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Abstract 
 

This thesis is focused on studies on the environmental fate and methodological 

improvements for determination of the global contaminants, PCBs and DDTs, and 

locally discharged phenolics, e.g. 4,5,6-trichloroguaiacol (4,5,6-TCG), and their 

transformation products. 

 

4,5,6-TCG is released from bleached pulp mills, and was chosen as a model 

substance, to study its fate and effects in aquatic environments. In a brackish water 

model ecosystem, 4,5,6-TCG was shown to be transformed via demethylation, 

dechlorination, and methylation reactions. Marine periphyton exposed to 4,5,6-

TCG was shown to form demethylated, brominated and dimeric metabolites. 

Several of these metabolites were identified and quantified. Also more tightly 

bound chlorophenolics were recovered from the substrate, after harsh extraction 

procedures had been applied. Conjugates of chlorophenols in fish bile were 

determined as useful tracers for monitoring effluents from bleached pulp mills, 

even in areas far from the discharge point. To facilitate calculations of water 

concentrations, bile to water bioconcentration factors (bBCF-values) were 

determined for several phenolics, including also alkali-labile chlorocatechols. 

 

PCBs and DDTs, were assessed in Swedish lakes with background exposure of 

these global contaminants. A methodological study focus on the contamination 

risks of airborne PCBs, during freeze-drying and storage of dry sediment 

samples. Eutrophication has been proposed to cause lower levels of pollutants in 

biota in lakes due to biomass dilution but in this thesis examples of higher levels 

of PCBs in sediment traps, sediment and in perch, and also in higher fluxes of 

PCBs to the sediment, were observed. Phytoplankton are supposed to be 

responsible for most of the transport of the contaminants. The composition of 

DDTs in soil, sediment traps and in dated sediment cores was studied in some 

detail. PCBs, DDTs, HCB and HCHs were measured in sediments from 100 

reference lakes included in the National Swedish Environmental Program. The 

lakes have a large variation in lake characteristics, representative for different 

areas in Sweden. A gradient was observed for sPCB with decreasing levels from 

the south west towards the north. The results suggests that longrange transport is 

the dominating mechanism for distribution of the contaminants analysed. In this 

study the levles of PCBs and DDTs were lower in eutrophic lakes than in 

oligotrophic lakes, in an area with similar atmospheric exposure. 
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1 INTRODUCTION 

 

This thesis consists of studies on two different groups of halogenated organic 

environmental contaminants, but the studies included have many questions in 

common. The first three papers deals with 4,5,6-trichloroguaiacol (4,5,6-

TCG) that was chosen as a model substance for chlorophenolics in pulp mill 

discharges (papers I-III). The latter three papers (IV-VI) include results from 

studies of neutral organochlorine pollutants, mainly PCBs and DDTs, that are 

frequently measured in environmental monitoring programs. The studies are 

dealing with the distribution and transformation of the substances in aquatic 

ecosystems, especially in phytoplankton and in settling material (papers I, II, 

V). Both areas covered in the thesis include improvement and evaluation of 

frequently used analytical methods and their importance for the results 

(papers III, IV). Finally the methods are applied on large-scale screening 

studies in aquatic environments that include background level assessments 

(papers III, VI).  

 

1.1 Chlorophenolics 

This part of the thesis summarizes three papers, evaluating some methods 

used in determination of 4,5,6-TCG and its transformation products. Papers I 

and II deal with the metabolism and effects of 4,5,6-TCG in biota in an 

aquatic environment, while paper III describes a method for monitoring 

chlorophenolics as conjugates in the bile of perch (Perca fluviatilis). The first 

two studies were published within the program "ESTHER" (Systems for 

Testing and Hazard Evaluation of Chemicals in the Aquatic Environment). 

The third study was initiated within the ESTHER program and concluded 

within the scope of the research program Environment and Cellulose. The 

ultimate aim of the ESTHER project was to establish general principles with 

respect to advanced hazard assessment of important environmental pollutants. 

Studies on the model substance 4,5,6-TCG, typical for Bleached Kraft Mill 

Effluents (BKME), were used to generate basic data for risk evaluation 

within the ESTHER project. Both field studies and model ecosystems 

involving an aquatic environment were investigated.  

 

One of many chlorinated substances occurring in BKME is 4,5,6-TCG, 

(Figure 1.1). Chlorinated guaiacols are formed via reactions between chlorine 

and residual lignin during the bleaching processes and later removed during 

washing. Bleaching sequences including chlorine have until the middle of the 

1990s gradually been replaced, e.g. by hydrogen peroxide and chlorine 
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dioxide (Södergren, 1992). The modernisation of the Iggesund pulp mill 1986 

to 1991 has reduced the discharges of adsorbable organically bound halogens 

(AOX) to about 10% (1991) of the discharges prior to 1986 (Södergren, 

1992). Nevertheless, chloroguaiacols and chlorocatechols have been detected 

in the sediments also after the modernisation (Nilsson et al., 1996) and 

colloidal bound chlorocatechols are reported to be released from sediments in 

laboratory experiments (Remberger et al., 1993). Modelling of the transport 

of extractable organically bound chlorine (EOCl) demonstrates that EOCl can 

be expected to be released from sediment, at least from some of the pulp mill 

recipients, for many years to come (Nilsson, 2001). 

 

There were several reasons for choosing 4,5,6-TCG as a model substance, in 

preference to other related substances; i) this compound was readily to be 

synthesized in sufficient quantities (Bergman and Wachtmeister, 1987) for 

large-scale laboratory experiments, such as those involving the brackish 

water mesocosms described in Paper I, than most other tentative model 

compounds, e.g. to the isomeric 3,4,5-TCG; ii) 4,5,6-TCG is more 

hydrophilic than an other potential model substance, tetrachloroguaiacol 

(TeCG). Hence the latter compound cannot be used in experiments designed 

to be performed at any higher concentrations in the water; and iii) BKME is 

the major source for the 4,5,6-TCG present in the environment, in contrast to, 

e.g., pentachlorophenol (PCP), which still is used as a wood preservative 

(Rao, 1978; WHO, 1989), even though the use of PCP has been prohibited in 

several countries, including Sweden. 

 

1.2 Neutral organochlorine contaminants 

The second part of this thesis is dealing with studies of neutral 

organochlorine contaminants in Swedish lakes. The study presented in paper 

IV is focused on sampling and analytical procedures for determination of low 

levels of DDTs and polychlorinated biphenyls (PCBs) in sediments from 

remote lakes. Papers V and VI are related to studies of environmental factors 

influencing the content and fate of DDTs and PCBs in Swedish lakes. Some 

additional results will be reported only in the thesis. 

 

The papers IV and V presents results from a study that was a part of the 

research program "EUCON" (Interactions between EUtrophication and 

CONtamints on the aquatic environment; Skei et al., 2000). The aim of the  

EUCON project was to investigate the effects of eutrophication on the fate of 

organic pollutants and metals in lakes. One of the objectives was to 
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investigate the biomass dilution hypothesis, that proposes that an increased 

biomass will contribute to the dilution of pollutants and thus decrease the 

exposure of biota in aquatic environments. Another aim was to examine the 

effects of eutrophication on the degradation pattern of 1,1,1-trichloro-2,2-bis-

(4-chlorophenyl)ethane (p,p'-DDT) to 1,1-dichloro-2,2-bis(4-chlorophenyl)-

ethylene (p,p'-DDE) and 1,1-dichloro-2,2-bis(4-chlorophenyl)ethane (p,p'-

DDD).  

 

Paper VI concerns a study of DDTs and PCB in sediment from remote 

Swedish lakes, which was carried out within the Swedish Environment 

Monitoring Program. In this paper, the method from Paper IV was applied on 

lake sediments with low levels of organochlorine pollutants. The lakes 

selected for sampling correspond to the Reference Lakes in the National 

Swedish Environmental Program. The aim of this study was to monitor 

DDTs and PCB to estimate the exposure of biota in Swedish forest lakes 

exposed to low levels of long-range transported pollutants. This study also 

gives a possibility to correlate other data measured in this program to the 

levels of organic pollutants. 

 

DDT and related compounds 

DDT is the common name for several DDT compounds. Technical DDT 

consists of p,p'-DDT and o,p´-DDT (Figure 1) (Wachtmeister and 

Sundström, 1986). Today it is more than 100 years since p,p'-DDT first was 

synthezised (1874). In 1939 Müller discovered that DDT was a strong 

insecticide but with very low toxicity to mammals, incl. humans 

(WHO,1989). This discovery lead Müller to the Nobel Prize in 1948. First 

p,p'-DDT was used against insects-borne diseases, e.g. malaria and yellow 

fever. The large-scale civil agricultural use of DDT in Sweden, started after 

the Second World War (in 1947). Negative effects of DDT was observed as 

early as in 1958, when starlings were found dead by DDT poisoning on a 

field in Skåne. 

 

DDT is transformed to several products in biota, sediments, soil and air 

(Gunther and Gunther, 1976; Roberts and Hutson, 1999). p,p'-DDE is 

reported to be the dominating DDT compound in birds (Helander et al., 1999) 

fish (Bigner et al., 1998) and mammals (Roos et al., 2001). In sediments, 

p,p'-DDT is reported to be microbially transformed to p,p'-DDD 

(Wedemeyer, 1966 and references in Olsson and Jensen, 1975). In the 

atmosphere the dominating DDT transformation product is reported to be 
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p,p'-DDE, probably formed by photolysis of p,p'-DDT (Moister et al., 1969; 

Göthe et al., 1976; Bidleman et al., 1987).  

 

Long-range transport of DDT to the Antarctic was observed as early as 1966 

in a study of p,p'-DDT and p,p'-DDE in penguins (Sladen et al., 1966). In the 

beginning of the 1960s it was found that eggshell thinning, caused by p,p'-

DDE, resulted in a decrease of individuals of birds of pray (Moore and 

Walker, 1964; Olsson, 1999). The shells become thin and calcium-deficient 

as a result of poorer functioning of females calcium-secreting egg shell gland, 

which in turn appears to be due to hormonal effects of p,p'-DDE (Lundholm, 

1993). This and other early observations of negative effects of toxic 

compounds, e.g. PCB, initiated the research within the Swedish 

Environmental Monitoring Program on Contaminants in Biota (SEMPC). 

The use of DDT was strongly restricted in Sweden in 1972 with an exception 

that DDT could still be used for protection of young spruce from insects. All 

use of DDT was prohibited from 1979.  

 

Today the DDT levels in biota in the Swedish environment have decreased 

approximately tenfold since the early 1970’s and the hatchings for birds of 

pray are more successful today than they were in the past, leading to an 

overall improved situation. The hatchings for white-tailed sea eagle 

(Haliaeetus albicilla) are largely back to the levels prevealing before the 

1950s and prior to the heavy use of DDT (Helander et al., 1999). However, 

low concentrations of DDTs still remains in aquatic ecosystems in Sweden, 

due to their persistence and long range transport; mainly of p,p'-DDE but also 

of p,p'-DDT from other parts of the world where DDT still is used. 

 

The exposure to humans depends on where people live. In Sweden, e.g. the 

dominating exposure occurs via the diet. This is probably also true for the 

majority of people in countries where DDT is still used, but there is a risk of 

airborne DDT exposure due to the use of DDT as a pesticide. In Zimbabwe, 

high levels of DDTs is still present in breast milk (25000 ng/g lw; Norén and 

Meyronite ,́ 2000). In Mexico the concentration of DDT and DDE in blood 

serum may be up to three orders of magnitude any concentrations in a 

Swedish population. Several DDT compounds causes endocrine related 

effects by interactions with both the oestrogen and androgen receptor. The 

oestrogenic effect of the most potent DDT compound - o,p'-DDT - is 

however only 1/1000 of natural oestrogens (Olsson et al., 1998). As DDT has 
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been studied for many years, DDT may serve as a suitable model substance 

to increase the understanding of the fate of other persistent pollutants. 

 

Physical properties and half-lives of DDT compounds 

The KOC-values for p,p´-DDT is 28 000 which means that the mobility in soil 

is low, the vapour pressure (VP) is low (2,5x10-5 Pa) which means that the 

evaporation to the atmosphere is low and the octanol/water constant (Log 

KOW) is high (6,50) which means that p,p´-DDT is hydrophobic (Roberts and 

Hutson, 1999). In relation to the metabolites p,p´-DDE and p,p´-DDD, p,p´-

DDT is the next most hydrophobic and least volatile and the hydrophobicity 

increases in the order of p,p´-DDD<p,p´-DDT<p,p´-DDE (log KOW-values 

6,02/ 6,36/ 6,51; Paasivirta et al., 1999). The vapour pressure of the DDT 

compounds decreased in the order of: p,p´-DDE>p,p´-DDD>p,p´-DDT (PL-

values: 2,78E-03/ 1,13E-03/ 4,27E-04). All three DDT compounds are 

reported to be highly persistent in soils, once they have been adsorbed to 

organic material (Walker, 2001). High levels of organic material increases 

the half-lives in soils and the half-lives varies considerably between soils, 

depending on soil type and temperature (Walker, 2001). p,p’-DDT is reported 

to be degraded slowly in soil (time for 75% degradation (DT75)=4-30 year; 

Edwards, 1966).  

