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"Peaking tn POPS”

Eels, welrd and tnscrutable

Scaping to deep Sargasso.

For years, unfathomed, ungrasped, un-understood
Now counted with anxiety, elvers, returning in ones,
Sclentists agonizing. Why now so few?

Some cut flesh in a machine.

Blologist and chemist

Stared at the POP speaking

And understood silver eels’ sorvow .

Clawde Belpaire § Robert Rosell
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Pollution in eel.
A cause of their decline?

ABSTRACT. The European eel Anguilla anguilla (L.) is a widespread,
panmictic and catadromous fish, widely distributed over Europe, with an important
economic value for fisheries. The population is waning, as shown through recruitment
monitoring in European rivers. The state of the stock is now considered below safe
biological limits and a recent European regulation urges for stock protection
measures. Although many potential causes have been suggested, the reasons for
this dramatic decline remain unknown.

As the eel is a long-lived, carnivorous, benthic and lipid-rich species, it is
particularly prone to the accumulation of noxious chemical compounds, especially
lipophilic contaminants like polychlorinated biphenyls (PCBs), organochlorine
pesticides (OCPs) and brominated flame retardants (BFRs). At the Research Institute
for Nature and Forest, we set up a monitoring network (Eel Pollution Monitoring
Network, EPMN) and measured contaminants in the eel over Flanders during a 14-
year research programme. Between 1994 and 2007 more than 3000 eels from 376
locations were analysed for PCBs, OCPs, heavy metals and some other compounds.

We demonstrated that eels in their yellow stage are very suitable chemical
bioindicators; contaminant profiles in those eels are fingerprints of the contamination
pressure on the site where they grow up. Monitoring of contaminants in Flanders is
based on measuring chemicals in water and sediments, but many analytical results of
lipophilic compounds like PCBs and OCPs such as DDT, drins or
hexachlorobenzene, fall under the detection limit, whereas in eel, those compounds
are detectable in nearly all cases. We therefore strongly recommend a critical
assessment of the monitoring strategy of chemical substances in our aquatic
environment, both at a Flemish and an international scale, within the European Water
Framework Directive.

Our results generated a status report and distribution maps of eel pollution for
some 30 substances. Most substances are present all over Flanders, but there is
considerable variation between river basins, dependent on land use. Contaminant
analysis in eel is able to pinpoint specific pollution sources, like some volatile organic
compounds in very specific locations, very high BFR levels in eels from areas with
intensive textile industry, or high lindane levels in some rivers under agricultural
pressure. We could demonstrate that banned chemicals like DDT are still in use in
some places. Within the study period, trend analysis indicated significant reductions
in PCBs and many OCPs. Also for some heavy metals (lead, arsenic, nickel and
chromium), concentrations decreased in the eel, but this was not the case for
cadmium and mercury.

Self-caught eels are much esteemed by fishermen, but considering the eel's
high contaminant body burden, consumption constitutes a potential risk for human
health. After reporting our results, several measures were taken, such as a temporary
catch and release obligation for eels caught between 2002 and 2006, and the legal
enforcement of a maximum concentration for PCBs in fish and fisheries products. On
ca 75 % of the sites, PCB levels in eel exceed however this legal upper limit. The
intake of PCBs through consumption of eel by recreational fishermen was compared
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with the intake of a background population through a probabilistic approach. PCB
intake seems to be at a level of high concern, and body burden in fishermen in
Flanders might reach levels of toxicological relevance. Currently, human health
protection is not assured, and we recommended more stringent measures from policy
makers.

We assessed potential impacts of contaminants on the eel population.
Despite a very high internal load of endocrine disrupters, we did not find any effects
on vitellogenin levels in immature yellow eel. However, a significant negative
correlation between heavy metal pollution load and condition was observed,
suggesting an impact of pollution on the health of sub-adult eels. In strongly polluted
eels a reduced genetic variability was observed. We further demonstrated that fat
stores and condition decreased significantly during the last 15 years in eels in
Flanders and The Netherlands, jeopardizing a normal migration and successful
reproduction of this long-distance migrator. We hypothesize that pollution is a major
driver for this decrease in fat reserves. These findings are of utmost importance for
eel management, and may represent a key element in the search for understanding
the causes of the decline of the eel. It may well be that the Darwinian evolutionary
theory on the survival of the fittest in eel-terms has to be interpreted as the survival of
the fattest.




Verontreiniging in
paling.

Een oorzaak van zijn
achteruitgang?

SAMENVATTING. De Europese paling Anguilla anguilla (L.) is een ruim
verspreide, panmictische en katadrome vissoort. Deze soort vertegenwoordigt een
belangrijke economische waarde voor de visserij en komt voor over een groot deel
van het Europese continent. Uit monitoring van de hoeveelheid glasaal die de
Europese rivieren optrekt, wordt afgeleid dat de palingpopulatie in zeer ernstige mate
afgenomen is. De toestand van de stock wordt momenteel beschouwd als beneden
de biologische veiligheidsgrenzen en een recente Europese regelgeving vraagt
dringend om beschermingsmaatregelen. Alhoewel verschillende mogelijke oorzaken
voor de achteruitgang gesuggereerd werden, kon een wetenschappelijk gefundeerde
verklaring nog niet gegeven worden.

Paling is een langlevende, carnivore, bentische en vetrijke soort, die
bijzonder gevoelig is voor opstapeling van lipofiele contaminanten zoals
polychloorbifenylen (PCB’s), organochloorpesticiden (OCP’s) en gebromeerde
vlamvertragers (brominated flame retardants, BFR’s). Aan het Vlaamse Instituut voor
Natuur- en Bosonderzoek (INBO) werd een meetnet over Vlaanderen opgezet,
waarbij over een onderzoeksperiode van 14 jaar contaminanten in paling gemeten
werden. Zo werden tussen 1994 en 2007 meer dan 3000 palingen afkomstig van 376
meetstations, geanalyseerd op PCB’s, OCP’s, zware metalen en een selectie van
andere stoffen.

Wij toonden aan dat de paling in het gele-aalstadium een zeer geschikte
chemische bio-indicator is; het contaminantprofiel in paling is een vingerafdruk van de
pollutiedruk op de meetplaats waar de paling opgroeit. Monitoring van contaminanten
in het aquatisch milieu is in Vlaanderen gebaseerd op metingen in water en sediment,
maar veel metingen van lipofiele stoffen zoals PCB’s en OCP’s zoals DDT, de drins
en hexachloorbenzeen vallen onder de detectielimiet. In paling echter zijn deze
stoffen in haast alle gevallen meetbaar. Het is daarom wenselijk om de meetstrategie
voor deze verontreinigende stoffen in ons aquatisch milieu kritisch door te lichten,
zowel op Vlaams als op internationaal niveau, in de context van de verplichtingen van
de Europese Kaderrichtlijn Water.

Met de resultaten van onze analyses werd de toestand van een 30-tal
verontreinigende stoffen beschreven en werden kaarten gemaakt van hun
verspreiding in Vlaanderen. De meeste stoffen zijn algemeen verspreid en alom
aanwezig in Vlaamse paling. De mate waarin deze stoffen aangetroffen worden is
afhankelijk van het rivierbekken. De analyse van contaminanten in paling laat ons toe
om specifieke verontreinigingshaarden aan te duiden. In gebieden met intensieve
textielindustrie werden zeer hoge BFR-gehaltes gemeten en in gebieden met hoge
landbouwdruk werden hoge lindaanconcentraties aangetroffen. Er kon worden
aangetoond dat sinds lang verboden stoffen zoals DDT, op sommige plaatsen nog
steeds gebruikt worden. Een trendanalyse binnen de studieperiode toont aan dat de
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gehaltes aan PCB’s en sommige OCP’s significant dalen. Ook de gehaltes van
sommige metalen (lood, arseen, nikkel en chroom) blijken in paling af te nemen. Dit is
evenwel niet het geval voor cadmium en kwik.

Zelfgevangen paling is sterk gegeerd door sportvissers, omwille van de hoge
concentraties aan allerlei vervuilende stoffen vormt de consumptie van deze paling
echter een mogelijk gevaar voor de volksgezondheid. Verschillende maatregelen
werden dan ook reeds genomen: een tijdelijk meeneemverbod voor alle gevangen
paling tussen 2002 en 2006, en de uitvaardiging van een consumptienorm voor
PCB’s in vis en afgeleide producten. Op ca. 75% van de meetplaatsen overschrijden
de PCB-gehaltes in paling deze wettelijke consumptienorm. Via een inschatting werd
de PCB-belasting bij sportvissers die zelfgevangen paling consumeren, vergeleken
met deze bij een populatie niet-vissers. PCB-inname bij vissers is een reden tot grote
bezorgdheid en er wordt verwacht dat PCB-opstapeling er dermate hoog kan zijn dat
toxicologische effecten niet uitgesloten mogen worden. Momenteel wordt de
bescherming van de volksgezondheid onvoldoende gewaarborgd, het is daarom
wenselijk om meer doortastende beleidsmaatregelen te nemen.

Mogelijke effecten op de paling van de contaminantbelasting werden
eveneens onderzocht. Ondanks de zeer hoge opstapeling van endocrien verstorende
stoffen, werden geen afwijkende vitellogenineconcentraties in het immature gele-
aalstadium gemeten. Wel werd er een significant negatieve correlatie vastgesteld
tussen zware-metaalbelasting en conditie, hetgeen wijst op een impact op de
gezondheid van de paling. In de groep van sterk verontreinigde palingen werd een
verminderde genetische variabiliteit waargenomen. We konden bovendien aantonen
dat het vetgehalte en de conditie van de palingpopulatie significant afnemen tijdens
de laatste 15 jaar, zowel in Vlaanderen als in Nederland. Dit brengt de migratie en de
voortplanting van deze trekvis in het gedrang. Deze afname in energiereserve lijkt
ons te wijten aan de invloed van verontreinigende stoffen. Dergelijke resultaten zijn
belangrijk voor het internationaal palingbeheer, en spelen mogelijk een sleutelrol in
het onderzoek naar de oorzaken van de achteruitgang van de soort. Wellicht moet de
Darwiniaanse evolutietheorie in palingtermen geinterpreteerd worden als ‘the survival
of the fattest’.
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A glasseel (total length ca. 7 cm) from the
Nieuwpoort monitoring station at the river 1Jzer
mouth (Belgium). Annual levels of glasseel
recruitment have dropped from ca. 500 kg in the
1970s to 1-5 kg after 2000.

Photo: Claude Belpaire
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Summary

This work is the result of a 14-year research programme (1994-2007) carried
out at the Research Institute for Nature and Forest (formerly the Institute for
Forestry and Game Management).

In this introduction we present our rationale: the study of an endangered fish
species particularly prone to bioaccumulation of contaminants and possibly
also very sensitive to the effects of pollution. To this end, a monitoring
network for contamination in the eel was set up and developed.

The objectives of this study are: (1) to give a comprehensive overview of
status and trends of these chemicals in the eel in Flanders, (2) to study the
effects of pollution in eels, (3) to assess the potential of the eel as a chemical
bioindicator in regional and international context, and (4) to estimate health
risks for eel consumers.
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The European eel: a waning population
Life cycle

The European eel Anguilla anguilla is a marine fish with a complex life cycle
(Figure 1.1). Reproduction takes place in the Sargasso Sea (central North Atlantic
Ocean) at some 5000 to 8000 km from European continental waters where the eel
grows up. After hatching, the larvae (leptocephali) grow and drift with oceanic
currents towards the European continent. At the continental shelf edge leptocephali
metamorphose into glass eel. Depending on the latitude these glass eel enter
European estuaries during winter or early spring. They pigment and either swim up
the rivers in search for a suitable habitat to grow up or grow up in the coastal zone.
This growing phase as yellow eels takes 3 to 20 years, dependent on gender (on
average 5.9 years for males and 8.7 years for females) and local environmental
variables (Vgllestad, 1992). There is a marked sexual dimorphism with respect to
size. Males have a mean length of 32-46 cm, whereas female mean size at maturity
varies between 45 and 86 cm (Vgllestad, 1992). Among fishes eels present extremely
high lipid contents (Tesch, 2003). These energy stores are essential for fulfilling their
journey back to the spawning area. At the end of their growing phase, eels go through
some morphological and physiological changes and become silver eels. In fall or
early winter these silver eels leave continental waters to start their journey to the
Sargasso Sea. While swimming, gonadal development is continued and further
maturation takes place. Spawning takes place from March to June along frontal
zones approximately between 48°to 74° W longitude and between 23°and 30° N

latitude (McCleave et al. 1987).
Glass eel \
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Figure 1.1. The life cycle of the European eel with indication of major life stages (after Dekker, 2000).
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Decreasing trend and international action

Since the beginning of the 1980s the stocks of the European eel are in steep
decline. Fisheries yields of both yellow and silver eels have declined in most
European countries. Monitoring series of glass eel quantities ascending European
rivers and estuaries have dropped to ca. 1 % of the quantities observed during the
1970s and before. The EIFAC/ICES Working Group on Eel (2007) compiled
recruitment data from 21 river catchments in 12 countries. These data, shown in
Figure 1.2, incorporate catch statistics, and fishery-independent surveys.

—&—|YFS —+— Ringhals —— Viskan —e—Bamn —&—Eme

—4— Shannon —— Severn —*— Vidaa —e—Ems —+— Lauwersoog
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—=—Minho —&— Albufera —=— Tiber Al series === Mainland Europe
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Figure 1.2. Time-series of glass eel recruitment in European rivers. Each series has been scaled to its
1979-1994 average. Source ICES-EIFAC Working Group on Eel (2008 unpublished).

Reasons for this abrupt decline have not been firmly established. Many
potential causes have been suggested: climate change and oceanic variability
(current changes, decrease in productivity) influencing (the migration of) the
leptocephali; destruction of habitats in freshwater; physical obstruction of the
migration by dams, sluices, pumps and hydropower; overfishing of glass eel, yellow
eel and silver eel; infestations by introduced pathogens (parasites like Anguillicola
crassus, and viruses like EVEX), predation and pollution (see also Chapter 16).

Finally, 25 years after the first warnings following the recruitment decrease in
the early 1980s, issued by the Working Group on Eel, the international community
took action. ICES (2001) considered the status of the stock as outside safe biological
limits and concluded that current fisheries is not sustainable. In 2003, scientists in eel
biology from 18 countries assembled at the International Eel Symposium 2003
organized in conjunction with the 2003 American Fisheries Society Annual Meeting in
Québec unanimously raised an urgent alarm and asked for immediate action to save
the declining eel resources (Québec Declaration of Concern). In 2007, the European
eel was added to the UN CITES Appendix Il list, putting it under tight trading
restrictions, and rated "critically endangered" on a Red List of species compiled by
experts of the World Conservation Union. The Council of the European Union
established in September 2007 a framework and measures for the recovery and
sustainable use of the stock of European eel (EC 2007). The Council also requires
the preparation of national eel management plans (EMPs). If EC member countries
fail to prepare and implement these plans, fisheries will be obliged to close.
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Simultaneously to the development of the EMPs by national fisheries
managers, the international scientific community searches frenetically for evidence
explaining the decrease of the stocks. Recently, benefitting from new scientific
evidence, pollution received increasing attention as possible cause for eel decline.

