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MESAEP
Mediterranean Scientific Association of Environmental Protection e.V.

The 14th International Symposium on Environmental Pollution and its Impact on Life in the Mediterranean Region
was organised by MESAEP and other international and national institutions in Seville, Spain from October 10 to
14, 2007.
The objectives of this symposium were to provide a forum for interested scientists of different countries to:
- exchange recent results related to the processes of pollution in the Mediterranean region, affecting
- discuss current technological and/or legal measures to avoid or to reduce the degradation of environmental elements
- present suggestions and recommendations to the regulatory authorities on environmental quality and safety in the
Mediterranean and other neighbouring countries.
Human health is a major consideration of the EU Environmental Action Plan, and a major driver for policy in relation to environment. Environmental health effects are a significant part of the total disease burden even in developed countries. According to the World Health Organisation (WHO) circa 25-33% of the total burden of disease in
industrialized countries can be attributed to environmental factors such as outdoor and indoor air pollution, inadequate water and sanitation, lead exposure, and injuries. The magnitude of burden varies among countries, but in
almost all cases, the burden of disease was much higher in eastern and southeastern Europe due to a combination
of climatic and socio-economic conditions, lifestyle and diet, as well as environmental quality.
This symposium focussed on the interconnections between the quality of the environment and human health in the
Mediterranean region attempting to provide a comprehensive picture of the relative environmental burden and to
elucidate the mechanisms through which environmental condition affects the state of human health. Particular attention was paid to exposure and health effects of vulnerable population groups, such as children and women in
child-bearing age. Papers reporting on results of environmental and biomonitoring, epidemiological analyses and
the impact of health risk modifiers and lifestyle were particularly welcome. In addition, more conventional issues
in environmental science, technology and management were addressed contributing thus to improving our understanding of the state of the environment in the Mediterranean.
The main results of the 14th symposium papers are included in five successive issues of the international journal
“Fresenius Environmental Bulletin” (FEB) and they will contribute undoubtedly to the advancement of the environmental scientific knowledge and hence, to the improvement of the Mediterranean region environment.
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THE CHEMICAL BEHAVIOR OF Mn
AND Fe IN COASTAL ALGAL MATS
Manos Ladakis, Stella Triantafyllaki, Vasiliki Paraskevopoulou and Manos Dassenakis*
University of Athens, Dept of Chemistry, Lab of Environmental Chemistry, Panepistimioupolis 157 71, Athens, Greece

Presented at the 14th International Symposium on Environmental Pollution and
its Impact on Life in the Mediterranean Region (MESAEP), Sevilla, Spain, 10 – 14 Oct. 2007

ABSTRACT
In coastal marine environments with shallow, warm
and calm waters, it is sometimes possible to observe the
presence of organosedimentary forms (cyanobacterial or
algal mats or recent stromatolites). Sediment trapping, binding and/or precipitation, as a result of the growth and metabolic activity of microorganisms, principally cyanobacteria, produce these forms.
The aim of this work is the study of the distribution
and mobility of Fe and Mn among the main layers of
coastal cyanobacterial mats in a closed bay at Anavissos,
on the coast of Saronikos Gulf. Small sediment cores were
collected and separated into three discrete layers according to their structure. The trace metals of each layer were
extracted according to the BCR sequential extraction
method. The pH, Conductivity, Dissolved O2, Temperature and Salinity of the sediment’s porewater were measured in situ. The main results of the study are: a) the labile
forms of Fe are mostly associated with organic compounds
and sulfides. b) Fe tends to accumulate in the anoxic layer
of the sediment. c) the Mn connected to small inorganic
particles and carbonates prevails over all the labile forms
of Mn. and d) the anoxic and the background layers are
slightly enriched in Mn associated with organic compounds
and sulfides.

