
both Djursjön and Molnbyggen had oocytes in stages I and II. At this time 
on average 30% of the oocytes were classified as being in stage II. During 
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vitellogenesis oocytes in SM fish proceed to later stages (III-V). In SIM fish 
there is a return to more stage I-like oocytes, stage II oocytes never reaching 
more than 19% indicating their degeneration. Atretic oocytes were present in 
SIM fish all year round. In SM fish atretic oocytes were less common and 
seemed to be present in the beginning of vitellogenesis. No spermatocytes 
were observed within the ovarian structure. 

Since the 17OHlase and the 17,20-lyase activities are catalysed by the 
same active site on the same protein, P450c17 (Ahmed 2004), different 
responses in head kidney 17OHlase and ovarian 17,20-lyase indicate that 
there is not a general inhibition or down-regulation of the protein. Instead 
either the 17,20-lyase activity of the protein is selectively affeced or the 
BPG-axis but not the brain-pituitary-interrenal (BPI) axis is affected and 
thus ovarian form of the protein is down-regulated. 17OHP, synthesised by 
17OHlase, can either be converted further by 17,20-lyase to androstenedione 
and consequently to other sex steroids or be released and used for the 
synthesis of glucocorticoids or maturation-inducing hormones. Hence, there 
is a need for separate regulation of 17OHlase and 17,20-lyase in different 
tissues and at different times in the reproductive cycle. The basal 17,20-lyase 
activity is usually much lower than the 17OHlase activity and is selectively 
increased by stimulation of the electron transfer reactions, most extensively 
studied with the rat or human form of the protein. Such stimulation includes 
an increase in the abundance of the electron donor flavoprotein P450-
oxidoreductase (Ogishima et al. 2003) cytochrome b5 (Brock and Waterman 
1999; Katagiri et al. 1995) and post-translational modification of the protein 
by cAMP-dependent phosphorylation of specific serine/threosine residues 
(Zhang et al. 1995). 

The fact that 17,20-lyase activities were too low to be detected in head 
kidney in both exposed and unexposed SM female perch, neither supports 
nor contradicts endocrine disruption acting selectively on the 17,20-lyase 
activity. By determining the assay products with HRGC/HRMS instead of 
using the phosphorimaging technique the detection limits could be reduced 
which would be valuable in evaluating the hypotheses. Furthremore, plasma 
concentrations of the androgen precursors P and 17OHP are close to the 
detection limit at many times of the year, determining these steroids in target 
organs could be informative, as would the determination of ovarian 
17OHlase in reference and exposed female perch.  

Paper III 
While the results from paper II gave certain indications of a decreased 
androgen synthesis an increased excretion of T could not be ruled out. In 
paper III, as a measure of steroid excretion capacity, bile conjugates of T, 
hydroxytestosterones (OHTs) and E2 were determined and the hepatic 
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testosterone UDPGT activity assessed. Again, they were measured at 
different time-points during a reproductive cycle. 

Bile conjugates of T and E2 were not increased at any of the time-points. 
Instead T conjugate levels in the bile were in general lower in Molnbyggen 
females than in reference fish and both T and E2 conjugates in the bile were 
correlated to plasma T and E2. There was no evidence of increased T 
excretion through T hydroxylation as the OHTs detected were present at low 
levels and not in all fish or at all time-points. Hepatic testosterone UDPGT 
acitivities were similar in Molnbyggen and Djursjön SM females. SIM 
females had UDPGT activity equivalent to SM females, while they had low 
concentrations of T and E2 conjugates in the bile. 

Studies looking at the response of steroid UDPGT to xenobiotic exposure 
are scarce, but both inhibition (Thibaut and Porte 2004) and induction 
(Andersson et al. 1985; Förlin and Haux 1985) have been observed. 
Decreases seen in plasma T has sometimes been attributed to simultaneous 
observations of phenol UDPGT induction (Qian et al. 2004; Williams and 
Borghoff 2000). Phenol UDPGT and steroid UDPGT isoforms identified in 
plaice (Pleuronectes platessa) were, however, shown to have quite strict 
substrate specificity and it has been shown that phenol UDPGT does not 
conjugate testosterone (Clarke et al. 1988; 1992; Falany et al. 1986).  

 In a recent field study looking at red mullet in the Mediterranean sea, 
Martin-Skilton et al. (2006) found evidence of enhanced T and E2 
glucuronidation but no direct relationship to either phenol UDPGT or steroid 
UDPGT activity. 