Pollution: old and new contaminants
Old and new contaminants

Over 30 000 chemicals are in use in Europe, and may pose a threat to
aquatic life. Only for a small number of them the potential impacts have been
assessed through thorough toxicological and environmental testing (de Boer and
Leonards, 2006). Especially on substances such as polychlorinated biphenyls
(PCBs), organochlorine pesticides (OCPs) and heavy metals, impact studies have
been carried out demonstrating their toxicity. PCBs and OCPs are persistent organic
pollutants that are regulated under international agreements in order to reduce or
eliminate their use and release into the environment. Heavy metals of concern
include, amongst others, cadmium, lead and mercury because of their toxicity and
their potential to bioaccumulate. Many old substances, such as polychlorinated
biphenyls (PCBs) and dichlorodiphenyltrichloroethanes (DDTs), which have been
demonstrated as toxic, have been banned during the 1970s. However due to their
persistence, they still can be traced in the various compartments of our environment.
Also in our aquatic environment their presence is still a reason for concern (MIRA,
2007Db,c).

A large number of new, emerging contaminants came in use during the last
30 years (e.g. brominated flame retardants, perfluorinated compounds, dioxins,
polyaromatic hydrocarbons) (de Boer and Leonards, 2006). For many of them
potential adverse effects have not been extensively studied in the environment.
Newly manufactured compounds are just being introduced into the environment
without any knowledge of possible side effects. Analytical methods for measuring
relevant concentrations in the environment have only just been developed (de Boer
and Leonards, 2006).

Flanders, a pollution black spot?

Pollution levels in Flanders are relatively high in comparison with other areas
in Europe. In 2006, only 26% of the river water quality (Prati oxygen index) was
categorized as ‘non-polluted’ (7%) or ‘acceptable quality’ (19%). River sediments are
heavily polluted: 76% of the sites classified through the Triad methodology were
qualified as ‘contaminated’ (33%) or ‘heavily contaminated’ (43%) (MIRA, 2007a).
Monitoring ecological river quality shows similar results; a fish based index qualified
794 Flemish river sites: 65% were ‘critical’ (45%) or ‘bad’ (20%) and 31% were
defined as ‘reasonable’. Only 4% of the river sites had ‘good’ quality whereas not one
of them could be classified as ‘excellent’ (MIRA, 2007a). Persistent organic pollutants
(POPs) are markedly present in the Flemish environment. Many pesticides are being
measured in water, but the percentage detected varied considerably by substance
(from 0 to 92%) (MIRA, 2007b). In river sediments organochlorine pesticides (OCPSs)
and PCBs were ‘deviating’ or ‘strongly deviating’ from the reference value in
respectively 11% and 28% of the cases (MIRA, 2007b,c). In terrestrial organisms like
songbirds, hedgehogs and foxes, OCPs are omnipresent (MIRA, 2007b).

An EU report about the burden of dioxin in human milk shows a medium
concentration of 34.7 pg TEQ/g fat for Flanders in 1994, placing this region at the top
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of the world population (Dujardin et al., 2001). PCBs and polychlorinated dibenzo-p-
dioxin and dibenzofuran (PCDD/F) concentrations in human serum from Flanders are
higher than in other countries (Koppen et al., 2002). There also seems to be
considerable regional variation in contamination level. Schroijen et al. (2008, in press)
measured contaminants in 1679 adolescents from Flanders, residing in nine areas
with different patterns of pollution. Significant regional differences in internal lead,
cadmium, PCBs, DDE (p,p’-DDE or 1,1-dichloro-2,2- bis(4-chlorophenyl)ethene) and
hexachlorobenzene (HCB) exposure were observed in function of area of residence.

Effects in fish and eel

Many studies deal with specific toxicological and physiological effects of
contamination in fish. Pollution may impact fish through many possible mechanisms
(see e.g. Chapter 5, Figure 5.1). Specific chemicals are known to induce endocrine
disruption, as some of these compounds have biological effects similar to those of the
steroid hormone estrogen (Turner and Sharpe, 1997). Sexual disruption and
development of ovotestes have been reported in freshwater and marine fish in
Europe (Jobling et al., 1998). Berckmans et al. (2007) have demonstrated that also in
Flanders endocrine disruption is widely spread. In ca. 50% of the cases, testes of
male roach showed female characteristics and fish had increased vitellogenin levels.
The development of healthy populations seems to be hampered by contaminant
pressure, presumably not only in roach, but in all fish species. Probably POPs
constitute a major threat to aquatic life, but also heavy metals seem to have
detrimental impacts on fish as documented by Bervoets et al. (2005). They
demonstrated a clear relation between metal load in Flemish rivers and a low fish
community quality (IBI).

Impacts of contaminants have been reported also in European eel. As a
marine fish, spending a considerable part of its life cycle in continental waters,
especially the fresh water phase of the eel, the yellow eel, has been object of studies
of contaminants. Numerous reports show that the yellow eel is prone to
bioaccumulation of hazardous substances. An increasing number of studies recently
focus on effects of pollution at the individual level (detoxification, tissue damages,
endocrine response, immune response, genotype). In yellow eel, gonads are not yet
fully developed, while silver eels mature during their oceanic migration to the
spawning grounds. Consequently, potential impacts of contaminants on reproduction
physiology are difficult to study as maturing silver eels are not being caught. New
experimental opportunities will only appear when artificial reproduction of the eel has
been optimized. However, contaminants have also been suggested as a crucial factor
in the decline of the species (Robinet and Feunteun, 2002). Palstra et al. (2006)
reported disturbed reproduction caused by a high bioaccumulation of PCBs in
artificially reproduced eel. Differences in development and survival of larvae showed
a significant negative correlation with the TEQ levels in the gonads, even at levels far
below the maximal allowable level for fish consumption. It was suggested that current
gonadal levels of dioxin-like contaminants, including PCBs, in eels from most
European locations impair normal embryonic development. Palstra et al. (2006)
consider it likely that dioxin-like PCBs contributed to the collapse of the European eel
populations.
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Flanders’ Eel Pollutant Monitoring Network

A major outcome of our work has been the development of the Flemish Eel
Pollutant Monitoring Network (EPMN), and most of the results presented here are
generated through this network. The monitoring network was initiated in 1994 and is
operated and managed by the Research Institute for Nature and Forest (INBO). It
uses the eel in its yellow phase to monitor the environmental chemical status in
Flemish water bodies. At the moment the network includes ca. 350 locations covering
the region of Flanders (see Chapter 16 Figure 16.1), including rivers, canals, polder
waters and closed water bodies. Eel muscle tissues are analysed for a series of
hazardous substances like PCBs, OCPs and heavy metals. At a number of sites
additional substances are being analysed (e.g. brominated flame retardants, volatile
organic pollutants (VOCs), endocrine disruptors, dioxins, perfluorooctane sulfonic
acids (PFOSs), and polycyclic aromatic compounds. More details and output of the
EPMN are described in several chapters.

Objectives and general outline

Our research focuses on the study of pollution in the European eel in its
yellow phase, living in the inland waters of Flanders. The research programme has
joined her primary scientific goals to a strong applied aspect of monitoring
contamination and advising policy makers. The research is positioned within the
international frameworks of the management of contamination (the Water Framework
Directive and REACH) and the international eel restoration plans. On the national
level our research serves the environmental management of pollution and the
protection of human health.

The foundation of our research is constituted by the Flemish Eel Pollution
Monitoring Network. The development of this network has been an major objective of
our work and the data and results generated through this network form the basis of
our analyses. Our study is thus mainly conceived following an empirical approach,
benefitting from a large quantity and unique series of data, which definitely constitutes
its strength. But this approach, being dependent on the EPMN, also entails some
restrictions. It hampers planning and design of experiments to study process-thriven
interactions and causalities between contamination pressure in the environment and
the accumulation in and effects on the eel.

The collection, description and analyses of data of contamination in the eel
and the use of the eel as an indicator of pollution constitute the main focus of our
work. Nevertheless we choose not to restrict our objectives to report on the
monitoring of status and trends of contamination in eel, but included results of studies
oriented toward the potential effects on eel as well as the risks for humans consuming
(polluted) eels. We believe this combined approach certainly will support the
international community in their efforts to seek the most optimal management
measures for restoration of the eel stock.

In the following chapters we will focus on several specific objectives:

1. - We want to characterise the chemical status of our water bodies by
measuring the body burden of selected contaminants in eel. Local pollution sources
may be targeted and it might be possible to select some chemicals of special concern
when considering their bioaccumulation capacity. Many management measures have
been initiated to diminish the levels of contaminants in our environment e.g. phasing
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out PCBs from our industrial applications, banning specific pesticides, or using lead
free fuel. By monitoring these compounds over a longer period it might be possible to
detect some trends over time, and to study the effects of those management
measures. The concentration of some contaminants in eel might decrease while for
other substances body burden might increase. It may be possible to target new
emerging threats. An important aspect is to include recommendations for contaminant
management and monitoring in Flanders or world wide. In Chapter 2 we analyse the
spatial and temporal variation in polychlorinated biphenyls, organochlorine pesticides
and heavy metals measured in eel, while in Chapters 3 and 4 the presence of
respectively brominated flame retardants and volatile organic compounds is
described.

2. - Chemicals may affect the viability of fish communities in various ways. In
high concentrations they may be directly toxic for organisms, but at lower
concentrations they can negatively influence diverse physiological functions, resulting
in endocrine disruption and disturbed reproduction. We studied the presence of
several contaminants within the immature yellow eel stage. Even in this immature
stage adverse effects on the eels’ health may be apparent. If eels are to some extent
affected by pollution, is it then conceivable that there could be a causal relation with
stock decline? The effects of contaminants in the eel have been studied in Chapters 5
to 8.

3. - Eel is proposed as a sensitive chemical bioindicator. A bioindicator is a
species used to monitor the health of an ecosystem; a chemical bioindicator indicates
the status or effects of (specific) chemicals in an ecosystem. Our objective was to
ascertain if eel adequately reflects the chemical load in our aquatic ecosystems and
to analyse the advantages and constraints of using this species as a chemical
bioindicator. This is discussed within Chapters 9 to 12. The Water Framework
Directive (WFD) urges to monitor the chemical status of our water bodies. We wanted
to know if eel is appropriate to use in this framework, and if we can recommend the
use of the eel for fingerprinting pollution in a regional and an international context
(Chapter 13 and 14). In general terms, monitoring contamination in aquatic biota may
represent an added value compared to classical analysis of water and river
sediments.

4. - The initial impetus of this work was inspired by the concern for human
health. Consuming eels might give reason for concern, as eels turned out to have
heavy pollution loads. We quantify the risk of eating feral eels from Flanders and
issue recommendations to policy makers. The results warrant special communication
actions. This issue is discussed in parts of Chapters 2 and 3 and in Chapter 15.

Following these objectives, the content of this book has been organised in
four parts:

In a first part (Part Il - Status and trends of contaminants in eels), a
comprehensive overview of the status and trends of a variety of chemicals in eels in
Flanders is provided. Emphasis is put on polychlorinated biphenyls, organochlorine
pesticides and heavy metals, but also on a series of new and less known chemicals
like brominated flame retardants and volatile organic substances. In the annex a
cartographic representation of the major contaminants is provided, updating the
report of Goemans et al. (2003) for the 2002-2005 period.

A second part (Part Il - Effects of contaminants on the eel) discusses the
effects of pollution in eels, including a literature review and the results of a study on
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the potential effects of xenoestrogens by analysis of the plasma vitellogenin content.
Furthermore, the effects of pollution and relationships with energy reserves, condition
and genetic variability are dealt with in two papers.

The third part (Part IV - The use of the European eel as an indicator of
pollution) focuses on the sensitivity of the eel as a chemical bioindicator. The use of
the eel for fingerprinting pollution in regional and international context is discussed.
Special emphasis is given to monitoring the chemical quality for the Water
Framework Directive. As eel quality benefits from increasing attention from national
and international eel managers a proposal has been initiated to develop a European
Eel Quality Database.

In the fourth part (Part V - Contaminants in eel and human heath) health risks
for eel consumers were estimated, especially with regard to PCB exposure in
recreational anglers.

Finally, a last chapter summarizes results and conclusions. This chapter also
includes an overview of the achieved results of the Eel Pollution Monitoring Network
and related studies. It also comprises management and communication issues, and
concludes with final recommendations for future work.
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Summary

In Flanders, the northern region of Belgium, European yellow eel muscle
tissue was used as an indicator of environmental and potential human dietary
exposure by hazardous chemicals of surface waters and sediments. Between
1994 and 2005, over 2800 eel captured at 365 stations were analysed for
PCBs, pesticides and heavy metals. Contamination of eel in Flanders fell
within the range of reported concentrations in other watersheds of Western
Europe. A spatial analysis of the data demonstrated that the variation in
pollutant concentration tended towards higher values. This was especially
evident for PCBs, lindane, endrin, dieldrin and DDE. The concentration of
almost all banned substances decreased significantly during the study period.
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Introduction

The widespread occurrence of hazardous chemicals in the environment
remains of major concern for wildlife and human health. Many chemicals, even
banned ones, persist in the environment and continue to accumulate in ecosystems.
In Europe, concern about the release of chemicals into the environment was shared
by the European Parliament and the Council which adopted a far reaching
Commission proposal aimed at ensuring greater safety in the manufacture and use of
chemical substances (European Commission, 2006a). The new system REACH,
which stands for registration, evaluation and authorization of chemicals, will ensure
that gaps in existing information on hazardous properties of chemicals are filled. In
this renewed political context, the monitoring of chemicals in the environment and its
ecosystems remains of crucial importance in order to produce data that serve as a
baseline against which future policy results may be evaluated.

This paper presents a synthesis of a routine monitoring programme that
started in 1994 aimed at following the tissue concentration of hazardous chemicals in
eel in Flanders, Belgium. Data were available for contamination of eel by
polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs) and heavy
metals. PCBs and OCPs are persistent organic pollutants that are regulated under
international agreements in order to reduce or eliminate their use and release into the
environment. Heavy metals of concern include, amongst others, cadmium, lead and
mercury because of their toxicity and their potential to bioaccumulate.