 

PCBs 

The accumulation of PCBs in biota was first discovered by Sören Jensen in 

the mid 1960’s (Anonymous, 1966) PCBs have been commercially produced 

since 1929 (Waid, 1986). Due to their insulating properties and ability to 

withstand high temperatures, PCBs were used in electric equipment such as 

capacitors and transformers. It has also been used as a heat transfer agent in 

heat exchangers, in paints, plastic material and as a sealant among several 

other areas of applications (Jansson et al., 1997). PCB was banned in Sweden 

in 1972 (de Marsch et al., 1998). The PCB levels in biota demonstrate a 

similar, but slower, decline as DDT (Bignert et al., 1998). PCBs are 

considered to be responsible for why the populations of otter (Lutra lutra) 

decreased dramatically during the 1960s-1980s (Olsson et al., 1996; Roos et 

al., 2001). In southern Sweden, total PCB concentrations are still high and the 

indications of improvment of the population is weak. 

 

HCB 

Hexachlorobenzene (HCB) was introduced as a fungicide in the 1940’s. HCB 

is mainly formed in waste combustion and as a contaminant in processes such 
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as chlorine production and the manufacture of chlorinated solvents 

(Wachtmeister and Sundström, 1986). In the western countries the 

manufacture of HCB ceased in the middle of the 1970’s. High HCB levels 

has been found in an heavily contaminated area (the Frierfjord) in Norway 

with levels of 320-530 ng/g dry weight in sediment samples. HCB is 

generally spread via the atmosphere from a large number of local sources. 

Contrary to e.g. DDT, HCB is not mainly particle bound in the atmosphere 

(<1%; Bidleman et al., 1987). HCB has a high volatility and is not very 

hydrophobic, with a Kow value similar to that of tetrachlorobiphenyl. 

(Paasivirta et al., 1999). The properties of HCB contributes to that HCB, in 

Paper VI, exhibit a more even concentration pattern than PCB and DDT, with 

almost similar levels in fish from lakes in southern and in northern Sweden 

(Bignert A., 1998). HCB may be metabolised via oxidative as well as 

reductive pathways in fish, mammals and birds. In Rainbow trout HCB has 

been found to be metabolized to pentachlorophenol (Koss and Koransky, 

1978).  

 

HCH 

Hexachlorocyclohexane (HCH) is the common name for the isomers α-HCH, 

β-HCH and γ-HCH. γ-HCH also known as lindane, the most efficient 

insecticide among the HCHs. The other HCH isomers were formed during 

the manufacturing of lindane (Bernes, 1998). Lindane was used in Sweden 

until 1988 but is still in use in e.g. France. Lindane is detected in most 

environmental samples together with α-HCH that is more persistent. 

 

Brief summaries of papers I-VI are given below: 

 

 

 

 

 

Paper I: 4,5,6-TCG and its transformation products were studied in a model 

ecosystem representing the Fucus dominated littoral zone in the Baltic Sea. 

The study included analyses of water, sediment, fish, a large number of 

macroalgaes and invertebrates. 4,5,6-TCG was found to be transformed 

through demethylation, methylation and dechlorination bioreactions. The 

dominating transformation product in sediment was 3,4,5-trichlorocatechol 

and in flounder the methylated counterpart, 3,4,5-trichloroveratrol. 
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Paper II: Fate and effects of 4,5,6-TCG was studied in periphyton communities 

consisting mainly of diatom plankton but also of bacteria. 4,5,6-TCG was found 

to be transformed by demethylation, bromination and dimerisation. Also a more 

hardbound fraction of chlorophenolics was identified using acid treatment 

before extraction of the compounds. 

 

Paper III: A method was improved for determination of e chlorinated phenols 

in fish bile and to include easily oxidized chlorocatechols. The detection limit 

for 4,5,6-TCG in bile fluid (20 ng/g) corresponded to a concentration of 

approximately 0.2 ng/L in water. Bioconcentration factors, bile to water (bBCF) 

were determined, at different distances from a pulp mill. The bBCF-values, 

decreased with increasing distance from the pulp mill and increasing pHs; the 

latter may be explained by a lower uptake via the gills of phenolate ions. 

 

Paper IV: An assessment of methods commonly used for determination of 

organochlorine pollutants in sediments is presented. The study focus on the 

influence of airborne PCBs, contaminating the sediment during freeze-drying 

and storage of dry samples. The consequences of the methodological problems 

determined are discussed. 

 

Paper V: A comparison of the distribution of PCBs, DDTs and HCHs in two 

lakes with different trophic status, but otherwise similar lake characteristics and 

atmospheric exposure to the contaminants, was performed. The seasonal 

variation of organochlorine contaminants in settling material in sediment traps 

was related to the yearly seasonal cycle of the lakes. The eutrophic lake had 

higher levels of PCB and DDTs in settling material, surface sediment, and in 

perch. The composition of DDT compounds in soil, settling material and in 

sediment cores was studied in some detail. 

 

Paper VI: PCBs, DDTs, HCHs and HCB levels were determined in sediments 

from 100 reference lakes in the Swedish National Monitoring Program. The 

purpose was to generate data on back-ground concentrations of organochlorine 

contaminants in different lake types and within different areas of the country. 

Preliminary results demonstrates a positive correlation between PCB and the 

deposition of sulfur, indicating that atmospheric deposition of long-range 

transported organochlorine contaminants is the main source to these lakes. In 

this study the concentration of organochlorine contaminants are significantly 

lower in eutrophic lakes than in oligotrophic lakes in an area with similar 

atmospheric exposure (the Södermanland/Uppland area). 
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Figure 1.1 Structures of chemicals and chemical classes analysed in papers I-VI.  



 15 

2 STUDIES OF 4,5,6-TRICHLOROGUAIACOL IN A BRACKISH 

WATER MODEL ECOSYSTEM - (MESOCOSM) - PAPER I 

 

The aim of this study was to investigate the fate and effects of 4,5,6-TCG, 

and its major transformation products, in a model ecosystem representing the 

Fucus dominated littoral zone in the Baltic Sea. The experiment was intended 

to generate basic data for an advanced risk assessment with respect to 4,5,6-

TCG.  

 

In order to study the transformation processes in sediment and biota under 

controlled conditions, so-called model ecosystems (mesocosms) were used in 

this study (Figure 2.1). Mesocosm experiments have been thoroughly 

described elsewhere (Notini et al., 1977; Landner et al., 1989; Axelsson, 

1993). 

 

Figure 2.1 Scheme of a brackish water model ecosystem (mesocosm), 

From Axelsson and Norrgren (1991). 

 

 

In the present study, the mesocosms consisted of 7 m
3
 outdoor circular pools 

with continuous flow-through of natural brackish water (from the Baltic Sea). 

On the sand bottom, plants of bladder wrack (Fucus) were planted, together 

with associated algae and fauna, in order to simulate a typical littoral zone in 

the Baltic Sea. Aquaria containing soft sediment were also placed on the sand 

bottom. Thus, all trophic levels in the ecosystem were represented within the 
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mesocosm. During the 16 month experimental period, five mesocosms were 

used, three of which were dosed with different levels of 4,5,6-TCG (1, 10 and 

50 g/l) and two of which were controls. 

 

 

2.1 Analytical procedures for halophenols in water, sediment and biota 

The analytical procedures used to analyze chlorophenolic substances in 

water, sediment, algae, invertebrates and fish are described in detail in Paper I 

and only a few major points will be raised below. 

 

Water samples were acidified and then extracted with toluene:heptane. 

Sediment was extracted by two consecutive procedures: first a mild 

extraction employing acetonitrile (Method A in Table 2.1), followed by 

methanolic alkali extraction (Method B in Table 2.1). After addition of water 

to the extracts, the acidified aqueous phases were extracted with 

hexane:methyl tert-butyl ether (MTBE). Algal tissue was homogenized and 

extracted with acetonitrile, followed by addition of water and extraction by 

hexane:MTBE. Fish and invertebrates were homogenized and extracted first 

with acetone and then with hexane:MTBE. The extracts were combined and 

washed with hydrochloric acid. Ascorbic acid was applied as a reducing 

agent during all analytical steps in all samples to prevent 

destruction/oxidation of chlorocatechols to chlor- o-quinones. 

 

When additional clean-up of the chlorophenol fraction was necessary, the 

organic solvent was extracted with alkali (pH 12-13), followed by 

acidification and reextraction to organic solvent. The neutral fraction 

containing chloroveratroles was partitioned with concentrated sulphuric acid 

to remove e.g. esters of fatty acids. This could be done since methyl ether 

derivatives of phenols are stable to concentrated sulphuric acid. 

 

The derivatization procedure chosen (acetic anhydride:pyridine in the organic 

phase, followed by extraction with potassium carbonate solution (0.5 M) was 

reliable and reproducible. Neither the acetylation procedure nor the clean-up 

utilizing potassium carbonate did significantly change the recovery of the 

chlorophenols (paper I). Alternative derivatization methods as methylation, 

silylation and extractive acetylation, are described in Renberg, 1991. 

Extractive acetylation (Renberg and Lindberg, 1981) was tested but not 

further used. Methylation of the phenols using diazomethane (de Boer and 

Backer, 1954) was excluded, because this procedure would have transformed 
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3,4,5-trichlorocatechol (3,4,5-TCC), 4,5,6-TCG and 3,4,5-TCG to 3,4,5-tri-

chloroveratrol (3,4,5-TCV). 

 

The potential loss of chlorophenolics during the freeze-drying was also 

examined. A comparison of their concentrations prior to and after this 

procedure was applied in algae, showed that there was no significant change 

in the recovery of these chemicals. If this work was to be repeated today, I 

would like to stress the importance of a careful assessment of the freeze-

drying procedure. The results from the study described in paper IV 

demonstrate that the influence of freeze-drying varies considerably between 

different samples, substances and concentrations in the air and in the sample; 

c.f. paper IV.  

 

For quantification, two surrogate standards were used, 4-brom-2,3,5,6-

tetrachlorophenol and 2,3,4,5,3',4',5',-heptachlorobiphenyl (CB-189). No 

volumetric standard was used, but recovery was checked with samples to 

which these standards had been added (paper I). Analysis was performed on a 

gas chromatograph with an electron capture detector (GC-ECD) and a 

capillary column. The choice of an appropriate temperature program for GC-

analysis is an important task for optimal separation of the phenolic 

metabolites as well as for resolution of these from other substances present in 

background concentrations in the sea water, e.g. PCP that has a relative 

retention time close to that of 3,4,5-TCC.  

 

2.2 Fate of 4,5,6-trichloroguaiacol in sediment 

After the 16 months exposure period, 90% of the total extractable 

chlorophenolics in the sediment, as determined as the sum of these analytes 

by methods A and B (Table 2.1), were identified as chlorinated catechols. 

The major compound was 3,4,5-TCC, but small amounts of 3,5-

dichlorocatechol and 4,5-dichlorocatechol (3,5-DCC and 4,5-DCC) were also 

found. Thus, both demethylated and dechlorinated biotransformation 

products of 4,5,6-TCG were identified.  

 

Ninty per cent of the total 3,4,5-TCC found in the sediment samples was 

removed by the mild extraction procedure (method A), whereas 70% of the 

total 4,5,6-TCG was extracted by method B (methanolic alkali) (Table 2.1). It 

was observed that the chlorinated guaiacols are less readily extracted from 

these sediments than are chlorocatechols. 
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Bacterial demethylation of 4,5,6-TCG to 3,4,5-TCC has been described and 

may occur both by aerobic and anaerobic bacteria (Neilson et al., 1989 and 

references therein,). Dechlorination of chlorophenols, involving both 

oxidative and reductive processes, have been reported by Apajalahti and 

Salkinoja-Salonen (1987), Häggblom et al. (1986) and Neilson (1990). The 

first of these papers reports aerobic degradation of PCP by Rhodococcus 

chlorophenolicus, with oxidative dechlorination to tetrachlorohydroquinone 

and, further, to 3,5,6-trichloro-2,4-dihydroxyphenol, followed by reductive 

dechlorination. The possible occurrence of both aerobic and anaerobic 

processes in the littoral zone has been suggested by Wetzel (1983). 

 

The presence of large fractions of tightly bound chlorinated phenols, 

especially chloroguaiacols, in sediment exposed to BKME was reported by 

Remberger et al. as early as in 1986. These findings were studied in more 

detail by Remberger et al. (1988). The authors interpreted their results as an 

indication of covalent binding of chlorophenols to macromolecules in the 

humus-rich sediment, which also contains chlorinated lignins. 

 

The additional presence of tightly bound chloroguaiacols also in sediments 

from the model basins used in Paper I, is noteworthy. This sediment differs 

from the sediment studied by Remberger (1986), since it was not 

contaminated by BKME and was composed mainly of detritus produced in 

the model ecosystem. The chemical composition and physical properties of 

such sediment may differ considerably from those of a BKME-contaminated 

sediment. 