 
In summary the results from papers I-III show some evidence of a 

decreased androgen biosynthesis while steroid excretion does not seem to be 
the major cause of the low levels of androstenedione and T in SM 
Molnbyggen female perch. The variables investigated and the observations 
made during the studies of the reproductive disorder in the waterways 
downstream Lindbodarna are listed in Table 1.  

 
Although puberty is not well understood in teleosts it is possible that low 

androgen levels could leave the majority of Molnbyggen female perch 
sexually immature. The feedback regulations exerted by steroid hormones 
vary with species, gender and physiological stage. In juvenile and pre-
vitellogenic female sturgeon, T-treatment increases pituitary levels of both 
gonadotropins, although no increases can be seen in plasma (Pavlick and 
Moberg 1997). In immature female Japanese silver eel, T-treatment induced 
the onset of vitellogenesis (Lin et al. 1991). In female Indian catfish 
(Hetereopneustes fossilis), precociously matured by T-treatment at juvenile 
stages, GnRH cells were increased in size and number and plasma levels of 
E2 and T increased 7 months after the treatment (Tiwary et al. 2002). 
According to Trudeau (1997) sex steroids exert a positive feedback on LH 
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release in juvenile fish, but to some extent this is also evident in adult fish. 
Both T and E2 have been shown to have positive effects on LH-release 
acting directly at the pituitary level. In two studies Kumakura et al. (2004; 
2003) demonstrated the ability of pre-pubertal female red seabream (Pagrus 
major) to respond to implantation with GnRH analogue with increases in the 
serum levels of LH, T and E2. In 16-month-old fish the onset of puberty was 
induced, but not in the 12-month-old fish. Although increased, serum levels 
of T and E2 were 6-9 times lower in the younger fish than in the older. Thus, 
it seems that the mechanisms that lead to steroid hormone production are 
necessary for the induction of puberty. 

In female striped bass that were investigated during puberty, the FSH 
levels multiplied in the beginning of vitellogenesis the first year of spawning 
(Okuzawa 2002). A corresponding but much less prominent peak in FSH 
levels can be seen already the year before that and the gonad will increase 
somewhat in size, though there is no incorporation of vitellogenin (neither 
Vtg nor E2 can be detected in the plasma). At the same time a minor 
increase in the levels of LH was seen. These results suggest that the BPG-
axis is already mature in pre-pubertal fish but that the gonads still are unable 
to be stimulated by FSH, which may be due to an insufficient number of 
gonadotropin receptors in the gonad or too low amounts of steroidogenic 
enzymes. Preliminary results indicate similar expression of FSH receptors in 
the ovary of both Molnbyggen SM and SIM female perch as in reference fish 
(Linderoth et al. unpublished). 
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Table 1.     
Variables measured in fish from the waterways contaminated by leachate from Lindbodarna. 
Observations in comparison to fish from uncontaminated waters. 