The yellow eel was selected as a bio-monitor for the aquatic environment for
a number of reasons. Eels in the yellow stage are premature individuals. Eels do not
reproduce in freshwater. Therefore, body burdens are not affected by a reproduction
cycle and associated changes in lipid metabolism. Further, yellow eel have a high
lipid content, increasing with age and reaching a maximum prior to silvering and
emigration. They generally show life-long accumulation and low depuration rates
(Larsson et al., 1991; Tulonen and Vuorinen, 1996; Knights, 1997; Daverat et al.,
2006). Yellow eel are carnivores, widespread in all aquatic habitats, benthic, often
burrowed in the bottom, tolerant to pollution and sedentary (Mason and Barak, 1990;
Van der Oost et al., 1996; Ashley et al., 2003; Linde et al., 2004). Home range may
be larger in tidal estuaries than in freshwater habitats (Parker, 1995). Seasonal
movements possibly occur while also the occurrence of erratic eels (‘nomads’) has
been reported (Feunteun et al., 2003). These typical life history characteristics
warrant the use of eel as an indicator for the presence of hazardous chemicals in the
environment and, in particular, of those substances with a low solubility in water. The
hypothesis is that the eel tissue concentration and body burden reflect well
environmental exposure and that tissue concentrations are related to pollution levels
of prey species, surface waters and sediments.

A second important advantage of the use of eel as bio-indicator of chemicals
in the environment relates to the consequences of eel consumption for human health.
Eel consumption is a definite pathway of human exposure to persistent organic
chemicals and heavy metals (Harrad and Smith, 1999). Also in Flanders, explicit
concern was raised in order to warn of the health hazard associated with the
consumption of eel and other predatory fish species by recreational fishermen (Hoge
Gezondheidsraad, 2005). Many of these chemicals are considered potential
carcinogens and some are believed to disturb metabolic and endocrine functions of
the human body (European Environment Agency, 2005).

In addition, the European Commission (2006b) recently proposed a system to
monitor a selection of priority substances and to report the chemical status of water
bodies in order to protect aquatic life and human health. An important task was
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therefore to demonstrate the suitability of bio-indicators, such as the European eel
(Anguilla anguilla L.), as models for evaluating the chemical status of surface waters
which was required by the water framework directive. Eel contaminant profiles,
especially for lipophylic substances, appeared to be a fingerprint of the contamination
pressure of a specific site (Knights 1997, Belpaire and Goemans, 2007)

So far, studies on the pollution of eels in Flanders focused on targeted
research actions (Roose et al., 2003; Versonnen et al., 2004; Goemans and Belpaire,
2004, 2005; Hoff et al., 2005; Maes et al., 2005; Belpaire and Goemans, 2007). A
general synthesis reporting on all the data that were collected since 1994 has been
provided as a report in Dutch (Goemans et al., 2003). This paper presents the first
general description of the concentration of hazardous chemicals in the European eel
in Flanders, the northern part of Belgium. Spatial information was provided at the river
basin level while a selection of temporal data was retained in order to investigate
temporal trends in the tissue concentration.

Materials and methods

18

Field sampling and analysis of the lipid content

Between 1994 and 2005, 2 839 eel were captured. Eel were always caught
between March and October. Total annual catch varied between 25 eel in 1996 and
732 in 2000. On average, 237 eel were captured each year. Yellow eel were sampled
at 365 different stations using fyke nets or an electrofisher. Stations were
characterised as rivers or brooks, canals, polder water courses or closed water
bodies such as old meanders, ponds or lakes. Stations were situated in all 11 river
basins (Figure 2.1). Between 1994 and 2005, 91 stations were visited twice for
sampling; 16 stations were sampled 3 times, 6 stations were sampled 4 times and 2
stations were sampled 5 times. One station (Lake Weerde, a man-made water body)
was sampled 8 times between 1997 and 2005.

After capture, eel were sorted according to life history stage and only yellow
eel were placed in cooling units for live transport to the laboratory. At the lab, eel
were measured , weighed and stored at —20C for sub sequent tissue analysis. From
each individual eel six samples of muscle tissue (10 g wet weight each) were
removed, labelled and frozen again at —20C. Two sa mples, originating from the mid
part of the body, were analysed for heavy metals, OCPs and PCBs. Lipid was
extracted and quantified using the Bligh & Dyer method (1959). The other samples
were stored as back up.
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Figure 2.1. Geographic position of Flanders in Europe and location of the sampling points of the eel
pollutant monitoring network. The different sub basins are indicated using their English names (if
available).

Chemical analysis

Tissue samples were analysed for PCBs, several pesticides and nine heavy
metals. Pesticides included two hexachlorocyclohexanes, three cyclodienes,
hexachlorbenzene and three chloroethanes.

PCBs were used as insulating fluids in transformers, occur as plasticizers, oil
and paint additives or as by-products of combustion. Tissue samples were analysed
for 10 different congeners identified according to IUPAC numbers 28, 31, 52, 101,
105, 118, 138, 153, 156 and 180. Seven congeners are considered as indicator PCBs
(28, 52, 101, 118, 138, 153, 180). In Belgium, the sum of these seven indicator PCBs
(further abbreviated as > PCB) was used in national legislation to ensure food safety.
The concentration of YPCB in food products may not exceed 75 ng g™ wet weight.
Hexachlorocyclohexanes were used as insecticides. Here, we report on a-HCH and
y-HCH (lindane), which were banned in Belgium in 2002. Cyclodienes in this study
include dieldrin, endrin and chlordane. The use of dieldrin has been prohibited since
1974 while the use of endrin has never been authorized at all. Chlordane is a mixture
of different components of which only trans-nonachlor was assessed. The use of the
latter substance by agriculture has been prohibited since 1981 but non agricultural
use was allowed until 1998. Hexachlorobenzene (HCB) was formerly used as an
insecticide and was banned in 1974. Concentrations of three chloroethans (p,p’-DDD,
p,p’-DDT, p,p’-DDE) were measured and their sum used as a proxy of total DDT
(ZDDT). DDTs have been banned since 1974 in case of agricultural application and
since 1976 for all other uses. Finally, the levels of nine heavy metals (cadmium, lead,
mercury, chromium, nickel, copper, zinc, arsenic, selenium) were determined.
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Determination of PCBs and pesticides

Fish tissue was extracted using the Bligh & Dyer method (1959). The extract
was evaporated (Rotavapor) and a minimum of 100 mg lipid was dissolved in hexane
and applied on an aluminum oxide chromatography column. After elution with
hexane, the lipid free eluate was evaporated and applied on a silica gel
chromatography column. PCB congeners, p,p’-DDE and HCB were isolated after
elution with hexane. After elution with diethylether/hexane (10/90) the remaining
organochlorine pesticides were isolated. Both fractions were evaporated to 1 ml, after
addition of an internal standard (tetrachloronaphtalene) and separated by GC using a
Rtx-5ms capillary column (60 m x 0.25 mm x 0.25 um), with helium as a carrier gas
and an electron capture detector (ECD). The detection limit for both PCBs and
pesticides was 0.5 ng g lipid weight.

Determination of heavy metals

Fish muscle tissue (between 3 and 5 g) was placed in an oven for 12 h at
450C. Once cooled, 100 yl HNO; was added and the analyte was dried again at
450C for one hour. Subsequently, 1 ml HNO ; was added to the ash and diluted
using distilled water.

Trace elements of Cr, Ni, Cu, Zn, Cd and Pb in solution were analysed using
ICP-OES (Spectra AA-400 with Zeeman correction, Varian). The detection limits for
each of these metals varied: 2 ng g™ wet weight for Cd and Pb, 10 ng g™ wet weight
for Ni, 35 ng g™ wet weight for Cr and 100 ng g™ wet weight for Cu and Zn.

As and Se were determined using GF-AAS. Prior to analysis, fish tissue was
heated in a medium of 5 ml HNO3; and 3 ml H,O, and afterwards diluted in distilled
water. The detection limits for As and Se were 10 and 35 ng g wet weight,
respectively.

Hg was quantified using AAS (AMA 254 mercury analyser, Altec). Hg was
detected if the concentration was higher than 10 ng g™ wet weight.

Quality assurance

Analysis were carried out at two different Belgian research institutes (DVZ,
the Sea Fisheries Department, Ostend and CODA, the Veterinary and Agrochemical
Research Centre, Tervuren). Quality assurance consisted of the analysis of
procedural blanks, reproducibility and repeatability tests, injection of standard
solutions as unknowns, and analysis of certified reference material. Both institutes
routinely analyse samples in the framework of the international proficiency testing
scheme QUASIMEME (Quality Assurance of information for marine environmental
monitoring in Europe) for organochlorines in biological samples and participate in
intercalibration studies organised by the IAEA (International Atomic Energy Agency).
Internal quality assurance at DVZ was realised by monthly analyses using certified
reference materials. GC equipment was calibrated every 60 samples and every 20
samples, two standards were analysed. Quality of heavy metal analyses performed at
CODA were assured using reference materials and blanks every 12 samples (daily
for Hg). ICP-OES and GF-AAS equipment was calibrated every 15 samples.
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Data storage and statistical analysis

Eel contaminant data are stored in a database as a concentration in ng g™
wet body weight. A unique identification number was assigned to each individual eel
followed by a location code (linked to geographical information of the sampling
station), sampling data (e.g. fishing date and procedure), length (cm), weight (g) and
lipid content (as a percentage of wet weight). Concentrations of organic pollutants
were imported on a lipid weight basis and converted into wet weight concentrations
using lipid content as a conversion factor. Heavy metals were always expressed on a
wet weight basis. Calculations used half the detection limit when a below detection
limit reading was observed.

A general eel pollution profile was assessed using the average, the range
and standard deviation based on all samples. Spatial analysis of sampling sites and
the correlation structure between chemicals was investigated by arranging the data
according to river basin. A linear mixed model was used to infer general trends in eel
muscle tissue concentration over time and to test the null hypothesis that the slope of
the trend line was not significantly different from zero. For this analysis, individual eel
data based on wet weight were station-averaged and normalized using a logio
transformation. Only those stations that were sampled more than once were retained
in the analysis. A paired t-test would be an appropriate statistic test if each station
was sampled twice on two fixed dates. In this study, the data were, however, largely
unbalanced with sets of two, three, four, five or eight repeated measurements, taken
at different times and over different time intervals, hence the choice for a mixed
model. The mixed model can be considered as a distinct linear regression for each
set of clustered data with fixed and random, hence mixed, regression coefficients. In
the model, time was considered as a fixed factor while the different stations constitute
the random factor. The mixed model that was fitted through the data was a random
slopes and random intercepts model and has the following form:

(eg.1) Logio [C +1] = (Bo + b)) + (B1+by)x(Year — 1994) + ¢;

Where o and B; are regression parameters which were the same for all
stations and by and b; were station-specific regression coefficients; C was the
concentration of a chemical substance on a wet weight basis. Essentially, we are only
interested in the value for B; which describes the average trend over time. It was
assumed that all random effects b; are normally distributed with mean zero and
variance O%uaion. The error term with residuals € is normally distributed with mean
zero and variance o> ozstation is a 2x2 covariance matrix containing d;; the variance of
the random intercepts, d,, the variance of the random slopes and d;, = d,; which
stands for the covariance between the random intercepts and the random slopes.
Note that the covariance is related to the correlation between the random intercepts
and the random slopes.

The MIXED procedure in SAS (SAS Institute Inc, 1999) was used to find
parameter values for equation 1. The best solution was found using the restricted
maximum likelihood estimator. It follows that mixed models are not interpreted in
terms of explained variance (R?). Inference for the parameters B, and B; was based
on the Wald statistic. In the model, it was assumed that the covariance matrix was
unstructured by entering the SAS statement “type = un” in the code. Verbeke and
Molenberghs (2000) give statistical details and examples.
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Length, weight and bioaccumulation

A total of 2 839 eels was analysed for at least one of the substances listed in
Table 2.1. Mean length and weight of eel included in this analysis were 41.8 + 9.3 cm
and 153.5 + 152.7 g, respectively. Lipid content of the total body weight averaged
14.9 + 10.2%. Eel tissue concentrations (mean, range, standard deviation) of PCBs,
OCPs and heavy metals are presented in Table 2.1.

PCBs were ubiquitous in eel. The average concentration of the sum of the
seven indicator PCBs was 605 ng g* wet weight, exceeding the Belgian limit for
human consumption (75 ng g wet weight ) almost by one order of magnitude
(Table 2.1). Note the high standard deviation and the maximum concentration of
almost 12 500 ng g wet weight. The distribution of YPCB in eel was positively
skewed, so the probability of capturing highly contaminated eel was higher than could
be expected in a normal distribution. 17% of all individuals displayed a total PCB
concentration of > 1 000 ng g™ wet weight and 1.7% with concentration higher than
5000 ng g wet weight. Note that the highest levels were found for PCBs 138, 153
and 180 which are particularly recalcitrant compounds (Knights, 1997).

Concentrations of the biocide lindane ranged between 0.01 and 2 225 ng g™
wet weight with an average concentration of 27.9 ng g™ wet weight. Concentrations of
a-HCH averaged 0.64 ng g™ wet weight. Dieldrin and endrin, once used as insectides
but banned since 1974, were detected in >90% of all eel analysed. Values of dieldrin
averaged 15.6 ng g wet weight with a maximum of 389 ng g™ wet weight; mean
endrin concentration was 1.4 ng g* wet weight. The fungicide hexachlorobenzene
was detected in all eel at an average concentration of 5.9 ng g* wet weight (max 192
ng g wet weight). DDTs were present in all fish with ¥DDT varying between 1.5 and
almost 4 000 ng g* wet weight. The distributions of pesticide concentrations were
also positively skewed.

Eel carried significant concentrations of heavy metals in their muscle tissue.
Concentrations of mercury, cadmium and lead, substances for which maximum limits
apply on a European level, averaged 116, 15.8 and 81 ng g wet weight,
respectively. Maximum observed concentrations for each of these metals exceeded
or were well over the European maximum residue limit (MRL). Eel also exhibited
extreme values for other heavy metals (Table 2.1), exceeding the average
concentration by an order of magnitude, demonstrating the high potential of eel for
severe contamination.

Spatial variability in the tissue concentration

Figures 2.2-2.4 summarize the spatially resolved pollutant averages on a
river basin level (Figure 2.1). Two major findings emerged: some pollutants were
evenly spread while others clearly peaked in selected river basins and the variance
around the mean was high due to the presence of high concentrations in some
specific sites. The contamination of eel by different pesticides was most notable in the
basin of river Yser. This was particularly evident for lindane with a basin average of
262.9 + 552.7 ng g™ wet weight. Also a-HCH and dieldrin peaked in this river basin
with averages that were clearly higher than the overall average tissue concentration
(Table 2.1). PCB contamination more or less increased along a west-east gradient
and reached a maximum in the basin of River Meuse where an average >PCB of
nearly 800 ng g™ wet weight was detected. DDT in eel muscle tissue peaked in the
Upper Scheldt and Demer river basins, while Cd and Pb pollution was typical for the
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River Nete. Pollution levels of As and Hg, as well as other pesticides such as HCB
and chlordane, were more evenly spread throughout the entire region.

