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Abstract An integrated biological effect monitoring
concept has been tested in flounder (Platichthys flesus
L.) from four locations with different anthropogenic im-
pact in the German Bight. During 3 years of sampling,
biomarkers at all levels of biological organisation from
the molecular to the ecosystem level were applied and
tested on 742 individual fish of body lengths between 18
and 25 cm. At the ecosystem level, the fish were taken as
a habitat for the parasite assemblage. The hypothesis was
that changes in the environment might lead to changesin
the species diversity of parasites and in the infection in-
tensity of single species, as well as between heteroxenic
and monoxenic parasite species (H/M ratio). At the mo-
lecular level, activity of the CYP1A-dependent mono-
oxygenase ethoxyresorufin O-deethylase (EROD) was
used as a biomarker of exposure. At the subcellular lev-
el, the integrity of lysosomal membranes in hepatocytes
was taken as an indicator of non-specific acute and
chronic toxic effects. Both biomarkers are recommended
by the ICES Advisory Committee on the Marine Envi-
ronment for the application in biological effects monitor-
ing programmes. In addition, neutral lipid content in the
liver was used as a marker for pathologically induced fat
accumulation. In the same individual fish, a new method
for the measurement of macrophage aggregate activity in
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the liver was tested for its application and reliability in
reflecting immunosuppression. Tests were accompanied
by chemical analysis of standard organochlorine and
heavy metal residues in flounder tissue. A total of 33
parasite species were found. As an indicator species, the
mean abundance of Trichodina sp. reflected best the pol-
lution gradient observed with highest infection intensity
at the most polluted location. Species diversity was sig-
nificantly higher in fish caught near the reference site
and significantly lower in fish from the polluted Elbe es-
tuary. The use of the heteroxenous/monoxenous species
ratio as a marker was not useful at the locations investi-
gated because of the dominance of heteroxenous species
at all habitats. Since EROD activity and macrophage ag-
gregate activity were dependent on sex and maturity of
female flounder, only male fish were taken into consider-
ation for the integrated evaluation of data. All biochemi-
cal and histochemical tests were able to reflect accurate-
ly the site-specific differences, as well as an observed
pollution event at the end of 1995 as determined by
chemical analyses. The correlation analysis revealed a
connection not only between the single parasitological
and biochemical parameters but also within these groups.
The non-specific immune response and Trichodina infec-
tion intensity were correlated with all other parameters,
leading to the assumption that these may serve as links
between the lowest and the highest levels of biological
organisation. The simultaneous use of metabolic and
parasitological results facilitated the interpretation of the
observed variations of the data and the distinction be-
tween natural variation and pollution-mediated effects.

Key words Integrated biological effect monitoring -
North Sea - Metabolic, pathological and parasitological
biomarkers - Platichthys flesus

Introduction

The development of areliable and reproducible set of bi-
ological tests for environmental risk assessment in coast-
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a marine areas with different zoogeographic habitats
was the main objective of the present study. Tests were
to include several different levels of biological organisa-
tion in each individual fish to determine how far distur-
bance of the system due to the influence of environmen-
tal toxicants had advanced. To obtain information on the
ecosystem level, a quantitative operational model for the
use of fish parasite communities was developed and test-
ed as a tool for the detection of environmental stress.
The potential use of parasites as bioindicators for pollu-
tion monitoring is widely and controversially discussed
(Poulin 1992; Kennedy 1997; Overstreet 1997), because
many natural factors influence prevalence, infection in-
tensity and biodiversity of parasites. The only means to
interpret and to evaluate the impact of pollution on para-
site burden are long-term studies of comparable habitats
and different pollution levels (MacKenzie et al. 1995;
Kennedy 1997).

There are numerous ways in which parasites may re-
flect the host—environmental situation. For example, para-
sites can react rapidly to deteriorating water quality or im-
munosuppression of host species. Within days an infection
with monoxenous parasites can increase from moderate to
severe levels (Skinner 1982). These parasite species can
therefore serve as short-term bioindicators, athough under
certain circumstances they reflect long-term immunosup-
pressive effects. However, the infection intensity of these
species can mark an endpoint at which the host is no lon-
ger ableto tolerate an environmental stressor.

Other parasite species with heteroxenous life cycles
represent indicators for long-term effect monitoring. The
gradual reduction of biodiversity may lead to a decrease
in intermediate host species and can result in the extinc-
tion of one or more parasite species (Overstreet 1997).
This applies especialy to heteroxenous species valuable
for pollution monitoring because the decrease in heterox-
enous species diversity, prevalence and infection intensi-
ty may reflect a reduction in biodiversity to a wider ex-
tent. These species can therefore be used for a long-term
biomonitoring, reflecting the processes in a known habi-
tat over alonger time scale.

Within the framework of this study, parasites of the
flounder (Platichthys flesus L.) were investigated at four
locations in the North Sea. For use in pollution monitor-
ing, the application of three different concepts of para-
sites as bhioindicators was examined: the use of single
parasite species as described by several authors (Mac-
Kenzie et al. 1995), the parasite species diversity at the
different locations (Gelnar et al. 1997) and the concept
of heteroxenous/monoxenous species ratio as described
by D’ Amelio and Gerasi (1997).

Of major importance for the whole project was the
supplementation of the parasitological data by well-
known biochemical and histochemical biomarkers at dif-
ferent levels of biological organisation, recommended by
the ICES Advisory Committee on the Marine Environ-
ment (ACME) (Anonymous 1996) for application in bio-
logical effects monitoring programmes. The activity of
the CY P1A-dependent monooxygenase ethoxyresorufin

O-deethylase (EROD) was tested as a biomarker of ex-
posure to specific lipophilic compounds like polycyclic
aromatic hydrocarbons (PAHSs), dioxins and special
coplanar polychlorinated biphenyl (PCB) congeners
(Goksoyr and Forlin 1992; Boer et al. 1993; Sleiderink
et al. 1995). At the subcellular level, the integrity of ly-
sosomal membranes in hepatocytes was taken as an indi-
cator of non-specific acute and chronic toxic effects and
its relationship to the histopathological status of liver tis-
sue (Kohler 1991). Liver histopathology may serve as a
reliable tool for the observation of the effects caused by
pollution (Vethaak and Wester 1996), but its application
in routine bioeffect-monitoring programmes is time and
cost intensive. In addition to these biomarkers, neutral
lipid content in the liver was analysed and used as an in-
dicator for pathologically induced fat accumulation. In
the same individual fish, a new method for the measure-
ment of macrophage aggregate activity in the liver was
tested for its application and reliability in reflecting im-
munosuppression in flounder caught at different polluted
locations. These tests were accompanied by chemical
analysis of standard organochlorine and heavy meta res-
iduesin flounder tissue.

With the background of these data, it was intended to
compare the parasitological findings with the biochemi-
cal and histochemical data from the same individual fish
following the line of thought of Khan and Payne (1997).
They proposed that by combining different methods of
pollution monitoring it might be possible to overcome
the problems of interpreting isolated results and to dis-
tinguish between natural fluctuation and true pollution-
mediated effects.

Materials and methods
Sampling

Nine sampling campaigns in the North Sea were conducted from
summer 1995 to autumn 1997 (Table 1). During these cruises with
the research vessel “Uthdrn” of the Biologische Anstalt Helgoland,
atotal of 742 flounder (Platichthys flesus L.) were caught at three
(1995 and 1996) and four stations (April/September 1997). In addi-
tion to the three locations sampled in 1995 and 1996 (Elbe estuary,
Eider estuary and Tiefe Rinne near Helgoland), in 1997 a station
located in front of the East Fresian |sland Spiekeroog was sampled.
At this location, the salinity is comparable to the waters of Tiefe
Rinne and the outer Eider. The stations were determined by their
geographical positions. Fishing was conducted with a bottom trawl
(opening 1.5 m, mesh width in the cod end 40 mm stretched mesh).
The fishing period (i.e. net on the ground) was limited to 30 min to
keep fishing stress as low as possible. Fish were sorted out imme-
diately and kept in tanks with permanent water flow-through and
aeration for up to 6 h until preparation took place. Only flounder of
the size class 18-25 cm were used for this investigation. Thirty fish
per site were collected and prepared for analysis.