KEYWORDS:
algae mats, anoxia, metals, sediment, Anavissos

ria, is possible. Cyanobacteria are prokaryotic, oxygenic
phototrophic microorganisms which can build thick mats
of flat morphology. The gradient of light within the mat,
forces different species and functional groups of microorganisms (phototrophs, chemotrophs) to particular vertical
stratified positions in the mat. This type of lamination can
also be attributed to different growth periods, seasonal
events, periodic events (e.g. tides) or episodic or erratic
events (e.g. storms). The sediment trapping is usually carried out in shallow waters by the action of filamentous
cyanobacteria. These cyanobacteria secrete viscous organic
matter known as mucilage. Fine-grained extraneous particles, usually lime mud that is washed across the muscilaginous mats, adhere to the mat. These laminated structures are called microbial or cyanobacterial or algal mats
[1-4]. Calcification is the general process of consolidation
and preservation of microbial mats. Laminated rocks dating
from the Precambrian or later eras are known as stromatolites [5]. Still living well-laminated and consolidated stromatolites can be found in Exuma Cays in the Bahamas
islands [6], as well as in Sharks’ Bay in Australia.
Nowadays microbial mats built by cyanobacteria show
remarkable similarities with fossil stromatolites and are also
known as recent stromatolites ([4]). However, the most important difference between recent stomatolites and those
from fossils is that the great majority of recent stomatolites do not form consolidated rocks.
Structures of recent stromatolites have also been observed in various Greek coastal areas. Some are located in
the peninsula of Attica (Anavissos and Rafina) and in the
areas of Sitia and Ierapetra (Eastern Crete). The area of
Anavissos was selected for this study due to its ideal
conditions for the development of such formations.

INTRODUCTION
In coastal marine environments with shallow, warm
and calm waters the development of organosedimentary
structures, which are produced by sediment trapping, binding and /or precipitation, as a result of the growth and metabolic activity of microorganisms, principally cyanobacte-

The area of Anavissos is a semi-closed bay on the
coast of Saronikos Gulf, 50 Km away from Athens, with
an area of about 20,000 square meters (figure 1). A line of
beachrocks shuts the bay’s entrance, obstructing the water’s renewal. A remarkable reciprocation of the cove’s
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FIGURE 1 - The studied area.

waters due to the wind is also recorded. At the shallow
bottom of the cove (max. depth of about 0.6 meters) there
is a layer of green algae with a thickness of 0.2–2 mm,
which extends throughout the bottom of the bay.
The aim of the present work is the study of the distribution and mobility of two environmentally important metals like Fe and Mn among the well stratified layers of the
areas sediment.
MATERIALS AND METHODS
In situ measurements

The main physicochemical parameters of the sediments
porewater (i.e pH, temperature, dissolved O2, salinity and
conductivity) were measured in situ with portable instruments equipped with specific needle electrodes.

FIGURE 2 - The structure of the cyanobacterial mat.

The separated layers were freeze-dried, then sieved
through 0.25 mm sieves and finally stored in plastic bottles.

Sampling and sample treatment

Sediment cores about 10 cm long were collected from
one point inside the bay that is partly covered with seawater. Samplings were carried out on a seasonal basis from
July 2000 to June 2001. The cores were separated in three
discrete layers according to their structure (Figure 2):
(a) the surface layer, 0.5 – 1.2 mm thick, includes the
cyanobacterial mat;
(b) the middle layer, up to 5 cm thick, dark in colour, is
anoxic and has a characteristic odour of hydrogen sulfide;
(c) the third layer, about 5 cm thick, brown in colour, represents the background sediment

Sequential extraction procedure

The sediment samples were treated by the BCR sequential procedure for the extraction of trace metals [7, 8].
According to this procedure, the trace metals are separated
in three steps:
Briefly, the BCR sequential extraction procedure is as
follows:
• Step 1: About 1g of the sediment sample is shaken with
40 ml CH3COOH 0.11M for 16 hours at room temperature. Metals adsorbed in thin inorganic and lime particles are isolated in the supernatant extract (fraction
A).
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• Step 2: The residual of the previous step is shaken for
16 hours with 40 ml NH2OH.HCl 0.5M at pH 2 at room
temperature. Metals adsorbed in oxides of Mn and Fe
are isolated in the supernatant extract (fraction B).
• Step 3: The residual of the previous step is treated with
10 ml H2O2 30% at 85 oC until the solution volume is
reduced to 1 ml. Then 50 ml CH3COONH4 1M (at pH
2) are added and the solution is shaken for 16 hours at
room temperature. Metals adsorbed in organic compounds and sulfides are isolated in the supernatant extract (fraction C).
• The residual of the step 3 is treated with a mixture of
strong acids (HF, HNO3, HClO4) at 120 oC in order to
completely dissolute it. Metals strongly bound in the
crystalline grid are collected in the resultant solution
(fraction D) [9, 10].
A Flame Atomic Absorption apparatus (Varian Spectra AA-200) equipped with a Sample Introduction Pump
System and D2 lamp for the background signal correction,
was used for the determination of Fe and Mn in the BCR
extracts. A Graphite Furnace Atomic Absorption apparatus (Varian Spectra AA-640Z GTA 100) equipped with
Zeeman background correction system was used for the
determination of Mn in some with low concentration.
The Standard Deviation (SD) of the methods used for
the determination of Mn and Fe, was 0.203 mg/Kg and
2.58 g/Kg respectively.
Theoretical calculations