Table 2.1. Mean eel life history statistics and mean muscle tissue concentration and range (ng g~ wet
weight) of different pollutants in muscle tissue sampled in surface waters of Flanders (Belgium). Number
of eel (n), mean, range (minimum — maximum) and standard deviation (SD) were calculated for the
period 1994-2005.

n Mean Minimum Maximum SD
Eel life history data
Length 2839 41.79 19.2 102.30 9.28
Weight (g) 2838 153.46 11.7 2 284.00 152.69
Lipid content (%) 2528 14.92 0.52 57.59 10.18
Substance
PCBs
PCB 28 2525 6.44 0.0035 292.65 15.11
PCB 31 2525 3.04 0.0037 211.84 7.97
PCB 52 2526 30.61 0.0087 624.36 53.82
PCB 101 2526 55.55 0.0272 1505.79 104.77
PCB 105 2526 18.12 0.0104 478.12 34.81
PCB 118 2526 57.13 0.2904 2 076.45 112.23
PCB 138 2526 149.69 0.5805 2924.25 295.65
PCB 153 2526 211.89 1.0423 5 098.68 430.33
PCB 156 2525 13.98 0.0263 352.71 25.17
PCB 180 2525 93.48 0.1250 2131.50 180.93
>PCB 2524 604.99 3.5213 12 455.38 1118.56
Pesticides
a-HCH 2528 0.64 0.1 16.94 1.32
Lindane 2527 27.89 0.0109 2 225.46 131.68
Dieldrin 2528 15.63 0.0046 388.78 30.21
Endrin 2 446 1.39 0.0026 495.83 11.59
HCB 2526 5.89 0.0026 191.95 8.91
TDE 2528 26.26 0.0108 568.46 41.36
p,p-DDT 2528 3.19 0.0037 187.81 9.58
p,p-DDE 2526 61.77 0.1007 3422.63 112.73
>DDT 2528 90.77 1.5149 3995.42 148.27
Trans-nonachlor 2528 1.43 0.0026 52.03 2.73
Aldrin 548 1.11 0.0056 14.11 2.21
Heavy metals
Mercury 2769 116.62 5.0 1185 98.89
Cadmium 2 809 15.75 1.0 2474 62.21
Lead 2802 81.17 1.0 3453 172.17
Copper 2117 909.73 50.0 436 000 10 006.90
Zinc 2117 25 864.79 1200.0 243 100 15919.30
Nickel 2117 207.83 5.0 16 300 692.00
Chromium 2117 25451 17.5 13 690 455.97
Arsenic 1410 168.13 14.0 1805 176.72
Selenium 1410 753.93 25.0 5098 499.75
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Figure 2.2. Spatial distribution of the average eel muscle tissue concentration of >PCB, lindane, a-HCH

and dieldrin over the different river basins in Flanders (Belgium).
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Temporal trends in the tissue concentration

Sampling took place more than once at 116 stations, and these data were
useful to investigate time trends in eel pollutant concentration. Sampling station-
averaged tissue concentration data in a general linear mixed model was used to infer
an average time trend of pollutant contamination. Station-averaged time profiles and
the fitted regression line for several organochlorine pollutants and four metals
between 1994 and 2005 are presented in Figures 2.5-2.7. Model parameters
(intercept and slope) and diagnostics are given in Table 2.2. There were significant
reductions in the average wet weight concentration of all PCB congeners, nearly all
pesticides and four metals. In Table 2.2, the variance present in the data set was
partitioned into the variance due to the random intercepts, variance due to the
random slopes, covariance between these parameters and, finally, the variance of the
residuals. Generally, most of the variance was due to the random intercepts, which
corresponds to variability in tissue concentration amongst the different sampling
stations. Further, the covariance between intercepts and slopes was invariantly
negative. This means that in stations where pollutant concentrations were initially
above average, the rate of reduction was more pronounced than in stations with
initially below-average concentrations.

All PCB congeners had significantly negative slopes indicating their gradual
reduction in the freshwater environment. Figures 2.5 presents the station-averaged
time profiles as well as the modelled trend line for PCB 153 and >PCB. Based on the
regression model, the back calculated average >PCB concentration of eel was
770.6 ng g™ wet weight in 1994 while for 2005, the regression model predicted an
average concentration of 125.3 ng g’ wet weight. It follows that the PCB
concentration of eel decreased with a modelled rate of 15% per year.

Also concentrations of most pesticides decreased significantly over time. This
was especially evident for a-HCH and lindane (Figure 2.6). Similar reductions were
modelled for HCB, dieldrin and endrin. Unexpectedly, concentrations of p,p’-DDT
increased over time but this effect was countered by significant reductions of the
metabolites p,p-DDE and p,p’-DDD (=TDE). As a result also >DDT decreased
significantly.

The most notable reductions in the tissue concentration of heavy metals were
observed for lead (Figure 2.7), arsenic, nickel and chromium. However, for the latter
three metals, the trend may be biased as data were available only since 2000. The
selenium concentration increased significantly but, similarly, data were only available
since 2000. No trend was observed in the concentrations of mercury and cadmium
(Figure 2.7).
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Table 2.2. Linear mixed models results and diagnostics of the regressions of the concentration of
contaminants and pesticides based in wet weight against time. This shows for each pollutant the total
number of samples, the model intercept Bo and slope Bi, the t-value and significance level P
corresponding to the slope and the partitioning of the variance over di; (variance of the random
intercepts), d,2 (variance of the random slopes), di» (covariance between random intercepts and random
slopes) and o, (residual variance). Scatterplots are presented in Figures 2.5-2.7. No model was
constructed for aldrin due to limited data.

n Bo B1 t P dyg diz dy, [}
PCBs
PCB 28 256 0.8376 -0.04317 -5.21 <0.0001 0.3195 -0.02793 0.003641 0.03427
PCB 31 256 0.6425 -0.03547 -5.18 <0.0001 0.1921 -0.01783 0.002404  0.02465
PCB 52 256 1.6996 -0.08075 -11.29 <0.0001 0.2484 -0.00309 0.001051 0.04559
PCB 101 256 1.9204 -0.07721 -10.61 <0.0001 0.2519 -0.00428 0.000721 0.05274
PCB 105 256 1.4554 -0.06607 -11.84 <0.0001 0.1775 -0.00559 0.000584  0.02855
PCB 118 256 1.9132 -0.0696 -11.22  <0.0001 0.2062 -0.00521 0.000744  0.03487
PCB 138 256 2.2845 -0.07387 -10.11 <0.0001 0.3354 -0.00876 0.000652 0.05414
PCB 153 256 2.3323 -0.05965 -8.03 <0.0001 0.3275 -0.0077 0.000726 0.05494
PCB 156 256 1.1426 -0.04289 -7.51 <0.0001 0.1887 -0.00342 0.000319 0.03424
PCB 180 256 1.9934 -0.06046 -8.18 <0.0001 0.316 -0.0056 0.000505 0.05767
>PCB 256 2.8874 -0.07143 -10.13 <0.0001 0.2781 -0.00333 0.000549 0.05103
Pesticides
a-HCH 256 0.4736 -0.04087 -11.06 <0.0001 0.05387 -0.00471 0.000318 0.01793
Lindane 256 2.118 -0.1653 -18.18 <0.0001 0.4585 -0.02463 0.000964  0.09491
Dieldrin 256 1.7184 -0.1215 -10.4 <0.0001 0.2883 -0.03071 0.004721 0.1112
Endrin 249 0.6146 -0.06479 -7.04 <0.0001 0.4175 -0.04744 0.005242 0.05075
HCB 256 1.0777 -0.04906 -8.67 <0.0001 0.1294 -0.0041 0.000435 0.03263
TDE 256 1.4564 -0.03919 -3.14 0.0022 0.4285 -0.05093 0.007281 0.1009
p,p’-DDT 256 -0.4265 0.1082 9.74 <0.0001 0.2697 -0.04518 0.007798 0.0659
p,p’-DDE 256 2.0327 -0.05871 -9.85 <0.0001 0.1329 -0.00755 0.000672 0.03453
>DDT 256 2.0939 -0.04403 -7.19 <.0001 0.1041 -0.00442 0.000384 0.04192

Trans-nonachlor 256 -0.2373 0.07239 8.64 <.0001 0.1892 -0.02658 0.004179  0.0356
Heavy Metals

Mercury 266 2.0107 -0.0008 -0.16 0.8708 0.08724 -0.00648 0.000637  0.02176
Cadmium 268 0.9845 -0.00143 -0.17 0.8645 0.1502 -0.00323 <0.0001 0.09567
Lead 268 1.8097 -0.02813 -3.16 0.0021 0.09827 -0.00915 0.001597  0.09254
Copper 191 2.6312 0.009044 1.2 0.2351 0.07991 -0.00456 <0.0001 0.03505
Zinc 191 4.4179 -0.00777 -1.29 0.2033 <0.0001 -0.00289 0.000823  0.01489
Nickel 191 2.4514 -0.08422 -4.55 <.0001 0.6791 -0.0376 <0.0001 0.21715
Chromium 191 25072 -0.02356 -2.32 0.0237 0.02888 -0.00125 <0.0001 0.05499
Arsenic 160 2.5802 -0.05309 -3.95 0.0003 0.03658 -0.00548 <0.0001 0.02548
Selenium 160 2.3095 0.05859 6.21 <.0001 0.1111 -0.00418 <0.0001 0.02592

28



Spatial variations and temporal trends in PCBs, OCPs and heavy metals

2DDT HCB
1000 |
=
R
()
E
@ i
2 100
-
(2]
X
(@]
=4
10
2PCB PCB 153
10000 - 10000 -
= | i
S 1000 1000
(&)
2
©
= 100 100
b
(o)
<
(@]
3
10 10
< D O~ 0 OO ©O 4 NN M S W < 0D O N 0 OO O 4 N M S W
DO DY OO O O O O O D OO O O O O O O O O
O O O O O O O O O O O O OO O O O O O O O O O O O
T 4 d 4 4 <4 N N N N N N I 4 +d 4 4 4 N &N N N NN

Figure 2.5. Temporal trends in average eel muscle tissue concentration of >DDT, >PCB, HCB and
PCB 153 at sampling stations that were sampled more than once between 1994 and 2005. The bold line
represents the average time trend which was modelled using a linear mixed model. See Table 2.2 for

the intercept and slope.
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Belgium, and in particular its northern region Flanders, suffers substantial
environmental problems. As a result, the country performs poorly in international
studies. Based on a recently established environmental performance index (Esty
etal., 2006), Belgium ranks 39" globally, last within the EU-25 and 26™ out of 29
OECD member countries. Essentially, environmental problems in Flanders relate to
the high human population density coupled with a historical lack of proper land use
planning. The landscape is characterized by a patchy distribution of urbanization,
industry, agriculture and nature. The high population density, as well as intensive
livestock production, and the economical development of chemical industries result in
a high pressure on the environment while at the same time, the fragmentation of the
landscape greatly reduces the possibilities of targeted actions and effective
environmental management. In particular, the management of water resources is an
issue of concern. Belgium lags behind in the EU and faces serious water challenges.
An additional problem is the trans-boundary aquatic pollution from neighbouring
countries via the main rivers (Scheldt and Meuse).

This paper compares the pollution profile of European eel caught in Flemish
inland waters with profiles reported elsewhere in Europe, using peer-reviewed papers
that presented quantitative contaminant data in eel muscle tissue. Where appropriate,
results were averaged while concentrations below detection limits were not
considered. The results of this literature survey, as well as references, were listed in
Tables 2.3-2.5. This comparison is not complete so we refer to Bruslé (1989) for
additional concentration ranges of heavy metals and to Robinet and Feunteun (2002)
for mean concentrations and ranges of different synthetic chemicals in yellow
European eel muscle tissue. Further, the comparison between our results and
published data was likely biased. Almost all the references that are included in Tables
2.3-2.5 focus on particular sites, where contamination was suspected, or are limited
to single rivers. In addition, reported concentrations are based on sample sizes that
were considerably smaller than in this study. Arguably, it was appropriate to also
include our basin-specific and individual maximum values in this comparison.

Average PCB contamination levels of Flemish eel fall within concentrations
reported for Western Europe. Data obtained from literature refer to inland waters of
Spain, Luxembourg, UK and The Netherlands. Average PCB concentrations in this
study were higher than those reported for River Turia (Spain), the Severn (UK) and
the Sur (Luxembourg) but comparable to those of eel caught in the waters nearby
Amsterdam (The Netherlands). Eel caught in River Moselle (Luxembourg) indicated
heavy PCB contamination. Individual maximum levels of the different PCB congeners
that were found in this study were, however, at least one order of magnitude higher
than the average concentrations given in Table 2.3. The proportion of samples
analysed in this study that exceeded the maximum reported average concentration
based on the literature reports varied between 1.1% for PCB 52 and 10.4% for PCB
156 (Table 2.3). This demonstrates that eel experienced substantial exposure during
the study period. In particular, eel captured in the basin of River Meuse were highly
loaded with PCBs. River Meuse runs through an important industrial area including
energy production and power transformation industries, which are possible historical
sources of PCB contamination. The PCB data reported for the Netherlands by de
Boer and Hagel (1994) proved to be particularly relevant to this analysis given the
similarities in sampling design. Our study differs with De Boer and Hagel (1994) in
that the Dutch monitoring programme mainly focused on contaminated sites in the
rivers Rhine and Meuse, sampled between 1977 — 1990. Our data were collected 15
years later and also include smaller sized rivers and brooks, where exposure was
assumed to be lower. Yet, we argue that the data presented in De Boer and Hagel
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(1994) may be used as a baseline against which the present PCB pollution in Flemish
eels can be evaluated. Average values reported in this study for individual PCB
congeners were four times lower than the average results presented in De Boer and
Hagel (1994). Then again, it appeared that 7.7% of our tissue samples tested for PCB
153 exceeded the baseline value based on De Boer and Hagel (1994) (Table 2.3).
For PCB 156 and PCB 180, the proportion of eel with total concentrations above the
average concentrations reported by De Boer and Hagel were 10.4% and 13%,
respectively. So, in spite of decreasing concentrations, still a significant proportion of
eel that was present in Flemish inland waters during the study period had a relatively
high PCB concentration.

Reported contaminant concentrations in European eel by different pesticides
were variable (Robinet and Feunteun, 2002). Apart from endrin, average
concentrations in the present study did not exceed any of the means reported for
other surface waters in Europe (Table 2.4). However, pesticide contamination in eel
muscle tissue was not evenly distributed in Flanders with high levels of lindane and
dieldrin in the basin of River Yser and above average DDT concentrations in the
basin of the Upper Scheldt. Using these basin-averaged data (Figures 2.2-2.3), it
appeared that pesticide tissue concentrations reported in this study are at the higher
end relative to values reported for the rest of Europe. Most data in Table 2.4 refer to
results for DDT derivatives and lindane. The incidence of the latter pesticide was
highest in the Severn and in the delta of River Rhone. In Flanders, lindane and
dieldrin peaked in the basin of River Yser, where land use is predominantly
agriculture. Ten sampling sites showed tissue concentrations >100 ng g™* wet weight,
evidencing high local body burden in fish. p,p’-DDE varied in Europe between 3.9 and
187.9 ng g™ wet weight and averaged 56 ng g™ wet weight which was considerably
lower than the average that was observed in the basin of the Upper Scheldt.