Examination procedure

Most of the procedure took place on board the research vessel. Up-
on capture, each fish was measured and examined macroscopically
for metazoan parasites. All parasites collected, mainly copepods,
were stored in 70% alcohol until further counting and identifica-
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Table 1 Summary of the sam-

pling programme (1995-1997) ~ Campaign/year Month Site2 No. of fish used No of fish used
of flounder (size class 18-25 for biochemical for parasitological
cm), including date and site of analysis analysis
collection and the number used
for biochemical and parasito- (1) 1995 June 1 0 32
logical analyses 2 0 29
3 0 30
(2) 1995 September 1 30 30
2 30 30
3 9 9
(3) 1996 January 1 29 29
2 31 31
3 30 30
(4) 1996 April 1 30 30
2 30 30
3 14 14
(5) 1996 July 1 30 30
2 8 9
3 30 30
(6) 1996 October 1 30 30
2 30 30
3 30 30
(7) 1997 January 2 0 18
3 0 3
(8) 1997 April 1 30 30
2 28 28
3 30 30
4 30 30
(9) 1997 September 1 30 30
2 30 30
3 30 30
a] Elbe; 2 Eider; 3 Helgoland; 4 30 30

4 Spiekeroog

tion. Smears of skin and gills were taken and investigated micro-
scopically for protozons or small metazoan parasites. Meanwhile,
the fish was killed by a blow on the head, the peritoneal cavity was
opened and the liver colour determined with the help of a colour ta-
ble (Wahl et al. 1995). Then the liver was carefully removed, with-
out damaging the gall bladder, and the sex of the fish determined.
Two samples from the liver were taken and quickly frozen in liquid
nitrogen for the determination of EROD activity, macrophage ac-
tivity and lysosomal stability (see below). Blood smears were taken
for examination of protozoan parasites. After processing, the car-
cass was deep frozen for subsequent analysis of heavy metals and
facultative analysis of organochlorine residues in muscle or liver
tissue.

All internal organs and the gills were removed and stored in
10% buffered formaldehyde solution and taken to the laboratory.
There, gut and gills were examined for helminths and other para-
sites under a stereomicroscope before processing two gill arches,
pieces of the gut and internal organs for paraffin histology. Sections
were stained with Giemsa's technique and examined with a com-
pound microscope for tissue-invading parasites.

Ecological terms

The following definitions for the ecological terms used in the text
are chosen according to the recommendations of Bush et al.
(1997) for their use in parasitological studies:

Prevalence is defined as the number of hosts infected with one or
more individuals of a particular parasite species divided by the
number of hosts examined for that parasite species. It is expressed
as percentage.

Mean infection intensity is the total number of parasites of a par-
ticular species found in a sample divided by the number of hosts
infected by this parasite. The infection intensity can only be deter-
mined for countable parasites.

Mean abundance is the total number of individuals of a particular
parasite species in a sample of a particular host species divided by
the total number of hosts examined for that parasite species. The
mean abundance was determined for all countable parasitesin this
study.

Species diversity is defined in the literature by two components, the
number of different parasite species present in a collection and the
evenness of distribution of each species. For the comparison of the
sampling sites in this study the species diversity is described by the
number of different parasite species per host sample at each site.
The discussion about the use of diversity indices in the literature,
their advantages and disadvantages has led to the conclusion that
species indices might be useful for studies of pollution gradients at
given locations or long-time biomonitoring of defined regions but
not for the characterisation of sampling sites after 2 years of parasite
collection (Bush et al. 1997).

All countable parasites, mainly copepods and gut helminths, were
determined by their infection intensity. The estimation of the infec-
tion intensity by protozoan endoparasites requires the investigation
of fresh smears of the organs, but this was impossible because of
the dissection procedure on board. Examination was therefore done
with preserved material and only the prevalence was noted. For
Trichodina sp. the infection intensity was determined by using the
paraffin sections and the numbers of animals were divided into
three intensity groups, according to the following scale: 0-9 trich-
odinids/primary gill lamellae=1, 10-20=2, 20-30=3. In no case
were more than 30 trichodinids per gill lamella observed.
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Following the recommendations of Bush et al. (1997) for the
quantitative description of parasite communities, not one of the
generally used diversity indices was calculated to avoid the altera-
tion of the data. The species diversity and the mean abundance
were used to describe and compare the community structure. Spe-
cies diversity was calculated by counting the number of parasite
species present in the collection which included protozoan and
metazoan parasites. The mean abundance was estimated by count-
ing the total number of individuals of a particular parasite species
at each sampling site divided by the total number of hosts exam-
ined.

Statistical analysis

For the calculation of the H/M index, the mode of reproduction,
either monoxenous (from egg or larval stage direct infection of the
final host) or heteroxenous (the parasite passes one or more hosts
before reaching sexual maturity) as far as it is known from the lit-
erature, was used. Due to the missing data about the infection in-
tensity by microparasites (protozoans and myxosporeans), the
H/M index is based upon the prevalence of the parasites. The H/M
index was calculated by dividing the number of heteroxenous spe-
cies by the number of monoxenous parasite species inhabiting the
individual fish divided by the total number of fish examined.

Statistical procedures used for parasitological data were the
One Way Analysis of Variance, Student’s t-test for the comparison
of sites, Tukey's Studentized Range Test for the comparison of
sites and seasons and Pearson’s Product Moment Correlation for
the comparison of parasites and biochemical data. Differences be-
tween groups were considered to be statisticaly significant at
P<5%.

For the biochemical and histochemical tests the non-parametri-
cal Kruskal—-Wallis~sANOVA was applied for the investigation of
site-specific differences. Differences between the single sampling
sites were considered as significant at P<5%.

Processing of liver tissue for biochemical and histochemical
parameters

Lysosomal stability/macrophage aggregate activity test

After dissection of the fish, one central part of the liver was quick-
frozen in liquid nitrogen and stored at —70°C. Serial cryostat sec-
tions (10 um) were incubated in 0.1 M citric buffer (pH 4.5) at
37°C for different time periods (0O, 2, 4, 6, 8, 10, 15, 20...50 min)
to determine the lysosomal destabilisation time according to
Kohler (1991). Subsequently, labilisation of lysosomal membranes
with citric buffer, the histochemical proof of acid phosphatase in
macrophage- and liver cell lysosomes, modified after Lojda et al.
(1976), was conducted. Sections were incubated for 15 min in
3.5% polypep (Sigma), dissolved in 0.1 M citric buffer, pH 4.5,
containing 4 mM naphthol-AS-Bl-phosphate as substrate for acid
phosphatase. After the slides were rinsed in tap water, an azo-cou-
pling reaction was performed in 0.1% Fast Violet B salt (Sigma)
dissolved in 0.1 M phosphate buffer, pH 7.4. Enzyme activity was
assessed as mean absorbance of the formazan-product of acid
phosphatase reaction by computer-assisted image analyses, using a
Zeiss Axioskop light microscope with monochromatic light
(580 nm) and a 3CCD colour video camera connected to a person-
a computer, according to Chieco et a. (1994). Lysosomal desta-
bilisation time, the time period of acid |abilisation needed to desta-
bilise the membrane, marked by the maximum staining intensity
of acid phosphatase in lysosomes, was also assessed by image
analysis.

7 Ethoxyresor ufine O-deethylase (EROD) essay

The preparation of microsomes was performed according to An-
dersson et al. (1985). The liver tissue (0.5-0.75 g) was homogeni-

sed in four volumes of 0.1 M sodium phosphate buffer (pH 7.4),
including 0.15 M potassium chloride. Homogenisation was carried
out using a Potter-Elvehjem glass and a Teflon homogeniser. The
homogenates were centrifuged at 10,000 g for 20 min and the re-
sulting supernatants were centrifuged at 105,000 g for 60 minin a
Beckman L2-65B ultracentrifuge. EROD activity was measured
as production of resorufin per minute according to Burke and
Mayer (1974), using a Shimadzu RF 5001 PC spectrofluorometer
with a temperature controlled stirrer cuvette. Total and microso-
mal protein contents were measured according to Lowry et al.
(1951), with an autoanalyser (Technicon, TRAACS 800) using bo-
vine serum abumin as a standard. Whenever determination of
EROD activity was not possible within a given time, samples were
stored in cryo-tubes in liquid nitrogen. For further analytical de-
tails see Kriiner et al. (1996).

Analytical chemistry

Residue analysis was conducted by a commercial laboratory that
had undergone an intercalibration exercise (Labor fir Rick-
standsanalytik Bremen GmbH). From the September 1995 and
January 1996 campaigns, ten muscle tissue samples per location
were analysed for the content of chlorinated hydrocarbons. For the
April 1997 campaign, liver samples were analysed for standard
chlorinated hydrocarbons as well. Heavy metals (Hg, Pb, Cd, Cu)
in muscle tissue (April 1997 and September 1997, five samples
per location) were analysed by a second commercial equally inter-
calibrated laboratory (Handels- und Umweltschutzlaboratorium
Dr. Wiertz, Hamburg). ZPCB was calculated as the sum of PCB
28, 52, 101, 138 153 and 180.

Results
Analytical chemistry

Fish from all North Sea sites were analysed for the con-
tent of chlorinated hydrocarbons, and heavy metals. With
respect to the residues of chlorinated hydrocarbons, the
chosen sites represented a contamination gradient, with
highest values measured in fish from the Elbe estuary,
followed by the outer Eider individuals, and lowest val-
ues in fish from the Tiefe Rinne near Helgoland in 1995
and in the beginning of 1996. The residue data, based
upon the fat content, are more meaningful with respect to
the chemical burden of the habitat, whereas data on a
wet weight basis more adequately reflect the physiologi-
cal effects of contaminant residues (Wahl et al. 1995).
Thus, in Fig. 1, demonstrating the local distribution of
selected chlorinated hydrocarbons in flounder tissue val-
ues are based on fat. The correlation analyses of residues
and biomarkers in contrast were done with values, based
on wet weight.