 

Thus, tightly bound chloroguaiacols in detritus might originate, at least in 

part, from metabolites formed by higher organisms, e.g. fish. Polar 

conjugates, such as phenolic sulphate esters, are also known to be formed by 

invertebrates, e.g. Daphnia (Kukkonen and Oikari, 1987). Lipid conjugates 

of phenolic compounds have recently been reported in mammals (Mörck et 

al., 2001), although so far not from algae or invertebrates. A third class of 

metabolites contains chloroguaiacol dimers, such as those formed 

enzymatically by e.g. periphyton communities (cf. Paper II; Arnoldsson and 

Wachtmeister, 1991a).  

 

Among the metabolites discussed above, the sulphate esthers would probably 

escape detection in the analytical procedure applied in paper I. Lipid 

conjugates and dimers, however, might well only be extracted from the 
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sediment by methanolic alkali, which would liberate the parent 

chloroguaiacols (in the case of dimers, one mole of dimer gives rise to one 

mole of guaiacol).  

 
Table 2.1. 4,5,6-trichloroguaiacol (4,5,6-TCG) and its transformation products in sandy 

and soft sediments in Baltic Sea model littoral ecosystems exposed to 1,10 and 50 g/l 

4,5,6-TCG l-1 for 16 months. A) after acetonitrile extraction, B) after subsequent 

extraction with potassium hydroxide (10 M)/methanol. The analyte concentrations are 

given in ng/g dry weight (d.w.) except for the analytes in flounder, Platichtys flesus, the 

concentrations are given in ng/g wet weight.  

 

 

Subst. 

 

Exp. (g/l) 

4,5,6-TCG 

 

A  B 

3,4,5-TCC 

 

A   B  

3,5-DCC 

 

A  B 

4,5-DCC 

 

A  B 

3,4,5-TCV 

 

A  B 

0 sandy N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

1   N.D. N.D. 20    N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

10 N.D. 8 140   8 60   6 N.D. N.D. N.D. N.D. 

50 10   30 420   20 200  20 20   2 N.D. N.D. 

0 soft
*
 N.D. N.D. N.D.  N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

1   N.D. N.D. 610   N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

50  950  1770 32400 N.D.  4140 N.D. 420  N.D. N.D. N.D. 

0  F lounder  N.D.  N.D.  N.D.  N.D.  N.D.  

10  30  N.D.  N.D.  N.D 30 

50  90  N.D.  N.D.  N.D.  100 

 
N.D.= Not detectable (<0.1 ng/g d.w.) 

* rich in organic material. 

 

 

2.3 Fate of 4,5,6-TCG in algae and in biota 

In summary, the different transformation products of 4,5,6-TCG formed by 

O-methylation, demethylation and dechlorination were detected in all groups 

of algae. The demethylation product 3,4,5-TCC was detected in all groups of 

invertebrates. 
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The carnivorous polychaete Nereis contained the greatest number of 

metabolites i.e., 4,5-DCC, 3,5-DCC, 3,4,5-TCG, 3,4,5-TCC and 3,4,5-

trichloroveratrol (3,4,5-TCV). With regards to the two species of crustacea, 

the methylation product 3,4,5-TCV could be found in Gammarus but not in 

Ideothea. Furthermore, the deposit feeders Macoma (mussel) and 

Chironomus (mosquito larvae) contained 3,4,5-TCV, although this 

compound was not present in the sediment. It is not clear whether these 

metabolites were produced by the invertebrates themselves or taken up from 

food and/or water. 

 

The two fish species that were subjected to analysis were small (0.2 g) 

stickleback (Gasterosteus aculeatus) and flounder (Platichtys flesus; muscle). 

The flounder contained 3,4,5-TCV, which was not found in the sediment; 

whereas 3,4,5-TCC was found in the sediment (Table 2.1), but not in the 

flounder. The sickleback on the other hand contained 3,4,5-TCC and no 

3,4,5-TCV (paper I). Again, the origin of these transformation products is not 

clear. 

 

Most of the 4,5,6-TCG detected in fish can be assumed to have been taken up 

from the water via the gills. However, the 3,4,5-TCV detected in flounder 

was not present in the sediment (including the sediment-water interface), but 

might have been taken up via the diet and/or metabolically formed in the fish. 

A metabolic pathway for the formation of 3,4,5-TCV has been reported by 

Allard et al. (1985). The first step is demethylation of 4,5,6-TCG to 3,4,5-

TCC, followed by methylation to first 3,4,5-TCG and, then to 3,4,5-TCV. 

Methylation in fish is also shown in (cf. section 4). In this case 

tetrachloroguaiacol (TeCG) was detected in the bile of rainbow trout 

(Oncorhyncus mykiss) exposed to tetrachlorocatechol, (TeCC).  
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3 IDENTIFICATION OF METABOLITES IN PERIPHYTON 

COMMUNITIES EXPOSED TO 4,5,6-TRICHLOROGUAIACOL (PAPER 

II) 

 

An experiment was carried out with periphyton communities from the 

Swedish west coast established on glass plates in flow through aquaria, to 

study fate and effects of 4,5,6-TCG. The effect studied was pollution-induced 

community tolerance (PICT), (Blanck et al., 1988). The purpose of a PICT 

study is to establish the highest concentration of the compound under 

investigation, which does not give direct effects. Periphyton communities 

consists of microalgae and bacteria attached to other algae or to stems and 

leaves of rooted plants. Our periphyton community consisted mainly of 

diatoms.  

 

 

3.1 Determination of 4,5,6-TCG and metabolites there of 

After exposure to 4,5,6-TCG for four weeks, the periphyton material was 

analyzed as described in Paper II and as visualised in Figure 3.2. In addition 

to 4,5,6-TCG, also two major monocyclic transformation products were 

detected i.e., 3,4,5-TCC and 3-bromo-4,5,6-trichlorocatechol (BTCC). Acid 

treatment of the periphyton samples gave an increase in the amounts of 4,5,6-

TCG and metabolites, indicating that a large proportion of these compounds 

were bound to macromolecules and/or conjugated. 

 

From its relative retention time and mass fragmentation pattern as generated 

by negative ion chemical ionization (NICI), one of the metabolites (D4 in 

Table 3.1; product 6 in Paper II,) was identified as a dimer diol (C13H7Cl5O4) 

as shown in Figure 3.1 and formed from 4,5,6-TCG.  

 

 

Figure 3.1. The metabolite that was found in a periphyton community in paper II, and 

identified as the dimer synthesized by Arnoldsson and Wachtmeister, 1991a. 

O

H3CO

Cl

ClClClCl

HO

HO

2,3,4,2',3'-pentachloro-dihydroxy-
6-methoxy diphenyl ether
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This identification was based on GC/MS(NICI) and comparison with the 

reference substance synthesized and characterized by Arnoldsson and 

Wachtmeister, 1991a; Arnoldsson and Eriksson, 1992; Arnoldsson et al., 

1993 (Figures 3.1 and 3.3). Dimer 4 was similar to chlorocatechol with 

respect to its ability to oxidize easily and to form an ortho-quinone, followed 

by decomposition. The molar ratio of dimer 4/4,5,6-TCG was as high as 0.4 

in the sample exposed to 3.1 M 4,5,6-TCG. Three additional isomeric 

dimers (D1-D3, M
-
= 486) could be observed, one of which (D2) has a 

fragment typical for 3,4,5-TCC (m/z=253 and 176) (Table 3.1). 

 

 

 
Figur 3.2 Method for determination of easily extractable and hard bound 4,5,6-TCG and 

metabolites in a periphyton community. 
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Figure 3.3 Mass spectra of acetylated dimer 4 (D4), instrumental parameters as described 

in paper II.  

a) in the periphyton sample. 

b) authentic reference compound (Data from K. C. Arnoldsson).  
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Table 3.1 4,5,6-TCG and metabolites detected by GC/MS(NICI) in a periphyton sample 

exposed to 3.1 M 4,5,6-TCG. 

 

Scan 

no 
RRT 

Molecular ion 

(M
-
)/(ClxBry) 

Fragment ions 

(ClxBry) 
b
=base peak 

Br 

in S 

Met. 

in C 

[rrel]
( ) 

of Met. 
Com. 

150 0.100 - - + + S
Br
  

447 0.299 - - + - S
Br
  

600 0.401 - 148 - + S F1 

760 0.508 - - + - S
Br
  

808 0.540 - - - + S  

940 0.628 - 248/ClBr2/BrCl2 + + S
Br
  

974 0.651 - - + + S
Br
  

1082 0.723 - - + - S
Br
  

1102 0.737 - 244/Cl3Br + - S
Br
  

1221 0.809 282
b
/Cl6 - - + S HCB 

1235 0.826 370/Cl3Br 268/Cl3;225
b
/Cl3 + + M

Br
 # 

1254 0.838 - 279/Br2;199/Br + + S
Br
  

1262 0.844 342
b
/Cl3 268/Cl3 - - S # 

1282 0.857 342/Cl3 - + - S
Br
  

1295 0.866 - - + + S
Br
  

1329 0.888 296/Cl3 253
b
/Cl3; 211/Cl3 - - L TCC 

1340 0.896 306/Cl5 231/Cl4 - + S PCP 

1372 0.917 - - + - S
Br
  

1386 0.926 - - + + S
Br
  

1429 0.955 - - + - S
Br
  

1464 0.979 - - - + S
Br
  

1496 1.000 350/Cl4Br - + + 1.00 
IQS/T

CBP 

1519 1.015 - 148 - + M F2 

1578 1.055 420/Cl2Br2 346/ClBr2 + + M
Br
  

1590 1.063 420/Cl2Br2 346/ClBr2 + + S
Br
  

1616 1.080 374/Cl3Br 333/Cl3Br;253/Cl3 + - L
Br
 BrTCC 

1712 1.144 - 327/Cl3 - - S  

1765 1.180 - - + +   

1832 1.224 - 
383/Cl2Br2; 

277/Cl2Br 
+ + L

Br
  

1960 1.310 - - + + M
Br
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Scan 

no 
RRT 

Molecular ion 

(M
-
)/(ClxBry) 

Fragment ions 

(ClxBry) 
b
=base peak 

Br 

in S 

Met. 

in C 

[rrel]
( ) 

of Met. 
Com. 

2133 1.426 - - - + S  

2163 1.446 - - - + S  

2315 1.000
x
 392/Cl7 - - + L 

IQS/C

B189 

2527 1.092
x
 - - - - S D1 

2583 1.116
x
 486/Cl5 253/Cl3;176/Cl2 - - M D2, # 

2655 1.147
x
 486/Cl5 

457;410/Cl4;379/ 

Cl4;277b/Cl3 
- - S D3 

2667 1.152
x
 486/Cl5 

457;410/Cl4; 

379/Cl4;277b/Cl3 
- - M D4 

2850 1.231
x
 - 175/149 - + L F3 

 
Table head: RRT=Relative retention time of IQS/BTCP, RRT

(x)
=of CB-189; Br in S: 

Bromine ion fragment (79/81) in metabolite in the sample; Met. in C: Metabolite occuring 

in the control; rRel
( )

: Relative abundance (subst./BTCP); L>0.75, M=0.10-0.75, S=0-0.1; 

where L=Large, M=Medium, S=Small. 
Br

=if counted on the intensity of the fragment of 

Bromine.  

 

Substances: IQS/BTCP=Interne Quantitation Standard of 4-bromo-2,3,4,6-

tetrachlorophenol. CB-189=2,3,3’,4,4’,5,5’-heptachlorobiphenyl, HCB=hexachloro-

benzene, PCP=pentachlorophenol, TCG=trichloroguaiacol, TCC=trichlorocatechol, 

BrTCC=3-bromo-4,5,6-trichlorocatechol, D1-D4=isomeric dimers, F1-F3=ftalates. 

#= Possible fragment of TCG=268; 226; 176 or TCC=253; 210; 176 

 

Analytical conditions: The sample was characerizied on an TSQ instrument equipped 

with a fused silica capillary column DB-5, 30m x 0.32mm, film thickness 1.0m. The 

study was performed by NCI in full scan-mode: ion source temperature 150C, electron 

energy 70 eV, reagent gas methane, pressure 4.8 torr, carrier gas helium. Temperature 

program 80C; 1min; 10C/min; 320C; 15min, splitless time 3 min. 
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Another twenty, as yet unidentified GC-peaks giving halogen fragmentation 

patterns were observed employing GC/MS-NICI, (Table 3.1). To date, these 

compounds have been characterized by their typical bromide ion fragment 

(m/z=79 and 81) and most of them demonstrate no other fragments. Since 

they are also observed in periphyton from the control aquaria, these are 

probably naturally occurring halogenated compounds.  

 

3.2 Dimerisation and other transformations via haloperoxidases  

Identification of the brominated and dimeric metabolites suggested 

transformation of 4,5,6-TCG, formed via peroxidase activity in the aquaria. 

There are several reports on such reactions catalyzed by haloperoxidases, e.g. 

in macroalgae (Pedersen et al., 1976). Furthermore Asplund (1992) reported 

chlorination of humus with a commercially available chloroperoxidase from 

Caldariomyces fumago and chlorination of anisole using enzymes extracted 

from the soil in a peat bog in southern Sweden. In addition extracellular 

haloperoxidases from the seaweed Ascophyllum nodosum have been reported 

by Wever et al. (1991), indicating the possibility of extracellular catalyzis via 

enzymes in the sea water. Several dimers of phenols are reported to be 

formed via in vitro reactions catalyzed by horseradish peroxidase (Öberg et 

al., 1990). It seems likely that such reactions can also occur with other 

phenolics. In these peroxidase-mediated radical reactions, the protonated 

phenol is suggested to be the electron donor (Öberg and Paul, 1985).  