Variable Observation Species Study 

Sores/Fin 
erosion 

Occurrence/ 
Increase 

Perch and roach of both sexes 
 

Paper I and V, Noaksson et 
al. 2001, 2003 

Number of 
SM fish Decrease Female perch 

Paper I and V, Noaksson et 
al. 2001, 2003, 2004 

GSI 
 

Decrease 
 

Perch and roach of both sexes, adult 
brook trout of both sexes 

Noaksson et al. 2001, 2003 
 

Bile duct 
hyperplasia 

Occurrence 
 

Brook trout of both sexes 
 

Noaksson et al. 2003 
 

Plasma P 
 

Unchanged/ 
Increase 

SM and SIM female perch, female roach, 
adult and juvenile brook trout 

Paper I,  
Noaksson et al. 2004 

Plasma 
17OHP 

Unchanged/ 
Increase 

SM female perch, female roach, adult 
and juvenile brook trout 

Paper I, 
Noaksson et al. 2004 

Plasma 
17OHP 

Decrease 
 

SIM female perch 
 

Paper I 
 

Plasma A Decrease SM female perch Noaksson et al. 2004 

Plasma T 
 

Decrease 
 

SM and/or SIM female perch, adult and 
juvenile brook trout 

Paper V, Noaksson et al. 
2001, 2003, 2004  

Plasma E2 
 

Decrease 
 

SIM female perch, adult and juvenile 
brook trout 

Paper I, Noaksson et al. 
2001, 2003 

Bile T 
conjugates 

Unchanged/ 
Decrease 

SM female perch 
 

Paper III 
 

Bile E2 
conjugates 

Unchanged 
 

SM female perch 
 

Paper III 
 

Head kidney 
17OHlase 

Unchanged 
 

SM female perch 
 

Paper II 
 

Ovarian 
17,20-lyase 

Decrease 
 

SM female perch 
 

Paper II 
 

Head kidney 
17betaHSD 

Unchanged 
 

SM female perch 
 

Paper II 
 

Brain 
aromatase  

Decrease 
 

SIM female perch, adult and juvenile 
brook trout 

Paper I, II, V, Noaksson et 
al. 2001, 2003 

Testosterone 
UDPGT 

Unchanged/ 
Decrease 

SM and SIM female perch 
 

Paper III 
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Developing a tool to identify responsible pollutants 
Paper IV 
When investigating the female perch upstream and downstream of 
Molnbyggen no adverse effects on the reproductive system could be seen 
(Noaksson et al. 2003). This suggested that contaminants potentially causing 
the disorder could be trapped in Molnbyggen sediments. This hypothesis was 
further supported by the fact that the amphipod Monoporeia affinis showed 
delayed or disrupted sexual maturation after exposure to Molnbyggen 
sediments for three months (Sundelin et al. 2000). In paper IV female 
zebrafish were fed food prepared with Molnbyggen sediment extracts to test 
whether Molnbyggen sediments would induce alterations in endocrine 
variables. After the three week exposure period, whole-body E2 and T 
concentrations were determined, as well as spawning capacity, spawning 
frequency and GSI. As a model substance the anti-androgen cyproterone 
acetate, which is known to reduce steroid biosynthesis, was used. 

While three weeks of exposure did not affect LSI, GSI, spawning 
frequency or spawning capacity both extracts of Molnbyggen sediments and 
cyproterone acetate reduced whole-body levels of T and E2. 

The link between cause and effect has rarely been established for toxic 
effects observed in fish in the field. Identifying causative agents in complex 
effluents is a difficult task even in cases where a point source is identified. 
Such is the case for the effects on the reproductive system of fish that has 
been observed outside several pulp mills both in North America (McMaster 
et al. 1991; Munkittrick et al. 1992) and Northern Europe (Sandström et al. 
1988). Although changes in the mill process reducing the levels of organic 
halogens in the effluents have lead to improvements in the fish community 
and in some of the biomarker responses, reproductive variables were still 
affected several years after these changes had taken place (Sandström and 
Neuman 2003). Some compounds present in the effluents, such as β-
sitosterol, have been found to alter endocrine function in fish (MacLatchy et 
al. 1997; MacLatchy and Van der Kraak 1995) but the causative agents in 
the field have not been identified. Some progress has, however, been made 
applying bioassay-directed fractionation of environmental matrices. In this 
way, a group of polar compounds, with potential to reduce testosterone 
levels in fish, was isolated from a bleached kraft mill effluent (Hewitt et al. 
2002). 

This type of fractionation procedure has successfully identified natural 
and synthetic estrogens in effluents from sewage treatment for the as 
probable causative agents responsible for vitellogenin induction in male fish 
(Desbrow et al. 1998). Similar techniques lead Sundberg (2005) to conclude 
that the major part of the toxicity observed in early life-stages of fish 
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exposed to extracts of sediment from the PCB-contaminated bay 
Örserumsviken, was contributed to PAHs and not PCBs. 

In order to identify toxicity caused by substance(s) in a complex mixture 
a selective end-point must be established. Thus, the finding that exposure to 
Molnbyggen sediment extracts leads to decreased steroid levels in zebrafish 
similar to observations in the field is a first and important step towards 
identifying the responsible pollutants. 

Studying perch in other leachate-contaminated lakes 
Paper V 
By employing a battery of toxicological and reproductive biomarkers it was 
investigated whether signs of reproductive impairments and altered 
endocrine function were found in other leachate-contaminated lakes in 
Sweden. Lakes were chosen based on known or suspected leachate 
contamination. 

In three out of four other leachate-contaminated lakes the percent of SM 
female perch was low, ranging from 31-62%. In Nedre Vättern this was 
accompanied by decreased plasma levels of T and E2, as well as decreased 
GSI in SM female perch, similar to what was previously reported for 
Molnbyggen females (Noaksson et al. 2001). Female perch in Nedre Vättern 
also had open body sores and fin erosion. 

Overall the response in the measured variables differed between female 
perch from the different leachate-contaminated areas, probably reflecting the 
complex nature of landfill leachate. Furthermore, some of the lakes were not 
only contaminated by leachate but were also recipients for effluents from 
sewage treatment plants. 