The calculation of the ratio of the concentration of the
oxidized form of the metal (Mox) in respect to the reduced
form (Mre) is important in order to predict or explain the
distribution of the metal among the layers of the sediment.
Considering the reaction: O2 + 4H+ + 4e- ⇔ 2H2O we
have
a(H2O)2
K=
ppO2 . a(H+)4 . a(e-)4
(where ppO2 = partial pressure of O2)
logK = 2log α(Η2Ο) – logppO2 – 4logα(H+) – 4 log(αe-) =>
logK =2log α(Η2Ο) – logppO2 + 4pH + 4pE
=>
pE = 0.25(logK – 2log α(Η2Ο) + log(ppO2) – 4pH)
(equation 1)
but logK = 83.1 and α(Η2Ο) = 1 – 0.000969Cl‰ =
1 – 0.000536S‰ so…
log α(Η2Ο) ~ 0.01 for S = 36‰ (where Cl‰ = Chlorinity
and S‰ = Salinity)
Equation 1 is transformed to:
pE = 0.25(83.1 – 2 . 0.01 + log(ppO2) – 4pH)

where R = 0.082 (l. Atm)/(mole . oK) = 8.314 (V . Cb)/
(mole . oK)
and loge = 0.434
Equation 3 is transformed to:
Eh = 1.985 . 10-4 . pE . T
(equation 4)
When applying the Nernst equation to the reaction
Mox + ne- ⇔Mre we have:
Eh = Eo + RT/nF . ln(αMox/αMre) or
ln(αMox/αMre) = nF(Eh – Eo) / RT or
log(αMox/αMre) = nF(Eh – Eo) / 2.303RT
(equation 5)
but F/2.203R = 5039 so that equation 5 becomes:
log(αMox/αMre) = 5039 . n . (Eh – Eo) / T
(equation 6)
Then we replace the Eh in equation 6 with
1.985 . 10-4 . pE . T (as equation 4 indicates)
and pE with 0.25(83.1 – 2 . 0.01 + log(PO2) – 4pH)
(as equation 2 indicates)
Concluding our calculations we extract that the ratio of
the concentration of the oxidized form of the metal (Mox) in
respect to the reduced form (Mre) is given by the equation:
log(Mox/Mre) = 5039 . n . (Eh – Eo)T-1 where
Eh = 1.985 . 10-4 . T . pE
n = the number of electrons moved per molecule (for
the reaction Mox + ne-à Mre)
and pE = (83.08 + logppO2 + 4pH) / 4 (ppO2 is the
partial pressure of oxygen in the porewater)
or log(Mox/Mre) = f(T, n, Eo, pH, ppO2)
The ratio also depends on the salinity but for 36 psu,
which is the most common for seawater, slight variations
do not affect the final value of the ratio.
The distribution and mobility of Mn and Fe among the
layers of the sediment depends on their oxidation states in
the porewater: Mn+2 is more labile than Mn+3 and Mn+4 as
the hydroxides and oxides of Mn+2 have a higher Ksp than
those of Mn+3 or Mn+4. For the same reason, Fe+2 is more
labile than Fe+3.
RESULTS AND DISCUSSION
The physicochemical parameters of the sediment’s
porewater are presented in Table 1.
TABLE 1 - Physicochemical parameters.

