
Abstract A comprehensive database, containing biolog-
ical and chemical information, collected in the frame-
work of the bilateral interdisciplinary MARS project
(“biological indicators of natural and man-made changes
in marine and coastal waters”) during the years
1995–1997 in the coastal environment of the North Sea,
was subjected to a multivariate statistical evaluation. The
MARS project was designated to combine a variety of
approaches and to develop a set of methods for the em-
ployment of biological indicators in pollution monitoring
and environmental quality assessment. In total, nine ship
cruises to four coastal sampling sites were conducted;
765 fish and 384 mussel samples were analysed for bio-
logical and chemical parameters. Additional information
on the chemical background at the sampling sites was
derived from sediment samples, collected at each of the
four sampling sites. Based on the available chemical data
in sediments and black mussel (Mytilus edulis) a pollu-
tion gradient between the selected sites, was established.

The chemical body burden of flounder (Platichthys fle-
sus) from these sites, though, did not reflect this gradient
equally clear. In contrast, the biological information de-
rived from measurements in fish samples displayed sig-
nificant a regional as well as a temporal pattern. A multi-
variate bioindicator data matrix was evaluated employ-
ing a factor analysis model to identify relations between
selected biological indicators, and to improve the under-
standing of a regional and temporal component in the pa-
rameter response. In a second approach, applying the k-
means algorithm on the data matrix, two significantly
different clusters of samples, characterised by the current
health status of the fish, were extracted. Using this clas-
sification a temporal, and in the second order, a less pro-
nounced spatial effect was evident. In particular, during
July 1996, a clear sign of deteriorating environmental
conditions was extracted from the biological data matrix.

Key words Bioindicators · Spatial pattern · Temporal
pattern · North Sea

Introduction

One of the major challenges in environmental science is
the integration of different measurements into an inte-
grated view, to achieve a more general, reliable measure
for the assessment of ecosystem health. The current re-
search project was aimed at developing, from a combina-
tion of biological parameters, a reliable tool for the as-
sessment of environmental deterioration of coastal ma-
rine ecosystems. Different biological parameters, rang-
ing from biochemical tests at the molecular level to
parasitological community parameters at the ecosystem
level were included in the study. A summary of the pa-
rameters under investigation is given in Table 1.

The project consisted of three biological sub-projects
and addressed two topics: (1) the use of biochemical and
histochemical biomarkers for biological effects monitor-
ing; (2) the use of parasitological indices for biological
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effects monitoring. Environmental chemistry was added
as a third supplementary activity. For a detailed descrip-
tion of the specific tasks, methods used, and results of
each sub-project the reader is referred to Bresler et al.
(1999), Broeg et al. (1999), and Kress et al. (1999) in
this issue.

Since an attempt at an integrated evaluation of data was
initialised only after the termination of the experimental
work, the statisticians had no influence on experimental
planning and data management. Hence the specific require-
ments for a multivariate analysis were not considered dur-
ing the experimental planning and execution. In particular,
the lack of consistency in the data matrix in time and space
turned out to be a major disadvantage for evaluation. 

The focus of the evaluation was, on the one hand, on
identifying existing relations between the biological pa-
rameters under investigation and, on the other, on assess-
ing the possible dependence of the multivariate bioindi-
cator pattern on a spatial and temporal scale. Due to the
above-mentioned drawbacks in co-ordinated planning, a
multivariate analysis could only be applied to a limited
set of data.

Materials and methods

From 1995 to 1997 nine sampling campaigns were conducted in
the North Sea (2×winter, 2×spring, 2×summer, 3×autumn). In all

figures as well as in the text the campaigns are identified by a
four-digit number. The first two digits stand for the year, the sec-
ond two for the month of the sampling campaign. Flounder sam-
ples were collected at three, and in 1997 at four sites (Fig. 1). To
avoid undesired age and size effects, only fish samples of a nar-
row size range (18–25 cm total length) were included in the
analysis. The initial working hypothesis on which the sampling
design was based was the assumption of a pollution gradient
among the chosen sites which was expected to be reflected by
the bioindicator response. The assumed pollution gradient, was
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Table 1 Summary of parame-
ters under investigation. The
parameter abbreviation 
(ParameterAbb), the full name
(ParameterFull), the unit, and
the responsible institute: BAH
(Biologische Anstalt Helgo-
land), THH (Tierärztliche 
Hochschule Hannover), TUB
(Technische Universität 
Berlin), IOLR (Israeli Oceano-
graphic and Limnological 
Research Ltd.)

