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Abstract To assess the long-term anthropogenic
load of the Bílina River (Czech Republic), the con-
centrations of heavy metals and specific organic
compounds in different river ecosystem matrices
(water, biofilms, and sediments) were determined.
Although the current concentrations of pollutants
in surface water are low, frequently below the
limits of the quantitative analytical methods used,
the river ecosystem is still heavily loaded by an-
thropogenic pollution, mainly from the chemical
and mining industries. This was demonstrated by
analyzing biofilms and sediments. These matri-
ces are more accurate representatives of the ac-
tual situation in the river and do not depend on
hydrological conditions or random variability in
water quality. The results indicate that the mid-
dle and the lower parts of the river are heavily
polluted by mercury, arsenic, vanadium, poly-
chlorinated biphenyls, hexachlorobenzene, and
dichloro-diphenyl-trichloroethane. As a tributary
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of the Elbe River, the Bílina River represents a
significant risk for the development of quality in
this major European river.
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Introduction

The impacts of anthropogenic activity on aquatic
environments can be assessed through the con-
tamination of particular ecosystem components.
This approach is recommended by the valid
European Union legislation—Water Framework
Directive 2000/60/EC—in an effort to achieve
good ecological potential, where priority pollu-
tants are used to qualify the status of surface
water chemistry. In addition, it is recommended
to analyze matrices other than just surface water
samples (Commission of European Community
(CEC) 2000). Surface water samples provide evi-
dence of the current situation in a river, whereas
the measurement of contamination in solid matri-
ces provides evidence of pollution from a longer-
term point of view.

Biofilms in particular are a suitable solid matrix
for the monitoring of priority pollutants derived
from anthropogenic activity (heavy metals and
specific organic compounds), and results can be
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compared to data on concentrations of pollutants
in bottom sediments and surface water. Biofilms
are complex, heterogeneous systems consisting of
living organisms—bacteria, fungi, algae, and pro-
tozoa, which are embedded into an extracellular
polymer matrix (EPS) (Characklis and Marshall
1990). The EPS matrix is a dynamic system that
fills and forms the space between cells and is
responsible for organization of the biofilm com-
munity (Lewandowski et al. 1994). It is primarily
excreted by bacteria colonizing various surfaces
(Flemming 1993). Biofilms can accumulate on
many types of substances (inorganic and organic
solutes and particles) from the surrounding water
through different processes such as sorption, ad-
hesion, cohesion, uptake of ions, and mechanical
entrapment of particulate matters (Schorer and
Eisele 1997; Costerton et al. 1994; Neu and
Marshall 1990). Sorption sites can include the
EPS, cell walls, cell membranes, and cell cyto-
plasm, with each of these sites displaying different
sorption preferences, capacities, and properties
(Flemming 1995).

Biofilms arise on almost every submerged sur-
face in a river. Due to their position between sub-
stratum and water, their mixed biotic and abiotic
composition, and their position in the food web,
they play a fundamental role in the various bio-
geochemical cycles and dynamics of the aquatic
ecosystem (Schorer and Eisele 1997). Biofilms
meet many of the requirements for pollution in-
dicators, such as (a) their ubiquity on almost any
surface in the water, (b) a sessile mode of growth
that reflects the actual habitat conditions, (c) a
short life cycle that enables a more rapid response
to environmental changes than in higher level
organisms, (d) the species diversity in the commu-
nity with various environmental tolerances, and
(e) the relative ease of collecting biofilm samples
(McCormick and Cairns 1994; Fuchs et al. 1996).

There are two main approaches to using
biofilms for monitoring the effects of pollution: (a)
monitoring the impact on the biofilm community
(e.g., biomass, diversity, presence or absence of
species; e.g., Ivorra et al. 1999; Gold et al. 2003)
and (b) monitoring the self-accumulation of toxic
elements in biofilm dry mass (e.g., Kröpfl et al.
2006; Mages et al. 2004; Schorer and Eisele 1997).
Because of their ability to accumulate pollutants,

biofilms represent an important part of the river
ecosystem. They generally occupy the primary
level of the food chain and so can introduce toxic
elements into subsequent trophic levels (Frost and
Elser 2002; Jeppesen et al. 2002; Pusch et al. 1998;
Durrieu et al. 2005). Bottom sediments have sim-
ilar properties as biofilms regarding the cycling
and fate of pollutants in the aquatic environment:
they have the ability to bind different substances,
can act as a feeding source for macroinvertebrates
or fish, can act as secondary sources of pollution
during floods as well as low-water periods, and
are a more or less temporal sink for pollutants
(e.g., Baudo et al. 1990; Lotufo 1998; Gewurtz
et al. 2000; Baborowski et al. 2004; Stachel et al.
2004; Umlauf et al. 2005). Pollutants accumulated
in both biofilms and sediments can be considered
bioavailable (e.g., Landrum and Robbins 1990;
Farag et al. 2007).