(equation 2)
RT
It is known that Eh = pE x

loge . F

(equation 3)
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pH
ppO2
T (oC)
S (psu)

Summer
6.8 ± 0.1
0.02
22.1 ± 0.1
37.1 ± 0.1

Autumn
6.7 ± 0.1
0.01
19.7 ± 0.1
36.8 ± 0.1

Winter
6.8 ± 0.1
0.01
18.1 ± 0.1
36.0 ± 0.1

Spring
6.7 ± 0.1
0.01
20.3 ± 0.1
36.7 ± 0.1
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The results of the application of the physicochemical
measurements to the equation extracted above for the redox
reactions of Fe and Mn are presented in Table 2:
TABLE 2 - The logarithm of the ratio Mox/Mre for Mn and Fe.
Reaction
Eo
n
pH
PO2
T (oK)
log(Mox/Mre)

MnO2 + 4H++ 2e- à
Mn+2 + 2H2O
1.208
2
6.8
0.01
293
-14.6

Mn+3 + e- à
Mn+2
1.510
1
6.8
0.01
293
-25

Fe+3 + e- à
Fe+2
0.770
1
6.8
0.01
293
0.2

The content of all layers of the sediment in the various
fractions of Fe are presented in Table 3:
TABLE 3 - The content of the sediment in Fe (in g/Kg).
Fraction Summer 2000 Autumn 2000 Winter 2001
Surface layer
A
0.091 ± 0.011 0.049 ± 0.006 0.050 ± 0.006
B
0.788 ± 0.126 0.721 ± 0.116 0.230 ± 0.037
C
0.693 ± 0.144 1.542 ± 0.320 0.526 ± 0.320
D
13.1 ± 2.3
11.9 ± 2.0
17.5 ± 3.0
Anoxic layer
A
0.152 ± 0.019 0.185 ± 0.023 0.072 ± 0.009
B
0.532 ± 0.085 0.577 ± 0.093 0.356 ± 0.057
C
1.43 ± 0.30
1.55 ± 0.32
1.74 ± 0.36
D
12.7 ± 2.2
14.3 ± 2. 5
17.6 ± 3.0
Background layer
A
0.040 ± 0.004
0.055 ± 0.006
B
0.139 ± 0.018
0.190 ± 0.025
C
0.353 ± 0.051
0.637 ± 0.093
D
12.6 ± 1.8
16.4 ± 2.3

Concerning the seasonal fluctuation of Fe, we conclude
that the lowest values of the sediment’s content in this
metal are observed during winter in both the surface and
anoxic layer.
According to the calculations for the redox reaction
Fe+3 + e- à Fe+2 (table 2), we have log([Fe+3]/[Fe+2]) =
0.2 or ([Fe+3]/[Fe+2] = 1.58. This value indicates that considerable amounts of Fe+2 are present in the porewater. The
inorganic Fe is uptaken by the cyanobacteria that abound
on the surface of the sediment and convert it into organic
Fe. After their death, organic Fe is gradually buried in the
anoxic layer and converted again into inorganic Fe. Part
of the Fe+3 is reduced to Fe+2 due to the anoxic conditions
and partly converted into FeS. As Fe+2 is more labile than
Fe+3, part of it can reach the surface via porewater, be oxidized into Fe+3 and then be recycled. The described cycle
of Fe in this system is presented in Figure 4:

Spring 2001
0.114 ± 0.014
0.260 ± 0.042
0.826 ± 0.171
18.2 ± 3.1
0.075 ± 0.008
0.253 ± 0.041
0.981 ± 0.204
11.5 ± 1.9

According to Table 3, 90% of Fe in the surface layer,
88% of Fe in the anoxic layer and 95% of Fe in the background layer are strongly bound in the sediment’s crystalline grid. The second most abundant form of Fe in all layers of the sediment is the one associated with organic compounds and sulfides and represents 61%, 72% and 70% of
all labile forms in the surface, anoxic and background layers respectively. On the other hand, the less abundant form
of Fe is that connected to small inorganic particles and
carbonates as it represents 5 –7 % of its labile forms. The
labile forms of Fe accumulate in the anoxic layer of the
sediment as shown in Figure 3.