Only limited information of contamination by heavy metals in eel tissue was
available in the literature. Bruslé (1990) reviewed metal contamination ranges in eel.
Again, average concentrations do not differ much from reported ones as the pollution
was very much focused in particular river basins. This was especially evident for Cd
and Pb, which peaked in the basin of River Nete. The pollution in this river basin can
be related to the presence of different non-ferrous industries producing zinc, cadmium
and copper. As a consequence, heavy metals have been widespread in the local
environment.

In summary, average contamination of eel in Flanders falls within the range
of reported concentrations in other watersheds of Western Europe. However, spatial
partitioning of the data demonstrated that the variation in pollutant concentration was
positively skewed. This was especially evident for PCBs, lindane, endrin, dieldrin and
DDE. A similar conclusion was made for heavy metals.
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Spatial variations and temporal trends in PCBs, OCPs and heavy metals

Trends in eel contamination

In this paper, evidence was presented that the tissue concentration of some
persistent chemicals in European eel has declined. Time series of the tissue
concentration of PCBs and several pesticides showed a negative time trend. This
conclusion was based on the application of linear mixed models for longitudinal data.
This method was preferable to regressing annual averaged concentrations over time
since the data were clustered according to sampling stations and hence, not
independent from each other. The analysis demonstrated that river basins and
sampling sites had clearly different pollution profiles.

The observed decline of PCBs in eel tissue was in agreement with other
studies reporting on time series of contaminants in fish. PCBs were banned from the
EU in 1985 and since then, several time series have indicated decreasing levels of
contamination. A well known example was the decreasing trend of PCBs in human
breast milk in Sweden (Noren and Meironyte, 2000). In teleosts, significant declines
are reported for Spanish commercial fishes between 1995 and 2003 (Gomara et al.,
2005), in salmonids of Lake Michigan between 1972 and 1994 (Lamon et al., 1998)
and in Arctic char for the period 1960-1996 in Lake Vattern, Sweden (Lindell et al.,
2001). In Flanders, concentrations of >PCB in eel tissue were shown to have
decreased by 15% per year. This rate was in agreement with other studies in fish
(Lindell et al., 2001). Also the time series of lindane, a-HCH, dieldrin, endrin, and
HCB showed that bans and environmental policies lead to decreased concentrations.

A notable exception to this general decrease in persistent organic pollutants
was p,p-DDT. The linear model indicated an increase while at the same time,
p,p’-DDD and p,p-DDE showed significant decreases. However, it appeared that
p,p’-DDT decreased between 1994 and 2001 while concentrations increased again
after 2002. At first sight, the ratio between DDE and DDT was in all eel analysed >1,
suggesting that remaining DDT had not been recently reapplied. However, at some
locations in Flanders (Kanaal Dessel Schoten, Handzamevaart and leperkanaal) the
ratio between DDE and DDT rapidly decreased over a few years by an order of
magnitude of three. Such a steep decrease, even if the ratio was higher than one,
probably indicates recent application of DDT and shows that not all stock was
depleted. These results, as well as the recent observation of the human blood
samples, particularly of the juvenile population living outside urban areas, still contain
DDT (Steunpunt Milieu en Gezondheid, 2006) should urge regional policy makers to
make a serious attempt in order to collect remaining stock of banned pesticides.

Mercury, cadmium and lead are heavy metals of special concern as they tend
to bioaccumulate in the body. This study showed that only the concentration of lead in
eel muscle tissue was consistently decreasing between 1994 and 2005, which
possibly related to the gradual changeover from leaded to unleaded fuels and a
reduction of industrial emissions. Cadmium and mercury, however, remain common
environmental pollutants in the industrialized region of Belgium as there was no
evidence that exposure of eel to these metals was decreasing. For other metals, data
were available only since 2000 so a continuation of the sampling programme is
necessary to confirm the observed trends.

Eel as pathway of human exposure to pollutants

Both European and national legislative initiatives have established a
framework on maximum residue and contaminant levels in or on food and feed of
plant and animal origin including the Regulation (EC) No 396/2005 of the European
Parliament and of the Council (European Commission, 2005). The maximum
pesticide residue level (MRL) in foodstuffs is 0.01 mg kg™. This general limit is
applicable by default, i.e. in all cases where an MRL has not been specifically set for
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a product or product type. Definitive tolerances will be listed in Annex Il of the
regulation which is yet to be published. Until then, MRLs for pesticides in products of
animal origin established by Council Directive 86/363/EEC, as amended, are in force
(European Commission, 1986). For cadmium, lead and mercury, levels have been
established by Commission regulation (EC) No 466/2001 (European Commission,
2001). In February 2006, the European Commission (2006c) revised the maximum
levels for dioxins and dioxin-like PCBs in foodstuffs (Commission regulation (EC) No
199/2006). These limits evidently apply in Belgium, a member state of the EU.
However, the maximum limit for PCBs differs in Belgium in that the sum of the seven
indicator PCBs was used to adopt a maximum level. The European legislative
framework was used in this paper in order to assess the consumption quality of eel
(Table 2.6). In particular, the proportion of eel analysed in this study that exceeded
maximum residue or contaminant limits was calculated.

Table 2.6. Maximum residue and contaminant levels (MRL) in eel as adopted by different European
regulations and proportion of eel (%) captured in this study with tissue concentrations higher than this
maximum.

Substance MRL in eel or fish Proportion of non

compliant eel (%)

Pesticides (EEC/86/1986)

Endrin 0.01 mg kg™ wet weight 3.8
Dieldrin 0.2 mg kg™ wet weight 0.4
a-HCH 0.02 mg kg™ wet weight 0
Lindane 0.2 mg kg™ wet weight 2.3
Sum of DDTs 1 mg kg™ wet weight 0.5
HCB 0.1 mg kg™ wet weight 0.1
Trans-nonachlor 0.05 mg kg™ wet weight 0
Heavy metals (EC/466/2001)

Mercury 1 mg kg™ wet weight 0
Lead 0.4 mg kg™ wet weight 2.4
Cadmium 0.1 mg kg™ wet weight 1.0
Dioxines and PCBs (EC/199/2006)

Sum of dioxins 4 pg WHO-TEQ g™ wet weight -
Sum of dioxines and dioxinlike PCBs 12 pg WHO-TEQ g™ wet weight 32.0°
Sum of 7 indicator PCBs 0.075 mg kg™ wet weight* 75.4
! Belgian MRL

2 based on a regression equation between PCB153 and PCB TEQ (see text)
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Relative to maximum quantities as adopted by legislation, it appears that eel
tissue was, in general terms, compliant with European regulations for pesticides and
heavy metals. The incidence of different pesticides in fish tissue was related to land
use, so concentrations of lindane and dieldrin peaked in the western part of the
country (the basin of River Yser) which has intensive horticulture. In that basin 14% of
eels are non-compliant for lindane.

PCB concentrations in eel muscle tissue remain problematic. About 76% of
the analysed individuals and 78% of the sampling stations exceeded the maximum
level for human consumption. This maximum was based on the sum of seven
indicator PCBs which, in Belgium, was fixed at 75 ng g wet weight basis for fish.
This limit was established after the Belgian dioxin crisis in 1999. In the spring of 1999,
dioxin was introduced into the Belgian food chain via contaminated animal fat that
was used in animal feeds. Due to the subsequent awareness of the public to food
safety issues, the consumption of eel caught in public waters by anglers was
prohibited. However, this ban was lifted again in December 2005. In February 2006,
the European Commission established a maximum level for the sum of dioxins and
furans in muscle meat of eel (4.0 pg WHO-PCDD/F-TEQ g™ wet weight) as well as a
maximum for the sum of dioxins, furans and dioxin-like PCBs (12.0 pg WHO-
PCDD/F-PCB-TEQ g* wet weight) (European Commission, 2006c). Only two PCB
congeners that were included in this study have toxic equivalent factors for human
risk assessment. Neither the most toxic dioxin-like PCBs (congeners 126 and 169)
nor dioxins and furans were monitored in this study. Therefore, it was not possible to
directly assess the potential risks of consuming eel. As an alternative, De Boer et al.
(1993) demonstrated a highly significant, empirical relationship between the
concentration of PCB congener 153 in ng g™ wet weight and pg PCB TEQ g fresh
weight. Here, we used their equation to assess the risk of eel consumptlon In this
study, eel showed an average PCB 153 concentration of 223 ng g* wet weight, which
corresponds to 17.1 pg PCB TEQ g™ wet weight. So even without accounting for the
presence of dioxins and furans, an average sample of muscle meat of eel captured in
surface waters exceeds the maximum by a factor of two.

A meal consisting of 100 gram would result in a dietary uptake of 24 pg TEQ
g™ body weight for an adult person weighing 70 kg. It follows that dietary exposure to
PCBs by eating wild eel caught by angling exceeds the tolerable weekly intake that
was advanced by the Scientific Committee on Food of the EU, which is 14 pg TEQ
kg™ body weight (Communication/593/2001). These results do not take into account
the average dietary |ntake of dioxins and dioxin-like PCBs in the EU which was in the
range of 1.2-3 pg kg™ body weight per day. From that perspective, the consumption
of eel caught in the wild should continue to be discouraged.
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Levels of polybrominated diphenyl ethers (PBDESs),
hexabromocyclododecanes (HBCDs), and polychlorinated biphenyls (PCBs)
were measured in several fish species originating from the river Scheldt
(Belgium). Five sampling locations were chosen in a highly industrialized
area along the river, while two ponds in the vicinity of the river served as
reference sites. The present study is a follow-up of a survey performed in
2000 which reported extremely high levels of PBDEs and HBCDs in eel
(Anguilla anguilla) collected from the same location (Oudenaarde, Flanders).
The sum of tri- to hepta-BDE congeners (2 270 + 2 260 ng/g lipid weight
(LW), range 660 - 11 500 ng/g LW) and total HBCDs (4 500 + 3 000 ng/g LW,
range 390 - 12 100 ng/g LW) were one order of magnitude higher than levels
usually reported from freshwater systems, indicating the presence of point
sources. In most samples, levels of total HBCDs were higher than those of
PBDEs, probably due to the high density of factories using HBCD as an
additive flame retardant on the river Scheldt. The high values of HBCDs were
confirmed by both gas- and liquid chromatography-mass spectrometry.
Although BFR levels were between the highest ever reported in freshwater
ecosystems, PCBs could be detected at even higher concentrations (16 000
+ 14 300 ng/g LW, range 3 900 - 66 600 ng/g LW), being among the highest
levels recorded in Belgium. The inter-sampling site variation of PBDEs,
HBCDs and PCBs was comparable. All locations presented similar PBDE
congener profiles, with BDE 47 being the dominant congener, followed by
BDE 100, BDE 99 and BDE 49, probably originating from the former use of
the penta-BDE technical mixture. In order to estimate the impact of these
point sources on human exposure, we further focused on eels which showed
a considerable decrease in the PBDE and HBCD levels between 2000 and
2006. Due to the wide span in concentrations between the different sampling
locations, a variable contribution to the total human exposure through local
eel consumption was estimated. The calculated daily intake ranged from 3 ng
to 330 ng PBDEs/day for normal eel consumers, but was as high as 9 800 ng
PBDEs/day for anglers, which may be considered at risk.
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Introduction

Due to their widespread presence in the environment and their reported
possible adverse health effects, brominated flame retardants (BFRs), such as
polybrominated diphenyl ethers (PBDESs) and hexabromocyclododecanes (HBCDs),
have become the subject of intensive research (Birnbaum and Staskal, 2004; Covaci
et al., 2006). Elevated PBDE levels measured in various environmental and biological
samples have led to restricted use of Penta- and Octa-BDE technical mixtures in
Europe (Directive 2003/11/EC). However, the Deca-BDE technical product is still
used in large amounts (56 500 tons worldwide, 7 600 tons in Europe), mainly in
plastic housing for electric and electronic equipment, but also in upholstery textiles
(BSEF, 2007). Hexabromocyclododecanes (HBCDs) are widely used in a variety of
industrial and household appliances, such as polystyrene foams and upholstery
textiles, making this compound the second most used BFR in Europe (BSEF, 2007).
Despite restrictions/bans on their manufacture and use in most industrialized
countries since the 1970s, polychlorinated biphenyls (PCBs) can still be measured in
environmental samples due to their highly lipophilic properties which make them
persist in the environment, bioaccumulate through the food chain and cause potential
toxic risks to humans (Domingo et al., 2007).

BFRs can reach the environment through leaching during production and
application processes, through volatilization and leaching during use and through
particulate losses during use and disposal (Darnerud et al., 2001). In this way, point
sources often lead to contamination of adjacent aquatic systems and to increased
levels in aguatic organisms, such as fish. Since fish is an important part of the human
diet (Domingo 2004), the impact of point sources on human exposure have to be
closely monitored. This has been recently shown by Thomsen et al. (2008), where
contaminated fish from Lake Mjgsa, Norway contributed significantly to the human
dietary exposure to PBDEs. Indeed, high concentrations of BFRs and PCBs have
been previously measured in fish samples originating from the Scheldt basin and the
North Sea (de Boer et al., 2002, Belpaire et al., 2003, Voorspoels et al., 2003, 2004;
Baeyens et al., 2007), but human exposure profiles have yet to be calculated.

The present study aims firstly to give an overview of BFRs and PCBs
concentrations in various fish species along the river Scheldt in an area of intense
industrial activity (Oudenaarde, Belgium). This study is a follow-up of a survey
performed in 2000 (de Boer et al., 2002, Belpaire et al., 2003) which found extremely
high levels of PBDEs and HBCDs in European eel (Anguilla anguilla) from the river
Scheldt. The second part of this article mainly focuses on eel samples, firstly to
assess the impact of point sources on human exposure and secondly to exclude
confounding factors, such as lipid content and trophic level, which varies between
different species and therefore contribute differently to the overall BFR/PCB levels.
Due to its high lipid content and predatory feeding behaviour (Ddrner and Benndorf,
2003), eel is highly prone to bioaccumulate lipophilic contaminants (Ashley et al.,
2007; Storelli et al., 2007). Moreover, its sedentary way of life during the yellow eel
phase (Baras et al., 1998; Lafaille et al., 2005) reflects local pollution (Belpaire and
Goemans, 2007a,b). Eel and other fish species were collected in 2006 from the same
area and some adjacent locations. This enabled us to follow the temporal evolution of
BFR levels and the spatial characterization of the BFR contamination. Additionally,
the human dietary exposure through the ingestion of contaminated eel was calculated
for various scenarios, which include normal fish consumers, as well as risk groups,
such as local anglers.
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Materials and methods
Samples

Fish samples were collected in 2006 by electrofishing and fyke fishing from 7
different locations of the Scheldt basin around the city of Oudenaarde (west of
Brussels, Belgium). Two closed water bodies in the vicinity (locations L1 and L2)
were included as reference areas, while other sampling locations are numbered from
upstream (L3) to downstream (L7) of Oudenaarde (Figure 3.1). The distance between
L3 and L7 was approximately 15 km. A pooled eel sample (3 individual fishes) from
location L5 collected in 2000 was also made available for analysis.