 

To our knowledge no other reports on peroxidase mediated reactions 

occurring in periphyton communities have so far been published, for the 

formation of dimers. The present observation of dimerization in vivo 

indicates the possibility of that such processes also occur in the natural 

environment. However, the concentrations of 4,5,6-TCG used here were 

relatively high: (0.2-50 M=0.04-11.3 mg/l) compared to reported 

concentrations 3,4,5-TCG in the field of 3,4,5-TCG (0.1 ng/l to 2 g/l) 

(Grimvall et al., 1990, and Paper III respectively).  

 

The observation of brominated compounds in the control system 

demonstrates that even a limited marine system, consisting only of 

periphyton, can contain a large number of natural products. In an extensive 

review by Gribble (1992), marine organisms are considered to be the largest 

source of naturally occurring organohalogen compounds.  



 27 

The acid hydrolysis procedure, described in more detail in paper III, 

demonstrated that part of the phenolics were not directly extractable, but 

remained in the aqueous phase and could only be detected after treatment of 

this phase with heat and acid. Chlorophenolic conjugates, such as sulphate 

esters, might provide an explanation for this findings, since such conjugates 

have been observed in the red algae Polysiphonia brodeaei (Pedersen, 1978 

and Lundgren et al., 1979). Also alkaline hydrolysis resulted in release of 

hard bound phenolics, indicating that these were not bound as sulphate esters, 

since these esters are not hydrolyzed under such conditions (Paper III).  
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4 CHLORINATED PHENOLICS IN FISH BILE AS A MEASURE OF 

WATER CONTAMINATION BY BLEACHED KRAFT MILL 

EFFLUENTS (PAPER III) 

 

Lipophilic organic compounds that can be directly conjugated have been 

reported to bioaccumulate in fish bile (Lech et al., 1973). Because of this, 

fish bile has been suggested to be used to monitor chlorophenols (Statham et 

al., 1976; Wachtmeister et al., 1991) and polycyclic aromatic hydrocarbons 

(Krahn et al., 1984; van Schanke et al., 2001). Other chemicals that are 

recently found in fish bile are natural and synthetic oestrogens affecting the 

endocrine systems in fish exposed to effluent water from sewage treatment 

works, (Larsson et al., 1999) and Triclosan, a commonly used bactericide 

(Adolfsson-Erici et al., 2001). 

 

In paper III, analysis of fish bile from perch (Perca fluviatilis) was shown to 

be a simple and sensitive procedure for monitoring the presence of 

chlorophenolics in water. One advantage of this method is that fish are 

exposed to phenolics in recipient waters from a restricted area and for long 

periods of time. Therefore, samples from fish bile are more representative of 

the general pollution situation than is a single water sample from a recipient. 

Fish concentrate the phenols in their bile. Thus, the detection limit of 20 ng/g 

4,5,6-TCG in bile of perch corresponds a water concentration of 

approximately 0.4 ng/l. This makes the method a useful tool in studies 

concerning exposure and effects caused by, e.g., BKME both close to the 

effluent and in remote areas. Chloroguaiacols have been detected in bile at 

stations located more than 40 km from the bleached pulp mill discharges 

(Söderström et al., 1991; Balk et al., 1993). In the present study, fish was 

caught with gill nets and caged at the sampling station three to four days 

before sampling their bile, a procedure described in more detail by Haux et 

al., 1985; Andersson et al., 1988; Förlin and Wachtmeister, 1989. This 

procedure allowed the stress caused by the capture to subside and also lead to 

full gall-bladders due to the starvation. 

 

4.1 Development of a new monitoring procedure 

The first attempts to analyze bile contents for anthropogenic compounds or 

their metabolites included alkaline hydrolysis to liberate any potential 

conjugated chlorophenolics, (Söderström et al., 1989 and 1990; Förlin and 

Wachtmeister, 1989). Chlorocatechols and sulphate esters of chlorophenolics 

could not be recovered using this procedure. However, alkaline 
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hydrolysisgave better chromatograms with less background and lower 

detection limits compared to acid hydrolysis (probably due to hydrolysis of 

esterified fatty acids).  

 

The detecability of sulphate esters of chlorophenols, as well as of labile 

compounds such as chlorocatechols, was improved by applying acidic or 

enzymatic conjugate hydrolysis under reducing conditions (Paper III). In 

addition to the recovery experiments described therein, another experiment 

involving conjugates of 
3
H-labelled 4,5,6-TCG, produced in a laboratory 

experiment with fourhorn sculpin (Myoxocephalus quadricornis) was 

performed (Wachtmeister et al., 1991). 

 

In order to facilitate calculations of water concentrations, bile to water 

bioconcentration factors (bBCF:s) in perch were calculated for several 

phenolics at stations influenced by BKME (Table 7, Paper III). This study 

showed that bBCF values were influenced primarily by the hydrophobicity 

and pKa of the phenolic compounds, as well as by the pH of and content of 

organic material in the water. From this study it can not be excluded that also 

the water concentration effects the bBCF values. The log bBCF-value for 

4,5,6-TCG found in this study (5.0 at a water concentration of 36 ng/L and 

pH=8.0) agreed well with the log bBCF-value (4.8±0.1; 50 ng/L; pH 7.3±0.1) 

found in Wachtmeister et al. 1991.  

 

At long-distance stations, the phenolics typical for BKME might originate 

from other sources. One such example is 2,3,4,6-tetrachlorophenol (TeCP), 

which has also been used as a wood preservative (until 1977) (Öberg, 1990) 

and can be emitted in combustion flue gases (Paasivirta et al., 1985). 

Eriksson et al. (1989) and Jensen et al. (1992) have reported unexpectedly 

high levels of airborne PCP in pine needles from Central Scandinavia. There 

are also reports on transformation of chlorophenols via photochemical 

hydroxylation, e.g. of PCP to tetrachlorohydroquinone in water, (Rao, 1978). 

The dominating chloroguaiacol, 3,4,5-TCG, may also be formed secondarily. 

Bacterial methylation of 3,4,5-TCC yields predominantly 3,4,5-TCG, 

(Neilson et al., 1988).  

 

4.2 Dimeric catechols in fish: uptake, elimination and determination 

An experiment involving exposure of rainbow trout (Oncorhyncus mykiss) 

was performed in order to investigate whether dimers of 4,5,6-TCG 

(Arnoldsson and Wachtmeister, 1991; Arnoldsson and Eriksson, 1992) also
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could be measured using this method. Rainbow trout in a static aquarium 

were exposed to 2,3,4,2',3'-pentachloro-4',5'-dihydroxy-6-methoxy diphenyl-

ether (Figure 3.1) and, for comparison to tetrachlorocatechol (TeCC). The 

purpose of this experiment was to investigate the uptake of the dimer via the 

gills and to get an approximate bioconcentration factor (bBCF, bile/water). 

The concentrations of substances (10 g/l water) employed in this experiment 

were comparable to the concentration of total phenolics in the recipient 

measured close to the discharge point. 

 

Bile was sampled after 1 - 2 days of exposure of four fish. This exposure 

resulted in bile concentrations of 4,5 g/g and 12 g/g bile fluid of TeCC and 

its dimer , respectively. Calculated on the nominal water concentration these 

contents correspond to estimated bBCF's of 450 and 1200 for TeCC and the 

dimer, respectively. This bBCF for TeCC calculated on the nominal water 

concentration (10 g/l) is lower than the corresponding value measured in the 

near recipient (bBCF=5000). 

 

Chlorinated phenolics generally tend to undergo oxidative polymerisation. 

Such reactions would be expected to occur in the bleaching plants, the 

aerated lagoons and in the receiving waters. Preliminary analyses of a bleach 

effluent showed dimers related to chloroguaiacols (Arnoldsson and 

Wachtmeister, 1991b). In addition, dimers formed secondarily from 4,5,6-

TCG, were observed in a periphyton community (Paper II).  

 

4.3 Methylation of xenobiotics in fish 

An unexpected observation in this experiment was the detection of TeCG as a 

methylation product of TeCC. The identity of TeCG (2.4 g/g bile fluid) was 

confirmed by GC/MS(NICI) and this compound could not be detected in the 

water. Indications for methylation in fish were also observed in the 

experiments reported in Paper I. Methylated 4,5,6-TCG (3,4,5-TCV) was 

detected in the bottom feeding flounder, although this compound was not 

present in the sediment (Table 2.1). Similar results have been repored by 

Klein et al. (1985). Dichloroveratroles and tetrachloroanisole could be 

detected in muscle from brown trout (Salmo trutta) although not in the water. 

 

The process of O-methylation in fish remains to be investigated. There are 

two possible pathways of methylation, i.e., via catecholamine methyl 

transferase (references in Neilson, et al. 1983), which should insert one 
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methyl group only, or via intestinal bacteria, which could result in the 

insertion of two methyl groups (Allard et al., 1985). 

  

Methylation of phenolic compounds in fish could be a complication during 

field studies, since methylation in perch bile should lead to decreased 

concentrations of chlorocatechols and increased concentrations of 

chloroguaiacols. 
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5 SAMPLING AND ANALYTICAL PROCEDURES (PAPERS IV-VI) 

 

The studies in papers V and VI are focused on the situation for organo-

chlorines in Swedish background exposed lakes. In both studies organo-

chlorines (PCBs, DDTs, HCHs and HCB) were measured in surface 

sediments. Because of the low levels of organochlorine contaminants, 

particularly of PCB, special attention was given to the quality control (paper 

IV), that included both sampling, preparation and cleanup procedures. 

 

5.1 Sampling of soil  

Mor samples were collected to investigate if the selected lakes in paper V had 

similar exposure to atmospherically deposited organochlorine contaminants 

(Figure 5.1). Other alternatives for assessing the atmospheric deposition of 

organochlorine contaminants may be analysis of pine needles (Kylin, 1994) 

or analysis of air collected in atmospheric deposition samplers (Wideqvist, 

2000). The use of atmospheric deposition samplers for collection of wet and 

dry deposition on polyurethane foam (PUF) and filters every month would 

have been more time consuming than to collect soil. Pine needles give 

integrated concentration values over a year of deposition of organochlorine 

contaminants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1 Lake morphology and sampling sites of the oligotrophic lake (Lundsjön) and 

the eutrophic lake (Insjön) in the study in paper V. Dashed lines represents 5 and 10 m 

depths, respectively. From Lithner et al., 2000. 

Samples: 

X Lake water 

 Sediment trap 

  Sediment 

M Mor and moss 

 Inlet water 
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Mor samples may contain organic material from up to 100 years (Lage 

Bringmark, IMA, SLU, pers. comm.) and gives a picture of the content of 

organochlorine contaminants accumulated in a watershed during several 

years. A watershed is an area at a lake on which the atmospheric deposition is 

collected and then flow to the lake in form of area runoff. In the study in 

paper V, the watershed area was approximately ten times as large as the lake 

area at both lakes. The mor samples (paper V) were collected at the inlet 

waters, in the watershed to Lundsjön (n=3) and Insjön (n=4) in 1997 (Figure 

5.1). The samples were collected, on a depth of approximately 1-5 cm, 

representing the mor layer in pine forest soils. Each sample consisted of five 

pooled samples taken within an area of 50 m
2
.  

 

5.2 Sampling of sediment  

Sediments serve as a sink for particle bound, lipophilic and persistent, 

halogenated or non-halogenated environmental contaminants. Data on the 

content of organochlorine contaminants in sediments are of value for 

estimating the exposure of these substances to aquatic organisms (Bremle et 

al., 1995; Bremle, 1997). Organisms are exposed to organochlorine 

contaminants in the sediment, directly or via the water equilibrated with the 

sediment. 

 

Choice of sites for sediment sampling 

The data on organochlorine contaminants in papers V and VI are based on 

analyses of single sediment cores collected from the deepest flat bottom of 

the lakes. The choice of sites for sampling of sediment cores was based on a 

praxis used previously in several studies (Johansson, 1989). These bottoms 

are accumulation bottoms, which means that particles, with a size less than 6 

μm, from transport bottoms and erosion bottoms accumulates here 

(Håkansson and Jansson, 1983). The highest content of organic matter and of 

pollutants bound to organic particles is found here (Bindler et al., 2001). The 

measured concentrations at these sampling points are therefore not fully 

representative for the exposure of the total water mass, that is also exposed to 

the sediment in the littoral zone (Södergren, 1983). However, this kind of 

standardized sampling points gives comparable sediment samples 

representing as similar sediment types and bottoms as possible.  