FIGURE 4 - The cycle of Fe in the cyanobacterial mat

The content of all layers of the sediment in the various fractions of Mn are presented in table 4:
TABLE 4 - The content of the sediment in Mn (in mg/Kg)
Fraction Summer 2000 Autumn 2000 Winter 2001
Surface layer
A
86.7 ± 4.8
87.3 ± 4.9
113.8 ± 6.4
B
34.1 ± 2.2
32.1 ± 2.1
52.2 ± 3.4
C
12.9 ± 1.1
24.3 ± 2.0
14.2 ± 1.2
D
167.8 ± 8.1 208.3 ± 10.1 227.6 ± 11.0
Anoxic layer
A
84.0 ± 4.7
80.4 ± 4.5
77.7 ± 4.1
B
36.5 ± 2.4
36.0 ± 2.3
36.0 ± 2.3
C
25.7 ± 2.1
25.5 ± 2.1
18.6 ± 1.5
D
186.3 ± 9.0
198.2 ± 9.6 230.9 ± 11.2
Background layer
A
98.3 ± 5.5
53.3 ± 3.0
B
31.5 ± 2.1
27.4 ± 1.8
C
35.7 ± 2.9
14.0 ± 1.1
D
190.3 ± 9.2
184.0 ± 8.9

Spring 2001
70.7 ± 4.0
33.6 ± 2.2
15.2 ± 1.2
238.0 ± 11.5
107.7 ± 6.1
35.2 ± 2.3
24.6 ± 2.0
165.3 ± 8.1

According to Table 4, about 59% of Mn is associated
with the crystalline grid of the sediment.
FIGURE 3 - The distribution of the
labile forms of Fe among the layers of the sediment.

The Mn connected to small inorganic particles and carbonates prevails over all the labile forms of Mn. The sur-
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face layer of the sediment is slightly depleted in Mn associated with organic compounds and sulfides. On the other
hand, the anoxic and the background layers are slightly
enriched in this fraction of Mn.
The % contribution of each fraction of Mn presents
no significant differences between the three layers of the
sediment as extracted from Figure 5.
No obvious seasonal fluctuation of this metal in any
layer of the sediment was observed.

CONCLUSIONS
Very interesting bio-geochemical procedures are observed in algal mats. They are attributed to the redox conditions that prevail in each sediment layer. The behaviour of
both Mn and Fe is strongly influenced by these conditions
leading to increased mobility of these metals. The physicochemical conditions prevailing in the anoxic layer of the
sediment, favour the accumulation of Fe and in a lesser
degree of Mn. This accumulation is attributed to the conversion of these metals to sulfides or stable organic complexes. (e.g. with humic acids). Therefore, the accumulation is inhibited because of the formation of labile bivalent ions Mn+2 and Fe+2. The accumulation of Mn in the
anoxic layer is lower than that of Fe because Mn+2 is much
more labile than Fe+2. This mechanism may influence the
algal mats and also the various organisms that live in their
vicinity

REFERENCES
[1]

Brock T.D. (1976) Environmental microbiology of living
stromatolites. Ιn: Walter M.R (ed) Stromatolites, Developments in Sedimentology. Elsevier comp. 20, 141 – 148.

[2]

Golubic S. (1983) Stromatolites, fossil and recent: a case history. In: P. Wesrbroek and W. de Jong (eds.) Biomineralizarion and Biological Metal Accumulation. Reidel D. Publishing Company, 313-326.

[3]

Golubic S. (1976) Organisms that build stromatolites. In:
Walter, M.R. (ed.) Stromatolites. Developments in Sedimentology 20. Elsevier comp. Amsterdam, Oxford, New York.
113–127.

[4]

Stal J.L. (2000) Cyanobacterial Mats and Stromatolites. In
Whitton B.A. and Potts M. (eds) The Ecology of Cyanobacteria. Their Diversity in Space and Time. Kluwer Academic
Publishers, Netherlands 61 – 120.

[5]

Krumbein W.E. (1983) Stromatolites. The challenge of a
term in space and time. Precambrian Res 20, 493 – 531.

[6]

Reid R.P. and Brown K.M. (1991) Intertidal stromatolites in
a fringing Holocene reef complex, Bahamas, Geology 19, 15
– 18.

[7]

Quevauviller P., Rauget G., Lopez-Sanchez J.F., Rubio R.,
Ure A. and Muntau H. (1997) The certification of the EDTAextractable contents (mass fraction) of Cd, Cr, Ni, Pb and Zn
in sediment following a three-step sequential extraction procedure, Report EUR – 17554 EN.

[8]

Rauget G., Lopez-Sanchez J.F., Sahuquillo A., Muntau H.
and Quevauviller P. (2000) Indicative values for extractable
contents (mass fractions) of Cd, Cr, Cu, Ni, Pb and Zn in sediment (CRM 601) following the modified BCR-sequential
extraction (three-step) procedure, Report EUR – 19502 EN.