ParameterAbb ParameterFull Unit Origin

dddfat DDD µg/kg liver fat BAH
ddefat DDE µg/kg liver fat BAH
ddtfat DDT µg/kg liver fat BAH
dieldrinfat Dieldrin µg/kg liver fat BAH
ERO EROD activity nmol min–1 mg–1 (Protein) BAH
gHCHfat Hexachlorocyclohexan µg/kg liver fat BAH
HCBfat Hexachlorobenzene µg/kg liver fat BAH
Len Length cm BAH
LiC Liver colour 1–6 BAH
LiF Macrophage aggregate lipofuscin Mean absorbance BAH
LY1 Lysosomal stability 1 min BAH
LY2 Lysosomal stability 2 min BAH
MAA Macrophage aggregate area µm2 BAH
MAM Macrophage aggregate activity Mean absorbance BAH
Mat Maturity 0/1 BAH
nLi Neutral lipids liver Mean absorbance BAH
ocsfat Octachlorstyrol µg/kg liver fat BAH
pentBENZfat Pentachlorobenzene µg/kg liver fat BAH
Sex Sex 1,2 BAH
sPCBfat Sum polychlorinated biphenyls µg/kg liver fat BAH
Cd Cadmium µg/g (wet.wt.) IOLR
Cu Copper µg/g (wet.wt.) IOLR
Fe Iron µg/g (wet.wt.) IOLR
Hg Mercury µg/g (wet.wt.) IOLR
Mn Manganese µg/g (wet.wt.) IOLR
relDryWt Relative dry weight % IOLR
Zn Zinc µg/g (wet.wt.) IOLR
AnzArten Sum of species (parasite) In total 33 species THH
AnzahlHeteroxen Sum heteroxenic parasites In total 22 species THH
AnzahlMonoxen Sum monoxenic parasites In total 11 species THH
ChE Cholinesterase activity nmol min–1 mg–1 (protein) TUB
DNA DNA unwinding –log F TUB
GST Glutathione-S-transferase activity nmol min–1 mg–1 (protein) TUB

Fig. 1 North Sea sampling sites. The fish sampling sites are indi-
cated as large dots, the mussel sites as small dots



arranged in the order: Elbe river mouth (ElbM, CuxL), polluted,
Eider river mouth (EidM, EidS), moderately polluted and Tiefe
Rinne Helgoland (TieR, HelD) control site. With regard to the
hydrographic conditions at the other stations the TieR site was
unfortunately not directly comparable to the other sites due to its
higher salinity and greater depth. Thus in 1997 it was agreed that
another unpolluted site off the island of Spiekeroog (Spie, SpiW)
should be sampled. 

In principle, the evaluation of an environmental database con-
taining a temporal and a spatial dimension can be approached at
different levels of detail. Assuming a significant pollution gradient
between sampling sites calls for an evaluation based on sites. The
means of sensitive parameters grouped by sites should reflect the
pollutant gradient as a region-dependent response. Yet an effect
becomes visible only when it is not superimposed by other effects
that are not dependent on the sampling region, such as seasonal ef-
fects or effects caused by the current state of the reproductive cy-
cle of the test organisms. Also the migratory habit of fish is ex-
pected to disturb the pattern of biological responses observed in
hauls from distinct sites. In order to extend the evaluation of a 
database on temporal effects, differentiation not only at a spatial
level but also at temporal levels is needed. Thus the number of
cases to be considered will increase from 3 (three stations) to 27
(3 stations × 9 campaigns). Although this approach will yield a
more detailed analysis, extended by the temporal dimension, it
will also provide averaged information. The total information con-
tained in the database is considered only by applying a specimen-
based approach. Here the individual biological functionality of
each analysed individual is taken into account, and a large variety
of biological factors that may influence the response of each indi-
vidual are under discussion. For example, the migratory habit of
fish may influence the composition of a haul at a given site. Since
the migratory history of the fish is uncertain and may influence the
range of variability of the biological and chemical parameters,
there are good reasons to use a statistical approach at the individu-
al level in order to minimise any loss of information rather than to
conduct an evaluation at a more general level. 