In September 1995 a contamination gradient could be
observed with respect to the content of organochlorines
in flounder muscle tissue, with highest values in Elbe
fish, followed by Eider and Tiefe Rinne animals. Only
for two compounds, DDT and DDE, were mean values
dlightly higher in Eider flounder than in Elbe fish. The
amounts of 2PCB, p,p’ DDT and dieldrin are shown in
Fig. 1. In January 1996 a dramatic increase in PCB and
DDT residues in Elbe flounder muscle was observed.
Levels of DDT reached 120-fold higher values than



Fig. 1 Residuesof p,p DDT,
>PCB and dieldrin in flounder
muscle (September 1995 and
January 1996) and in flounder
liver (April 1997) from the
three, respective four locations
in the German Bight. In Sep-
tember 1995 and January 1996,
Spiekeroog was not sampled.
Valuesin pg/kg fat. For key,
see Fig. 9
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Fig. 2 Mercury in flounder muscle, values in mg/kg wet weight,
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Fig. 3 Copper in flounder muscle, values in mg/kg wet weight,
April and September 1997, n=40

measured in September 1995 (4748, compared to 39.8
pg/kg fat measured in September). PCB was 16-fold
higher than in September (33824, compared to 1960
pg/kg fat in September). As shown in Fig. 1, levels of
PCB and DDT were also elevated in fish from the Eider
estuary. Values of all other tested chlorinated hydrocar-
bons remained relatively constant and reflected the con-
tamination gradient from the Elbe to Tiefe Rinne.

In the liver of flounder caught in April 1997, residues
of PCBs, DDT, DDE, DDD and HCB were highest in an-
imals from Spiekeroog. Here, it should be taken into
consideration that only data for four animals from each
location were available and the within-site variation was
very high. PCB content was lowest in the Elbe estuary,
followed by Eider and Tiefe Rinne, with nearly the same
mean values of total PCB and highest values in fish from
Spiekeroog. HCB, OCS and PCBenz values were till
highest in the Elbe estuary (and at the Spiekeroog site),
but extremely low in fish from the Eider and Tiefe
Rinne. DDT values, which were extremely high in Elbe
fish in January 1996, decreased in April 1997 in Elbe an-
imals. In Eider and Tiefe Rinne fish, levels of DDT and
its metabolites were elevated in 1997. Dieldrin residues

could only be detected when analysing the livers of
flounder (Fig. 1). For this compound, a contamination
gradient was found, with lowest values in fish from the
river Elbe, followed by the Eider and Tiefe Rinne in
April 1997. Highest values were measured near the is-
land of Spiekeroog.

The only site-specific differences that could be de-
tected concerning heavy metal residues in flounder
muscle were the mercury and the copper content (Figs.
2 and 3). Mercury mean values were highest in the
Elbe, followed by Spiekeroog, Eider and Tiefe Rinne,
whereas copper was highest in Eider animals, followed
by Elbe and Tiefe Rinne fish. Very low values were de-
tected in flounder from Spiekeroog.

Parasite community structure

A total of 742 fish were dissected and 33 parasite spe-
cies have been identified. For the identification of some
rare species of nematodes and trematodes, the help of
the International Institute of Parasitology in St. Albans,
Hertfordshire, UK, was made use of. Nevertheless,
some of the trematodes, nematodes and cestodes, espe-
cialy the larval forms, were not identifiable. All the
unidentified species occurred only once or twice during
the course of the examination and were of minor im-
portance for the analysis.

Of the 33 different parasite species identified, 6 were
microparasites (protozoa and myxozoa) and 27 species
macroparasites. Most of the species were heteroxenous,
only 9 monoxenous parasite species were found, mainly
copepods and microparasites. Most of the parasites used
the flounder as the final host and of the 33 species, 25
were endoparasitic. A considerable number of parasites
(17 species) occurred at al four sites; 16 species, main-
ly helminths, were found at the different locations only
sporadically. The taxonomic details and the distribution
by sitesaregiven in Tables 2 and 3.

Microparasites

Two species of Microspora were found: Glugea step-
hani cysts in the wall of the gut and an undetermined
microsporean parasite regularly infecting the kidney of
the flounder. Cysts of the latter parasite were observed
usually within the glomeruli, rarely in the parenchyma-
tic tissue, surrounding the glomeruli and tubules. The
prevalence of this microsporidian parasite was high:
27% of the flounder caught in the Eider and Elbe estu-
ary were infected, 28% of the fish caught near
Spiekeroog and 39% of the fish in the Tiefe Rinne. Pre-
valences were highest during the autumn campaigns at
al sites. Prevalence of G. stephani was low. It occurred
twice in fish from the Eider estuary (1995 and 1996), at
one occasion in 1996 near Helgoland and only once in
1996 in the Elbe estuary. At each occasion, only one
fish out of the whole sample was infected.
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Taxonomic group Name Endoparasite or M onoxenous or Intermediate or
ectoparasite heteroxenous final host
Microspora Glugea stephani Endoparasite Monoxenous Final host
Microsporidium sp.
Apicomplexa Epieimeria sp. Endoparasitic Monoxenous Final host
Myxozoa Myxidium incurvatum Endoparasitic Heteroxenous Final host
Sphaerospora sp.
Ciliophora Trichodina sp. Ecotoparasitic Monoxenous Final host
Crustacea Lerneocera branchialis Ectoparasitic Heteroxenous Intermediate host
Lepeophtheirus pectoralis Monoxenous Final host
Acanthochondria cornuta
Caligus curtus
Holobomolochus sp.
Acanthocephala Echinorhynchus sp. Endoparasitic Heteroxenous Final host
Monogenea Gyrodctylus sp. Ectoparasite Monoxenous Final host
Digenea Derogenes varicus Endoparasitic Heteroxenous Final host
Podocotyle atomon
Zoogonoides viviparus
Hemiurus communis
Digeneasp. 5
Digenea Trematode cysts Ectoparasitic Heteoxenous Intermediate host
Nematoda Cucullanus heterochrous Endoparasitic Heteroxenous (?) Final host
Cucullanellus minutus
Hysterothylacium aduncum
Spinitectus sp.
Nematode sp. 5
Paracapillaria gibsoni Monoxenous Final host
Cestoda Bothriocephal us scor pii Endoparasitic Heteroxenous Final host

Pseudophyllidea sp.
Proteocephalidea sp.
Cestode sp. 4
Cestode larvae sp. 1
Cestode larvae sp. 2
Cestode larvae sp. 3
Cestode larvae sp. 4

Intermediate host

An epieimerian parasite was observed in fresh smears
of the midgut epithelium and in histological prepara-
tions. No pathological changes were detected, because
the infection intensity seemed rather low in all fish in-
vestigated. Due to the absence of sporogonic develop-
mental stages, it was not possible to identify this para-
site. It occurred regularly at al stations, in 27% of the
flounder caught in the Elbe, in 28% of the Eider fish,
36% of the Tiefe Rinne fish and in 33% of the flounder
caught near Spiekeroog, with highest prevalences during
spring and summer campaigns.

Spores and other developmental stages of Myxidium
incurvatum were found in the gall bladder of 13% of
the flounder caught in the Elbe. No pathological chang-
es caused by the infection were detectable. Fourteen
percent of the fish caught in the Eider estuary were in-
fected, 23% of the fish near Helgoland and 16% of the
fish near Spiekeroog. There seemed to be no seasonal
influence on the prevalence of this parasite. An uniden-
tified myxosporean parasite, infecting the kidney tu-
bules of the flounder, was very low in prevalence (2%
in the Eider, 1% near Helgoland and 5% in flounder
caught near Spiekeroog). Identification was not possi-

ble as no spores were detected. Statistical analysis of
the parasite data showed that there was no consistent
significant difference between the stations regarding
the prevalence of the endoparasitic microparasites. No
correlation reflecting the contamination gradient be-
tween sites and parasite abundance was found. The on-
ly ectoparasitic protozoan parasite found was a cilio-
phoran species from the genus Trichodina sp. on the
gills of the flounder at al sites. The prevalence of this
parasite was highest at Elbe station (76%) and lowest at
Tiefe Rinne near Helgoland, with 30% of fish infected.
The flounder from sites at Eider and Spiekeroog were
moderately infected by Trichodina sp., with 47% and
60% respectively. Mean abundance of the parasite was
highest during the summer months, especially in fish
from the Elbe estuary.