[9]

Thompson M. and Walsh J.N. (eds) (1983) A handbook for
inductively Coupled Plasma Spectroscopy. Brockie and Son
Ltd, New York.

FIGURE 5 - The % contribution of each
fraction of Mn among the layers of the sediment

According to the calculations for the redox reactions
MnO2 + 4H++ 2e- àMn+2 + 2H2O and Mn+3 + e- à Mn+2
(table 2), the extracted values of the ratios [Mn+4]/[Mn+2]
and [Mn+3]/[Mn+2] indicate that most of the Mn is in the
form of Mn+2 which is the most labile. We can consequently
in combination with the results of the determinations of Mn
in the sediment, propose a similar model to that of Fe. This
describes the distribution and mobility of Mn in sediments
covered with cyanobacterial mats and is presented in Figure 6:

FIGURE 6 - The cycle of Mn in the cyanobacterial mat.
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ABSTRACT
Monitoring of chlorinated pesticides and PCBs, using
mussels Mytilus galloprovincialis as indicator species, was
performed during the 2002-2006 period along the eastern
Adriatic coast. The general pattern of chlorinated hydrocarbons distribution was characterized by higher PCBs concentrations in relation to chlorinated pesticides, reflecting
the prevailing influence of industrial sources of contamination over the agricultural ones. The mean value and concentration range for PCBs was 40 (5.6-103) ng/g dw compared with DDTs values 9.7 (2.3-25.1) ng/g dw. Much
lower mean values were obtained for HCB, lindane, aldrin
and dieldrin (0,15; 0.22; 0.70 and 0.65 ng/g dw), respectively. Regarding spatial distribution, elevated contaminant
concentration was found in mussels collected from the areas
that are densely populated and/or industrially developed.
Analysis of national temporal trends indicated that chlorinated hydrocarbons particularly pesticides are decreasing
in concentrations. The comparison of the obtained data with
those published for worldwide locations showed a low level
of contamination of the study area. Moreover, all established concentrations were far below the maximum permissible levels of chlorinated hydrocarbons in mussels for
human consumption, prescribed by the Croatian legislation.

KEYWORDS: Adriatic Sea, monitoring, mussels, chlorinated
pesticides, polychlorinated biphenyls.

INTRODUCTION
Chlorinated pesticides and polychlorinated biphenyls
are among the most persistent and toxic environmental
contaminants in aquatic ecosystem posing a serious threat
to the biotic environment and human health [1-4]. Both
groups of contaminants tend to be found at elevated levels