Two multivariate approaches are discussed in this paper. First,
a factor analysis has been performed to examine relations between
the parameters (bioindicators) and to elaborate initial information
about dominant effects on a regional and temporal scale. Always
when the term significant is used in the discussion, a P value low-
er than 0.05 is implied. An overview of the multivariate statistical
methods applied is given in Dillon and Goldstein (1984) or 
Henrion and Henrion (1994). The factor analysis is an exploratory
method to identify structures in multivariate databases by the re-
duction of the original multiple variables system to a simpler
system with a reduced number of superimposed complex variables
(factors). The aim is to condense the information from a multivari-
ate data matrix to a less complex system to facilitate interpreta-
tion. The successful application of this method to environmental
multivariate databases is described in several recent publications.
The method has been used to describe regional water quality 
(Reisenhofer et al. 1996) or to identify pollution sources in marine
(Naes and Oug 1997) and river systems (Götz et al. 1998). Factor
analysis was also used to assess biological systems, for instance
the identification of flat fish species by means of morphological
characteristics (Piet et al. 1998). The second multivariate method
used successfully to discover structures in the present data matrix
was the k-means clustering method. In contrast to the factor analy-
sis, which combines information from individual parameters to
factors, the k-means cluster method groups individual objects 
(fish samples) into clusters of similar characteristics (parameter
pattern). This method is based on an algorithm developed by 
MacQueen (1967). The algorithm separates the data matrix into a
pre-defined number of clusters. The objective of the sorting crite-
rion is to achieve a minimum of variance within clusters and a
maximum between clusters. As was the case for the factor analy-
sis, this method has been applied in recent studies on environmen-
tal databases to assess the water quality in the river Elbe (Götz et
al. 1998). The analyses were performed using Statistica v.5 (Stat-
soft Inc.).

A specific advantage of the present project database was that
work was done on only one fish species, the flounder (Platichthys
flesus). This allowed a direct comparison between individuals
making use of the different biomarkers under investigation. Fur-
thermore, an important requirement for a successful multivariate
approach at the specimen level was a high level of consistency in
the used data matrix. Unfortunately, none of the 764 fish samples
was analysed for the entire set of relevant parameters. Thus the
number of parameters that could be considered for the multivariate
statistical analyses was a compromise between maximising the
number of included parameters, on the one hand, and maximising
the number of individual fish that were sufficient as characterised
by the selected parameters, on the other. The criterion for includ-
ing a parameter was the frequency of measurements and the ability
of combinations with as many parameters as possible in the same
individual. This was the reason why results from the chemical an-
alyses were not included in the multivariate calculations. The con-
sideration of these parameters would have decreased the total
number of valid cases (fish specimens) below an acceptable value.
Although there are some suitable methods for modelling gaps in a
data matrix, they all increase the uncertainty of the results, and
they should only be applied if there is a good understanding of the
parameter response characteristics. It was decided to exclude all
samples with missing values. This pre-condition meant that fewer
samples were considered and led to a loss of information from the
entire database. But the probability of lost information from the
reduced data matrix was accepted to avoid artificial results by re-
placement of missing data by extrapolated values. On the basis of
these prerequisites the following parameters were incorporated in-
to the multivariate analysis (detailed descriptions of the parame-
ters and applied methods are given in the respective references):

Macrophage aggregate area (MAA), the mean size of macrophage
aggregates in flounder liver (Broeg et al. 1999).
Macrophage aggregate activity (MAM), the activity of acid phos-
phatase in macrophage aggregates of flounder liver (Broeg et al.
1999).
Lysosomal stability (LY2), the membrane stability of hepatocyte
lysosomes (second group of lysosomes displaying an early mem-
brane break down) (Broeg et al. 1999).
EROD activity (ERO), the activity of cytochrome P450 dependent
monooxygenase Ethoxyresorufin-O-deethylase (EROD) (Broeg et
al. 1999).
Choline esterase activity (CHE) (Bressler 1999).
Number of parasite species (ANZARTEN) (Broeg et al. 1999).
Liver colour (LIC), a parameter that represents the pathologically
induced lipid accumulation in flounder liver (Broeg et al. 1999).