In 1996 and 1997, some significant differences re-
garding mean abundance of Trichodina sp. occurred be-
tween the sites. Flounder from the Elbe estuary dis-
played higher infection intensities than fish from all oth-
er sites, while flounder from Helgoland were the least in-
fected (P<0.01). There were no significant differences
between fish from Eider and Spiekeroog (Fig. 4).
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Table 3 Prevalence of parasites of flounder sampled at four sites in the German Bight between 1995 and 1997 inclusive. Species with
prevalence less than 3% were excluded

Parasite Target organ Site Prevalence (%) Mean
abundance+SE
Microparasites
Microsporidium sp. Kidney glomeruli Elbe 0.27
Eider 0.27
Helgoland 0.39
Spiekeroog 0.28
Epieimeria sp. Gut Elbe 0.27
Eider 0.28
Helgoland 0.36
Spiekeroog 0.33
Myxidium incurvatum Gall bladder Elbe 0.13
Eider 0.14
Helgoland 0.23
Spiekeroog 0.16
Sohaerospora sp. Kidney tubules Elbe 0
Eider 0.02
Helgoland 0.01
Spiekeroog 0.05
Trichodina sp. Gills Elbe 0.76 0.96+0.05
Eider 0.47 0.672+0.05
Helgoland 0.3 0.356+0.04
Spiekeroog 0.6 0.75+0.08
Copepoda
Lerneocera branchialis Gills Elbe 0.82 39.784+6.5
Eider 0.99 97.779+10.65
Helgoland 0.97 76.728+7.01
Spiekeroog 0.95 70.867+12.35
Lepeophtheirus pectoralis Skin, fins Elbe 0.61 3.016+0.5
Eider 0.86 9.045+0.54
Helgoland 0.87 7.721+0.65
Spiekeroog 0.88 13.133+1.4
Acanthochondria cornuta Gills Elbe 0.16 0.734+0.14
Eider 0.77 6.124+0.52
Helgoland 0.9 7.389+0.67
Spiekeroog 0.84 8.2+0.97
Caligus curtus Skin Elbe 0 0
Eider 0.02 0.023+0.015
Helgoland 0.04 0.033+0.014
Spiekeroog 0.14 0.2+0.097
Holobomol ochus sp. Nose cavity Elbe 0 0
Eider 0.02 0.024+0.01
Helgoland 0.04 0.033+0.02
Spiekeroog 0.07 0.05+0.03
Digenea
Derogenes varicus Gut Elbe 0.01 0.071+0.067
Eider 0.09 0.198+0.062
Helgoland 0.05 0.07+0.01
Spiekeroog 0.09 0.1+0.04
Podocotyle atomon Gut Elbe 0.08 2.425+1.01
Eider 0.36 8.583+1.66
Helgoland 0.67 34.956+4.75
Spiekeroog 0.19 1.283+0.58
Zoogonoides viviparus Gut Elbe 0.01 0.008+0.006
Eider 0.06 0.275+0.12
Helgoland 0.05 0.086+0.045
Spiekeroog 0.07 0.2+0.17
Hemiuris communis Gut Elbe 0.02 0.092+0.05
Eider 0.03 0.034+0.016
Helgoland 0.01 0.011+0.01

Spiekeroog 0 0
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Parasite Target organ Site Prevalence (%) Mean
abundancetSE
Digenean larval cysts Primary gill arches Elbe 0.21 5.084+1.55
Eider 0.36 18.8+6.38
Helgoland 0.51 15.182+6.08
Spiekeroog 0.65 21.150+5.85
Nematoda
Cucullanus heterochrous Gut Elbe 0.2 0.622+0.19
Eider 0.36 1.274+0.18
Helgoland 0.57 2.381+0.27
Spiekeroog 0.56 1.3+0.31
Cucullanellus minutus Gut Elbe 0.1 1.308+0.72
Eider 0.13 1.026+0.22
Helgoland 0.06 0.253+0.18
Spiekeroog 0.02 0.067+0.052
Hysterothylacium aduncum Gut Elbe 0.06 0.066+0.02
Eider 0.03 0.059+0.034
Helgoland 0.03 0.06+0.034
Spiekeroog 0.14 0.233+0.12
Spinitectus sp. Gut Elbe 0.04 0.072+0.03
Eider 0.01 0.007+0.006
Helgoland 0 0
Spiekeroog 0 0
Paracapillaria gibsoni Gut Elbe 0.02 0.038+0.03
Eider 0.12 0.358+0.12
Helgoland 0.16 0.589+0.13
Spiekeroog 0.05 0.2+0.17
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Crustacea

Lerneocera branchialis, a heteroxenous copepod, oc-
curred in al seasons with high prevalences at all sites.
This parasite uses the flounder as an intermediate host.
The copepodits are attached to the tip of the lamella of
the gills. The final hosts for the adult females are gadoid
fish. Prevalence was lowest at the station Elbe during all
years (82%), while 99% of the flounder at the Eider estu-

ary, 97% of the flounder caught near Helgoland and 95%
of the fish near Spiekeroog were infected by copepodits.
Significant differences in mean abundance were found in
each year between the Elbe station and al other sitesin-
vestigated (P<0.05). The mean abundance increased dur-
ing winter and spring and decreased during autumn at all
stations.

The second species of frequently occurring copepoda
at all four sites was Lepeophtheirus pectoralis. This



180

Fig. 5 Mean abundance of
Acanthochondria cornuta. In

Mean Abundance of Acanthochondria cornuta

1995, mean abundance of A.
cornuta was significantly dif-

20 |-

ferent at all sitesinvestigated 18 oo
(P<0.01). At the Elbe station 2b
infection intensity was the low- 6F-
est during all years (P<0.01) ol
6
3
.g
(0]
2 30
[s3
c 24
S 18
12
6
0t
-6
Fig 6 Mean abundance of Pod-
ocotyle atomon. Mean abun- 140
dance of this parasite was high-
est in flounder caught near Hel- 100
goland during all years 60
(P<0.01)
20 b
-60
L
ke
©
£
L 140
S 00
2

60

20
-20
-60

monoxenous copepod parasitises the skin and fins of the
flounder. Prevalence was significantly the lowest in the
Elbe estuary with 61% during all years, while 86% of the
flounder in the Eider, 87% near Helgoland and 88% near
Spiekeroog were infected by this copepod. Mean abun-
dance was lowest at the Elbe station in 1995, 1996 and
1997 (P<0.01).

A third abundant species of parasitic copepod,
Acanthochondria cornuta, also occurred with rather low
prevalences on Elbe fish (16%), while 77% of the floun-
der near Eider, 90% near Helgoland and 84% near
Spiekeroog were infected. The mean abundance of
Acanthochondria cornuta was significantly the lowest at
the Elbe station in every year (P<0.01; Fig. 5).

Finally, there were two very rare species of parasitic
copepods. In the nasal cavity of some individuals Hol-
obomolochus sp. was detected. Only once in the autumn

Elbe Helgoland Elbe Helgoland
Eider Spiekeroog Eider Spiekeroog
1995 1996
Eub — : T +Stddev.
e elgolan
Eider Spiekeroog Bl :Stderror
1997 o Mean
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—o= ==
-~ " 5 T_ +Stddev.
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Eider Spiekeroog El tStderror
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1996, 30% of the flounder caught near Helgoland were
infected, but most of the time only one or two out of 30
flounder carried the parasite. The second very rare spe-
cies was Caligus curtus. This copepod was found occa-
sionally on the skin of single flounder from all stations
except in the Elbe estuary.

A consistent result of the prevalence and infection in-
tensity among the sites is that the flounder caught at the
Elbe estuary are significantly less infected by copepod
parasites than the fish from all other sites. Yet, there was
no infection gradient among the sites reflecting signifi-
cantly the contamination gradient observed. Correlation
analysis showed no connection between the prevalence
or mean abundance of the parasites and the environmen-
tal data of the residue analysis.
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A total of six species of digeneans used flounder as in-
termediate or fina hosts, but only one species, Pod-
ocotyle atomon, occurred frequently at all sites. This dig-
enean parasitises the rectal portion of the flounder gut.
During al years of sampling, flounder from Helgoland
carried significantly higher infections than fish from the
other sites (P<0.01, Fig. 6). In 1996 mean abundance
varied significantly between all stations. Flounder from
all sites had digenean larvae encysted in the secondary
gill arch, with prevalences from 21% in the Elbe estuary
to up to 65% of the flounder caught near the island of
Spiekeroog. Identification of this parasite was not possi-
ble in histological sections. There was no correlation
with any of the environmental data and the infection in-
tensity by this digenean.

estuary a few specimens of Echinorhynchus gadi, Gyro-
dactylus sp. and a number of young adult cestodes and
cestode larvae were found. The metacercaria of an un-
identified digenean parasite occurred only twice, once in
the Eider estuary and once in the Tiefe Rinne. Further
studies are necessary to clarify the origin of these para-
sites which might be swept into the estuary by the rivers
Eider and Elbe.