The aim of this paper is to use pollution levels
in biofilms, sediments, and surface water to assess
the long-term anthropogenic load and in a heavily
polluted river, which is considered to be one of the
most important sources of pollution in the Elbe
River catchment area.

Materials and methods

Site description

The river studied, the Bílina River, is located in
the north-west of the Czech Republic (catchment
area: 1,070.9 km2, length of river: 84.2 km). Its
basin is situated in a highly industrialized area,
incorporating primarily coal mining and power
and chemical industries. A high population con-
centration also significantly contributes to the
river’s pollution. Only the first few kilometers
of the river that flow through the original bed
are relatively unpolluted. The remaining 71 km
(out of 84.2 km) have been more or less in-
fluenced by anthropogenic activity (Havlík et al.
1997a, b). Surface coal mining has given rise
to extensive changes in the river bed—the bed
often had to be solidified, and the flow, redi-
rected or conduited. The first detailed research
on the Bilina River (1994–1996) showed it to
be an ecologic disaster, with a severely damaged
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aquatic ecosystem (no permanent fish popula-
tion, benthos species with morphological defor-
mations, and hereditary genetic changes; only
resistant and exotic species of mollusks are
present; etc.), with low surface water quality
(Havlík et al. 1997a, b). The Bílina River is a sig-
nificant tributary of the Elbe River, not in volume
but in quality, with pollution from the Bílina River
negatively affecting the Elbe River ecosystem.
Water quality in certain parts of the Elbe River
situated in post-communist countries is influenced
by the continuous mobilization of hazardous sub-
stances from large amounts of old contaminated
deposits (Brügmann 1995) and current industrial
activities. Currently, several pollutants are consid-
ered to be prominent, such as nitrates, suspended
sediments, mercury, cadmium, hexachloroben-
zene (HCB), dichloro-diphenyl-trichloroethane
(DDT), and hexachlorocyclohexane (HCH) iso-
mers (Adams et al. 2001). The Bílina River is
an important source of PAHs, xenoestrogens
(e.g. Bisphenol A), organochlorine compounds
(Stachel et al. 2005; Heemken et al. 2001), DDT
(Heinisch et al. 2005a), and heavy metals (Vink
et al. 1999). As a result, the Elbe River is consid-
ered an important source of contaminants from an-
thropogenic sources, for example, xenoestrogens,
discharging into the North Sea (Stachel et al.
2003; Heemken et al. 2001). The Bílina River is
often mentioned together with the Mulde River
(Germany), which is affected by similar anthro-
pogenic load. The Mulde River is polluted by
specific organic compounds coming from chemical
industry in the Bitterfeld area (Wilken et al. 1994;
Franke et al. 2005). Together with other rivers
in the Harz region, which are characterized by
high contents of salts (Ca, Mg, Na, and Cl) due to
their different geological background, the Mulde
River is polluted by heavy metals produced by the
mining industry and industrial and urban activi-
ties (Kowalik et al. 2003; Klemm et al. 2005;
Hintelmann and Wilken 1995).

Sample collection

Sampling sites covered the entire course of the
Bílina River, from the almost unpolluted source
region to the heavily anthropogenically polluted
final site in the city of Ústí nad Labem, at the

confluence with the Elbe. All matrices (biofilm,
sediment, and water) were monitored at four sam-
pling sites (B1, B2, B3, and B4), which represent
different sections of the river: B1, the unpolluted,
almost natural section; B2, prevailing municipal
pollution; B3, industrial and municipal pollution;
and B4, the final profile, which provides evidence
of the pollution carried by the Bílina River into
the Elbe River (Fig. 1).

Sample analysis

Samples were collected during the period from
2004 to 2008 as follows: biofilms and sediments,
sampled during the growing and non-growing sea-
son from 2005 to 2008 (sampling in the winter of
2007 was shifted to the beginning of 2008 because
of high water levels); surface water, sampled dur-
ing the years 2004, 2005, 2006, and 2007. Mixed
samples of biofilms were scraped off submerged
surfaces by a brush and spatula. Mixed samples of
sediments were combined using several point sam-
ples collected manually in places where bottom
sediments regularly accumulate. The sampling
depth for sediments was about 10–15 cm from
the surface. Surface water samples were collected
from the river’s course using glass and PE bottles.
All the samples were immediately transported to
an accredited laboratory (certified according to
ČSN EN ISO/IEC 17 025 (01 5253), meeting ISO
and EPA standards) and analyzed to determine
the contents of selected heavy metals (arsenic
(As), cadmium (Cd), mercury (Hg), lead (Pb),
vanadium (V) and zinc (Zn)) and specific organic
compounds (polychlorinated biphenyls (PCBs),
sum of PAHs, and organochlorine pesticides: sum
of HCH isomers, HCB, and dichloro-diphenyl-
trichloroethane (“total DDT”)).