In addition to the biological investigations a limited number of
chemical analytical data from fish, mussels and sediment samples
were available. The respective samples were used for orientation
as regards chemical pollution at the different sites, because the
number of analytical data points for environmental chemistry was
not sufficient to include them in the multivariate statistical analy-
sis.

Results

A prerequisite for the multivariate analysis was the as-
sumption of a pollution gradient at the different sampling
sites in the North Sea. In this context the ElbM site was
regarded as the most polluted site and the TieR site
(southeast of Helgoland) as the ‘control’ site. The third
site, EidM, ranged somewhere in-between and may be
called ‘moderately polluted’. It should be mentioned,
though, that the quality and type of pollution at the three
sites was rather different. While the Elbe is mainly af-
fected by industrial pollution, the anthropogenic influ-
ence at the Eider estuary is more due to agricultural ac-
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tivities. The fourth sampling site, Spie, thought to be an
alternative unpolluted reference site, was only used dur-
ing the last year of sampling and could not be included
in all analyses due to the lack of sufficient data.

Characterisation of the sampling sites by chemical 
pollution burden

Sediments

A look at the heavy metal burden in sediments supports the
pollutant gradient assumption made above. Figure 2 dis-
plays the dry-mass-related heavy metal content in sediment
samples taken during the cruises in April and October
1996. To permit an overview of all heavy metal values in
one single graph, concentrations are standardised for each
element by its overall mean concentration from both cam-
paigns and all sites [Std. score=(raw score/mean (all sam-
ples)]. The observed concentration values of each sample
could be recalculated by multiplying each displayed single
value by the mean concentration of the related element giv-
en in the figure legend. A trace element gradient between
the chosen sites is obvious from the graph. The observed
heavy metal burden of the sediment samples is consistent
with the assumption of a pollution gradient between the
chosen sampling sites. 

The same ranking had been obtained on the basis of
polyaromatic hydrocarbon (PAH) determination in the
sediments of the three sampling sites. PAH concentra-
tions that had been determined in the sediment samples
of the sites were: 5, 40 and 100 µg/g dry weight at TieR,
EidM, and ElbM, respectively. Due to the limited num-
ber of samples for the residue analyses from the sedi-
ments though, data have not been subjected to statistical
treatment.

Black mussel

Close to the fish haul sites, mussel samples were also
taken. During two campaigns 60 mussel pools were col-
lected at four sites and analysed for their heavy metal
burden in soft tissue. In general the same gradient was
found as for the sediment samples. In Figs. 3 and 4 the
cadmium and copper burdens of all available mussel
samples are displayed. Each box (site/cruise grouped)
contains 5–10 values. The directly comparable median
concentration values observed at each site during the
same cruise are connected by dashed lines. In particular
Cd and Cu, elements which are correlated mainly to an-
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Fig. 2 Standardised heavy metal concentration per dry weight in
sediment. Each element is characterised by two data points (sym-
bols), one for each campaign, which are connected by lines. To en-
able direct comparison between different elements, all element
values are divided by their overall mean concentration, which is
given in the legend in square brackets

Fig. 3 Cadmium concentration in mussel soft tissue per wet
weight, grouped by site and campaign. Each box indicates: mini-
mum, maximum, median, 25%, 75% quartile, 95% confidence in-
terval (notch)

Fig. 4 Box and whisker plots of the copper concentration in mus-
sel soft tissue per wet weight, grouped by site and campaign. Each
box indicates: minimum, maximum, median, 25%, 75% quartile,
95% confidence interval (notch)



thropogenic emissions, display a similar pattern. During
both the spring and autumn 1997 campaigns, the CuxL
(close to ElbM) site showed significantly elevated val-
ues. But not only a spatial difference was obvious. A sig-
nificant temporal effect was also seen [analysis of vari-
ance (ANOVA)]. At all sites the highest mean heavy
metal burden was detected in autumn 1997. In the case
of Cu a factor close to 2 was observed between the two
campaigns at the CuxL site.

Flounder

Heavy metals were measured in five fish samples from
two campaigns at all three sampling sites. Organic pollu-

tants were determined during three other campaigns, in
4–11 samples from each site. Unfortunately, no individu-
al fish sample was analysed for both heavy metals and
organic pollutants. 