Cucullanus heterochrous is a nematode that para-
sitises the midgut of the flounder. In 1995 there was no
significant difference between the stations, but in 1996
and 1997 mean abundance at Helgoland was significant-
ly higher than at the other stations (P<0.05, Fig. 7). The
other four remaining species of nematodes were not fre-
guent enough to serve as bioindicators.
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Foecies diversity

In 1996 and 1997 there were significant differences be-
tween the fish from the Elbe estuary and all other sites
investigated regarding the number of different parasite
species per individual fish (species diversity) (P<0.01).
Flounder caught in the Elbe estuary carried a mean of
3.9 different parasite species during all seasons, flounder
caught near Helgoland carried 6.1 and flounder from Ei-
der and Spiekeroog displayed a comparable species di-
versity of 5.5 and 5.7 respectively. In 1997 the flounder
caught near Helgoland carried significantly more para-
site species than the fish from all other sites. No such
differences were detectable between the Eider and
Spiekeroog samples.

A comparison of the mean values of the species diver-
sity over the years as presented in Fig. 8 showed good
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Fig. 11 Liver colour of flounder and pathologically induced accu-
mulation of neutral lipids (n=223). Note relation between white
colour and neutral lipids
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separation of the sampling sites with only two excep-
tions in summer 1995 and spring 1997. Although there
were some fluctuations within this parameter, no season-
al variation was detectable.

Use of heteroxenous/monoxenous species indices
(H/M index) in pollution monitoring

The estimation of the H/M index did not lead to a sepa-
ration of the locations according to the pollution gradient
estimated. For the different years an H/M index of 0.90
and 0.94 was calculated for flounder from the Elbe estu-
ary and Spiekeroog and an index of 1.02 and 1.17 for the
fish caught at the Eider estuary and near Helgoland.
There were no significant differences between the sites
(Figs. 9 and 10). As reported by D’Amelio and Gerasi
(1997) different attempts were made to use the H/M in-
dex by excluding rare species (less than 5% prevalence),
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using only metazoans or by focusing on the 16 most
abundant parasite species for the calculation, but it was
not possible to achieve a significant separation of the
sampling locations.

Biochemical and histochemical tests

Liver colour

Liver colour was determined with the aid of a colour ta-
ble, developed within the framework of the project “Fish
diseases in the Wadden Sea”, supported by the Umwelt-
bundesamt (Wahl et al. 1995). During this project, a cor-
relation between the pathological deposition of neutral
lipids in the liver of flounder and the decolorisation of
the liver from dark brown to pale brown and white was
determined. To test the reliability of the colour table, 223
flounder livers were additionally tested for the content of
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neutral lipids by histochemical investigation. Fig. 11
shows the results of the test. Liver colour was calibrated
on a scale from 1 to 5, with the lowest figures given for
the darkest colours. Dark brown livers (colour 1) had
significantly lower depositions of neutral lipids, com-
pared to pale brown and white livers (colours 3 and 5).
Content of neutral lipids and liver colour were positively
correlated (Pearson's Product Moment Correlation,
P<0.01).

Liver colour was darkest during winter and spring
campaigns (Fig. 12), which means that the lowest accu-
mulation of lipid in fish occurred during these cam-
paigns. In winter, the difference in colour within the sites
was very small. From the start of feeding in spring, fish
caught in the Elbe had significantly elevated neutral lipid
accumulation, which means significantly decolorised liv-
ers, compared to fish from Eider and Tiefe Rinne
(Kruskal-Wallis—FANOVA, P<0.01), with one exception:
in September 1997 Tiefe Rinne fish had the palest livers,
the highest degree of pathologically induced lipid accu-
mulation of all sites investigated. Regarding only the au-
tumn campaigns, fish from all tested locations showed
higher liver lipid content in 1996 and 1997 than in 1995.
In Eider animals, these differences were significant. In
Tiefe Rinne fish, lipid accumulation was significantly el-
evated in September 1997 compared to September 1995.

Liver colour was positively correlated with residues
of total PCB and DDT metabolites in fish muscle and
liver tissue.

Lysosomal stability

With lysosomal stability no dependence on the sex of the
tested fish could be observed. Yet mature females
showed increased lysosomal membrane stability com-
pared to immature individuals and were therefore not
taken into account in the evaluation. Significant site-
specific differences were noted at all sampling times ex-
cept September 1997 (Fig. 13). Elbe fish had significant-
ly lower membrane stability, represented by a low time
of acid-labilisation, needed to destabilise the lysosomal
membranes than fish from Eider and Tiefe Rinne
(Kruskal-Wallis—sANOVA). No significant site-specific
effect could be ascertained between Eider and Tiefe

Rinne fish. In September 1997, Elbe fish were not signif-
icantly different from animals caught at the other three
locations. The differences in membrane stability were
not as evident as in the prior sampling campaigns. Low-
est values were observed in the Elbe, followed by Tiefe
Rinne, Eider and Spiekeroog. The summer campaign of
1996 showed lowest membrane stability at all sites com-
pared with all other samplings. Regarding lysosomal sta-
bility in autumn campaigns, 3 years of sampling were
compared. Best membrane stability was detected in 1995
at all sites. In 1996, a significant decrease in membrane
integrity occurred at all tested locations. Stability levels
again decreased in 1997 in fish from Eider and Tiefe
Rinne, whereas Elbe fish showed higher membrane sta-
bility than in autumn 1996 (Fig. 13).

A negative correlation was ascertained between the
residues of DDT and al PCB congeners except PCB 28
and lysosoma membrane stability. Lysosomal stability
was also negatively correlated with EROD activity, liver
colour and Trichodina infection intensity (Table 4).

EROD activity

EROD activity was found to be dependent on the state of
maturity in female flounder and on the sex of the tested
fish. The investigation of 638 flounder in the North Sea
showed that EROD activity in female flounder was sig-
nificantly lower than in male fish (t-test, P<0.05). For
this reason, data for male and female flounder were ex-
amined separately (Figs. 14a,b).

In male flounder, EROD activity was highest in the
Elbe estuary during all campaigns. With the exception of
the summer and winter campaign, EROD activity dis-
played significant site-specific differences at the Elbe
station compared to the Eider and Tiefe Rinne. The sea
sonal within-site variation in this parameter was highest
at the Elbe and the Spiekeroog stations. Eider and Tiefe
Rinne values were in contrast relatively constant. The
spring 1997 campaign showed highest EROD values at
all tested locations. A totally different activity pattern
could be observed in female flounder. Although fish
from the Elbe also displayed significantly elevated
EROD activity with one exception, the seasona within-
site variation was highest at the Tiefe Rinne. In April

Table 4 Correlation between applied parameters in immature male flounder sampled between 1995 and 1997 at four locations in the
German Bight (n=239). Pearson’s Product Moment Correlation; marked correlations (*) are significant for P<0.05

Trichodina Parasite Liver MA Lysosome EROD

infection intensity species diversity colour activity stability activity
Trichodina 1 -0.21° 0.24° -0.16 -0.2 0.14

infection intensity

Parasite species diversity -0.21* 1 0.06 0.14" 0.09 -0.26
Liver colour 0.24" 0.06 1 -0.22 -0.35 0.03
MA activity -0.16 0.14 -0.22° 1 0.21" -0.13°
Lysosome stability -0.2 0.09 -0.35 0.21" 1 -0.21°
EROD activity 0.14 -0.26 0.03 -0.13 -0.21 1
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1997 EROD activity in female flounder was highest in
the Tiefe Rinne, followed by the Eider and Elbe. The
September sampling in 1997 displayed the “normal” dis-
tribution pattern of EROD activity again: in male as well
as in female flounder highest EROD values occurred in
the Elbe, lower activity in the Eider, Tiefe Rinne and
Spiekeroog. Looking at the differences between the two
spring campaigns (1996 and 1997), an elevated EROD
activity in male and female flounder could be observed
in 1997 compared to 1996 at all sites, except in Elbe fe-
mal e flounder.

Macrophage aggregate (MA) activity test

For MA activity, a dependence on maturity and sex of
the tested fish could be observed. Mature female indi-
viduals showed significantly lower MA activity than
immature animals (t-test, P<0.05). Outside the spawn-

Sampling/ Location

ing season, female flounder displayed significantly
higher MA activity than males. Male and female floun-
der were therefore evaluated separately. Figure 15ab
shows the different site-specific effects on male and fe-
male fish during the whole research programme. In male
flounder no interference between maturity and activity
of liver macrophage aggregates was observed. On three
occasions, male individuals from the Elbe estuary had
significantly lower MA activity compared to the Eider,
Tiefe Rinne and Spiekeroog. Significant site-specific
differences in MA activity in male animals could be de-
tected in spring 1996 and 1997 and in October 1996
(Kruskal-Wallis—FANOVA). Lowest MA activity of all
campaigns was found in September 1997 at all loca-
tions. In April 1997 MA activity in animals from the
Tiefe Rinne was not significantly different from fish
caught at the Elbe estuary. This result corresponds to the
decrease in all other parameters in 1997 in fish from
Tiefe Rinne.
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In female flounder, site-specific differences in MA ac-
tivity were less clear than in male individuas. Significant
differences were only observed in April 1997, with signifi-
cantly lower activity in the Elbe estuary and at Spiekeroog
compared to Eider and Tiefe Rinne. In September 1995
and January 1996, female flounder from the Elbe showed
higher mean activity values than fish caught in the Eider
and Tiefe Rinne. The dependence of MA activity on matu-
rity in female flounder is reflected by low MA activity val-
ues during the reproductive period in winter.