Biofilm and sediment samples were homoge-
nized and lyophilized to a constant dry weight.
Heavy metals (As, Cd, Pb, V, and Zn) were de-
termined by inductively coupled plasma-optical
emission spectrometry (ICP-OES spectrometer
IRIS Intrepid II XSP) with total digestion in
aqua-regia. Content of mercury was determined by
atomic spectrometry in an AMA 254. The follow-
ing specific organic compounds were measured:
sum of polychlorinated biphenyls (PCBs: PCB 28,
PCB 52, PCB 101, PCB 138, PCB 153, and PCB
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Fig. 1 Map of the study area (Bílina River) and the location of sampling sites (B1–B4)

180), sum of PAHs (fluoranthene, benzo[b]
fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
benzo[g,h,i]perylene, indeno[1,2,3-c,d]pyrene), or-
ganochlorine pesticides: sum of HCH isomers
(α-HCH, β-HCH, γ-HCH, δ-HCH; HCB), and
total DDT, which is used to refer to the sum of all
dichloro-diphenyl-trichloroethane (DDT)-related
compounds (o,p′-DDT; p,p′-DDT; o,p′-DDD;
p,p′-DDD; o,p′-DDE; p,p′-DDE). PAHs were
determined by high-performance liquid chro-

matography (HPLC Waters) with organic
solvent extraction. PCBs and organochlorine
pesticides were determinated by gas chroma-
tography (GC Agilent 6890 N) with organic
solvent extraction. All the concentrations of the
pollutants in the solid matrices are reported on a
dry-weight basis. Water samples were analyzed by
the same methods (but without the preliminary
homogenization, lyophilization, and digestion
treatments).
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Results and discussion

Surface water

As expected, concentrations of pollutants in sur-
face water differed along the longitudinal profile
of the river and reflected existing point and non-
point pollution sources. According to the average
concentrations measured for the survey period,
the sampling sites B3 and B4 (Table 1) had the
greatest contamination loads. These sites are lo-
cated in industrialized areas (power and chemical
industries, brown coal mining) with a high popula-
tion concentration. The lowest concentrations of
pollutants were found in the B1 site, which is sit-
uated in the relatively unpolluted part of the river
just downstream of a drinking-water reservoir.

Table 2 shows the average concentrations of
heavy metals and specific organic compounds
present in surface water measured during the
years 2004–2007 at the B4 sampling site. This site
is generally the most polluted profile and rep-
resents the load of pollutants carried from the
Bílina River into the Elbe River. The current
concentrations of monitored pollutants in surface
water are low and frequently below the detection
limits of the analytical methods used (e.g., Cd,
Hg, Pb, particular metabolites of DDT: DDE,
DDD). However, the average annual concentra-
tions were increased by occasional peaks of higher
concentrations (e.g., Pb, in the year 2007; Zn:2007;
PAHs:2004; Fig. 2). These peaks can reach consid-
erable values and consequently threaten the river
ecosystem.

Table 2 Average concentrations of heavy metals (micro-
gram per liter) and specific organic compounds (nanogram
per liter) measured during the years 2004–2007 in surface
water in the B4 sampling site

Metal Organic
compound

Arsenic 14.13 (11.03)a Sum of 66.72 (93.33)b

PAHs
Cadmium 0.21 (0.18)b Sum of 6.15 (4.74)a

PCBs
Mercury 0.10 (0.12)a Sum of 2.22 (1.44)c

HCHs
Lead 7.92 (12.52)d HCB 3.95 (5.45)c

Vanadium 40.33 (25.31)e Total 9.50 (16.66)c

DDT
Zinc 35.26 (44.95)b

Values represent the average from the 2004–2007 period,
with SD in parentheses
an = 14
bn = 13
cn = 7
dn = 12
en = 9

The average annual concentrations of selected
pollutants measured from 2004 to 2007 were com-
pared with the results from the first integrated
monitoring of the Bílina River during the years
1994–1996 (Havlík et al. 1997a, b). During the
intervening decade, the concentrations of most of
the selected pollutants decreased distinctly (ex-
cept for As, concentrations are partly affected by
natural background levels; for Pb and Zn, aver-
age annual concentrations for 2007 were affected
by significant single peaks; Fig. 2a, b). Similar

Table 1 Average surface water concentrations of heavy metals (microgram per liter) and specific organic compounds
(nanogram per liter) in the longitudinal profile of river during the survey (2004–2007)

Site/metal Arsenic Cadmium Mercury Lead Vanadium Zinc

B1 1.71 0.16 0.04 1.00 2.50 35.95
B2 1.91 0.16 0.08 2.76 4.38 24.31
B3 11.63 0.23 0.07 2.87 85.56 27.87
B4 14.13 0.21 0.10 7.92 40.33 35.26

Site/organic compound PAHs PCBs HCHs HCB Total DDT

B1 5.18 0.84 0.90 0.15 0.80
B2 10.41 3.36 2.13 2.80 1.08
B3 77.33 6.90 1.33 0.38 1.35
B4 66.72 6.15 2.22 3.95 9.50

The bold letters indicate the most contaminated sampling sites
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Fig. 2 a Concentrations
of heavy metals and
specific organic com-
pounds in surface
water—comparison of the
1994–1996 period (data
from Havlík et al. 1997a,
b) and the current survey
(2004–2007). b Concen-
trations of heavy metals
and specific organic
compounds in surface
water—comparison of the
1994–1996 period (data
from Havlík et al. 1997a,
b) and the current survey
(2004–2007)

decreasing trends in water pollution have been de-
scribed for the Elbe River and other similarly an-
thropogenically affected rivers in post-communist
countries (Adams et al. 2001; Klemm et al. 2005),
and decreasing loads of organic wastes and mer-
cury were already demonstrated soon after 1990
(Simon 1991).