 

Dated sediment cores 

Some different types of sediment samplers were used in papers V and VI. In 

paper V, sediment cores were sampled using a Limnos core sampler (10 cm 

i.d.), sectioned in 1 cm layers and dated by Cesium
137

 analysis. An Ekman 
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sampler was used to take a larger sediment sample (0-15 cm) to use for 

method development and quality control in paper V. The deepest lying part 

of this sediment was expected to be sufficiently old not to contain any 

substantial amounts of the target analytes. In paper VI a Willner type 

sediment corer was used to take surface sediment samples (0-2 cm). The 

Limnos and Willner types of sediment samplers were prefered over an 

Ekman sampler since the sediment layer size is important, e.g. for dating. The 

sample volume needed for analysis of PCB, is larger than for metals. In the 

study of background exposed lakes in paper V, the sample volume needed 

was approximately ten times more for PCB analysis than for metal analysis 

(0.5 g and 50 mg dry weight; respectively). In studies of other halogenated 

substanses (e.g. brominated flame retardants) even larger sample volumes 

should be required. 

 

In Bignert et al. (1998), it was concluded that dated marine laminated 

sediments are less reliable matrixes than e.g. fish, in studies of time trends of 

PCBs and DDTs, since sediments are difficult to define and therefore the 

analytical data are difficult to interpret. In Olsson et al. (2000), it was found 

that dating of marine laminated sediments was not sufficiently good for 

determination of DDT time trends. However, recent studies of the 

atmospheric deposition of lead to Swedish lakes demonstrates, that at least 

the dating moment of the sediment cores, is working in studies of time trends, 

both in a time scale of 100 years as well as in recent sediments (Brännvall, 

2000; Bindler, 2001). Also, the results obtained in paper V, demonstrates that 

analysis of dated sediment cores are applicable for determination of time 

trends of organochlorine contaminants in lakes. The time trend for DDT, with 

increasing levels starting from 1945, coincided with the start for commersial 

use of DDT in Sweden (Figure 3 in paper V).  

 

The organic material (LOI) and organic carbon (C) parameters 

The concentration of organochlorine contaminants in sediment is often 

normalised to organic material measured as loss on ignition (LOI) or to 

organic carbon (C). The content of organic carbon (C) and organic material 

(LOI) in sediments are strongly correlated (Håkansson and Jansson, 1983) 

and C can be estimated from LOI as follows: 

C = 0.5 · LOI 

 

where C is the content of organic carbon (in % of total dry weight) and LOI 

is the organic material, measured as loss on ignition (in % of total dry 
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weight). LOI is analysed as the loss on organic material during burning of the 

dry sediment sample at 550 ˚C, during 3 hours (SIS, 1981). 

 

Data on organochlorine contaminants in sediment in papers V and VI are 

reported as ng/g dw and not normalised to the content of organic material 

measured as LOI or on C, that are reported separately. One reason is that, 

when comparing data, values of neigther LOI nor C are always available. In 

Naturvårdsverket (1999), background levels for metals in freshwater 

sediments were calculated and reported on a dry weight basis for samples 

with extremely low values of LOI. These samples probably do not represent 

accumulation bottoms.  

 

The LOI-values vary more and are much higher in freshwater sediments (20-

80%; paper VI) than in marine sediments (up to 17%; Jonsson, 1992). The 

reason of the lower content of organic material is that marine sediments are 

more dominated by inorganic material and contains a lower proportion of 

material originating from primary produced phytoplankton than lake 

sediments. In lake sediments the organic material originates from, either 

autochthonous primary produced material or allochthonous humic material. 

The autochthonous material dominates in eutrophic lakes with a low content 

of humic material and high primary production of phytoplankton. The 

allochthonous humic material dominates in oligotrophic or mesotrophic 

forest lakes with a high content of humic material and high water colour 

values. Eutrophication increases the carbon content in sediments, something 

that has been observed in time trends in both marine (Jonsson, 1992) and in 

limnic sediment cores (paper V). Still, the sediments in eutrophic lakes in 

paper VI, are more minerogenic with a lower content of organic material than 

in the oligotrophic lakes. An explanation is that eutrophic lakes often are 

located in agricultural areas with clay soils with a lower content of humic 

matter than oligotrophic forest lakes. 

 

5.3 Sampling of settling seston with sediment traps 

In paper V, sediment traps were used to study the particle-bound vertical 

transport of organochlorine contaminants from the photic zone to the 

sediments. Sediment traps gives a measure on the settling fluxes of seston 

and environmental contaminants, that is more exact and in shorter intervals 

(monthly), in comparison of dated sediment cores that gives the sedimenting 

velocities, on an annual basis. The use of sediment traps also, gives a 

possibility to relate the levels of organochlorine contaminants to the variation 
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of particles with different origin and type, with regard to different seasons 

and trophic status. Settling seston, originates both from primary produced 

autochtonous material and resuspended sediment (Bloesch, 1994; 

Weyhenmeyer et al., 1995). 

 

Samples were collected every fourth week during a period of three years 

(1995 to 1997) with the exeption of the winters. During the first year, 

chloroform was used as a preservative. Due to problems with large quantities 

of zooplankton in the traps using chloroform (see below), no preservative 

was used during the next two years. Because of the disadvantages with 

chloroform, only results from two years are in fact reported in paper V. Sets 

of four sediment traps in each lake were placed 25 m apart from each other 

on a line near the deepest point of the lakes. The traps was constructed as 

decribed by Broman et al., 1990 and had a hight:diameter ratio of 5 (0.5:0.1 

m). The traps were deployed on a water depth of 5.5 m in the eutrophic lake 

and 7.5 m in the oligotrophic lake, a level just below metalimnion during 

summer stratification. This depth was choosen because it represented the 

photic zone and was more than 2 m above the bottom to prevent 

resuspension. The photic zone can be estimated to be twice as deep as the 

secchi depth (Per Larsson, pers. comm.).  

 

Sample preparation 

Most water from the traps was siphoned off in the field before the trap 

content was transfered to 1l polyethylene bottles. The particles were 

isolated after settlement during 24 hours at 5 °C. The samples were air-

dried (37 °C) in a fume hood and then stored dry at room temperature in 

polyethylene jars with close fitting lids until used, and ground in a mortar 

prior to analysis. The sample volumes from the sediment traps from the 

oligo-/mesotrophic lake weighed only 20 mg. Because of this it was not 

possible to take subsamples for determination of organochlorine contami-

nants before drying, althought this would have been to prefere. Samples 

from the four parallel sediment traps were pooled before analysis. Total 

mass was determined gravimetrically.  
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Influence of chloroform as a preservative in sediment traps on PCBs and 

DDTs 

Chloroform is occasionally used as a preservative in sediment traps, to inhibit 

microbial degradation of settling seston during the collection (Baker et al., 

1991; Broman et al., 1988). Other studies are performed without using any 

preservative to be more similar to natural conditions (Larsson et al., 1998; 

Nilsson, 2001). The potential contaminating role of zooplankton when using 

formalin as preservative in sediment traps, has earlier been studied by Knauer 

et al., 1984. In the present study (paper V), a series of samples were 

collected, in parallell using chloroform as a comparison (Table 5.1).  

 

In the study of settling seston in the lakes in paper V, the material from 

sediment traps preserved with chloroform contained large amounts of 

zooplankton (Cyclops sp.). No zooplankton was found in the ordinary trap 

samples. The zooplankton was removed by a 150 μm nylon net and weighed, 

but the chloroform was not possible to separate from the rest of the sample. 

Therefore, it could not be excluded that organochlorine contaminants from 

the zooplankton were included in the sample in form of a chloroform extract. 

Samples collected in traps, using chloroform as a preservative, demonstrated 

2-6 times higher concentrations of sPCB, p,p'-DDE and organic carbon (C) 

than the ordinary traps (Table 5.1). Also the composition of DDT compounds 

differed; no p,p'-DDD was found in the sediment traps with chloroform with 

exception from in the winter samples. Since the concentration of organic 

carbon (C) in the samples rose with higher amounts of zooplankton in the 

samples, it was presumed that the zooplankton contributed with a large 

amount of lipids and PCB to the samples. The chloroform also added 

interferences as determined in the GC-ECD chromatograms, that made it 

impossible to quantify γ-HCH. 

 

The higher p,p'-DDE content in traps with chloroform probably originated 

from p,p’-DDE extracted from the zooplankton. It is not clear if the source to 

the zooplankton was p,p’-DDE in the water or in the sedimenting material, or 

p,p’-DDT transformed to p,p’-DDE in the zooplankton. Enzymatic 

dehydrochlorination of p,p’-DDT to p,p’-DDE is reported to take place in 

other invertebrates, e.g. houseflies (Diptera sp; Roberts and Hutson, 1999). 

The reason for the absence of p,p’-DDD in the traps with preservative could 

be that microbial formation of p,p’-DDD from p,p’-DDT in the sediment 

traps was inhibited by the chloroform. This explanation implies that source to 

p,p’-DDD in the sediment traps without chloroform, at least in part, was 
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transformation (microbially or enzymatically) of p,p’-DDT to p,p’-DDD in 

the traps. This also implies that it was no large contribution of resuspension 

of p,p’-DDD from the surface sediment to the chloroform traps during the 

summer (only during the winter; Table 5.1). These suggestions implies that 

p,p’-DDT should have been present in the sediment traps with preservative, 

which could not be excluded though not detected, because interferences from 

the chloroform increased the detection limits of p,p’-DDT. 

 

In a study of the seasonal variation of organochlorine contaminants in lakes 

by Larsson (1989), both the levels and composition of DDT compounds in 

zooplankton differed from that in the atmospheric deposition. Daphnia sp. 

was assumed to reflect a short exposure period in water because of its short 

life- and generation time (20-30 and 5 days, respective). The atmospheric 

deposition of DDTs was dominated by p,p’-DDT (50%), p,p’-DDE (30%) 

and o,p'-DDT (10%). In Daphnia there were almost no p,p’-DDT (<5%) but 

instead p,p’-DDE (65%) and p,p’-DDD (30%). The reason to the different 

profiles of DDTs, was supposed to be transformation of p,p'-DDT, either 

microbially or in the invertebrates.  

 

5.4 Analysis of sediment and sediment trap samples  

The analytical procedures used for PCB analysis in sediments and in 

sediment trap samples are described in detail in papers IV, V and VI and 

only some important steps will be discussed here. In the study of sediment 

traps in paper V, it was discovered that airborne PCBs contaminated the 

samples during freeze-drying and storage. Therefore the study in paper IV 

focus on the sample preparation steps (e.g. sampling and storage) of 

sediment samples for PCB analysis. To avoid the risks of contaminating 

dry sediments with PCBs solvent extraction of wet sediments was used 

instead in the study of sediments from 100 remote Swedish lakes (paper 

VI). 

 

SFE-extraction of dry sediment trap samples (papers IV and V) 

The analytical procedure used in the study in paper V of sediment samples 

and material from sediment traps from two Swedish lakes can be described 

as follow. The samples were dried prior to supercritical fluid extraction 

(SFE) and cleanup on a sulfuric acid impregnated silica gel column (1g, 

3:1, w:w), (Böwatt et al., 1994; Strachan et al., 1994; Söderström et al., 

2000). The analysis was performed by high resolution gas chromatography 

equipped with an electron capture detector (GC/ECD), (Schultz et al., 
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1989; Eriksson et al., 1997). The SFE method was suitable for extraction of 

small sample volumes obtained in the study of sedimenting material in 

paper V, approximately 20 mg dry material per month and sediment trap in 

oligo/mesotrophic lakes, e.g. Lundsjön. Another advantage with this 

method, was that sulfur (S8 ) could be removed during the extraction, using 

Cupper powder in the sample cell. A reference sediment was prepared and 

used throughout the entire analytical procedure, including the drying and 

storage moments.  

 

The problem with contamination of PCBs in dry samples was observed 

when the PCB levels measured in sediment samples from lakes were found 

to be far higher than expected. One reason to why drying of samples was 

difficult to avoid, as described in paper V, was that the small sample 

volumes limited the possibilities to take sub-samples for dry weight 

determination. Further, freeze-drying was used for heavy metal analyses 

included in the study. Another reason for drying the sediment samples was 

the use of supercritical fluid extraction (SFE) - a method originally 

developed for dry samples (Böwatt et al., 1994). In order to find a source of 

the suspected PCB contamination, a reference sediment was used to 

investigate freeze-driers and storage at room temperature after air-drying 

(paper IV).  

 

Solvent extraction of wet samples (papers V and VI) 

By comparing wet and dry sediment extraction methods it can be concluded 

that solvent extraction of wet sediments in general was a more reliable 

extraction method. The method including solvent extraction of wet sediment 

samples was originally described by Jensen et al., 1977, and has been used 

almost unchanged since then. By that time it was known that indoor levels of 

PCBs could be higher than outdoor levels and that airborne PCBs was a 

contamination risk in PCB analysis, something that also was suggested in a 

study by Bergman et al., 1984. It was also known that freeze-drying could 

lead to PCB contaminations in analysis of environmental samples (Sören 

Jensen, pers. comm.). The analytical procedure in paper VI included solvent 

extraction of wet sediment at room temperature and removal of sulfur with a 

TBA-sulfite reagent (Jensen et al., 1977; Nylund et al., 1992). Cleanup was 

performed on a sulfuric acid impregnated silica gel column (Strachan et al., 

1994). In addition to the reduced contamination risks this procedure also 

resulted in the best recovery and the lowest detection limit. This procedure 

allowed determination of sPCB and sDDT at levels of 1 and 0.5 ng/g dw, 
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respectively by GC/ECD. The cleanup on the sulfuric acid impregnated silica 

gel column improved the analysis, particularily of CB-28 and CB-52 in 

comparison with sulfuric acid treatment, a procedure described in more detail 

in Jensen et al., 1983. 