In the study lower ratios of SM female perch were found in some of the 
assumed reference lakes. This illustrates the important problem with finding 
true reference areas. Environmental cues, such as temperature, also have an 
influence on fish reproduction. Extreme water temperature can cause a 
reduction in SM female perch (Luksiene et al. 2000). It is thus important to 
use a battery of biomarkers during field investigations. 

Swedish legislation regarding waste deposition has been made more 
stringent by the incorporation of the EU directive on the landfill of waste 
(1999). Several rules in the ordinance for waste deposition (2001) mandate a 
more controlled handling of deposited waste ultimately to decrease the risk 
for adverse effects caused on human health and the environment. The 
producer now has a greater responsibility to obtain knowledge about the 
composition of the waste, its properties and long-term effects. Rules 
governing the bottom lining of landfills and the collection of leachate have 
been made more stringent. The leachate shall be treated on site so that it can 
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be released into a recipient without violating current rules directed at 
protecting human health and the environment. Existing landfills should be 
adapted to meet the rules by the end of 2008. The Swedish Environmental 
Protection Agency states in its regulations (2004) that the leachate should be 
sampled to gather the knowledge needed to assess the impact of the landfill 
on the environment and on human health. This involves, among other things, 
determining the presence of compounds that can cause negative effects on 
humans and the environment.  

The results of our studies show that knowledge regarding the ability of 
landfill leachate to cause negative effects on the environment is inadequate, 
as is the knowledge of the waste composition of older landfills. To assure 
successful on-site treatment of leachate and to prevent negative effects on 
the environment, increased knowledge in these areas is therefore needed. 
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Conclusions  

The results presented in this thesis indicate that decreased steroid synthesis 
could be involved in the mechanism causing the reduced steroid levels in 
Molnbyggen female perch. There was no indication of an enhanced 
excretion of androgens.  
 
Decreased steroid content in female zebrafish exposed to Molnbyggen 
sediment extracts makes this approach promising as a tool for identifying 
responsible compound(s) in the future.  
 
The finding of similar dysfunction in the endocrine and reproductive system 
of female perch from Nedre Vättern, another leachate-contaminated lake, in 
Sweden, demonstrates that the observations made in Molnbyggen are not 
unique. It underlines the importance of establishing a link between cause and 
effects. 
 
Further research should focus on the exposure of zebrafish to fractionated 
sediment extracts in order to narrow the search for responsible compounds. 
The biochemical mechanism may be further elucidated by screening for the 
mRNA expression of the components of the BPG-axis using quantitative 
PCR. 
 
The studies included in this thesis, together with many other investigations 
worldwide, also illustrate the difficulty in identifying underlying 
mechanisms and causative agents regarding reproductive effects observed in 
organisms in the field. In order to minimise harm on humans and the 
environment it is also necessary to take preventive actions. This could only 
be done by minimising the number of harmful compounds in our society, 
and by identifying possible harmful effects caused by man-made chemicals 
in use today. 
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Sammanfattning 

Miljögifters hormonstörande effekter på organismer är svåra att upptäcka 
eftersom de ger sig till känna först efter en längre tids exponering. 
Förändringarna är inte heller lika tydliga som ökad dödlighet; det kan t.ex. 
handla om ändrad könsfördelning i avkomman, reducerat antal avkomma 
eller ett stört parningsbeteende. Förmodligen är det därför som 
hormonstörande effekter kommit i fokus först under det senaste dryga 
årtiondet. Media har uppmärksammat de fall av hanfiskar som blivit mer 
honlika till följd av exponering för kvinnliga könshormoner utanför 
vattenreningsverk. Honsnäckor som fått hanlika könsorgan efter exponering 
för båtbottenfärger innehållande tributyltenn är ett annat exempel på 
hormonstörande effekter. Eftersom fortplantningen inte fungerar normalt, 
kan de här förändringarna i det långa loppet leda till att hela populationer 
slås ut. Vattenlevande organismer är ofta särskilt utsatta för 
miljögiftsexponering, eftersom många av de kemikalier vi släpper ut i vår 
omgivning till slut når våra vattendrag. Det finns dock många likheter 
mellan hormonsystemen hos människa och övriga ryggradsdjur och det finns 
studier som visar att även vår fortplantningsförmåga försämrats under de 
senaste årtiondena, försämrad spermiekvalitet är ett exempel. 