After the fall of the communist regimes in the
former Czechoslovakia and East Germany, many
plants and whole industrial complexes were closed
or reduced, and stricter requirement accompanied
by the introduction of modern water treatment
technologies were introduced (Adams et al. 2001;
Brügmann 1995). Moreover, many contaminated
sites in this region were subject to clean-up efforts
(Brügmann 1995).

Biofilms and sediments

Although the concentrations of pollutants in sur-
face water have decreased (both in average and

maximum values), the load to the river ecosystem
remains heavy as a consequence of the long-term
cumulative effect of pollutants in solid matrices,
biofilms, and bottom sediments. Pollutant con-
centrations in these solid matrices differed from
concentrations detected in the water by 3–6 orders
of magnitude (Fig. 3a, b). The greatest difference
(six orders of magnitude) was found for specific
organic compounds (HCB, total DDT), which
could reflect the accumulation process being most
effective for these compounds.

Changes in pollutant concentrations measured
in solid matrices among the sampling sites were
not as clear as differences in water sample con-
centrations. ANOVA (at P < 0.05) showed sig-
nificant spatial differences among localities for
Cd, Hg, V, Zn, HCB, and total DDT measured
in biofilms, and for Cd, Hg, V, Zn, HCHs, and
HCB in sediments (Tables 3, 4). Determining
which sampling site was the most contaminated
was difficult. In most cases, the sites B3 and B4
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Fig. 3 a Comparison of
concentrations of heavy
metals and specific
organic compounds
measured in water and
solid matrices—biofilms
and sediments.
b Comparison of
concentrations of heavy
metals and specific
organic compounds
measured in water and
solid matrices—biofilms
and sediments

situated in the lower part of the river were the
most polluted (as was the case for surface waters),
but for some pollutants, the opposite trend was
observed (e.g., Cd, concentration in solid matrices
decreased from the B1 profile to the final profile
B4, probably due to natural sources in the Krušné
Hory mountains in the upper part of the river).

According to the average annual concentra-
tions of HCHs, the site B2 was the most pol-
luted profile (which agrees with the relatively
higher concentrations in surface water), but this
is not unambiguous when evaluating the trends in
specific concentrations (Fig. 10). The site B4 had
the highest average concentrations of total DDT



562 Environ Monit Assess (2011) 174:555–572

Table 3 Average concentrations of heavy metals (milligrams per kilogram dry weight) in solid matrices during the survey
(2005–2008)

Site/metal Arsenic Cadmiuma Mercurya Lead Vanadiuma Zinca

Biofilm B1 66.50 7.99 0.16 60.83 47.42 495.67
B2 68.22 2.39 0.26 60.25 82.37 363.67
B3 59.12 0.93 0.98 50.13 398.17 322.17
B4 50.75 1.12 1.61 67.40 199.67 459.50

Sediment B1 39.03 4.00 0.16 56.98 44.97 306.67
B2 79.12 2.97 0.33 64.93 90.67 363.50
B3 77.18 2.46 1.27 54.13 595.17 549.83
B4 48.80 1.60 2.22 85.38 142.20 470.00

The bold entries indicate the most contaminated sampling sites
aSignificant differences among localities (ANOVA test, p < 0.05)

in sediment (Table 4); however, this difference
was not statistically significant due to an iso-
lated extremely high maximum (December 2006,
>9,000 μg/kg, but P=0.16). If we disregard this
maximum, the differences among the sampling
sites become statistically significant. The B4 site
would still be much more highly contaminated
than the other sites (this newly calculated total
DDT concentration would be 572.3 μg/kg, P <

0.05).
Although no generally accepted system of

classification of concentrations of pollutants in
biofilms exists, the contamination of sediments
can be assessed by the classification made for the
Elbe River as part of the ARGE–Elbe project
(Bergemann and Gaumert 2006). The sediments
were divided into seven classes with different val-
ues of contamination by heavy metals (As, Cd,
Hg, Pb, and Zn) and specific organic compounds

(HCHs, HCB, PCBs, and total DDT; Table 5).
Table 6 shows the development of pollutant con-
centrations down the river, and it is apparent
that the concentrations of heavy metals (except
Cd, as is mentioned before) gradually rise, from
the almost unpolluted B1 site to the final B4
site. Changes in concentrations of specific organic
compounds often corresponded to point sources
of pollution in the drainage area. The concentra-
tion of HCB greatly increased at the B4 site in the
vicinity of a chemical plant. Sources of PCB pol-
lution occur mainly in the lower part of the river
(again due to the chemical industry); nevertheless,
the concentrations were rather high throughout
the whole longitudinal profile (with maximum in
the B4 profile). Likewise, concentrations of total
DDT gradually increased down the river with
maximum at the B4 site, where old deposits re-
lated to former production activities are assumed