 

 

 
Figure 5.2 Levels and patterns of PCB congeners in sediments from remote Swedish 

lakes, relative the PCB levels in a contaminated reference sediment (RS). Lundsjön, 

Örvattnet, Stensjön and Abiskojaure represent lakes from the middle part of Sweden to 

the northernmost part (papers V and VI). The exposure conditions of the reference 

sediment (RS) are described in more detail in paper IV. Values are given in ng/g dry 

weight.  The content of organic material (LOI) of the reference sediment are 22.35% . 

 

 

Contamination risks during drying and storage (paper IV) 

The investigation of PCB contamination (paper IV) resulted in increased 

levels of low chlorinated PCB congeners after freeze-drying of the 

reference sediment as well as after storage in room temperature of the air-

dried reference sediment (Figure 5.2). In the worst case, the PCB contami-

nation observed in paper IV was three orders of magnitude higher than the 

concentration in Abiskojaure sediment – one of the northernmost lakes 

included in the study (paper VI), with levels of only 0.02 ng/g dw of CB-28 

and 0.3 ng/g dw of sPCB. The concentration of CB-28 in the reference 

sediment increased from 3 to 320 ng/g dw after freeze-drying in a building 
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constructed in 1966 and from 3 to 16 ng/g dw after storage. In the study of 

lake sediments in paper V the PCB contamination resulted in that data on 

CB-28 and CB-52 had to be excluded and that data on CB-101 could be 

used only after correction. The results in paper IV, indicated that the PCB 

contaminations observed in papers IV and V, originated from the indoor 

air, similar to observations in Alcock et al., 1994 and Wallace et al., 1996. 

The source to the PCBs in the indoor air is still not identified, but several 

sources are possible, such as capacitors in the ventilation or strip lights or 

caulks and sealants used for the constructions of the building. 

 

To my knowledge, the drying and storage moments seem to be forgotten in 

the quality control of the analysis chain, and may be a large and until today, 

not recognised complication in investigations of PCBs in sediment traps and 

sediments. Therefore, it can not be excluded that the type of PCB 

contaminations observed in papers IV and V, affects the results from several 

investigations during the 1990s. The investigations may be properly carried 

out with adequate control of the rest of the analytical procedure. However, 

because of that it is not reported if controls also covers the freeze-drying and 

storage step, the results and the interpretation of results may be unreliable 

concerning particularly the low chlorinated PCBs (CB-28 and CB-52). This 

kind of contamination will especially be a risk in studies, as e.g. the 

investigation by Muir et al., 1996, focusing on global fractioning of low 

levels of low chlorinated PCB congeners in Arctic sediments. Airborne 

contamination may also effect measurements of other contaminants as flame 

retardants in environmental samples, e.g. the brominated diphenyl ethers 

BDE-47, BDE-99 and BDE-100 (Olsson et al., 1999 ) and may occur in 

indoor air (Andreas Sjödin, pers. comm.).  
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6 PCBS AND DDTS IN OLIGOTROPHIC AND EUTROPHIC LAKES  

(PAPERS V AND VI) 

 

The purpose of the studies in papers V and VI was to examine effects of the 

eutrophication on concentrations of organochlorine contaminants. 

Eutrophication has been proposed to: i) to decrease the availability and 

exposure of pollutants in biota in aquatic environments, the so called 

biomass dilution hypothesis; and ii) to increase the trapping of 

organochlorine contaminants due to phytoplankton induced increased gas-

water particle transport. 

 

In the study in paper V, the selected lakes had different trophic status but 

otherwise similar lake characteristics and subjected to similar atmospheric 

deposition. This study included only two lakes but a large variety of 

samples, e.g. forest soil in the watershed, sediment trap material, sediment 

cores and fish. As a complement, the influence of eutrophication, was also 

studied in surface sediments from a number of lakes in paper VI, with 

different trophic status and situated in the same Södermanland/Uppland 

region as the lakes in paper V. 

 

The biomass dilution hypothesis 

The biomass dilution hypothesis proposes that an increased biomass will lead 

to a dilution of pollutants and thus decrease the exposure of pollutants in 

biota in such aquatic environments (Olsson and Jensen, 1975). It is assumed 

that the total biomass is higher in a eutrophic lake than in an oligotrophic 

lake. If the load of organochlorine contaminants is similar to the lakes, a 

dilution of the contaminants will occur in the eutrophic lake and result in a 

lower concentrations than in the oligotrophic lake. In the studies by Larsson 

et al., 1992 and Taylor et al., 1991, the concentration of organochlorine 

contaminants in fish and in zooplankton decreased with an increased trophic 

status. In the study by Larsson et al., 1992 an additional explanation was a 

higher individual growth rate of fish, resulting in the lower concentrations of 

pollutants fish from the eutrophic lakes than the oligotrophic. 

 

Influence of phytoplankton induced increased gas-water particle transport 

It has recently been observed that the gas-water exchange of PCB increases 

with increasing phytoplankton biomass and thus with phytoplankton growth 

rate (Dachs et al., 1999; Dachs et al., 2000). This causes an increased flow 

from the atmosphere to the sedimenting material in the lake and a decreased 
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flow out from the lake. As a result the gaseaous transport of organochlorine 

contaminants is higher to eutrophic than to oligotrophic lakes. Also, the 

content of lipids incfluences the concentrations of organochlorine 

contaminants in phytoplankton, with e.g. higher concentrations in diatoms 

than in other species (Stange and Swackhammer, 1994; Wallberg, 1998, 

Larsson et al., 1998; references in Larsson et al., 2000). Both the quality and 

contents of lipids, varies between different species of phytoplankton (Ahlgren 

et al., 1992; Nordbäck et al., 1998). In addition, Berglund et al., 1999, 

demonstrated that the sedimentation velocities of organochlorine 

contaminants was higher in eutrophic lakes than in oligotrophic lakes. This 

was partly explained by incomplete degradation of sediments in eutrophic 

lakes, due to insufficient mineralization capacity of microorganisms in 

relation to the large amounts settling material (Wetzel, 1983). 

 

6.1 Characteristics of eutrophic and oligotrophic lakes 

A typical oligotrophic lake is deep, nutrient-poor, with clear water, has a low 

number of organisms and a low primary production. A typical eutrophic lake 

is shallow, nutrient-rich, with coloured water, has a large number of 

organisms and a high primary production. The trophic status of a lake is 

influenced by the lake morphometry, the characteristics of the watershed and 

the climate. The typical oligotrophic lake is deep and the typical eutrophic 

lake is shallow. The primary production occur only in the upper trophogenic 

zone. In a deep lake the trophogenic zoone is only a small part of the total 

water volume while a shallow lake has primary production in the total water 

volume. The deep lake is stratified during the summer and therefore the 

nutrients in the hypolimnion (the bottom water) can not reach the epilimnion 

(the upper watermass) during the summer season. 

 

Also the characteristics of the watershed effects the trophic status in lakes. 

Typical oligotrophic lakes are located in areas on primary rock, with moraine 

soils and typical eutrophic lakes are located on lowland plains with clay soils. 

Discharges from urban areas and agricultural land increases the load of 

nutrients to the lakes. In lakes, it is often the content of phosphorous that is 

the limiting factor for the primary production but in the Baltic Sea it is 

instead the content of nitrogen. The climate directs the length of the 

vegetation period and the water temperature - other factors important for the 

primary production. 
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6.2 Characteristics of the oligotrophic and eutrophic lake in paper V 

Insjön, a eutrophic lake, and Lundsjön, an oligotrophic lake, both located 

close to Stockholm were investigated during 1996 and 1997 (Figure 5.1). The 

criteria for selection of the two lakes were: 1) The lakes should have different 

trophic status, 2) similar and stable exposure, 3) low content of humic 

material measured as water colour, 4) slow water exchange, 5) not be to big 

and shallow, to avoid resuspension, 6) not be acidificated and 7) not subject 

to restoration during the study period. Two deep rift valley lakes were chosen 

that were located close to each other. The lakes have very different trophic 

status but have otherwise similar water chemistry, lake morphometry and 

characteristics of the watersheds (Lithner et al., 2000). Insjön was 

eutrophicated by municipal waste and agricultural activities. The 

resuspension was expected to be low as both lakes were small, deep and has 

narrow littoral zones. Both lakes were stratified during the summer season. 

The watersheds were dominated by coniferous forest (>60 %). Soil samples 

from the watershed indicated similar atmospheric depositions at both lakes. 

 

6.3 Influence of eutrophication on organochlorine contaminant levels 

On the basis of the results in paper V, it was not possible to conclude that 

eutrophication caused lower levels of DDT and PCB in Swedish lakes. No 

biomass dilution was observed in Insjön (the eutrophic lake; E) compared to 

in Lundsjön (the oligotrohic lake; O). Insjön (E) had higher levels of PCB 

based on organic carbon and lipid weight in sedimenting matter (1.5x), 

surface sediment (1.4x) and in perch (Perca fluviatilis) (2.4x). Higher settling 

fluxes of particulate matter and of PCB levels in sediment traps and in 

surface sediment were determined in Insjön (Table 1; Figure 4 in paper V). In 

addition to slightly higher levels of sPCB in perch from Insjön (2.27 μg g
-1

 

lw) than from Lundsjön (0.93 μg g
-1

 lw), also the growth rate was lower in 

perch in Insjön (E). This may be seen as a lower condition factor (CF = 

weight/length
3
) in perch from Insjön (0.0016 g cm

-3
) than in Lundsjön 

(0.0019 g cm
-3

; Lithner et al., 2000). The levels of sPCB were in the same 

range as concentrations recently reported from perch caught in background 

exposed areas in Latvia (and 0.94 μg g
-1

 lw) (Valters, 2001). Both the higher 

levels of PCBs and the lower growth rates in fish in the eutrophic lake, are 

opposite from the observations made by Larsson et al., 1992.  

 

In addition, the influence of eutrophication, was studied in sediments from 

number of lakes as presented in paper VI, lakes with different trophic status 
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Figure 6.1 Relationship between the concentration of sPCB (ng g
-1
 dw) and total 

phosphorous (Tot-P; μg L
-1
) in 13 lakes in the Södermanland area (A, C, D and U stations; 

paper VI). The eutrophic lake (In) and oligotrophic lake (Lu) from paper V is not included 

in the regression plot. 

 

and situated in the same area as the lakes in paper V. In this study there were 

a negative relationship between all organochlorine contaminants and the 

trophic status, with lower levels in the eutrophic lakes than in the oligotrophic 

lakes of PCBs, DDTs and HCB (Table 6.1; Figure 6.1). When comparing the 

results in paper V to this group of lakes, it was clear that it was the eutrophic 

Insjön in paper V, that had elevated levels of organochlorine contaminants, 

particularily of PCB (20.8 ng/g dw) relative other eutrophic lakes (1.3-3.1 

ng/g dw; Table 6.1; Figure 6.1). The concentrations in the oligotrophic 

Lundsjön did not deviate from the curve. The reason to why Insjön is an 

outlier remains to be explained.  

 

There are several possible reasons to why it was no biomass dilution of 

organochlorine pollutants in Insjön (E). The reasons could be i) local 

pollutant sources; ii) phytoplankton induced increased gas-water particle 

transport; and/or iii) the lake characteristics of the eutrophic lake. 

 

Local pollutant sources 

Local sources causing the elevated levels in Insjön (E) is less plausible 

although they can not be excluded. Similar atmospheric deposition was  

indicated by similar concentrations of all measured contaminants in mor 

samples from the watershed. However, this would not exclude a discharge 

from a point source of PCB (e.g. a transformator). This seems also unlikely,  
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Figure 6.2 PCB congener pattern (% of sPCB) in surface sediments (0-2 cm) from 13 lakes 

in the Södermanland area (A, C, D and U stations; paper VI) and from the eutrophic lake 

(In) and the oligotrophic lake (Lu) from paper V. The lakes are ranged after increasing 

values on total phosphorous. 

 

 

because the PCB congener pattern in Insjön did not deviate from patterns in 

the other lakes (Figure 6.2) 

 

Phytoplankton induced increased gas-water particle transport 

Insjön (E) had a high algae production. It has recently been observed that the 

gas-water exchange of PCBs increases with increasing phytoplankton 

biomass and thus with phytoplankton growth rate (Dachs et al., 1999, Dachs 

et al., 2000). This leads to an increased transport of PCBs from the 

atmosphere to the lake. Also the quality of the settling particles might be a 

reason to a higher concentrations of organochlorine contaminants in the 

eutrophic lake than in the oligotrophic lake. The affinity of hydrophobic 

compounds increases in the order: allochthonous material < autochthonous 

material < living phytoplankton (Autenrieth and Pinto, 1991). In the 

eutrophic lake the particles were more dominated by phytoplankton and by 

allochthonous material in the oligotrophic lake. 