A correlation between single chlorinated hydrocarbons
and the non-specific immune response could be detected,
examining male and female flounder separately. These cor-
relations were only found with residues analysed in the liv-
er of fish and not with residues measured in muscle tissue.
In male flounder, a significant negative correlation be-
tween dieldrin and MA activity could be ascertained (Pear-
son’s Product Moment Correlation, P<0.05; Fig. 16). All
other chlorinated hydrocarbons tended towards a negative
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correlation with the MA activity. In contrast, in femae
flounder PCB 28 was positively correlated with MA activi-
ty (Pearson’s Product Moment Correlation, P<0.05; Fig.
17). It has to be taken into consideration that the n value
for this correlation was very low (femae n=11, male n=7).
Nevertheless, the different effects on female and male indi-
viduals were also reflected in the results obtained during
individual campaigns. MA activity in female flounder was
frequently higher in the Elbe estuary than in Eider and Tie-
fe Rinne, especidly in September 1995 and January 1996,
whereas in male fish immunosuppression was observed in
animals caught in the Elbe compared to Eider and Tiefe
Rinne samples.

Correlation analysis of parasitological
and biochemical data

The results of the correlation analysis (Pearson’s Product
Moment Correlation) of the biochemical and parasitol og-
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Fig 17 Macrophage aggregate activity versus PCB 28 residues in
female flounder liver, n=11, correlation r=0.82744.

ical datafor each campaign did not reveal a constant pat-
tern of correlation. The results were never contradictory,
i.e. that the parameters correlated positively at one time
and negatively at another. However, there was no consis-
tent correlation between two parameters during the
whole sampling period.

The species diversity, the parameter that reflected the
characteristics of the habitats best, correlated positively
with the lysosomal stability in January, April and October
1996 as well asin April 1997. In animas with a high para-
site species diversity, lysosoma membrane stability was
high as well. With EROD activity the relationship was dif-
ferent. Diversity correlated negatively with the EROD ac-
tivity in January 1996 and October 1997. Fish with low par-
adite species diversity displayed elevated EROD activity.

To eliminate the interfering factors such as sex and
maturity on single parameters, or EROD and MA activi-
ty, a correlation analysis of the applied parasitological
and metabolic parameters was conducted on adult imma-
ture male flounder. As shown in Table 4 there are not on-
ly correlations between the single parasitological param-
eters on the one hand, and the biochemical and histo-
chemical parameters, on the other, but also marked links
within the two groups.

187

Discussion

Environmental monitoring is viewed as an integral, and
often the most critical, component of coastal resource
management as it provides information that might be
useful not only for the protection and rehabilitation of
the natural environment and its valued resources but also
for evaluation of public policy mandates designed to
abate the degradation of coastal environmental quality
(National Academy of Sciences 1990). For the assess-
ment of environmental quality, biomarkers are needed
for use as a measure of health and fitness (Stegeman et
al. 1992, in den Besten 1998). Reflecting the hierarchical
and concentric organisation of biological systems, effects
of chemica contaminants may occur at al levels of bio-
logical organisation, that is from cells to ecosystems. Ef-
fects on biological populations, communities and ecosys-
tems, either direct or indirect through habitat degrada-
tion, seem to have more relevance in terms of environ-
mental management and protection of resources than ef-
fects measured at molecular or cellular level of biologi-
cal organisation (Wolfe 1992), but these are sometimes
difficult to ascertain. As a prerequisite for the use of par-
asites and parasite community data as bioindicators for
environmental quality assessment, long-term studies of
parasite communities at comparable localities with
known pollution levels are desirable to distinguish be-
tween natura fluctuation and pollution-mediated effects
(Kennedy 1997; Lotz 1997). A sufficiently large sample
size of comparable size classes of fish and respective
replicates is also necessary. Unusual natural phenomena,
life span of parasites and if possible information about
the susceptibility of adult parasites, their developmental
stages and intermediate hosts to pollutants have to be
taken into consideration when interpreting the results.

The aim of this study is the development of an inte-
grated set of biomarkers to determine the health status of
individuals and populations, accompanied by chemical
residue analysis. Here, we assess the value of the three
types of data collected in terms of their usefulness for
environmental quality assessment. Thus, we are dealing
with analytical chemistry, the parasitological, biochemi-
cal and histochemical parameters.

Analytical chemistry

The analytical determination of organochlorines in ani-
mal tissue in addition to biological tests is noteworthy
because of their diversity and persistence in the environ-
ment and their demonstrated harmful effects on the bio-
ta. Nearly 15,000 chlorine-containing compounds are
currently produced for use in pesticides, herbicides, fun-
gicides, pharmaceuticals, disinfectants and many con-
sumer products (Hileman 1993). Compared to the data
obtained in other research projects on “Fish diseases in
the Wadden Sea” and “Fish diseases in the North Sea”
from 1988 to 1992 (Wahl et al. 1995; v. Landwuist et al.
1996), in which the Elbe and the Eider stations have also
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been sampled, a decrease in all chlorinated hydrocarbons
could be found from 1989 to September 1995 in muscle
of Elbe flounder. DDT, for example, dropped from
243 ug/kg fat in 1989 to 40 pg/kg fat in September 1995,
PCB 153 from 2346 to 411.5 pg/kg fat and HCB from
1047 to 221.5 pg/kg fat. For al organochlorines analysed
except DDT, residue values decreased in Eider flounder
during these 6 years of investigation. A definitely new
discharge of contaminants, reflected in the high values of
DDT and PCBs measured in Elbe fish in January 1996,
changed the picture of improvement of the contaminant
situation dramatically. In January 1996, residue values of
DDT in flounder muscle were 20-fold higher than in
1989 and PCB 153 was more than threefold higher than
in 1989 (present study). The other analysed organochlo-
rines remained at the relatively low levels for Elbe fish,
measured in September 1995. Thus, findings indicate
that the pollution event was restricted to PCBs and DDT.
In 1997 these compounds spread further to the reference
areas in the Eider and Tiefe Rinne near Helgoland. Fish
from the Tiefe Rinne showed elevated values of DDT
and PCBs in relation to the Elbe animals in spring 1997.
This is also reflected by sediment analyses (v. Western-
hagen, unpublished data). Compared to data obtained in
1992 (v. Landwust et al. 1996), in flounder liver from the
Elbe and Eider locations PCB 153 levels were nearly the
same in April 1997 compared to 1992 in Elbe fish, but
elevated in flounder from the Eider (1529 ug/kg fat in
1992, 2039 pg/kg fat in 1997). Looking at DDT residues,
values measured in 1997 in the liver of Eider flounder
were 20-fold higher than measured in 1989 in fish from
the same location (506 pg/kg fat in 1997, 26 pg/kg fat in
1989).

For residues of mercury in marine and freshwater
fish, the natural background level for most speciesisin
the region of 0.05-0.1 mg/kg wet weight (ICES 1984;
Kruse and Kruger 1984). In the present study, the mean
values in flounder from all tested locations were within
this range. The finding that there were no correlations
between the applied biomarkers and the residues of
heavy metals also indicates that the present amounts of
heavy metals do not pose arisk to individual health.

The results of the residue analyses indicate that every
site and season sampled in the North Sea has its own
pollution pattern. No location is “unpolluted”. The mix-
ture of chemicals varies not only between the sites and
sampling campaigns, but also between specimens from
the same location.

Parasitological parameters
Indicator species

In order to use single parasite species as bioindicators it
is important that these species occur regularly at the lo-
cations investigated. They should be easy to locate, iden-
tify and should be sensitive to environmental changes
before a majority of less sensitive organisms are serious-

ly affected. The species life cycles should be known and
laboratory studies on their response to pollutants deter-
mined. However, these desirable prerequisites for single
parasites as bioindicators of pollution are hardly ever
fulfilled, certainly not with regard to marine parasites.

Recent studies under field conditions have shown that
trichodinids can serve as sensitive short-term bioindica-
tors of environmental stress, especially for eutrophica-
tion (Mackenzie et a. 1995; Yeomans et a. 1997), oil
pollution (Khan 1987, 1990, 1994), industrial effluents
(Overstreet and Howse 1977) and thermal effluents (Nil-
son 1995). Enhanced pollution leads to an increase in the
mucosecretion by gill tissue, which serves as a perfect
habitat for Trichodina sp. At the sites investigated in the
North Sea, the mean abundance of Trichodina sp. was
significantly higher in the Elbe estuary than at all other
sites. Flounder from Helgoland, the least polluted site,
were less infected by Trichodina sp. during all seasons.
This infection pattern reflected the pollution gradient ob-
served between the sites. The abundance of Trichodina
sp. increased with increasing pollution. There were only
minor seasonal variations within the data and this did not
mask the differences between sites. Trichodinids do
probably react as well to a lowered immune response of
the fish host as to an increase in organic matter in the
water. The infection intensity by single species of
Trichodina can therefore be used as a true bioindicator.