A number of 35 (28 pooled and 7 individual) fish samples representing
various trophic levels were prepared from: eel (Anguilla anguilla), pike (Esox lucius),
pike-perch (Sander lucioperca), perch (Perca fluviatilis), bream (Abramis brama),
roach (Rutilus rutilus), topmouth gudgeon (Pseudorasbora parva), carp (Cyprinus
carpio), gibel carp (Carassius auratus gibelio), rudd (Scardinius erythrophthamus),
and tench (Tinca tinca) (Table 3.1). Equal amounts of fish were taken to compose
pooled samples, which were afterwards homogenized (using a robot mixer). Total
sample weight ranged between 3.3 and 20.6 g from which approximately 2 g was
taken for analysis. Fish were of variable length and weight, ranging between 9.0 -
58.6 cm and 6.7 - 1783 g, respectively. All samples were stored at —20 T in tightly
sealed plastic bags until analysis.
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Figure 3.1. Basin of the River Scheldt and situation of the sampling area, Oudenaarde (west of
Brussels). The different sampling locations are L1 (Scheyteput - Kluisbergen), L2 (Oude Schelde ‘Het
Veer: Oudenaarde - Melden), L3 (Schelde: Wortegem - Petegem - Molenbeek), L4 (Schelde:
Oudenaarde - Scheldemeersen), L5 (Schelde: Oudenaarde), L6 (Schelde: Zingem - Zwalmbeek), L7
(Schelde: Gavere - Asper).
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Table 3.1. Overview of the investigated fish samples. Values in brackets represent the number of

individual fish samples used to compose a pool.

Species Name Total Locations N Type (I or Lipid content

samples P)* (%)
L1 2 P(5), P(5) 0.9, 1.1
L2 1 P(10) 6.49
. . L4 1 | 13.9
Eel Anguilla anguilla 10 L5 3 P(s),P) | 18.9, 8.6 19.0

L6 2 P(4),P(5) 15.4, 20.1
L7 1 P(5) 14.3
L1 1 | 0.97
Perch - L3 1 | 0.63

Perca fluviatilis 5 La > P(7), I 0.80, 0.76
L5 1 P(8) 0.54
L4 1 P(2) 0.50
. . L5 1 P(6) 0.51
Pike-perch Sander lucioperca 4 L6 1 P(2) 031
L7 1 P(2) 0.55
L3 1 P(2) 2.03
Roach Rutilus rutilus 3 L4 1 P(19) 0.75
L5 1 P(13) 1.40

Carp Cyprinus_carpio 3 L4 2 P(2), P(3) 0.59, 1.09
carpio L5 1 P(3) 1.30
. L4 1 P(15) 0.61
Bream Abramis brama 2 5 1 P(15) 077
Gibel carp Carass_ius auratus 2 L4 1 P(10) 0.69
gibelio L5 1 P(10) 0.79
Topmouth Pseudorasbora > L3 1 P(4) 1.40
gudgeon parva L4 1 P(8) 1.09
o L4 1 P(2) 1.53
Tench Tinca tinca 2 5 1 P@3) 0.94
Pike Esox lucius 1 L5 1 | 0.35

Scardinius

Rudd erythrophthamalus ! L3 L : 1.07

| — individual; P - pool

Materials

PBDEs reference standards (BDE 28, 47, 49, 66, 99, 100, 153, 154, and 183)
were purchased from Wellington Laboratories (Guelph, ON, Canada) and
Accustandard (New Haven, CT, USA), while BDE 77 and 128, used as internal
standards, were from Accustandard. Standards of individual **C-HBCD and *°C-
HBCD isomers were purchased from Wellington Laboratories. The following PCB
congeners (IUPAC numbering) were targeted for analysis: 28, 31, 52, 74, 95, 99, 101,
105, 110, 118, 128, 138, 149, 153, 156, 163, 170, 180, 183, 187, 196 and 199. CB 46
and 143 were used as internal standards for the quantification of PCBs. All individual
PCB standards were obtained from Dr. Ehrenstorfer Laboratories (Augsburg,
Germany). All solvents used for the analysis (acetone, dichloromethane, iso-octane,
n-hexane, methanol) were of SupraSolv® grade (Merck, Darmstadt, Germany).
Sodium sulphate (Merck) and silica gel (0.063-0.200 mm, Merck) were pre-washed
with n-hexane and heated overnight at 150 T before use. Extraction thimbles (25 x
100 mm, Whatman®, England) were pre-extracted for 1 h with hexane/acetone (3/1;
v/v) and dried at 100 € for 1 h. Empty polypropylene columns for clean-up (25 ml)
were purchased from Alltech (Lokeren, Belgium).
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Sample preparation

The method used for sample extraction and clean-up has been previously
described and validated (Voorspoels et al., 2003, 2004), and minor modifications
were applied for the analysis of HBCDs. Briefly, a homogenised sample of
approximately 2 g fish tissue was weighed, homogenised with anhydrous Na,SO, and
spiked with internal standards (PCB 46, PCB 143, BDE 77 and BDE 128). Further,
the samples were extracted for 2 h by hot Soxhlet (Buchi, Flawil, Switzerland) with
100 ml hexane/acetone (3:1, v/v). The lipid content was determined gravimetrically on
an aliquot of the extract (105 €, 1 h) while the r est of the extract was cleaned-up on
~8 g acidified silica and successively eluted with 20 ml hexane and 15 ml
dichloromethane. The eluate was concentrated to approximately 2 ml using a rotary-
evaporator and further to near dryness under a gentle nitrogen stream. The dried
extract was reconstituted in 100 pl iso-octane and analysed for PCBs using gas
chromatography-mass spectrometry (GC-MS) with electron impact ionization (EI)
(method 1) and for PBDEs and HBCDs using GC-MS with electron-capture negative
ionization (ECNI) (method 2).

For confirmation of HBCD levels in eel samples (containing the
highest loads of pollutants), the same treatment was applied with minor modifications
(e.g. the addition of internal standard *C-a-HBCD). After extraction and clean-up, the
extract was analysed by GC-MS with EI (method 3) and with ECNI (method 4). The
remaining extract was evaporated to dryness and reconstituted in methanol for
analysis by liquid chromatography-mass spectrometry (LC-MS) (methods 5 and 6).

Analysis of PCBs (method 1)

An Agilent 6890 GC — 5973 MS system operated in El mode was equipped
with a 25 m x 0.22 mm x 0.25 pm HT-8 capillary column (SGE, Zulte, Belgium). The
ion source, quadrupole and interface temperatures were set at 230, 150 and 300 T,
respectively. One pl of the cleaned extract was injected in cold pulsed splitless mode
(injector temperature 90 T (0.03 min) rising to 300 T with 700 T/min), pressure
pulse 25 psi and pulse time 1.50 min. The splitless time was 1.50 min. Helium was
used as carrier gas at constant flow (1.0 ml/min). The temperature of the HT-8
column was kept at 90 € for 1.50 min, then increased to 180 € at a rate of 15
C/min (kept for 2.0 min), further increased to 280 < at a rate of 5 T/min and finally
raised to 300 C at a rate of 40 T/min, kept for 12 min. The MS was used in the
selected ion-monitoring (SIM) mode with 2 ions monitored for each PCB homologue

group.

Analysis of PBDEs and HBCDs (method 2)

An Agilent 6890 GC — 5973 MS system operated in ECNI mode was
equipped with a 15 m x 0.25 mm x 0.10 um DB-5 (J&W Scientific) capillary column.
The ion source, quadrupole and interface temperatures were 250, 150 and 300 <,
respectively. Helium was used as carrier gas at constant flow (1.0 ml/min) and with
methane as moderating gas. The MS was operated in SIM mode and the electron
multiplier voltage was set at 2100 V. One pl of the extract was injected in solvent vent
mode (injector temperature at 90 C, kept for 0.06 min, then increased with 700
C/min to 305 C, vent time 0.04 min, vent flow 75 ml/min). The splitless time was
1.50 min. The temperature of the DB-5 column was programmed from 90 <C, kept for
1.5 min, then increased with 15 T/min to 295 T, k ept for 15 min. lons m/z 79 and 81
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were monitored for the entire run and dwell times were set to 40 ms. BDE 77 and
BDE 128 were used as internal standards.

Confirmation of total HBCD levels by GC-MS

In this case, the ions [M-Br]” were monitored and this allowed the use of **C-
a-HBCD as internal standard. However, the intensity of the more specific ions [M-Br]
was much lower than that of ions m/z = 79 and 81, which lead to a serious decrease
in sensitivity. Consequently, only samples with high loads of HBCDs (eels from
locations L4 through L7) could be measured using these methods.

Method 3 used the same parameters as presented for method 1 (GC-El-
MS), with the exception that only ions m/z = 561/563 and 573/575 were used for
monitoring **C-HBCDs and **C-a-HBCD, respectively.

Method 4 used the same parameters as presented for method 2 (GC-ECNI-
MS), with the exception that only ions m/z = 561/563 and 573/575 were used for
monitoring **C-HBCDs and **C-a-HBCD, respectively.

Confirmation of individual HBCD isomers levels by L C-MS

Similar to methods 3 and 4, 13C-a-HBCD has been used as internal standard
for LC-MS analysis.

Method 5. Separation of a-, -, and y- HBCD was achieved using an Agilent
1100 LC system equipped with a Zorbax Cig reversed phase analytical column
(50 mm x 2.1 mm i.d., 3 um particle size). A mobile phase of (a) 10 mM ammonium
acetate and (b) methanol at a flow rate of 200 pl/min was used: starting at 85% (b)
hold for 6 min, then linearly increased to 100% (b) over 2 min, hold for 4 min. a-, B-
and y-HBCD were baseline separated with retention times of 3.0, 3.9 and 4.4 min,
respectively. The MS system was an Agilent XL ion trap operated in the ES negative
ion mode. Quantitative determination of the HBCD isomers was based on m/z =
640.6 and 652.4 for the native and **C-labelled HBCD isomers, respectively.

Method 6. Individual HBCD isomers were analyzed by LC-MS/MS using a
method described by Abdallah et al. (2008). Separation of a-, -, and y- HBCD was
achieved using a dual pump Shimadzu LC-20AB equipped with a Varian Pursuit
XRS3 Cy5 reversed phase analytical column (150 mm x 2 mm i.d., 3 um particle size).
A mobile phase of (a) 1:1 water/methanol with 2 mM ammonium acetate and (b)
methanol at a flow rate of 150 pl/min was used: starting at 50% (b) then increased
linearly to 100% (b) over 3 min; this was held for 5 min followed by a linear decrease
to 65% (b) over 2.5 min and held for 3.5 min. a-, 3- and y-HBCD were baseline
separated with retention times of 9.4, 9.9 and 10.3 min, respectively. The MS system
was a Sciex APl 2000 triple quadrupole mass spectrometer operated in the ES
negative ion mode. MS/MS detection operated in the multiple reaction monitoring
mode was used for quantitative determination of the HBCD isomers based on
m/z 640.6-> m/z 79 and m/z 652.4> m/z 79 for the native and **C-labelled HBCD
isomers, respectively.

Quality assurance
Multi-level calibration curves were created for the quantification and good
linearity (r*>0.999) was achieved for tested intervals that included the whole

concentration range found in samples. The area ratio between the analyte and
internal standard was plotted against the corresponding absolute amount ratio. The
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analyte identification was based on their relative retention times to the internal
standard used for quantification, ion chromatograms and intensity ratios of the
monitored ions for GC-MS or LC-MS. A deviation of the ion intensity ratios within
20% of the mean values of the calibration standards was considered acceptable.

The extraction, clean-up and analysis procedures were validated through the
regular analysis of procedural blanks, duplicate samples, recovery monitoring of
spiked samples and analysis of certified material SRM 1945 (PCBs and PBDEs in
whale blubber). Obtained values were deviating with less than 15 % from the certified
values. The quality control scheme is also assessed through regular participation to
interlaboratory comparison exercises organized by Arctic Monitoring Assessment
Programme (AMAP) and the US National Institute for Standards and Technology
(NIST), for which the obtained values did not vary with more than 15% from the target
values. Similarly, the quality of HBCD measurements (by GC-ECNI-MS, method 2)
was ensured through successful participation to the interlaboratory exercise
organised by the Norwegian Institute for Public Health (Haug et al., 2008).

For each analyte, the mean procedural blank value was used for subtraction.
The instrumental LODs and LOQs were calculated for a signal/noise (S/N) ratio equal
to 3 and 10, respectively, at the chosen quantification ion(s). The method LOQs were
calculated as 3 x SD of the procedural blanks, taking into account the amount of
sample taken into analysis (approximately 2 g). Limit of quantification (LOQ) for
individual PBDE congeners and total HBCDs (by method 2) ranged between 2 - 5
ng/g lipid weight (LW), while LOQs for PCBs ranged between 4 - 10 ng/g LW.
Samples with concentrations below LOQ (which were few in number) were calculated
as f*LOQ with “f” being the fraction of samples above LOQ. Recoveries for individual
PBDEs and PCBs were assessed through spiking experiments and ranged between
72 and 104 %, while recoveries for a-HBCD were between 65 and 90 %.