Table 4 Average concentrations of specific organic compounds (micrograms per kilogram dry weight; PAHs: mg/kg dry
weight) in solid matrices during the survey (2005–2008)

Site/organic compound Sum of PCBs Sum of PAHs Sum of HCHs HCBa Total DDTa

Biofilm B1 47.32 3.43 3.44 22.13 18.48
B2 54.05 0.89 3.90 23.83 34.21
B3 66.12 2.96 2.08 22.52 25.11
B4 78.95 2.03 2.62 436.67 746.22

Sediment B1 29.47 1.94 0.84 5.73 15.12
B2 85.45 1.24 3.50 6.89 39.72
B3 111.51 1.70 1.42 11.42 24.57
B4 208.27 2.37 1.68 1705.50 1978.42

The bold values indicate the most contaminated sampling sites
aSignificant differences among localities (ANOVA test, p < 0.05)
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Table 5 Classification of sediment contamination—project ARGE–Elbe (Bergemann and Gaumert 2006)

Indicator (unit)/class I I and II II II and III III III and IV IV

As (mg/kg) <10 <20 <40 <80 <160 <320 >320
Cd (mg/kg) <0.3 <0.6 <1.2 <2.4 <4.8 <9.6 >9.6
Hg (mg/kg) <0.2 <0.4 <0.8 <1.6 <3.2 <6.4 >6.4
Pb (mg/kg) <25 <50 <100 <200 <400 <800 >800
Zn (mg/kg) <100 <200 <400 <800 <1600 <3200 >3200
Sum of HCHs (μg/kg) – <5 <10 <20 <50 <100 >100
HCB (μg/kg) – <20 <40 <100 <200 <400 >400
Sum of PCBs (μg/kg) – <2 <5 <10 <25 <50 >50
Total DDT (μg/kg) – <20 <40 <100 <200 <400 >400

to exist. Concentrations of HCHs were rather low
throughout the whole longitudinal profile of the
river.

Although the concentrations of pollutants
varied considerably throughout the period of
monitoring, some patterns relating to the contam-
ination of particular river ecosystem components
by pollutants were found. In particular, there was
a relationship between the concentrations of pol-
lutants in biofilms and those in sediments. In fact,
biofilm concentrations of Hg, V, and total DDT
showed significant linear regressions (Hg: R2 =
0.63, V: R2 = 0.89, and total DDT: R2 = 0.99)
with their respective concentrations in sediments
(Fig. 4). A weaker relationship was found for As
(R2 = 0.35), Cd (R2 = 0.41) and PCBs (R2 = 0.51;
Fig. 4).

The relationship between concentrations of
pollutants in solid matrices and water were sig-
nificant only for two substances: between concen-
trations of vanadium in solid matrices (both in
biofilm and sediment) and surface water (biofilm:
R2 = 0.87, sediment: R2 = 0.90) and between the

concentrations of PAHs in biofilm and water (R2 =
0.74), though not in the sediment (R2 = 0.22;
Fig. 5). These results could be affected by higher
variability in surface water sampling, for instance,
changes in hydrological conditions and short-term
fluctuations in pollutant concentrations.

Interrelationships among the pollutant concen-
trations detected in particular ecosystem com-
ponents provide evidence of the distribution of
those pollutants, information about target accu-
mulation areas, and about their transfer within
the river ecosystem as well as within aquatic
food webs. In addition to the above-mentioned
biofilm–sediment and water–solid matrices corre-
lations, which have been mentioned by several
authors (e.g., Farag et al. 2007; Baudo et al. 1990;
Ivorra et al. 1999; Behra et al. 2002; Holding et al.
2003; Farag et al. 1998), other correlations are de-
scribed in the literature dealing with river ecosys-
tems, for example, correlations between colloids
and biofilm (Farag et al. 2007), sediment and biota
(Farag et al. 2007; Baudo et al. 1990; Farag et al.
1998), biofilm and biota (Durrieu et al. 2005;

Table 6 Evaluation of sediment contamination in the longitudinal profile of the Bílina River according to the classification
from the ARGE–Elbe project (Bergemann and Gaumert 2006)

Indicator/class I I and II II II and III III III and IV IV

Arsenic B1 B1, B2, B3, B4 B2, B3, B4 B3
Cadmium B4 B4 B1, B2, B3, B4 B1, B2, B3, B4 B1
Mercury B1 B1, B2 B2, B3, B4 B3 B3, B4 B4
Lead B1, B3 B1, B2, B3, B4 B4
Zinc B1 B1, B2, B3, B4 B1, B2, B3, B4 B3
Sum of PCBs B1 B1, B2 B2, B3, B4
Sum of HCHs B1, B2, B3, B4 B2
HCB B1, B2, B3 B4
Total DDT B1, B2, B3 B1, B2, B3 B2, B3 B4 B4

B1, B2, B3, and B4 are the sampling sites
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Fig. 4 Relationship between the concentrations of Hg, V, total DDT and PCBs in biofilm and sediment

Fig. 5 Relationship between concentrations of vanadium and PAHs in solid matrices (biofilm and sediment) and water
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Farag et al. 1998), and water and biota (Farag
et al. 2007, 1998).