The heavy metal burden of flounder tissue is shown
in Fig. 5. To gain an overview of all elements in one 
figure, the displayed concentrations were standardised
on the basis of the mean element concentrations from 
all samples. To enable the recalculation of the element
concentrations of all samples, means as well as the
site/campaign means and standard deviations of the ele-
ments are summarised in Table 2. There was no apparent
spatial effect. During both the summer and autumn 1996
campaigns, no significant (ANOVA) differences in the
heavy metal burden (except Fe) of flounder from the
three sites were found. Only a temporal effect could be
determined in the case of Cu, Mg and Zn, indicating
higher contamination with the three metals in July than
in October. 

A spatial effect of heavy metal burden was best ascer-
tained in the sediment samples and in the residues from
mussel soft tissue. For fish muscle contamination,
though, no clear spatial gradient was apparent, yet a tem-
poral effect could be shown. Due to the limited numbers,
results derived from the chemical analysis should be
viewed with the necessary caution.

Temporal and spatial pattern in the bioindicator database

Both spatial and temporal effects were present in the bio-
indicator data matrix. The MAA will serve as an exam-
ple for a campaign-dependent parameter (Fig. 6), and the
lysosomal stability as a campaign- and time-dependent
parameter (Fig. 7). Both parameters are displayed in sim-
ilar plots where each data point gives the mean site/cam-
paign value. The time-dependent nature of the parameter
is best illustrated in the lower (B) plots. Here all mean
site values are connected by single lines on a time (x) 
axis. Both parameters are characterised by significant
(ANOVA) temporal patterns. The spatial trend of the pa-
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Table 2 Means and standard deviation of heavy metal concentration in Flounder (P. flesus) muscle tissue [µg/g (wet weight)]

Hg Cd Cu Zn Fe Mn

Means SD Means SD Means SD Means SD Means SD Means SD

9607 0.013 0.013 0.013 0.010 0.34 0.07 6.69 0.38 5.08 0.93 0.57 0.13
ElbM
9607 0.040 0.044 0.022 0.021 0.33 0.05 9.74 1.42 3.98 0.48 0.82 0.17
EidM
9607 0.018 0.010 0.021 0.017 0.33 0.02 7.94 1.13 4.58 0.59 0.65 0.40
TieR
9610 0.014 0.007 0.019 0.005 0.24 0.06 5.99 1.00 4.27 0.54 0.21 0.02
ElbM
9610 0.008 0.006 0.025 0.008 0.22 0.05 4.82 0.81 3.58 0.47 0.20 0.08
EidM
9610 0.016 0.022 0.024 0.007 0.28 0.06 6.30 0.91 5.41 0.43 0.32 0.15
TieR
All 0.018 0.022 0.021 0.012 0.29 0.07 6.91 1.83 4.48 0.83 0.46 0.30
groups

Fig. 5 Standardised heavy metal concentration per wet weight in
fish, grouped by site and campaign. Samples from two hauls in Ju-
ly and October 1996 at three sites



rameter is best reflected by the upper (A) plots. The
three sites are collected under individual lines for each
campaign. The x axis is a regional scale with increasing
pollution expected from left to right. The trend of lower
LY2 values, indicating higher pollutant burden at the
ElbM site, is consistent over all cruises, and in the same
range as the temporal effects. In contrast, the MAA pa-
rameter shows no significant spatial trend (ANOVA). 

In the following discussion two multivariate ap-
proaches will be presented. In a first step the relations
between selected bioindicators will be examined on the
basis of the results of a factor analysis. In the second
step it is attempted to distinguish between cam-
paigns/sites of different disturbances by assessing the re-
sults of a k-means cluster analysis. Seven parameters
(MAA, MAM, LY2, EROD, LIC, CHE, ANZART) were
subjected to multivariate investigations.

Of a total of 764 samples, only 274 were consistently
examined for all selected parameters. An additional
number of cases had to be rejected due to a high number
of 0 values. In particular the MAA and MAM parameters
were concerned when no macrophage aggregates could
be found in the piece of liver examined. It is not clear yet
whether this represents a real effect. Thus these samples

were excluded from the calculations. In the end, 136
cases were considered.