Results and Discussion
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Geographical variation

Results from the measurements of PBDEs and HBCDs (ng/g LW) are presented
in Figure 3.2A (all species together) and Figure 3.2B (only eel), while PCB results are
presented in Figure 3.3 (all species together). Due to the diversity in the collected
species and their physiological differences, such as lipid content, feeding behaviour
and degree of biomagnification for various contaminants, every species contributes
differently to the overall contamination pattern at each location. Therefore, both a
general overview including all species and a separate discussion of eel samples, are
given. This enables us to compare an average contamination profile in a wide variety
of fishes with one defined species with high lipid content and a sedentary lifestyle
(eel), which would most probably be the most suitable indicator for the local pollution.
L1 and L2 are not directly situated on the stream and were included in this study to
test for possible atmospheric contribution to the contamination of the aquatic
environment. Our results show high contamination levels along the river Scheldt (L3
through L7), but not in the ponds (L1 and L2) vicinal to the river. Atmospheric
contribution to BFR contamination in water seems to be less important than the direct
contamination through the water. However, it should be mentioned that other factors
besides atmospheric deposition can possibly influence the BFR or PCB levels at
locations L1 and L2, but this seems to be minor in importance compared to
contamination at locations L3-L7. Hence, these locations (L1 and L2) can be seen as
reference locations for this study. L3 and L4 are located upstream of Oudenaarde. L5
has been chosen due to the high contamination levels measured at this location in
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2002 (de Boer et al., 2002; Belpaire et al., 2003). Possible point sources of
contamination include local textile industry located in Oudenaarde and surroundings.
L6 and L7 are both situated further downstream from the industrialized areas and
serve to estimate the (more) remote influence of the textile industry.
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Figure 3.2. Geographical variation of sum PBDEs and total HBCD levels (ng/g LW) of all analyzed fish
samples (A) and eel samples (B). Mean values are calculated for each locations, while standard
deviations are indicated as error bars.
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Figure 3.3. Geographical variation of sum PCBs (ng/g LW) of all analyzed fish samples. Mean values
are calculated for each locations, while standard deviations are indicated as error bars.
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a) All species

PBDEs and HBCDs were detected in all analyzed fish samples. The sum of
PBDEs (BDE 28, 47, 49, 66, 99, 100, 153, 154, and 183) for locations L3 to L7
ranged between 660 and 11 500 ng/g LW, with mean + SD being 2 270 + 2 260 ng/g
LW. Values of total HBCDs ranged between 390 and 12 100 ng/g LW, with mean +
SD being 4 500 + 3 000 ng/g LW. Median concentrations for both BFRs (1 550 ng/g
LW and 3 440 ng/g LW for PBDEs and HBCDs, respectively) differed only slightly
from average values. Concentrations of BFRs at L1 and L2 were negligible in
comparison to L3-L7, both for sum PBDEs, as for total HBCDs (L1: 40 and 70 ng/g
LW, L2: 100 and 150 ng/g LW, respectively). In most samples, HBCDs were found at
higher levels than PBDEs (Figure 3.2A), suggesting a high density of industrial
activities which use HBCDs as FR. It should be emphasised that also distant
locations L6 and L7 show high levels of HBCDs and this underlines the impact of
industrialised areas on the aquatic system, both at local and regional scale.

Although PBDE and HBCD levels are on the higher end of the scale
considering values reported in previous studies (see further), reported PCB levels (16
000 + 14 300 ng/g LW, range 3 900 - 66 600 ng/g LW) were also very high. This
might imply higher persistency of PCBs combined with higher pollution degree from
past activities in the area.

b) Interspecies variation in PBDE and PCB profiles

In carp, eel and perch, the following PBDE congeners contributed most to the
sum of PBDEs in descending order: BDE 47 > BDE 100 > BDE 99 ~ BDE 49 (Figure
3.4). The observed profile is similar to the composition observed in fish samples
collected from around the world and points to the former use of the Penta-BDE
formulation as a contamination source to these food webs (Luross et al., 2002). Eel
samples, together with perch, contained high percentages of BDE 47 (~ 60%) and
BDE 100 (~ 15%), together with lower percentages of BDE 99 (~ 6%) than would be
expected (Ashley et al., 2007). Lepom et al. (2003) also reported 5-10 times higher
BDE 100 than BDE 99 in pike-perch, bream, and eel from the Elbe river, Germany.
Carp had even a lower contribution of BDE 99 to the sum PBDEs and higher
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percentages of BDE 47 (Figure 3.4). PBDE patterns seem to be strongly influenced
by species dependent metabolism (Ashley et al., 2007) and seem to be less related
with sampling location. Carp is known for its capacity to metabolise BDE 99 to lower
brominated BDE congeners, such as BDE 47 (Stapleton et al., 2004a,b; Hakk et al.,
2003). The same can be seen for eel though to a lesser extent (Ashley et al., 2007).

PCB 153 was the most dominant congener, accounting for 12 % of the sum
PCBs, closely followed by PCB 138 (11 %) and PCB 149 (7 %). The spatial
contamination pattern was comparable with PBDEs. L1 and L2 were the least
contaminated sampling sites, whereas L6 contained the highest PCB level (Figure
3.3). PCB levels accounted for the majority of the contamination.
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Figure 3.4. Average PBDE congener profiles in eel, carp and perch samples.

c) Eelsamples

The sum PBDEs in the analysed eel samples from L4-L7 ranged between
660 and 1 010 ng/g LW (mean + SD = 830 * 150 ng/g LW), while total HBCD values
were higher and ranged between 2 600 and 10 100 ng/ LW (mean + SD =7 900 + 3
100 ng/g LW). PBDEs could be measured in every sample (Figure 3.2B).
Concentrations of BFRs measured at L1 and L2 (reference area) were negligible in
comparison to the other locations. When concentrating exclusively on eel data,
differences in the contamination pattern can be seen. The HBCD levels in eels are
higher than for the combined species, while PBDE levels seem to be lower. This
probably suggests that the chosen locations are indeed more contaminated with
HBCDs and that eel, as a sedentary species, is a good indicator of local pollution in
comparison to other species, which have a more migratory lifestyle. Moreover,
congener-specific differences in the uptake and biotransformation of PBDES, together
with a higher lipid content of eels may be responsible for the observed dissimilarities.

The sum PCBs in eel samples from locations L4-L7 ranged between 4 600 -
12 000 ng/g LW, with mean + SD being 8 000 + 2 700 ng/g LW. The spatial
contamination pattern was comparable with PBDEs.
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Temporal variation

The present study was initiated by the results of a previous survey by de
Boer et al. (2002) reporting by GC-MS very high HBCD and PBDE concentrations (33
000 and 30 000 ng/g LW, respectively) in eels collected in 2000 from the river Scheldt
at location L5. Strangely, the reanalysis of these samples by LC-MS indicate lower
total HBCD levels of 266 ng/g LW (Morris et al., 2004). No obvious reasons regarding
the analytical methods could explain this large difference in concentrations.

For the present study, a pooled sample from 3 individual eel samples
originating from the same location as in 2000 was prepared once more and analysed.
The HBCD and PBDE concentrations by GC-ECNI/MS were 35 000 and 26 500 ng/g
LW, confirming thus the findings of de Boer et al. (2002). The concentrations obtained
in pooled eel from 2000 are higher than the levels in the pooled eel samples from
location L5 samples in 2006 (mean PBDEs: 780 ng/g LW, mean HBCDs: 10 000 ng/g
LW).

An overall descending trend in the contamination with BFRs was observed
from 2000 to 2006. For PBDEs, levels have decreased by a factor 35 (26 500 to 780
ng/g LW), whereas for HBCDs, the decrease was less evident, (35 000 to 10 000
ng/g LW). Note that also muscle fat content decreased considerably (See also
Chapter 6). Based on these results we can conclude that fish living in this area seem
to be less exposed to PBDEs than 6 years ago. This is probably due to the restriction
regarding the use of the Penta-BDE technical mixture (since 2004), a better
environmental management and a raising awareness concerning PBDEs. However,
since there are no restrictions regarding its usage, HBCD can still be detected in
large quantities, especially in aquatic environmental samples taken next to
industrialized areas, where it is used in specific applications. The slight decrease in
the concentrations of HBCDs in eels observed between 2000 and 2006 might indicate
that HBCD is slowly being replaced by other (brominated) flame retardants for which
no risk assessment is available.

Table 3.2. Concentrations of total HBCDs (ng/g wet weight) in 6 eel samples from 2000 and 2006. Each
sample has been analysed using 3 GC-MS and 2 LC-MS different procedures.

Total HBCDs (ng/g WW)
Lipids Method 2 Method 3 Method 4 Method 5 Method 6

Year Location
(%) GC-MS GC-MS GC-MS LC-MS LC-MS-MS
ECNI (79) El (M-Br) ECNI (M-Br) ion trap triple qua d.
2006 L4 13.9 360 470 420 500 610
2006 L5-pool 1 8.6 1050 640 570 710 510
2006 L5-pool 2 19.0 1420 1190 1130 1180 1090
2006 L6 15.4 1320 1160 1060 1150 890
2006 L7 14.3 900 670 620 940 440
2000 L5 24.0 8400 6900 7220 8140 7770
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GC-MS vs. LC-MS

To underline the quality of the presented data, reported HBCD concentrations
obtained by GC-MS (methods 2 - 4) were confirmed by LC-MS (methods 5 and 6). An
overview of the obtained concentrations is given in Table 3.2. A high degree of
comparability can be seen between the results issued with various methods, thus
increasing the confidence in the results present in this study. The GC methods do not
allow individual isomer data, but they give a very good estimation of the total HBCD
concentrations. Unfortunately, for GC-MS measurements, there was tremendous
loss in sensitivity (~50 times less sensitive) when specific ions m/z = 561 and 573, for
native and *C-labelled HBCD, respectively, were used instead of m/z = 79 and 81.
The use of ion m/z 561 corresponding to the ion [M-Br] enhances the method
selectivity and results in a better structural confirmation of HBCD. However, this
enhancement in method selectivity is accompanied by a decrease in sensitivity as the
peak at m/z 561 is much less intense than the “traditionally” monitored peak at m/z
79. Therefore, GC-MS measurements with 1Bc.a-HBCD as internal standard could
only be performed in a limited set of eel samples containing high concentrations of
HBCDs. However, since most fish samples had low HBCD concentrations (due to low
lipid contents), previous discussion of levels and profiles was based on results issued
with method 2.

In contrast to GC, no degradation was observed for the native or **C-labelled
HBCD standards when LC was used, because the analytes are not subjected to high
temperatures throughout the analysis. Moreover, the LC-MS methods allow the
separation of individual HBCD isomers (Figure 3.5), while the use of “*C-a-HBCD
improved greatly the measurements. The two LC-MS methods were similar, yet the
ion-trap method was less sensitive and therefore could be applied only in samples
with high concentrations (such as the analysed eel samples).

Intens.

x10 4 o-HBCD

1¥C ¢-HBCD

T
10 15 2.0 25 3.0 35 4.0 45 Time [min]

Figure 3.5. Typical LC-MS chromatogram for an eel sample from location L5.
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Comparison with other studies

To compare our eel data with levels reported in other studies, only the
predominant congeners, BDE 47 and PCB 153, were further discussed (Table 3.3).

Table 3.3. Mean (or median) concentrations of BDE 47 and PCB 153 in eel samples from various
studies. When available, standard deviation or ranges are also given.

Country Location BDE 47 (ng/g WW) Reference
Belgium Reference location (L1) 1.56 (0) Present study
Oudenaarde (L5) 76.4 (15)
Belgium Kanaal leper - Yzer 2.59 (0.007) Covaci et al. 2005
Oude Maas 1.58 (0.9)
Zuun 1.26 (0.07)
Watersportbaan 10.08 (10.08)
Japan Inland sea of Seto 0.067 - 0.12 Akutsu et al., 2001
France Loire 0.13-0.57 Bragigand et al., 2006
Seine 2.67-7.84
Country Location PCB 153 (ng/g WW) Reference
Belgium Reference location (L1) 6.9 (0) Present study
Oudenaarde (L5) 191.8 (46.9)
Belgium Flanders (1994-2005, n=2526g ! 211.9 (430.3) Maes et al. 2008
Belgium Flanders (1994-2001, n=261) 166.3 (1.8 - 2818) Goemans et al. 2003
Italy Adriatic sea 18.6 (2.9) Storelli et al. 2007
Spain River Turia 1.23-16.1 Borajandi et al. 2003
Germany Berlin 202.9 (147.1) Fromme et al. 1999

* means of individual eels; 2 means of mean concentration of all eels per location
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Covaci et al. (2005) reported levels and distribution of PBDEs in eel samples
originating from Flanders, Belgium. Eel liver samples were collected from 4 different
locations (1 canal and 3 ponds) of which 3 locations seemed to be less contaminated
with BDE 47 (levels between 1.3 — 2.6 ng/g wet weight (WW)), whereas one location
had an average concentration of 10 ng/g WW. The levels reported by Covaci et al.
(2005) are in the same range as the reference areas (L1 and L2) in the present study.
Concentrations of BDE 47 in samples taken in the vicinity of Oudenaarde (mean 76
ng/g WW at L5) are one order of magnitude higher than reported elsewhere in
Flanders. Akutsu et al. (2001) analysed eel samples collected from the inland sea of
Seto, Japan. BDE 47 was the most abundant congener with levels between 0.07 —
0.12 ng/g WW. This is 10 times lower than levels reported for our reference areas L1
and L2 and several orders of magnitude lower than L3 to L7. Bragigand et al. (2006)
monitored PBDE levels in aquatic food webs from French estuaries. Eel samples
were collected in the Loire and the Seine and BDE 47 ranged between 0.13 — 0.57
and 2.7 — 7.8 ng/g WW, respectively. The levels are also much lower than the levels
reported in the present study.

A recent study was performed by Ashley et al. (2007) on American eel
species (Anguilla rostrata) originating from the river Delaware (USA). In total 17 eel
homogenates were analysed for 27 PBDE congeners. Total PBDE concentration
ranged between 1.2 and 157 ng/g WW, with two outliers of 373 and 408 ng/g WW.
Concentrations of PBDEs in the river Delaware exceeded the values found in the
river Scheldt, but, similar to the present study, the PBDE values were consistently an
order of magnitude lower than the PCB levels.

Results from the Flemish Eel Pollutant Monitoring Network focusing mainly
on PCBs and organochlorine pesticides in eels were reported by Goemans et al.
(2003) and Maes et al. (2008). Goemans et al. (2003) reported a mean PCB 153
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concentration for Flanders (1994-2001) of 166 ng/g WW. Maes et al. (2008)
considered all eels caught and analysed in Flanders over the period 1994 to 2005.
The mean PCB 153 concentration for these eels was 212 ng/g WW. Both papers
show mean concentrations of PCB 153 which are much higher than our reference
area (6.9 ng/g WW), but similar to the industrialized sampling locations around
Oudenaarde (192 ng/g WW).

PCBs were measured in eels from the Adriatic Sea by Storelli et al. (2007).
PCB 153 was present at 18.6 ng/g WW, higher than our reference area, but much
lower than industrialized sampling locations around Oudenaarde. Bordajandi et al.
(2003) analysed European eel from the river Turia in Spain. The PCB 153 level
reported (5.9 ng/g WW) was on the low end of the results in the present study. Eel
samples collected in Berlin showed average PCB 153 levels of 202 ng/g WW
(Fromme et al. 1999). High standard deviations were due to discrimination in eel
samples from Western and Eastern Berlin, resulting from the historic division of
Berlin. In West Berlin, PCBs were extensively used in the past, but in the Eastern
areas of the city (the former GDR) their use was limited. As a consequence, eel
samples from West Berlin had higher PCB loads than those from East Berlin.

Influence of the consumption of contaminated fish o n human exposure

As seen in the previous section, the concentrations of BFRs and PCBs in eel
samples vary considerably according to the waters where they were collected. Since
fish is an important part of human diet, the consumption of contaminated fish can lead
to an unwanted increase in the body burden for the contaminants in cause.