To rule out the possible effect of the composi-
tion of the biofilm samples on levels of contam-
ination, microscopy of particular biofilm samples
was performed. The biofilms consisted of abioses-
ton, bacteria, algae (green filamentous, spheric
algae, and diatoms) cyanobacteria, fungi, Cilliata,
Rotatoria, Nematoda, etc. However, all the sam-
ples had a very similar species composition,
consisting overwhelmingly of diatoms, with the
filamentous species Melosira varians and the uni-
cellar species Navicula sp. comprising the vast ma-
jority of the biomass. Therefore, we believe that
biofilm sample contaminations provide evidence
of the actual pollution load in their environment.

Individual aspects of particular pollutants

Concentrations of As, Cd, Pb, and Zn in biofilms
and sediment did not show any consistent trends.
Loads usually increased in the lower part of the
river (the sampling sites B3 and B4), except for
cadmium (described above). Natural sources of
these metals are located in the Krušné Hory
mountains that extend to the upper part of the
river (Veselý 1994). Ecosystem contamination is
also caused by anthropogenic sources in the wa-
tershed such as combustion of fossil fuels (As, Cd,
and Zn), the coal mining and ore-mining indus-
tries (As, Cd, Pb), leachates from power plant fly-
ash (As), application of fertilizers (Cd), and the
chemical industry and associated trade effluents
(Cd, Pb, and Zn).

Figure 6 shows mercury concentrations in
biofilm and sediment solid matrices in the river.
The ecosystem is polluted by mercury derived
from anthropogenic sources and old deposits
(contaminated sites) in the vicinity of the river.
In the past, the site was overloaded with mercury,
which is reflected in extremely high mercury con-
centrations in sediments (maximum values, 27.9
and 13.46 mg/kg dry weight) measured from 1989
to 1996 (Borovec et al. 1998). Although current
surface water mercury concentrations are below
the detection limit (0.05 μg/l), except for some iso-
lated fluctuations, mercury was detected regularly
in the solid matrices, especially in the lower part of
the river, in considerable amounts. Veselý (1994)
reported that natural mercury concentration in
Czech river sediments is around 0.2 mg/kg. This
natural mercury concentration level was found in
the upper part of the river at the B1 site and
partially at the B2 site. Concentrations at the B3
site (0.6–1.9 mg/kg dry weight sediment) and par-
ticularly at the B4 site (0.8–3.6 mg/kg dry weight
sediment) were much higher. The biofilm conta-
mination levels were slightly lower (at B3: 0.6–
1.6 mg/kg dry weight biofilm; at B4: 1.3–1.9 mg/kg
dry weight biofilm). Big chemical plants represent
the main sources of mercury in the drainage area.
The first one is located 12 km upstream of the
B3 site, and waste waters from organic synthe-
sis where mercury is used as a reaction catalyst
could be the cause of increases in concentration
in the river. The most considerable source of mer-
cury is a chemical plant producing synthetic resins
and inorganic compounds located in the imme-
diate vicinity of the B4 sampling site. Mercury

Fig. 6 Mercury
concentration (milligrams
per kilogram dry weight)
in biofilms and sediments
from 2005–2008
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comes from the production of chlorine (which is
a preliminary base material for producing other
inorganic and organic compounds, e.g., epoxide
resins, hydrochloric acid, perchloroethylene) by
an amalgam electrolytic process that produces
great amounts of mercury as a waste material. In
2003, pretreated waste waters from the industrial
waste water treatment plant situated on the chem-
ical plant’s premises were transferred to the mu-
nicipal waste water treatment plant. In the future
(by the year 2012), the situation is expected to
improve because of a commitment by the plant
to replace the amalgam electrolytic process by a
more environmentally friendly diaphragm-based
process.