There have been some magjor differences between the
sites regarding infection patterns with different parasite
groups. Fish from the Elbe estuary were aways less in-
fected by copepods than flounder caught near Helgoland,
while flounder from Helgoland were always more infected
by helminth parasites. To some extent these differences
may be site specific and not pollution dependent. Only
long-term observations of the population dynamicsin con-
junction with information on residue analysis of fish mus-
cle and sediment may reveal a potential relationship be-
tween the environment and parasite populations. In this
respect, it is of interest to note that gastrointestinal hel-
minths are negatively affected by a number of aromatic
and heterocyclic compounds (Khan and Kiceniuk 1983)
possibly through physiological changes in the host, which
made the gut inhabitable for helminths (Dey et a. 1983),
resulting in a significantly lowered species diversity and
infection intensity of helminth parasites at polluted habi-
tats. Other pollutants have an immunosuppressive effect
which may lead to an enhanced susceptibility to specific
helminth infections (Poulin 1992). Although there are
some indications of the usefulness of the infection intensi-
ty of several parasitic groups for environmental quality as-
sessment, at this point of the study the infection intensity
by Copepoda, Nematoda and Digenea should be consid-
ered as preliminary. Although these species would be very
useful as bioindicators, because they are abundant, easy to
detect, count and identify, little is known about their biolo-
gy and reaction to pollutants. A further comparison of en-
vironmental data, pollution analysis and parasitological
datawill provide more information on the mechanisms be-
hind the observed differences in infection intensity.
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Following the recommendations of Bush et al. (1997), no
diversity indices have been calculated since indices may
ater the structure of a parasite assemblage and thus
mask real distribution patterns. More information is pro-
vided by the description of parasite prevalence, mean
abundance and species diversity. Species indices include
data on species diversity and abundance; therefore the
application is limited to countable metazoan parasites.
This restriction excludes a group of parasites, the proto-
zoans, from the analysis before knowing its ecological
importance (D’ Amelio and Gerasi 1997).

The use of parasite species diversity as abiomarker in
pollution monitoring is a way of summarising pollution-
induced effects on a sensitive habitat (the fish) over time.
Although parasites can react very inconsistently, differ-

1996, n=360

8 9 10 11 120 1 2 3 4

6 7 5 6 7 8

1997, n=180

9 10 11 12

ent taxonomic groups included in calculations of species
richness or diversity may actually react in the opposite
direction (Lafferty 1997); the survey of the species di-
versity offers a detailed assessment of the environmental
changes at community level. Studies of parasite popula-
tions of Pseudopleuronectes americanus and Platichthys
flesus over decades have shown that species diversity de-
creases as a consequence of the deteriorating environ-
ment owing to urban and industrial pollution (Burn
1980; Sulgostowska 1988).

In the present study as well, species diversity clearly
reflected the pollution gradient between the sites. In 1996
differences between al sites were significant. Although in
1997 there was no difference between Eider and
Spiekeroog, differences between Elbe and Helgoland and
the other two sites were significant, underlining the use-
fulness of this parameter as a biomarker (Figs. 18 and 19).
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H/M index

In this study the use of the H/M index for classification
of the different habitats did not materialise as hypothe-
sised. The great number of abundant heteroxenous spe-
cies made it impossible to characterise the stations with
their different pollution levels by this index. D’ Amelio
and Gerasi (1997) solved the problem of lacking sensi-
tivity of the H/M index by excluding the less abundant
species from the calculation, mainly heteroxenous spe-
cies.

One further limitation of using the H/M index is the
sparse knowledge of the life cycles of the parasites of the
North Sea fish. Although described as heteroxenous by
several authors (Janiszewska 1938; MacKenzie and Gib-
son 1970; Mdller 1974), laboratory studies indicate that
a direct infection of the final host by the secondary lar-
vae of the nematode species Cucullanus heterochrous
and C. minutus might be possible (Gibson 1972). Some
of the protozoan life cycles are unknown. These uncer-
tainties make the separation of the parasites into monox-
enous and heteroxenous species sometimes doubtful.
However, the H/M index may serve as a very helpful
tool in long-term biomonitoring of habitats. Yet, in con-
junction with the species diversity, the H/M index char-
acterises the species composition at a given location and
the change of the index may serve as atool for the detec-
tion of a change in the overall species diversity. Under
natural conditions there will always be some uncertainty
if the phenomena observed are really aresult of pollution
or a natural phenomenon. Some interesting patterns es-
pecialy in freshwater environments have been observed
and it is a challenging task to transfer these concepts to
the even more complex marine habitat (Poulin 1992).

Especidly in coastal habitats, a mixture of pollutants
interact at all trophic levels. This is one of the crucial
points in comparing the results of laboratory investiga-
tions with field studies where a wide variety of natural
factors interact with anthropogenic impacts in an unpre-
dictable way. Thus, laboratory and field studies are nec-
essary for a better understanding of the mechanisms that
lead to different infection patterns (Lafferty 1997). The
prospective task of a long-term biomonitoring pro-
gramme using parasites as bioindicators is to ascertain
changes in biodiversity at given locations. The compari-
son of the conditions in different habitats is helpful and
necessary to understand the interactions of natural and
anthropogenic processes, but these studies cannot re-
place long-term biomonitoring programmes. Only the
latter can provide indications of the overall health of the
environment (Winter and Hughes 1997).

MacKenzie et al. (1995) recommended a period of 25
years of data-gathering in each habitat before conclu-
sions on the influence of pollutants can be deduced. By
combining the results of biomonitoring assays and a
careful use of data sampled, we will hopefully be able to
reduce this period.

Biochemical and histochemical parameters
Lipid accumulation/liver colour

The pathological accumulation of neutral lipids in liver
cell lysosomes is a well-known phenomenon, induced
by, for example, chlorinated hydrocarbons. In an exten-
sive review of the effects of pesticides on livers of fish,
Couch (1975) reported that the most commonly encoun-
tered liver lesion was abnormal fatty accumulation,
whereas flounder liver under normal conditions stores
glycogen (Kohler 1990). Liver lipid accumulation may,
therefore, be used as an indicator of contamination.
Since the liver is responsible for the production of vi-
tellogenin, the yolk protein precursor, the seasonal varia-
tion has to be taken into consideration when using the
liver lipid content as a biomarker. Since several factors
such as food supply, feeding behaviour and reproduction,
especially in females, can influence the level of liver lip-
ids, only intra- rather than inter-season comparisons be-
tween sampling sites are valid. Within the integrated bio-
marker approach, this parameter proved to be a useful
tool for the quantification of pathologically induced liver
deterioration.

Regarding the autumn campaigns 1995, 1996 and
1997, a significant increase in neutral lipid accumulation
from 1995 to 1996 and 1997 at the locations Eider and
Tiefe Rinne could be observed, corresponding to the in-
crease of chlorinated hydrocarbons in fish tissue from
these locations in 1997. Liver colour was positively cor-
related to total PCB and DDT metabolites in individual
fish and can thus be regarded as a useful biomarker on
its own.

Lysosomal stability

The lysosomal system of fish is sensitive to numerous
environmental stimuli. Therefore, seasonal changes in
lysosomal stability throughout the year are not surprising
and have been previously reported for flounder by
Kohler (1991). Despite the seasonal trends in lysosomal
integrity, differences between sites remained consistent
during the study. Animals from the most polluted loca-
tion in the mouth of the river Elbe had the lowest lysoso-
mal membrane stability during all seasons. In addition,
an interesting finding was the significant decrease in ly-
sosomal stability in the summer campaign, even in ani-
mals caught at the reference locations. An explanation
for this phenomenon may be given through a seasonal
dynamic change found in mussel lysosomes by Etxe-
berria et al. (1995). These authors found higher values of
lysosomal volume, surface, size and numbers in the di-
gestive gland of mussel in the summer. A direct associa-
tion between the increase in lysosoma volume and
membrane destabilisation in the digestive gland of mus-
sel exposed to oil-derivated contaminants was observed
by Lowe et a. (1981). An accumulation of unsatured
neutral lipids in the lysosomes in combination with the



increased fragility of the lysosoma membrane has also
been described by Moore (1990) in mussels after expo-
sure to contaminant chemicals. As observed in the pres-
ent study, lysosomal stability reached its minimum in
correlation with highest values of neutral lipids in sum-
mer. Even in fish from the reference locations, mean ly-
sosomal stability values dropped below 10 min, a value
typical of Elbe fish, during autumn and spring cam-
paigns. This represents a progressive liver cell damage
potentially leading to the development of liver tumours,
as described by Kohler (1991) in flounder of the German
Bight. Thus, there appears to be a risk factor for fish in-
habiting even the reference locations during the summer.
Summer is the season of most intensive feeding. In an
experimental study, Gardner et a. (1991) observed an
uptake of parent PAH and PCBs by feeding winter floun-
der with contaminated blue mussels. Enhanced feeding
may therefore be responsible for an increased uptake of
xenobiotics.