To investigate which food items, including fish, influence human dietary
intake significantly, intake of various food products in g/day were extracted from the
literature (Voorspoels et al., 2007; Voorspoels et al., 2008). The mean dietary intake
of PBDEs and PCBs from these different food groups were calculated by multiplying
the average theoretical daily consumption of each category with the corresponding
concentrations. Results are presented in Table 3.4.

The present study revealed a wide concentration range of both BFRs and
PCBs in eel samples collected from the river Scheldt and with this, it has raised the
question if the consumption of contaminated eel has an important impact on human
exposure. Therefore, exposure profiles to PBDEs, PCBs and HBCDs through eel
consumption originating from L1 (less contaminated) and L5 (most contaminated
location) were calculated (Table 3.4).

Assuming that an adult consumes a daily average of 2.9 g eel (Bilau et al.,
2007), he would be exposed to 2.5 ng PBDE/day if this fish originates from L1,
whereas he would be exposed to 330 ng PBDE/day if the fish originates from L5
(130-fold difference). The same calculation can be made for HBCDs (L1: 3.2 vs. L5: 4
350 ng/day) and PCBs (L1: 119 vs. L5: 3 600 ng/day). Note that when eating the
same amount of eel from the reference location L1, an average adult would be
substantially more contaminated with PCBs, while eating eel from L5 would lead to a
higher contamination with HBCDs. Acceptable daily intakes (ADI) have been set only
for PCBs at 20 ng/kg body weight/day (WHO 2003). For an adult of 60 kg, the ADI is
thus 1200 ng/day. In our case, only eel from L1 is approved for consumption,
whereas eel from L5 exceeds this recommendation by a factor of three.

Keeping in mind that only average intakes were taken here into account, one
could imagine extremely high levels, exceeding the reference value for risk groups,
such as local anglers. Bilau et al. (2007) reported also consumption information for
these risk groups. Two different scenarios were assumed: group A consists of
fishermen who always take their catch home and eat all of it (86 g/day) and group B
includes anglers who sometimes take their catch home and eat half of it (12 g/day).
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Both groups eat considerably more eel than the average population (2.9 g eel/day).
Fishermen A are therefore exposed to 72 or 9 800 ng PBDE/day if fish originates
from L1 or L5, respectively and fishermen B to 10 or 1 360 ng PBDE/day,
respectively. The same calculation can be made for HBCDs where fishermen A are
exposed to 94 (L1) vs. 127 500 ng/day (L5) and fishermen B to 13 (L1) versus 18 000
ng/day. For PCBs, values exceeded the ADI for fishermen A at both locations (3 500
versus 107 000 ng/day) and for fishermen B only at L5 (14 900 ng/day). Results are
summarized in Table 3.4.

Average daily consumption of freshwater fish, such as trout, pike and perch,
from the lake Mjgsa (Norway), highly contaminated with PBDEs by the local industry,
was around 25 g for local anglers. The mean sum PBDEs consumption was
calculated as 47 ng/kg body weight/day (for an adult of 60 kg) (Thomsen et al., 2008).
Assuming that our fishermen eat identical amounts of eel, PBDE intake resulting from
fish consumption are very comparable (2 840 ng/day for eel from Oudenaarde and 2
820 ng/day for freshwater fish from lake Mjgsa).

Table 3.4. Estimated dietary intake from different food groups (ng/day) in Belgium. PBDE and PCB daily
dietary intake were taken from Voorspoels et al. (2007) and Voorspoels et al. (2008), respectively.

Estimated daily PBDE intake HBCD intake PCB intake
consumption * (g) (ng/day) * (ng/day) (ng/day) *
Fish and 30 14 n.a. 220
seafood
Meat products 150 15 n.a. 130
Cheese 30 6.5 n.a. 83
Eggs 30 5.1 n.a. 51
Butter 5 4.1 n.a. 22
Fast food 20 2.4 n.a. 37
Total 48 n.a. 540
Normal
consumers
Eel location 1 2.9 2.5 3.2 119
Eel location 5 2.9 330 4 350 3600
Fishermen A
Eel location 1 86 72 94 3500
Eel location 5 86 9 800 127 500 107 000
Fishermen B
Eel location 1 12 10 13 493
Eel location 5 12 1360 18 000 14 900

! . as taken from reference Voorspoels et al., 2007; - upper bound intake (not detected substituted with LOQ); n.a. -
not available

Conclusions
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The textile industry is likely the cause of elevated BFR levels in fish from
Oudenaarde on the river Scheldt. However, other sources, such as improper
wastewater treatment, cannot be excluded. At all locations, HBCD had a higher
contribution than PBDEs to the BFR contamination levels. Comparing these data with
the same region 6 years ago, levels have decreased, but still remained higher than
other locations in Flanders. Several European studies reported PBDE levels which
were at least one order of magnitude lower. This is reflected in a high contribution of
contaminated fish to the total dietary intake of PBDEs of the local anglers.
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Contributions to the dietary intake were in the same order of magnitude as for the
highly contaminated lake Mjgsa in Norway. For obvious reasons, stakeholders (fish
stock managers and human health protectors) should avoid fish consumption of this
part of the Scheldt with all legal and practical means. Further studies should be set up
to determine how far this contaminated area extends over the whole river.
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Twenty eel from various inland water bodies in Flanders (Belgium) were
analysed for a total of 52 VOCs. The most prominent VOCs are the BTEX
and a number of chlorinated compounds such as chloroform and
tetrachloroethene. The observed levels could be linked to the major emission
sources and the present study gives new evidence that combustion of fossil
fuels is a major source of BTEX in the environment.

The concentration levels in eel seem to be a reflection of the actual
concentrations in their environment. For fish from the same location similar
patterns and concentrations were observed, and the concentrations agree
with what can be expected from those of the water column. Generally
speaking, the observed concentrations do not seem to pose a threat for
organisms. More definite statements will, however, require a larger dataset.

The study suggests that yellow eel can possibly be used as a biomonitor or
sentinel organism for VOCs.
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Introduction

Volatile organic compounds (VOCs) are well-known atmospheric
contaminants that are frequently determined in air, drinking water, fresh water,
effluents and soils (Anderson et al., 1991, Dewulf et al., 1998; Sweet and Vermette,
1992). Most representatives of the group are important industrial compounds with a
high annual production (OECD, 2001) which can be anywhere in the range from
several hundred thousand tonnes for e.g. tetrachloromethane, to more than 10 billion
tonnes for benzene (Howard, 1990; WHO, 1993). In Belgium, the emissions of the
chlorinated hydrocarbons (CHCs) chloroform, 1,1,1-trichloroethane, and tri- and
tetrachloroethene, exceed those of e.g. lead, lindane and atrazine (Anon, 1995).
Moreover, benzene, toluene, ethylbenzene and the xylenes (BTEX) are important
additives to unleaded gasoline and are present in crude oil. Several international
organizations therefore regard VOCs as compounds with a high research priority
(Ministerial Declaration of the 3rd International Conference on the Protection of the
North Sea, 1990; Ministerial Declaration of the 4th International Conference on the
Protection of the North Sea, 1995).

The low values of the logarithm of the octanol-water partition coefficients (log
Kow) Of the VOCs, typically, 1-2, led to the general belief that bioconcentration should
be considered insignificant (Howard, 1989; Howard, 1990). As a result, the presence
of VOCs in organisms was studied by a limited number of research groups only and
there are few recent findings in the literature (Roose and Brinkman, 2001). The
considerable analytical problems associated with the determination of these
compounds in environmental matrices, specifically in biota, can be regarded as
another reason for the lack of information. It was somewhat surprising, therefore, that
recent studies showed the general presence of a number of important VOCs in the
tissue of marine organisms from different levels of the food chain (Roose and
Brinkman, 2001). It was also found that the concentration levels in marine organisms
were up to a thousand times higher than those in the surrounding water. The
bioconcentration factors calculated from these data were generally higher than those
reported in the literature. A possible explanation is the continuous exposure of
organisms to low or even undetectable levels of these compounds in the water
column. Determination in the water column alone is, therefore, insufficient.

Aquatic organisms can, and have been, used successfully to monitor
contaminants in various ecosystems, especially when the concentrations of these
compounds in the water column are extremely low (de Boer and Hagel, 1994). For an
organism to become a potential biomonitor or sentinel organism, several criteria
should be fulfilled. First and foremost, the organism should reflect the actual condition
of the surrounding water column. This implies that it should show little or no migratory
behaviour and that the species should commonly occur in the area under
investigation. The yellow eel, Anguilla anguilla L., appears to be a most adequate
indicator organism for the pollution status of freshwater environments. Eels are
benthic fish which have a widespread geographical distribution. They are carnivorous
organisms that predate mainly on insect larvae, worms, crustaceae, snails, mussels
and fish, in particular small bottom-dwelling species. Moreover, yellow eel has a high
proportion of lipids in its body, which facilitates the accumulation of lipophilic
contaminants. The accumulation is further promoted by the fact that no spawning
occurs during the eels’ stay in inland waters. Eel is also essentially sedentary and
normally does not migrate (de Boer and Hagel, 1994). The same authors showed that
yellow eel reflects rapid changes in the concentrations of organic contaminants in the
surrounding water.

67



Chapter 4

In this study, a limited number of eel, which have been sampled as part of a
routine monitoring programme, were analysed by means of a previously developed
method (Roose and Brinkman, 1998a) for their VOC content. The study is intended
as a screening exercise to get an impression of the concentration levels of VOCs in
yellow eel, the potential environmental hazard and the possibility of the future use of
yellow eel as an indicator organism.

Materials and methods

Samples and sampling

Eels were sampled by means of either electrofishing along river banks, fyke
fishing or seine netting. Samples were initially collected in the framework of the fish
stock assessment programme of the Institute for Forestry and Game Management
which aims at monitoring fish and the biotic integrity of riverine and lacustrine waters
all over Flanders. The samples were subsequently analysed for their PCB,
organochlorine pesticide and heavy metal content, in the framework of this study, for
the presence of VOCs. An overview of the seventeen inland water stations is given in
Table 4.1. The stations can be characterized as rivers (>10 m width, 3 stations),
brooks (< 10 m width, 2 stations), canals (6 stations) and enclosed water bodies such
as ponds (6 stations). They are located in rural as well as in densely populated
industrial areas (Figure 4.1). Twenty eels were selected from the 30-70 cm size range
(Table 4.1).

Samples were wrapped in aluminium foil and stored at -28C in an airtight
freezer located in a solvent-free area.

Lipids were measured by total lipid extraction following Bligh and
Dyer (1959).

Figure 4.1. Sampling locations in the region of Flanders (Belgium) (Source: OC Gis Vlaanderen and
AMINAL, Water Section; see also Table 4.1).
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Table 4.1. Overview of sampling stations® and sampled eel.

No Location Type of Surroundings River basin Length Weight Lipid
water (cm) (9) content (%)

1 Leie, Menen River Industrial Leie 65 467 33
2 Albertkanaal, Langerlo Canal Industrial Demer 67 616 31
3 Kanaal Leuven-Dijle, Tildonk Canal  Industrial Dijle-Zenne 57 390 30
4 Groot Zuunbekken, St.-Pieters-Leeuw Pond Industrial Dijle-Zenne 55 321 9

5 Kanaal Leuven-Dijle, Tildonk Canal  Industrial Dijle-Zenne 50 251 33
6 Grensmaas, Molensteen River Rural Maas 67 601 26
7 Oude Leie Ooigem Pond Rural Leie 62 411 24
8 Witte Nete, Dessel River Rural Nete 52 281 16
9 Pond at Rijksdomein, Hofstade Pond Rural Dijle-Zenne 65 625 29
10 Grensmaas, Molensteen River Rural Maas 57 365 23
11 Zandwinningsput, Weerde Pond Industrial Dijle-Zenne 60 385 25
12 Albertkanaal, Langerlo Canal  Industrial Demer 37 539 33
13 A, Poppel Brook  Rural Maas 45 177 16
14 Kanaal Bocholt-Herentals, Blekerheide Canal Industrial Maas 51 262 30
15 Oude Leie, Wevelgem Pond Industrial Leie 57 307 25
16 Putten van Niel, Niel Pond Industrial Benedenschelde 45 181 20
17 Kanaal Bocholt-Herentals, Sluis Canal Industrial Nete 50 262 24

Herentals

18 Warmbeek, Achel Brook Rural Maas 53 277 16
19 Darse, Vilvoorde Canal Industrial Dijle-Zenne 47 191 31
20 Kanaal Beverlo, Leopoldsburg Canal  Industrial Nete 59 321 21

" Also see Figure 4.1

Analytical methodology

A detailed description of the analytical methodology is given elsewhere
(Roose and Brinkman, 1998a; Roose and Brinkman, 1998b). Briefly, biological tissue
is first homogenised at OC in an ultra-turrax blender and transferred to a 40-ml vial.
After addition of 25 ml of water and the internal standard (1,1,1-trifluorotoluene), the
homogenate is treated for 20 min at 0T in an ultra sonic bath to further disrupt the
tissue. The glass vessel is then connected to a Tekmar (Cincinnati, OH, USA) LSC
2000 purge-and-trap apparatus coupled to a Finnigan Magnum (Finnigan, San José,
CA, USA) gas chromatograph-mass spectrometer (GC-MS). The volatiles are forced
out of the tissue by purging with a stream of helium while heating at 70C, and
trapped onto a Vocarb 4000 sorbent trap (Supelco, Bellefonte, PA, USA). After
purging, the trap is backflushed while being rapidly heated to 250C, the analytes are
desorbed and, next, trapped in a cryofocusing module (-120C) connected to the GC
column (J&W, Folsom, CA, USA, DB-VRX, 60 m, 0.25 mm id, 1.4 um film).

The analytes were injected into the column by rapidly heating the module
from -120C to 200 in 0.75 min. Temperature progr amming of the GC and data
acquisition were started simultaneously. The temperature of the GC oven was held at
35T for 6 min and then linearly increased to 200C at 4C/min. This temperature
was then held for 4 min. Helium with an inlet pressure of 16 psi was used as the
carrier gas. The ion-trap detector was operated in the electron ionisation (El) mode
with the multiplier voltage set at 2400 V, the axial modulation (A/M) amplitude at 3.5 V
and the emission current at 12 pA. The manifold temperature was set at 220C. The
mass range was 50-250 amu and the scan rate, 1000 ms. The filament delay was
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180 s, and a mass defect of 50 mmass / 100 amu and a background mass of 55 amu
were selected.

VOC concentrations are expressed on a wet weight basis throughout the
paper.

Results and discussion

VOC concentrations in eel

The twenty eel from the various inland water bodies were analysed for a total
of 52 VOCs which are listed in Table 4.2. Compounds were identified on the basis of
their mass spectrum and their concentrations were calculated by using at least two
selected ion masses (exceptions: benzene and toluene). As an illustration, a full scan
GC-MS chromatogram and a selected ion chromatogram for tetrachloroethene in eel
sample No. 5 are shown in Figure 4.2. Detection limits (LODSs) in the selected-ion
mode for 40 g samples were 