The lower part of the river is contaminated
by considerable concentrations of vanadium from
anthropogenic sources such as the oil, coal, and
chemical industries. Maximum concentrations of
vanadium were detected at the B3 site, both in
the solid matrices and surface water samples.
The source of this contamination was probably
industrial waste waters from the chemical plant
(situated 12 km upstream), where the vanadium
is used as an industrial catalyst for organic syn-
thesis. At the final B4 site, the vanadium con-
centration was lower, likely due to sedimentation
and dilution. Vanadium concentrations at the B3
site showed significant seasonal variation (Fig. 7).
During the summer, i.e., the growing season, the
concentrations were distinctively lower than in
winter. This tendency at the B3 profile was also
found for mercury and partly for other metals

(As, Cd, and Zn) and some specific organic com-
pounds (PCBs and PAHs). According to a field
survey of this site, these variations were probably
caused by the accumulation and of pollutants in
the biomass of aquatic macrophytes as well as
physical filtration and entrapment. The middle
and lower parts of the river are overgrown with
pondweed (Potamogeton pectinatus), which has
been shown to accumulate metals (Demirezen and
Aksoy 2004; Greger and Kautsky 1991; Peng et al.
2008) and organic compounds (Vrochinskiy 1970;
Vrochinskiy et al. 1970) from flowing water. The
increase in their concentrations outside the grow-
ing season is probably caused by reduced accumu-
lation due to the reduced growth of plants, as well
as the decomposition of pondweed biomass and
subsequent release of accumulated pollutants to
the water.

Concentrations of specific organic compounds
varied with sampling time and also among the
sampling sites. Except for a large increase in HCB
and total DDT concentrations at the B4 site (both
biofilm and sediment matrices), no trends in the
course of concentration for other specific organic
compounds were observed. PCB and PAH con-
tamination of the aquatic ecosystem comes prob-
ably from the petrochemical industry, fossil fuel
combustion, or the chemical industry where these
substances are generated as by-products of chem-
ical production. Their concentrations at the B3
site tend to have seasonal variations, similarly to
the metals (Hg, V, As, etc.). There was a large
increase in HCB and total DDT concentrations

Fig. 7 Vanadium
concentrations
(milligrams per kilogram
dry weight) in biofilms
and sediments from
2005–2008
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Fig. 8 Total DDT
concentrations
(milligrams per kilogram
dry weight) in biofilms
and sediments from
2005–2008

at the B4 site (Figs. 8, 9). This site is situated in
the immediate vicinity of a chemical plant where
DDT was produced until 1970 (production of ap-
proximately 1,000 tons per year; Heinisch et al.
2005a). The total DDT contamination was caused
probably by old deposits in the vicinity of the
plant. Sporadically, even higher surface water con-
centrations of total DDT were measured (e.g., a
single maximum of 47.17 ng/l in the year 2007), al-
though the current concentrations are low. These
higher concentrations may also derive from the
old deposits or reflect some unknown source of
DDT despite the fact that this substance has been
banned in the Czech Republic for over 30 years.
Results from solid matrices show a still significant
existent load of DDT in the lower part of the
river. The Czech part of the Elbe River (includ-
ing its drainage basin) is considered an important
source of DDT. Based on aquatic environmen-
tal contamination (surface water, sediments, and
fish biomass) by DDT and its metabolites, the
Bilina River is included among the so-called pol-
lution “hot spots,” together with the Spittelwasser

of the Mulde River (Bitterfeld, Germany) and
Teltowkanal (Berlin, Germany). All of these wa-
tercourses are in the close vicinity of chemical en-
terprises in Berlin-Adlershof, Bitterfeld, and Ústí
nad Labem (Heinisch et al. 2005a). Data from the
Bílina River in Ústí nad Labem in 1999 showed
an extreme load of DDT in sediments (total DDT
contents: 8 g/kg with the majority being DDT, fol-
lowed by DDD and then DDE), and this chemical
plant was identified as the main source of that
pollution. No other Elbe river tributaries were as
contaminated (e.g., the Mulde River, 2,100 μg/kg;
Heinisch et al. 2005a). On the other hand, the
present contamination has decreased significantly
(sediments: 5–1,500 μg/kg, isolated maximum in
12/2006: 9,000 μg/kg, biofilms: 5–3,400 μg/kg).

An extreme increase in HCB concentration was
detected at the B4 site (Fig. 9), again in the vicin-
ity of the chemical plant that is the main source
of contamination. In the past, HCB originated
during the production of chlorinated pesticides,
lindane in particular. The production of HCB was
banned in the 1970s (Courtney 1979). Currently,

Fig. 9 HCB
concentrations
(milligrams per kilogram
dry weight) in biofilms
and sediments from
2005–2008
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HCB is generated as a by-product of the produc-
tion of other industrial chemicals (e.g., chlorine
compounds).

The maximum values (4,350 μg/kg dry weight)
of current HCB concentrations in sediments
from the B4 site approximate the maximum val-
ues measured in the 1980s in the Rhine River
(5,100 μg/kg dry weight) (BUA 1994). Never-
theless, the current average values (1,706 μg/kg
dry weight) are lower by more than one half.
It is interesting that the concentrations from the
year 2003 had an extremely high maximum value
(5,300 μg/kg dry weight), detected in close vicinity
of the Ústí nad Labem chemical plant (Petrlik
2006). Current HCB concentrations in sediments
are consistently above the concentrations mea-
sured for the majority of sediments sampled dur-
ing the years 1991 and 2001 in the Rhine River and
the Elbe River (10-500 ţg/kg dry weight) (BUA
1994) and the high maximums still exist. However,
they are still lower than the extreme values in the
St. Clark River, USA, where HCB concentrations
taken near a point source (chemical sewer dis-
charge) were as high as 280,000 μg/kg dry weight
(Oliver and Pugsley 1986).