Two factors with eigenvalues greater than 1 were ex-
tracted (Table 3). These two factors were able to explain
46% of the total variance. The factor loading is shown in
Fig. 8. Factor loading can be interpreted as correlation
between the respective variables and factors. The values
contain information about the extent to which the factor
determines the variables. The parameters LY2 and 
ANZARTEN dominate factor 2. Both parameters act in
the same direction (positive loading) and contribute only
in a minor way to factor 1. Factor 1 is primarily based on
the MAA, LIC and CHE parameters. Whereas LIC and
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Fig. 6 Site and campaign grouped macrophage aggregate area
[µm2] mean values. Spatial trend plot (A) and temporal trend plot
(B). Increasing pollution burden at the different sites is expected
in the order ElbM, EidM, TieR

Fig. 7A,B Site and campaign grouped mean values of lysosomal
stability (LY2). Spatial trend plot (A) and temporal trend plot (B).
Increasing pollution burden at the sites is expected in the order
ElbM, EidM, TieR

Table 3 Eigenvalues and explained variance of factor analysis
model. Rotation method Varimax. Only factors with eigenvalues
greater then 1 are listed. Seven variables and 136 cases were in-
cluded

Factor Eigenvalue % Total Cumulative Cumulative
variance eigenvalue %

1 1.76 25.16 1.76 25.16
2 1.48 21.14 3.24 46.30



MAA are well correlated and are located close together
with positive factor 1 loading, the CHE parameter func-
tioned in the opposite direction. The contribution of
MAM and EROD activity to the factor model was less
pronounced and not specific to either of the two factors.
The computed factor scores are displayed in Figs. 9 and
10 in scatter plots. Both plots display the same spread of
data points in the two factor plane, which are calculated
from the same factor model. Each grouping criterion, site
and campaign, is marked individually in both figures.
For better orientation all grouped data points are indicat-
ed by 95% confidence ellipses. The calculated ellipses
were based on the assumption that the two factors follow
the bivariate normal distribution. The orientation of the
ellipse was determined by the sign of the linear correla-
tion between the two factors (the longer axis of the el-
lipse was superimposed on the regression line).

A detailed elaboration of the factor analysis led to the
following results. The sampling sites were only distin-
guished by factor 2 (Fig. 9). Whereas most Elbe river
(ElbM) data points were indicated by negative factor 2
values, the Eider (EidM) and Tiefe Rinne (TieR) sites
were in the upper part of the graph, at positive factor 2
values. Factor 1 did not contribute to the separation, as it
was reflected by the normal scatter of all different data
points over the horizontal scale.

The temporal effects were analysed in the same way
as the regional ones. To a certain extent the formulated
factor model was also able to separate the sampling cam-
paigns. Analysing the data point clouds in Fig. 10, the
separation of cruise 9601 from 9607/9509 became obvi-
ous. The 9607/9509 data points were located in the right
half, the 9601 data points in the left half of the graph.
The temporal distinction was based mainly on factor 1.
The contribution of factor 2 to a separation of the cam-
paigns was only poor.

A combination of the information of Fig. 8 and Figs.
9/10 gives an insight into the relations between the ob-
served parameters and their site/campaign dependency.
This is demonstrated on the fish samples which originat-

ed from the ElbM site in 9607. The ElbM observations
are mainly found at low factor 2 values in the lower part
of Fig. 9. Factor 2 itself was positively correlated and
greatly influenced by the ANZARTEN and LY2 parame-
ters (Fig. 8). During the 9607 campaign the factor 1 val-
ues were mainly positive and thus they are concentrated
in the right part of Fig. 10. Factor 2 was negatively cor-
related with CHE and positively correlated with LIC and
MAA (Fig. 8). In summary, the fish situation during the
9607 cruise at the ElbM site was characterised by elevat-
ed MAA and LIC values and reduced ANZARTEN, LY2
and CHE values. This may point to an impaired health
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Fig. 8 Factor loading in a Varimax rotated co-ordinate system

Fig. 9 Fish samples in the factor score co-ordinate system sepa-
rated by site: 95% confidence area ellipses surround the observa-
tions for each sampling site

Fig. 10 Fish samples in the factor score co-ordinate system sepa-
rated by cruise: 95% confidence area ellipses surround the obser-
vations of each sampling campaign



situation of the fish analysed in the Elbe estuary in the
summer of 1996.