 

Lake characteristics of the eutrophic lake 

The most possible reason however, seem to be that Insjön is not a typical 

eutrophic lake. Instead both the lake morphometry and characteristics of the 

watershed in Insjön was similar to that of the oligotrophic lake, Lundsjön 

(Figure 5.1; Lithner et al., 2000 ; paper V). Contrary to a typical eutrophic 

lake, Insjön was deep, stratified and had a forested watershed with moraine 

soils. As this lake is deep and stratified there is no circulation of the total 
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water mass during the summer season. Evaporation of PCBs to the 

atmosphere during the summer season is reported to be a major transport 

route away from lakes (Jeremiason et al., 1999). As there probably is no 

transport of particle bound organochlorine contaminants from the 

hypolimnion to the epilimnion, this will possibly decrease the loss of PCBs to 

the atmosphere in a stratified and deep eutrophic lake during the summer 

season. Thus, the lake morphometry together with the phytoplankton induced 

gas-water transport might explain why the levels of organochlorine 

contaminants is higher in Insjön than it would have been in a typical 

eutrophic lake.  
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7 LEVELS AND PATTERNS OF DDTS IN SWEDISH LAKE 

SEDIMENTS  

 

The DDT class of chemicals has received much attention over the years 

including studies concernings transformation pathways of DDT in the 

environment (Gunther and Gunther, 1976; Roberts and Hutson, 1999) 

Today the situation for DDTs in aquatic food chains in Swedish waters has 

changed compared to in the 1960s. In addition to the lower levels of DDTs 

in birds (Helander et al., 1999), in fish (Bignert et al., 1998) and in 

mammals (Roos et al., 2001), the exposure for recently deposited p,p'-DDT 

are lower in relation to the long-range transported p,p'-DDE than before the 

Swedish ban of p,p'-DDT in 1972 (Larsson and Okla, 1989).  

 

One purpose of the studies, papers V and VI,. was to investigate the 

exposure of DDTs to biota in aquatic food-chains in Swedish lakes. The 

exposure of DDTs to biota depends on the levels of p,p'-DDE and p,p'-

DDD in the surface sediment and the load of p,p'-DDT, p,p'-DDE and p,p'-

DDD in the lakes. The studies focus on the profile of DDT compounds 

(p,p'-DDT, p,p'-DDE and p,p'-DDD) in the lake surface sediments (papers 

V and VI) andin forest soil, sediment cores, sediment traps and in perch 

(paper V).  

 

In this thesis the composition of the DDTs in lake sediments are discussed 

in relation to i) transformation of DDT; ii) the trophic status of the lakes; 

and iii) influence of the watershed. 

 

7.1 Transformation of DDT in air, sediment, soil and biota 

Several transformation products are known to be formed from p,p´-DDT in 

soil, sediment, air and biota (Roberts and Hutson, 1999; Gunther and 

Gunther, 1976). Some of the most commonly measured DDT compounds are 

p,p’-DDT and the transformation products 1,1-dichloro-2,2-bis(4-chloro-

phenyl)ethylene (p,p’-DDE) and 1,1-dichloro-2,2-bis(4-chlorophenyl)ethane 

(p,p’-DDD) (Figure 1.1). p,p’-DDE is reported to be the dominating DDT 

related compound in fish, birds and in seals (Bignert et al., 1998; Helander et 

al., 1999; Bernes, 1998). In birds, p,p’-DDE is often 95% or more of the total 

DDT concentration. The formation of p,p’-DDE from p,p’-DDT is reported 

to occur in fish, birds and invertebrates (Roberts and Hutson, 1999). 

Enzymatic dehydrochlorination of p,p’-DDT to p,p’-DDE is also reported to 

take place in invertebrates, e.g. houseflies (Diptera sp). p,p’-DDE is however 
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less toxic to insects than p,p’-DDT, despite the greater persistence of the 

metabolite than of the parent compound (Roberts and Hutson, 1999). p,p´-

DDE has been reported to be formed photochemically from p,p'-DDT (Göthe 

et al., 1976; Moister et al., 1969). p,p'-DDE in atmospheric deposition is 

therefore supposed to be formed photochemically from p,p'-DDT during the 

long-range transport of p,p'-DDT from distant sources outside Sweden 

(Bidleman et al., 1987; Larsson and Okla, 1989; Strachan et al., 1994). 

 

In sediment, p,p´-DDT is microbial transformed to p,p´-DDD via reductive 

dehalogenation (Wedemeyer, 1966; references in Olsson and Jensen, 

1975). In a laboratory study with sewage sludge by Jensen et al. (1972), 

p,p´-DDT was shown to be transformed to p,p'-DDD and to bis(4-

chlorophenyl) acetonitrile (DDCN), an until then unknown transformation 

product, simoultanously identified by Albone et al., 1972. p,p´-DDD has 

been shown to be transformed in sediments and in biota to 1,1-bis(4-

chlorophenyl)-2-chloroethylene (DDMU) that may be further transformed 

to 4,4´-dichlorodiphenylacetic acid (p,p’-DDA), (Roberts and Hutson, 

1999). Dehalogenation of p,p’-DDT to p,p’-DDD is also reported to occur 

in soil, plants and in biota (Roberts and Hutson, 1999). It is not clear, 

whether also p,p’-DDE can be formed from p,p’-DDT in the sediment, soil 

or in the water. Photolysis of p,p’-DDT to p,p’-DDE is reported to be 

negligible in temperate waters (Eichelberger and Lichtenberg, 1971) and 

also biotic transformation to p,p’-DDE in water has been reported to be 

very slow (Kobayashi and Rittmann, 1982).  

 

Of course all these transformations pathways for DDT influence the pattern 

and distribution of the DDTs in the lake sediments. It is however not 

possible to rank the different pathways between the lakes. The profiles are 

as shown by the analytical data obtained (Paper V and VI). 

 

7.2 Influence of the trophic status  

One hypothesis was that the proportion of p,p'-DDD relative p,p'-DDE 

should be higher in eutrophic lakes than in oligotrophic lakes. A study of 

DDTs and PCBs in pike (Esox lucius L.) from two closely located lakes in 

the Stockholm archipelago, one oligotrophic and one eutrophic, was 

performed by Olsson and Jensen, 1975. The concentration of DDD relative 

DDE was higher in the eutrophic lake than in the oligotrophic lake. The 

eutrophic lake had a higher DDD/sDDT ratio (0.40 vs 0.24) and a lower 

DDE/sDDT ratio (0.57 vs 0.66) than the oligotrophic lake. Because of earlier 
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observations (Wedemeyer, 1966 and references in Olsson and Jensen, 1975) 

this was suggested to be explained by more pronounced anaerobic conditions 

in the eutrophic lake than in the oligotrophic lake, favoring microbial 

formation of p,p'-DDD via reductive dehalogenation of p,p'-DDT. 

 

In the present studies the DDD/DDE ratios were higher in surface sediments 

in oligotrophic lakes than in eutrophic lakes. The DDD/DDE ratios seemed to 

correlate to a high concentration of p,p'-DDT more than of anaerobic 

conditions. These conclusions were supported by i) time trends in the 

sediment cores in paper V; and ii) in surface sediments in oligotrophic and 

eutrophic lakes in paper VI. 

 

Time trends in sediment cores (Paper V) 

A high DDD/DDE ratio (3.3) was recorded in the deep sediment core from 

the oligotrophic lake together with a high concentration of sDDT (43 ng/g 

dw; Figure 3 in paper V). This was probably caused by a local discharge of 

p,p'-DDT in 1965. The time trend for p,p’-DDD followed that for sDDT 

(p,p'-DDE and p,p'-DDD), while p,p’-DDE more followed the time trend for 

sPCB. In the surface sediment there was no difference between the 

DDD/DDE ratios in the oligo/mesotrophic lake and in the eutrophic lake in 

paper V (Figure 7.1). The high levels of p,p’-DDD in the deep sediment core 

indicated that this compound was more persistent than expected. 

 

Based on the observations above, it is suggested that the most probable 

reason for a high DDD/DDE ratio in sediment is not the anaerobic 

conditions, but i) a high load of p,p'-DDT, from recent or previous 

discharges, and ii) a low atmospheric deposition of p,p'-DDE. Thus, it may 

be assumed that the p,p'-DDE in Swedish lake sediments most probably 

originates from atmospheric deposition and that mainly p,p'-DDD (not p,p'-

DDE) is formed from p,p'-DDT in the sediments.  

 

It cannot be excluded that anaerobic conditions occurs in the surface 

sediment in both types of lakes, during the yearly seasonal cycle. Also, it is 

not clear, if anaerobic conditions is necessary for microbial transformation of 

p,p'-DDT to p,p'-DDD. And third, alternative transformation pathways can 

not be excluded, such as the enzyme catalyzed transformation of p,p'-DDT to 

p,p'- 
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Figure 7.1 Composition of DDT compounds in samples from Insjön (eutrophic; E) and 

Lundsjön (Oligotrophic; O) in paper V. 

 

Soil collected in 1997 (n=3), Sediment representing 1995-97 (0-2 cm), Sediment 

representing 1965 (Insjön: 17-18 cm and Lundsjön: 9-10 cm); Sediment traps (1997): A) 

without preservative; and in B) with chloroform as a preservative. Forest soil in Söderman-

land/Östergötland/Uppland as a comparison (data from S. Jensen in Jordbruksdeparte-

mentet, 1967, SOU). Values are given in ng/g dry weight. 

 

DDD in the aquatic plant Elodea (Elodea canadensis), reported by Garrison 

et al., 2000. Elodea is common and abundant in Swedish waters. 

 

Surface sediments in eutrophic and oligotrophic lakes 

The assumption above was confirmed in the study of sediments from lakes 

with similar exposure to organochlorine contaminants (the Söderman-

land/Uppland region) as described in paper VI (Table 6.1; Figure 7.2). In this 

study the proportion of p,p'-DDD relative p,p'-DDE was higher in the 

oligotrophic lakes than in the eutrophic lakes, giving higher DDD/DDE 

ratios, together with higher concentrations of sDDT and sPCB. This was 

demonstrated by a stronger negative correlation between total phosphorous 

and the concentration of p,p'-DDD than between total phosphorous and the 

concentration of p,p'-DDE (r
2 

=0.71; p<0.01 and r
2
=0.48; p<0.01, 

respectively; Figure 8b in paper VI). In lakes in southern Sweden, there was a 

general correlation between locally elevated concentrations of sDDT and 
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Figure 7.2 Relationship between the concentration of the DDD/DDE ratio, sDDT (p,p'-

DDE and p,p'-DDD; ng g
-1

 dw) and total phosphorous (Tot-P; μg L
-1
) in 13 lakes in the 

Södermanland area (A, C, D and U stations; paper VI). The eutrophic lake (In) and 

oligotrophic lake (Lu) from paper V is included as a comparisonsDDT the DDD/DDE 

ratio. 

 

DDD/DDE ratios, independent of trophic status (paper VI). One explanation 

is that DDTs from a longer time ago might be included in surface sediments 

(0-2 cm) in oligotrophic lakes (up to 20 years old, with a sedimentation 

velocity of 1 mm/year) than in eutrophic lakes (only 2 years old, with 

sedimentation velocity of 10 mm/year); cf the sediment core from the 

oligo/mesotrophic lake in 1965 (Figure 3 in paper V). 

 

7.3 Influence of the watershed 

The load of hydrophobic organochlorine contaminants from the watershed to 

the aquatic environment is considered to be of minor importance, Wania and 

McLachlan, 2001. Instead the major source of organochlorine contaminants 

in sedimenting material to aquatic environments has been considered to be 

the sediment as is exemplified in Bremle et al., 1995, and atmospheric 

deposition (Dachs et al., 1999; Dachs et al., 2000; Jeremiason et al., 1999). 

However, the relatively high catchment area:lake area ratio in small lakes has 

been suggested to result in a greater catchment influence of organochlorine 

contaminants, compared to in great lakes (eg.10:1 in Insjön in paper V cf. 

0.6:1 in lake Superior; Sanders et al., 1996 and references there in). The 

distribution pattern for DDT compounds observed in papers V and VI, 

indicates that, at least in some cases, the release of p,p'-DDT from the 

Lu

In

R
2
 = 0.5412

R
2
 = 0.5273

0

5

10

15

20

25

30

0 20 40 60 80 100 120

Tot-P

n
g

 g
-1

 d
w

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

sDDT

DDD/DDE

ra
ti
o



 55 

watershed to Swedish lakes is of some importance. This assumption was 

supported by observations of i) the seasonal variation of DDTs in sediment 

traps (paper V); ii) p,p'-DDT in forest soil (paper V); and iii) a correlation 

between the DDD/DDE ratio and the water colour. 

 

Seasonal variation of DDTs in sediment traps (paper V) 

In paper V it was suggested that a release of p,p'-DDT from the watershed, at 

least in part is a source to the p,p'-DDD in the surface sediment and in the 

sediment traps. It was also suggested that the forest runoff of p,p'-DDT might 

be larger relative e.g. p,p'-DDE and PCB. This was partly based on that the 

highest DDD/DDE ratios were recorded in the sediment traps during periods 

with the probably highest runoff of parental DDT from the watershed (Figure 

2 in paper V). The watershed runoff culminated during the snowsmelt in the 

spring and in a rainy period in the autumn (Lithner et al., 2000).  