The Bílina River contributes to sediment conta-
mination by organic priority pollutants, p,p′-DDT
and HCB in the Upper Elbe River (Schindler et al.
1997), and influences the pollution distribution,
so that there are higher concentrations of these
pollutants in the Upper Elbe River (average value
from 1991–2001: 758 μg/kg) than in the Mid-
dle Elbe River (average value from 1991–2001:
102 μg/kg) (Heininger et al. 2003).

Pollution by HCH was variable in both space
and time (Fig. 10). HCH, especially γ -HCH (lin-
dane), was produced in the chemical plant in Ústí
nad Labem. The Bílina River has been impli-
cated as an HCH-polluted river, together with the
Mulde River (hotspot area for β-HCH in the Bit-
terfeld region), the Darmbach River, and slowly
flowing waters such as Teltowkanal (Berlin) and
Hamburger Hafengewasser (all in Germany), all
situated in the vicinity of former manufacturing
concerns with HCH/lindane production (Heinisch
et al. 2005b; Barth et al. 2007). These former in-
dustries and redeposition from areas where HCH
was used, such as old deposits, dumps, soils, and
timber, represent the sources of river contamina-
tion. Past levels in the Ústí nad Labem area were
many times higher: in 1997, the concentration of
the sum of HCHs in the surface water in the
Bílina River was about 65 μg/l, with the major-
ity of α + β + δ− HCH and minority of γ-HCH
(Heinisch et al. 2005b) (current concentrations
are 0.3–5.2 ng/l); the concentration in sediment in
1999 was 425 μg/kg, again with the proportional
composition of isomers (γ-HCH share of 38%;
Heinisch-etal:2005b; current concentrations are
0.25–6.8 μg/kg in sediments and 0.25–21.6 μg/kg
in biofilms). The biggest contribution of HCHs
to the Elbe River is via the Mulde River, where
these authors detected the loads about 973 μg/kg
in sediments in 1999.

Although there has been evident improvement
in the quality of surface water in the last decade,
the load to the river ecosystem remains heavy
because of the contamination of solid matrices by

Fig. 10 HCH
concentrations
(milligrams per kilogram
dry weight) in biofilms
and sediments from
2005–2008
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specific pollutants. The majority of these pollu-
tants are included in the Water Framework Di-
rective 2000/60/EC as “priority” or “hazardous
substances” (Commission of European Commu-
nity (CEC) 2000), which are characterized by
properties that can negatively affect the environ-
ment, such as toxicity, persistence, and the ability
to bioaccumulate. Biofilms and sediments serve
as a “sink and source” for pollution substances in
the environment (Liu et al. 2008; Flemming 1995).
Thus, they may become a secondary source of
pollution due to changes in hydrological, chemi-
cal, or biological conditions in the river. Biofilm
cells can be actively dispersed by the shedding
of divided and motile cells or passively detached
by erosion or higher shear stress in the form of
clumps or small aggregates. The biofilm structure
can be damaged by massive removal and abra-
sion caused by collision with substances moving in
the current (Donlan 2002; van Loosdrecht et al.
1995; Denkhaus et al. 2007). Flowing cells or
aggregates are carried downstream where they
can release accumulated pollutants. In addition,
when a biofilm decomposes, it can release sorbed
substances, which are subsequently remobilized
and can contaminate the water (Flemming 1995).
Similarly, sediments can release accumulated sub-
stances due to changes in chemical conditions
(e.g., changes in pH, oxygen concentration, redox
potential) or hydrological conditions accompany-
ing changes in flow rate (e.g. during floods or,
on the contrary, low-water periods) (Baborowski
et al. 2004; Stachel et al. 2004; Umlauf et al.
2005). Due to high contamination in both biofilms
and sediments, the Bílina River continues to be
a major source of potential pollution from heavy
metals and specific organic compounds.

Conclusion

Anthropogenic load to the Bílina River ecosystem
by heavy metals and specific organic compounds
is still high even though there has been a sig-
nificant decrease in the concentrations of most
pollutants in surface water over the last 10 years.
The continuing significant contamination of solid
matrices (biofilms and sediments) reflects existent
pollution in the river, both from old deposits in

the vicinity and from current pollution sources
such as the chemical, mining, and petrochemical
industries. The results of contamination of sur-
face water and the solid matrices showed that the
middle and lower parts of the river are at the
highest risk. This largely corresponds to the point
and non-point pollution sources in the drainage
area. Concentrations of some pollutants, mainly
heavy metals (e.g., vanadium), showed seasonal
variations probably caused by the massive occur-
rence of aquatic macrophytes in the river. Biofilms
are a suitable matrix for assessing pollutant con-
tamination in the river; overall, they show similar
trends and the levels of most pollutants were well
correlated with those in sediments.
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