In general, determination of the parameter variability
by the applied factor model was only weak (less than
50% explained variability) and thus the interpretation
should be viewed with the necessary caution. 

On the basis of the results from the factor analysis,
the idea of using the second multivariate approach to an-
alyse the data matrix without any assumption of a spatial
or temporal structure in the database was employed. Re-
gardless of the site or the haul from which the fish sam-
ple originated, a k-means analysis was assessed by the
pattern of the biological information available. This
analysis (a special kind of cluster analysis with a pre-
defined number of extracted clusters) was used to sepa-
rate two groups of individuals from the entire pool of
samples. The mathematical algorithm for this procedure
works like a reversed analysis of variance. The clusters
are created by grouping the samples, following the crite-
rion of minimising the within-group variance and max-
imising the between-group variance. It was tested wheth-
er it would be possible to separate two groups, a cluster
of fish with poor health and a cluster of less impaired in-
dividuals. 

For this analysis the same parameters as used for the
factor model were considered. Prior to the analysis the
data matrix was z-transformed (standardised on a param-
eter mean value 0 and standard deviation 1).

From this matrix it was possible to extract two obvi-
ous different clusters. Cluster 1 contained 95 and cluster
2, a total of 115 cases (fish specimens). All mean param-
eter values were significantly (ANOVA) different be-
tween the extracted clusters, except the parasitological
one (ANZARTEN) (Table 4). However, the ANOVA re-
sults should be viewed with caution. When applying the
test to clustered (sorted) objects this was not tested a pri-
ori, and the results were capitalised on chance by arrang-
ing the most statistically significant ANOVA’s possible.
The pattern of the mean parameter values in each cluster
is shown in Fig. 11. Each of the two clusters is displayed
as a separate line connecting the standardised mean pa-
rameter values. Cluster 2 shows a parameter pattern
which could be classified as a group of impaired individ-
uals. The amplitude of all parameters indicates a bad
health situation. In contrast, cluster 1 contains samples
of unimpaired or less impaired individuals. At this point
it should be emphasised again that the separation of the
two clusters was based only on the parameter pattern of

the samples. In the next step it was tested how the sam-
ples related to one of the two clusters were spread over
the sampling campaigns and sites. Figure 12 shows the
partitioning of samples classed in cluster 1 and 2,
grouped by sampling site and campaign. Each bar indi-
cates the partitioning of fish samples belonging to one of
the two separated clusters. In total, the values of clusters
1 and 2 add up to 1 for each campaign/site. A strong
temporal effect on the classification of the fish is obvi-
ous. The most pronounced differences were found during
the 9601 cruise when only 6% of the samples were
classed as cluster 2 (impaired) and 94% as cluster 1 (un-
impaired), and the 9607 cruise with a cluster 2/1 ratio of
67%/33%. It is not yet clear whether this obvious differ-
ence is due to varying environmental pressure or rather
dominated by the seasonal dependence of the response.
However, a comparison of the 9607 (summer) cruise
with the two available autumn cruises 9509 (cluster 2/1,
28%/72%) and 9709 (cluster 2/1, 47%/53%; the Spie site
is not considered) showed a similar situation. Here as
well, only the 9607 samples showed a clear preponder-
ance of fish samples classified as cluster 2. Comparing
all samples taken at the EidM sites only, the 9607 cruise
is the only one in which the number of fish in cluster 2
predominates. Combining all this information, there is a
strong indication that it can be assumed that during this
period a major pollution event may have taken place that
had influenced the health of the fish considerably. 

Shifting the focus to the regional effect, a surprising-
ly clear pattern was found. A comparison of the site
ranking by cluster 2 partitioning led to a consistent pic-
ture. During all cruises, irrespective of the season, the
ElbM site displayed the highest fraction of cluster 2
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Table 4 k-Means clustering 
results: significance test of the
separated clusters. P levels 
for the separation of cluster 
1 and 2

Parameter P

LIC 0.000
MAA 0.000
MAM 0.000
LY2 0.000
ERO 0.000
CHE 0.000
ANZARTEN 0.286

Fig. 11 k-Means clustering results. Parameter mean values of the
standardised data matrix (standardised on a mean value of 0 and a
standard deviation of 1)



samples, followed by the EidM and TieR sites. This or-
der of sampling sites, the highest fraction of impaired
fish samples at the ElbM site, the lowest at the TieR
site, corresponded surprisingly well with the results of
the chemical investigations, which produced the same
ranking of sites.