Studierna i denna avhandling bygger på de tecken på störd fortplantning 
som i slutet av 90-talet upptäcktes hos fiskar i sjön Molnbyggen i Dalarna. 
Tre fjärdedelar av abborrhonorna i sjön var inte könsmogna och de 
könsmogna honorna hade förminskade romsäckar. Sedermera upptäcktes 
också att de hade lägre halter av testosteron i blodet. Både abborre och mört 
hade unika runda sår på stjärtspolen. Molnbyggen ligger i ett område med 
främst fritidshusbebyggelse. I närheten ligger Lindbodarna, en 
avfallsanläggning varifrån lakvatten tidvis läckt ut i omgivande vattendrag. 
Högst sannolikt är det okända ämne(n) i lakvattnet som orsakat 
fortplantningsskadorna hos fisken i Molnbyggen, eftersom även bäckröding i 
bäcken närmast tippen hade motsvarande skador på fortplantningsorganen.  

En avfallsanläggning kan förväntas innehålla tusentals av de ämnen som 
används i vårt samhälle, därför blir det praktiskt omöjligt att med enbart 
kemisk analys fastställa vilket eller vilka ämnen som är ansvariga för 
störningen på hormonsystemet. För de flesta ämnen finns inte ens väl 
fungerande analysmetoder. Att ett ämne hittats i t.ex. lakvattnet från 
Lindbodarna innebär inte heller nödvändigtvis att det orsakat de funna 
effekterna. Ett sätt att identifiera ansvariga ämnen i ett utsläpp är att separera 
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olika grupper av kemiska föreningar från varandra. Separationen kan t.ex. 
ske efter föreningarnas vattenlöslighet, och sedan undersöks vilka biologiska 
effekter som de olika föreningsgrupperna framkallar. De mest aktiva 
föreningsgrupperna delas sedan upp vidare och på så sätt kan efterhand de 
mest toxiska föreningarna isoleras.  

För att kunna påbörja ett sådant arbete krävs att man har identifierat en 
biologisk effekt som är tillräckligt specifik, vilket har varit det huvudsakliga 
syftet med den här avhandlingen. Vi har därför försökt ta reda på mer om 
mekanismen som orsakar de låga testosteronnivåerna i Molnbyggenabborrar. 
När vi mätte halterna av progesteron och 17α-hydroxyprogesteron, som är 
förstadier till testosteron, såg vi inga tecken på en minskning. En allmän 
störning av könshormonsproduktionen verkade således inte vara orsaken. Vi 
kunde inte heller se en ökad metabolism och utsöndring av könshormoner. 
Däremot visade sig abborrhonorna ha lägre aktivitet av ett enzym som krävs 
för att bilda testosteron. 

För att se om de låga testosteronnnivåerna kunde fungera som biologisk 
effekt i sig, undersökte vi hur Molnbyggensediment påverkade fisk i ett 
laboratorieförsök. När zebrafiskar matades med ett organiskt extrakt av 
bottensediment från Molnbyggen kunde vi se att halterna av både testosteron 
och östradiol sjönk i fiskarna, en indikation på att hormonstörande ämne(n) 
skulle kunna gå att isolera från sedimenten. 

Utöver det ville vi också se om man kan förvänta sig att se 
fortplantningsstörningar på fisk i vatten nedanför andra utav Sveriges 
hundratals avfallsanläggningar eller om fallet Molnbyggen/Lindbodarna är 
unikt. När fyra andra lakvattensexponerade sjöar undersöktes visade det sig 
att de hormonstörande effekter på abborre i Molnbyggen inte är unika. I en 
av sjöarna hade abborrarna symptom som var mycket lika fiskarna i 
Molnbyggen, med både låga frekvenser könsmogna abborrhonor, sänkta 
hormonnivåer och de specifika runda såren. 

Studierna i den här avhandlingen, tillsammans med många andra studier 
av toxiska effekter på djur i fält, illustrerar svårigheten både med att 
identifiera de toxiska mekanismerna bakom en störning och de ämnen som 
orsakat den. För att vi framgångsrikt ska kunna minska skadorna på oss 
själva och vår miljö, krävs att vi också arbetar med förebyggande åtgärder. 
Idag används 100 000-tals olika kemikalier i vårt samhälle och ett viktigt 
första steg är att minska antalet miljöstörande ämnen i samhället. Ett andra 
steg är att identifiera riskerna med de ämnen som faktiskt används, samt att 
se till att okontrollerade utsläpp undviks i största möjliga mån. 
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