Lysosomal stability values for female flounder from
the Elbe and Eider locations of the present study are well
in line with lysosomal stability data from 1991 and 1992
(Landwdst et a. 1996). In these years, mean Elbe values
were 8.5 min (1991) and 6.5 min (1992), which is lower
than the lysosomal stability measured in September 1995
in the present study (10 min), indicating an improvement
in the contaminant situation in the Elbe. From summer
1996 to spring 1997, membrane stability dropped to
mean values between 6 and 8 min, indicating a deteriora-
tion in environmental conditions that was supported by
the residue analysis (Fig. 1).

During the present study, three autumn and two spring
campaigns were conducted. A decrease in lysosomal sta-
bility at the reference locations Eider and Tiefe Rinne in
1996 and 1997 compared to 1995 corresponded with an
increase in organochlorine residues in fish tissue and ele-
vated liver lipid accumulation and indicates the sensitivi-
ty of this biomarker to organic pollution. Lysosomal sta-
bility was negatively correlated with EROD activity as
well as with the parasitological parameter of Trichodina
infection intensity. Thus, of the biomarkers used in the
present study it represents the most integrative parameter
that reliably reflects site-specific differences, changes in
time and the contaminant burden of the individual fish.

A negative correlation between lysosomal stability
and heavy metal residues, as found in the mollusc Perna
viridis by Cheung et al. (1998), could not be ascertained
in the flounder during this study. In fact, the heavy metal
concentrations, measured in flounder from the chosen lo-
cations, did not seem to have any effect on lysosomal
stability.

EROD activity

EROD activity is known to be a sensitive indicator of the
exposure to lipophilic compounds like PAHSs, dioxins
and coplanar PCB congeners (Goksgyr and Forlin 1992;
Boer et al. 1993; Sleiderink et al. 1995). Seasonal varia-
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tion in EROD activity, due to the influence of the repro-
duction in female fish, as observed in the present study,
has been described earlier for dab (Kriner et a. 1996) in
the German Bight. During the reproductive season in the
winter (November—February), relatively low EROD ac-
tivity is generally measured in both sexes. Fish species
that display an annual spawning cycle have demonstrat-
ed an estradiol-dependent suppression in expression of
CYP1A activity and inducibility by polycyclic aromatic
hydrocarbon-type inducers in gonadally mature female
fish (Lindstrom-Seppa and Stegeman 1995). Outside the
spawning season, EROD activity in flounder was rela
tively stable during the year, corresponding to the find-
ings of Eggens et a. (1995) for flounder in the Dutch
Wadden Sea. The high EROD activity in fish from Tiefe
Rinne in April 1997 compared to April 1996, the corre-
sponding increase in neutral lipid deposition, the de-
crease in lysosomal stability in the flounder liver and the
results of the residue analysis indicate an increased
chemical burden in spring 1997 at this location. Since
EROD induction usually occurs shortly after the expo-
sure to bioavailable aromatics (Stagg et a. 1998), the el-
evated activity values in spring 1997 in the Tiefe Rinne
may be directly related to a pollution event that hap-
pened in the Elbe in 1995/1996, which is reflected in the
high DDT values measured in Elbe fish in January 1996.
Tiefe Rinne and Eider may have been affected by this
event after a time lag only in spring 1997. From the
above it can be confirmed that EROD activity can serve
as a potent biomarker, provided it is not used during the
productive season and it is used in conjunction with oth-
er biomarkers.

Macrophage activity test

The increase of acid phosphatase activity in macro-
phages is a well-known phenomenon accompanying the
activation of macrophages in mammals (Klein 1991). In
turbot, a highly significant correlation between reactive
oxygen species (ROS) production, the standard marker
of macrophage activation, and activity of acid phospha-
tase has been observed during exposure experiments
(Broeg, in preparation). In this study, acid phosphatase
activity in macrophage aggregates in the liver was used
as a marker for macrophage activity to determine,
whether there are differences in the activity of non-
specific immune response at different polluted locations.

The results of the present study indicate that the non-
specific immune response to environmental pollution
differs with regard to male and female individuals. In fe-
male dab, the activity of macrophages in the liver is
changing with maturity (Kohler and Broeg, unpublished
data). Thus, not only environmental effects are influenc-
ing the MA activity in female individuals. The applica-
tion of MA activity as a biomarker should therefore be
restricted to male individuals. They show the clearest re-
sults when comparing different polluted locations. In ad-
dition, the correlation between chlorinated hydrocarbons,
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especially dieldrin, and the MA activity in male individ-
ualsis constantly negative, whereas in female flounder a
positive correlation between MA activity and PCB 28
could be observed. In general, the use of immunological
tests in bioeffect monitoring remains rather difficult, due
to the fact that some chemicals act as immunosupressors
while others may stimulate the immune response (Dunier
and Siwicki 1993; Wester et al. 1994; Roszell and An-
derson 1996).

MA activity displayed a close correlation with the
size of the measured macrophage aggregates. Decreasing
MA activity, which was found to be correlated with resi-
dues of dieldrin in male flounder liver, was in most cases
accompanied by a small macrophage aggregate area
(Broeg, unpublished data). This is in agreement with
studies of Bucke et al. (1992) on dab spleen macro-
phages. In contrast, other studies showed contradicting
results and found an increase in macrophage aggregate
numbers in spleen and kidney following exposure to
sewage sludge (Secombes et al. 1991).

Because of the complex functions of macrophages,
and the different reactions of non-specific immune re-
sponse, the activity of MA may not be used as a bio-
marker on its own. For the interpretation of the obtained
results, background data, such as lysosomal stability and
neutral lipid content of the liver, are needed in order to
obtain information about the pathological status of the
tested animal. Nevertheless, MA activity may serve as a
link between the metabolic and parasitological data of
one individual. As shown in Table 4, MA activity is cor-
related with all parameters, the parasitological as well as
the biochemical and histochemical parameters, suggest-
ing that the non-specific immune response may serve as
the integrating part between the lowest and the highest
levels of biological organisation.

Conclusions

Corresponding to the increase in chlorinated hydrocar-
bons in flounder muscle between September 1995 and
January 1996, biochemical and histochemical biomark-
ers provided evidence of a pollution event. The exis-
tence of this event is confirmed by data provided by the
Wassergutestelle Elbe (ARGE Elbe 1997), which re-
ported a dramatic increase in DDT in the River Elbe in
1995 compared to the last 10 years of analytical evalua-
tion. Residue analysis in flounder from all locations in
spring 1997 indicated that Tiefe Rinne and Eider were
affected by atime lag. Sediment analyses of April 1997
with higher values of specific organochlorines (ZPCB,
DDE and DDD) in Eider and Tiefe Rinne than in Elbe
sediment confirm these findings (v. Westernhagen, un-
published data). All applied monitoring parameters re-
flected sensitivity to the effects of the increased chemi-
cal burden on flounder, not only in 1997 in the Tiefe
Rinne, but also for all sampled locations starting in
summer 1996. The occurrence of increased malforma-
tion rates in pelagic fish embryos from the southern

North Sea in early spring 1996 (Westernhagen and
Dethlefsen 1997) provide further evidence of a pollu-
tion event in 1995/1996, which was detected by all bio-
markers employed in the present study.

The following conclusions can be drawn from the
present study: parasite species diversity, EROD activity
and lysosomal stability did not actively affect each other
but were probably affected by the same environmental
conditions on a different time scale. A change in meta-
bolic parameters occurred as a sudden reaction to deteri-
orating environmental factors. Following a chronic expo-
sure to anthropogenic xenobiotics, a change in parasite
diversity is probable. Thus, a combination of metabolic
and parasitological data may serve as a sensitive tool for
pollution monitoring.

For example, the high values of EROD activity and
the high degree of neutral lipid accumulation in combi-
nation with decreased lysosoma membrane stability in
April 1997 at Tiefe Rinne near Helgoland suggested that
there was either a deterioration of the environmental
factors or a massive migration of flounder from a pollut-
ed estuary to deeper waters. However, there was no sig-
nificant difference in the composition of parasite species
diversity between 1996 and 1997 or the spring cam-
paigns in 1996 and 1997 in Tiefe Rinne fish. Therefore,
the decline of the biochemical and histochemical param-
eters is actually a reflection of an environmental deteri-
oration at an early stage. The combination of this array
of bioindicators for pollution monitoring can therefore
facilitate the interpretation of results against the back-
ground of natural and seasonal variation and provided
valuable information about the stress level of individual
fish.
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Map 1 Map of sampled North Sea stations:
1. Elbe estuary

2. Eider estuary

3. Tiefe Rinne/Helgoland
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