Consistent with the results of the factor analysis ap-
proach described above, both effects (temporal and spa-
tial) were observed. It was also evident that the separa-
tion of fish samples into unimpaired specimens at the
reference site (TieR) and impaired individuals at the pol-
luted sites was not possible. In particular during the 9607
campaign a notable fraction of impaired fish samples
was observed at the supposedly cleaner control site TieR
at Helgoland. This means that although the expected gra-
dient in fish health was reflected by the site grouped
samples, the clean site TieR and also the later-selected
Spie site (9709) did not guarantee an undisturbed refer-
ence fish sample.

Conclusion

In the present study, uni-, bi- and multivariate statistical
relationships were examined between different types of
biomarkers in flounder, in order to be able to associate
them with pollution effects. While the individual param-
eters have been discussed in detail in other contributions
in the present volume (Bresler et al. 1999; Broeg et al.
1999; Kress et al. 1999), the primary aim of the present
paper was to compare the various biomarkers in their
suitability for the assessment of coastal water pollution.
In addition, statistical analyses of the data sets of chemi-
cal parameters were employed to classify the pollution
status of the three main sampling sites. 

Although the database for the calculation of multivar-
iate statistics had some serious shortcomings in terms of
completeness of the data matrix, the factor analysis and
the k-means analysis enabled us to demonstrate a pollu-
tion gradient between the three stations Tiefe Rinne Hel-
goland (TieR) < Eider river mouth (EidM) < Elbe river
mouth (ElbM). The existence of a pollutant gradient be-
tween the sites was supported by the chemical data from
sediments and mussel tissue, but not by those measured
in fish tissue. Due to the limited number of analyses, a
temporal effect was not discernible.

The biological data displayed a temporal and a spatial
pattern. To a certain extent, the biological indicators sup-
ported an environmental pollution gradient between the
chosen sites. Most parameters, though, showed a statisti-
cally significant temporal pattern. The sampling locations
Elbe river mouth (ElbM), Eider river mouth (EidM) and
Tiefe Rinne Helgoland (TieR) were not sufficiently charac-
terised by virtue of their spatial separation in order to clas-
sify fish samples as impaired or unimpaired individuals.
Although a regional effect was evident, it was of secondary
importance and may have been blurred by the migratory
activity of flounders from the Elbe estuary into the deeper
areas of the German Bight (i.e. Helgoland Tiefe Rinne) in
winter. Temporal effects were predominant, particularly
between the end of 1995 and the summer of 1996, when
the health of the system had deteriorated alarmingly. In
1997 all sites were still impacted, even though a pollution
gradient between the sites could be observed. These find-
ings were well in line with a pollution event that had been
documented by other authors employing biological moni-
toring exercises (Westernhagen and Dethlefsen 1997) dur-
ing the same period in the German Bight. This event had
been ascertained through the discovery of a considerable
input of environmental chemicals (notably DDT) at the end
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Fig. 12 Partitioning of fish
samples in cluster 1 
(unimpaired individuals) 
and cluster 2 (impaired 
samples), distinguished by 
sites and cruises



of 1995 and the beginning of 1996 (ARGE Elbe 1997) (see
also Broeg et al.1999, this issue), which apparently has had
a dramatic effect on the health of the whole ecosystem in
the German Bight.

Thus, as has equally been demonstrated by van der
Oost et al. (1997) for freshwater lakes, it could be estab-
lished that multivariate analysis is well suited to examine
relationships between exposure to pollutants and the re-
action of biochemical and community parameters in a
marine ecosystem. In our study we were able to demon-
strate the importance of biological effects monitoring for
the detection and classification of pollution gradients,
between differently impacted sites in the German Bight.
All of the evaluated biomarkers had a certain potential to
indicate ecosystem stress; yet for the improvement of
marine ecosystem health assessment a validation of the
ranking of the chosen indicators would be important.
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