 

The finding that no p,p'-DDD was detected in the sediment traps with 

chloroform as a preservative during the autumn circulation (see below), 

excluded alternative sources as transport of p,p'-DDD from resuspended 

surface sediment or p,p'-DDD formed from p,p'-DDT during the 

sedimentation (Table 5.1; Figure 7.1). Based on these observations it was 

suggested that p,p'-DDD, at least in part, was formed from a recent load of 

p,p'-DDT to the sediment traps within the sampling period of four weeks (e.g. 

microbially, Wedemeyer, 1966).  

 

p,p'-DDT in forest soil 

A possible load of p,p'-DDT from forest runoff to Swedish background 

exposed lakes, was also indicated by the composition and levels of DDT 

compounds in mor samples from the watersheds to both of the lakes studied 

in paper V. The concentrations of sDDT at Insjön (E) and Lundsjön (O) were 

23 and 20 ng/g dw (n=3 and 4, respectively) and the pattern was dominated 

by p,p'-DDT (80%) and less than 20 % were p,p'-DDD (5%) and p,p'-DDE 

(15%); (Table 1 in paper V; Figure 7.1). It was assumed that atmospheric 

deposition and not local point sources was the dominating source, because 

the levels were similar in several mor samples from the watersheds and the 

lakes were situated 8 km from each other. Therefore, it could not be excluded 

that this was the situation in the watershed to background exposed forest 

lakes, at least not in this area. 
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Both the concentrations and patterns were surprising as the use of DDT in 

forestry was banned in 1979. The concentration of sDDT in the mor samples 

was in the same order of magnitude as the levels of sDDT in forest soils 34 

years ago in Södermanland (30 ng/g dw; data from S. Jensen, Jordbruks-

departementet, 1967; Figure 7.1). However, the organic material in the mor 

layer might be up to 100 years old (Bringmark L., pers. comm.) and p,p'-

DDT is reported to be degraded very slowly in soil (DT75=30 yr; Edwards, 

1966). The content of p,p'-DDT in mor may therefore origin from p,p’-DDT 

deposited during the total period from the 1950s until today, from sources 

within and outside the country. 

 

Why is p,p’-DDT persistent in soil? 

The high proportion of p,p’-DDT relative p,p’-DDE in the mor samples was 

surprising, because alreadey in the 1980s the levels of p,p'-DDE were at the 

same magnitude as p,p'-DDT in air samples (Bidleman et al., 1987; Larsson 

and Okla, 1989) and in pine needles (Strachan et al., 1994). In Larsson and 

Okla, 1989, the proportion of p,p'-DDT relative p,p'-DDE (DDT/DDE ratio) 

in air samples was observed to decrease, from 4.10 in 1972 to 2.64 in 1985. 

One explanation is that the total deposition of p,p´-DDT during the last 50 

years has been much higher than the deposition of p,p’-DDE. Another 

explanation is that p,p’-DDT might be more strongly associated to organic 

material in soil and therefore less mobile than p,p’-DDE. It is reported that a 

higher proportion of p,p´-DDT relative p,p'-DDE is particle bound already in 

the air (74% and 24%, respectively at 0°C; Bidleman et al., 1987). p,p'-DDT 

might be more strongly associated with the organic material than p,p'-DDE 

either due to differences in physico-chemical properties (such as Koc and Kow 

values; see Kap 1 and Paasivirta, 1999) or due to structural differences, 

something that was suggested as an explanation for why 4,5,6-trichloro-

guaiacol is more firmly bound to sediment than 3,4,5-trichlorocatechol (paper 

I; Allard et al., 1994).  

 

High levels of organic material is reported to increase the half-lives of p,p'-

DDT in soils (Walker, 2001) and association of p,p'-DDT to humic matter, is 

observed to decrease the dehydrohalogenation to p,p'-DDE (van Loon and 

Duffy, 2000). A higher accumulation of p,p´-DDT relative other conta-

minants and a slower release of p,p´-DDT via e.g. transformation processes  
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Figure 7.3 Relationship between DDD/DDE ratio and the water colour (Abs420) in southern 

and northern Sweden. 

 

was indicated by the low proportion of the transformation products p,p'-DDD 

and p,p'-DDE in the soil. Another effect of the proposed association to 

particles may be decreased evaporation from the soil to the atmosphere. The 

transport of organochlorine compounds from soil to air, has earlier been 

described by Larsson and Okla, 1989. Measurements of p,p'-DDT in the  

lower atmosphere, resulted in elevated levels on particles collected on filter, 

during the warmer period (April-September). If the release of p,p’-DDT from 

the watershed is via evaporation to the lower atmosphere it will also possibly 

be photochemically transformed to p,p’-DDE before the deposition to the 

lakes. 

 

Correlation between the DDD/DDE ratio and the water colour 

p,p'-DDT may be associated with humic material in the soil in the watershed 

(van Loon and Duffy, 2000; Walker, 2001), and a transport of humic material 

to the lakes was suggested to increase the transport rate for p,p'-DDT more 

than for p,p'-DDE (see above; paper V). This suggestion, was further 

supported by observations in the study of 100 lakes in paper VI. In this study, 

the DDD/DDE ratio correlated positively with the water colour measured as 

Abs420 (a parameter indicating humic material see below; Figure 7.3). There 

were also a gradient from southern towards northern Sweden with decreasing  
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Table 7.1 Correlaton coefficients (r-values) between organochlorine contaminants and 

environmental parameters in 38 lakes in northern Sweden. X_SMHI and Y_SMHI gives 

the position from south to north and west to east, respectively. LOI gives the content of 

organic material (%); depSOX is the deposition of sulfur (mg S/m2); Tot-P is the 

concentration of total phosphorous in the water (g/L); Abs_420 is the water colour; Max 

depth is the maximum depth (m); Concentrations of sPCB, DDE, DDD, sDDT, HCB, -

HCH, -HCH  in ng/g dw; sPCB(LOI), sDDT(LOI), HCB(LOI) are normalised to organic 

material (LOI). All values are log-transformed (except for pH-values). 

 
Parameter X_SMHI Y_SMHI logLOI logdepS logTot-P logAbs_F pH  logmaxd 

logsPCB -0,79 -0,39 0,71 0,83 0,29 0,37 -0,67 0,06 

logDDE -0,71 -0,40 0,73 0,71 0,17 0,29 -0,58 0,04 

logDDD -0,79 -0,39 0,76 0,78 0,44 0,55 -0,67 -0,07 

logsDDT -0,77 -0,40 0,73 0,77 0,33 0,44 -0,65 0,02 

logHCB -0,54 -0,56 0,44 0,46 -0,18 -0,17 -0,61 0,33 

loga-HCH -0,63 -0,41 0,75 0,64 0,21 0,31 -0,71 -0,05 

logy-HCH -0,82 -0,54 0,82 0,80 0,29 0,38 -0,78 0,01 

logsPCB(LOI) -0,65 -0,30 0,32 0,69 0,15 0,18 -0,47 0,21 

logsDDT(LOI) -0,69 -0,35 0,46 0,66 0,25 0,32 -0,52 0,13 

logHCB(LOI) -0,18 -0,40 -0,16 0,08 -0,43 -0,51 -0,23 0,50 

logDDD/DDE -0,68 -0,27 0,60 0,66 0,62 0,69 -0,60 -0,18 

log52/153 0,68 0,37 -0,31 -0,66 -0,29 -0,28 0,27 0,01 

logHCB/153 0,49 -0,10 -0,46 -0,64 -0,62 -0,71 0,20 0,30 

log a/yHCH 0,56 0,39 -0,34 -0,50 -0,22 -0,21 0,32 -0,12 

         

n=38; p<0.01 if R>0.418; p<0.05 if R>0.325      

Figures in bold means a positive correlation between two parameters (p<0.01)   

Negative figures means a negative correlation between two parameters.   

 

DDD/DDE ratios, together with decreasing sDDT concentrations, water 

colour values, temperature and increased distance to possible sources outside 

Sweden (Figure 6 in Paper VI; Table 7.1). 

 

In paper V it was suggested that if the soil is a reservoir of a certain 

contaminant, that will lead to an increase of this compound in relation to 

others. The results in Table 7.1 indicates that there is a larger transport of 

p,p'-DDT from the watershed, than of p,p'-DDE, HCB and PCB congeners. 

In contrast, HCB correlated negatively with the water colour. The reason may 

be that HCB is more volatile and water soluble than p,p'-DDT, resulting in a 

lower proportion of particle bound HCB relative p,p'-DDT in the 

allochthonous material and a dilution of the concentration of HCB in the lake 

sediment. 

 

The water colour as a measure of humic material  

In several studies on metals in forest lakes, the water colour, has been used 

as a measure of allochthonous humic material, originating from forest and  
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peat soils in the catchment. In many forest lakes, total organic carbon in 

water (TOC) is strongly correlated with the water colour as follows (Meili, 

1992): TOC = Colx0.1, where TOC is the concentration of organic carbon 

(C; g m
-3

) and Col is the water colour measured after filtration of the water 

(g Pt m
-3

). The water colour can also be measured by determination of the 

absorbance at 420 nm (Abs420; Figure 7.3). In general the water colour is a 

better measure on allochthonous humic material in water than TOC and 

LOI, since the water colour is dependent on allochthonous material from 

the watershed, while TOC and LOI are affected both by allochthonous 

material and autochthonous material produced in the lake (Markus Meili, 

pers. comm.; Meili, 1991a; Meili et al.,1991). In the lake study by Meili 

(1991b), following TOC estimate was found, taking also the amount of 

total phosphorous into consideration: TOC = 0.0095xCol+0.35(TP-

0.05xCol), where TOC is the concentration of organic carbon (C; g m
-3

), 

Col is the water colour (g Pt m
-3

) and TP=total phosphorous (mg m
-3

). 

 

A high load of allochthonous material increases the sedimentation 

velocities. If the allochthonous material contains lower concentrations of 

the contaminants this will lead to a dilution of previosly deposited 

contaminants. However, if the soil is a reservoir of a certain contaminant, it 

will lead to an increase of this compound in relation to others. As a 

comparison, a large load of humic material from the watershed is reported 

to increase the load of mercury bound to organic material to Swedish lakes 

and the concentration in the sediment (Johansson et al., 1991; Meili, 1991a; 

Meili et al., 1991; Parkman, 1993). 

 

7.4 DDTs in sediments – ecotoxicological consequences 

There may be several consequences of high concentrations of sDDT in 

sediments, more often caused by p,p'-DDD than by p,p'-DDE (papers V and 

VI). The results from paper V indicate a point-dischargeof p,p'-DDT to the 

lake and a rapid transformation thereof to p,p'-DDD, as determined in the 

sediment and in sedimenting material. This process most likely decrease the 

exposure p,p'-DDT to e.g. birds. Several ecotoxicological studies have 

focused on p,p'-DDE and its toxic effects to birds of prey (Moore and 

Walker, 1964; Helander et al., 1999; Olsson et al., 1999) and the exposure 

has been considered to be dominated by p,p'-DDT that is metabolised to p,p’-

DDE in the birds (Moore and Walker, 1964; Walker, 2001). However, today, 

the situation has changed and the exposure for recently deposited p,p'-DDT is 

lower relative atmospherically transported p,p'-DDE than before the ban of 
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DDT in Sweden in 1972. Today a large part of the p,p'-DDE detected in 

birds, probably originates from p,p'-DDE, formed from p,p'-DDT already in 

the atmosphere or in the food chain - in fish or in invertebrates (Roberts and 

Hutson, 1999).  

 

As mentioned above, p,p'-DDD is more readily degradable than p,p’-DDE 

in sediment and biota since it can be transformed to DDMU and then 

further to p,p'-DDA (Roberts and Hutson, 1999). However, it is notable 

that p,p'-DDD still is rather persistent in sediment, as high concentrations 

of p,p'-DDD was found in the deep layer in the sediment cores (Figure 3 in 

paper V). Our observation that p,p'-DDD is rapidly formed and persistent 

in sediments, agrees well with the results in Jensen et al., 1972. In their 

study, e.g. p,p'-DDD (no p,p'-DDE) was formed rapidly from p,p'-DDT 

during incubation of sewage sludge under anaerobic conditions (20º C). 

After 36 hours no p,p'-DDT remained, only the metabolites and the 

concentration of the metabolites was constant during the rest of the 

experiment (8 days). Still it is not not clear why p,p’-DDD is so persistent 

in the sediments. 

 

Decreasing time trends 

Though, all possible transformation pathways, our results indicate that only 

a limited number of factors affects the composition of DDTs during the 

transport to and from sediments in Swedish forest lakes. It was suggsted 

that the transport of DDTs to the sediment was dominated by atmospheri-

cally deposited p,p'-DDE and p,p'-DDT either from atmospheric deposition 

or from watershed runoff and that p,p'-DDD (not p,p'-DDE) was formed 

from the p,p'-DDT in the sediment. Our observations also indicate that 

there were no further transformation, of these compounds once they were 

buried in the sediment, and that losses via degradation might be negligible. 

It seemed therefore, that the most probable reason to the decreasing time 

trends of these compounds in sediments and in biota was i) transformation 

of p,p'-DDT to p,p'-DDD and; ii) over sedimentation of previously 

deposited contaminants. 
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