in coastal marine environment mainly as the result of urban
and industrial development and agricultural activities [5-8].
Monitoring programs have been established with the
intention to assess the current contamination state of coastal
environments and to predict contamination trends over
space and time [9-11]. Mussels have been a frequent choice
for biomonitoring programs [12-14]. They accumulate lipophilic chlorinated hydrocarbons from surrounding water in
their tissues, revealing essentially the fraction that is available in the environment [10].
A previous study of the eastern Adriatic coastal area has
shown that areas in the vicinity of bigger towns and industrial centers were affected by organic chemicals as the result
of increasing urbanization, industrial and maritime activities [15]. However, the frequency of survey activities in the
past decade has been reduced, as the consequence of the
warfare in Croatia.
Biomonitoring activities were initiated in Croatia in
2000, with the intention to assess the influence of human
activities on the quality of coastal waters [16]. This paper
presents monitoring of chlorinated hydrocarbons along the
eastern Adriatic coast (Croatian part) using mussels Mytilus galloprovincialis as indicator species, in the period
2002-2006. The main objective of this study was to provide information on the extent and spatial distribution of
chlorinated hydrocarbons, in order to determine baseline
conditions and evaluate the anthropogenic influence in the
study area. The obtained data was expected to indicate possible temporal changes in organic contamination.
MATERIALS AND METHODS
The sampling sites were selected at 15 locations along
the eastern Adriatic coast from the Lim channel to Dubrov-
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nik at pollution sensitive areas as well as at sites suspected
to be free of contamination (Figure 1). Mussels (Mytilus
galloprovincialis) were collected from natural populations
in the pre-spawning period (during March), from the shore
in the intertidal zone, from 2002 to 2006. Due to very small
number of mussels, sampling was not performed at locations 1 (2006), 4 (2004), 9 (2004), 13 (2006) and 15 (2002).
At each site, 20-30 individuals similar shell length were
sampled, scrubbed with a stainless steel knife, washed with
seawater and stored in refrigerator for the transportation.
In the laboratory, collected mussels were dissected with a
stanless steel scalpel according to [17]. The shell length and
soft tissue weight of each individual were determined (Table 1). The whole soft tissue was pooled and frozen in Alcontainer at –20°C, freeze-dried and homogenized. An
analytical method used for the extraction, purification and
quantification of chlorinated hydrocarbons was recommended by [18]. Approximately 5 g of freeze-dried sample with the addition of internal standards (PCB 29, εHCH, endosulfan I-d4) was extracted with n-hexane in a
Soxhlet apparatus. The extract was concentrated to 10 ml
in order to determine the extractable organic matter (EOM)
content by gravimetry (Table 1). An aliquot of the extract
was dissolved in hexane and cleaned up with concentrated
sulphuric acid. After centrifugation, the hexane solution
was concentrated to 1 ml and transferred on a glass column filled with Florisil (18.5 g), which had been activated
at 130°C for 12 h and deactivated overnight with distilled
water (0.5% by weight). The separation of chlorinated
hydrocarbons, was performed in three steps. The first fraction (F1) eluted with 65 ml hexane, contained HCB, aldrin,
p,p’-DDE and PCBs whereas the second fraction (F2)
eluted with 45 ml of mixture hexane/dichloromethane
(70:30 v/v), contained lindane, p,p’-DDD and p,p’-DDT.
Dieldrin (F3) was eluted with 55 ml dichloromethane from
the remaining aliquot of the initial extract, which had been
passed through a florisil column following the same aforementioned procedure. Concentrated sample fractions were
analysed with a gas chromatograph GC-ECD Ni63 (Agilent
Technologies, Model 6890N) using HP-5 fused-silica capillary column 30 m long with 0.32 mm internal diameter
and 0.25 µm film thickness. The initial oven temperature
was 70°C, held for 2 min and programmed to 260°C at
3°C min-1. The final temperature was held for 25 min. Injector and detector temperatures were maintained at 250°C and
300°C, respectively. Nitrogen was used as the carrier
(1 ml min-1) and as the make-up (60 ml min-1) gas. The
splitless mode of injection (1 µl) was applied to all samples. Quantification of chlorinated hydrocarbons was per-

formed relative to the peak area of the respective individual standard (HCB, lindane, aldrin, dieldrin, p,p'-DDE,
p,p'-DDD, p,p'-DDT and PCB congeners (28, 52, 101, 118,
138, 153) including internal standard recovery and blank
values’ correction. The average recovery of the spiked
standards PCB-29, ε-HCH and endosulfan I-d4 was
83.8%, 80.9% and 86.7%, respectively. To ensure the data
quality, marine reference material IAEA-142 mussel
homogenate and IAEA-406 fish homogenate was analysed. The recovery for each chlorinated pesticides and
PCB congener in the reference material ranged from
88.9% to 105.5%. The average method detection limit
(MDL) was 0.03 ng/g dw (HCB), 0.04 ng/g dw (lindane),
0.07 ng/g dw (aldrin, dieldrin), 0.09 ng/g dw (p,p’DDTs) and 0.10 ng/g dw (PCBs). All results were reported on a dry weight basis (dw). For data presentation,
the concentrations of chlorinated hydrocarbons below
method detection limit were as-signed a half MDL value.
Statistical analyses were performed with the statistics
software STATISTICA v. 5.0 on logarithmically (log10)
transformed data. The spatial pattern of the thirteen selected compounds was analysed by a principal component analysis (PCA) using varimax raw rotation. Temporal trends in contaminant concentrations were analysed for statistical significance using non-parametric Spearman rank correlations test [12]. In the first step,
each of 15 locations was examined separately to assess
whether there was a statistically significant correlation between contaminant concentration and year per site. Assuming to be a representative sample of the site for the year it
was obtained, each concentration was used as an individual value in the trend analysis. In the second step, changes

FIGURE 1 - Geographical locations of
sampling sites (1-15) along the eastern Adriatic coast.

TABLE 1 - Mean and range data of biological parameters of mussels Mytilus galloprovincialis
collected at 15 locations along the eastern Adriatic coast in the March during the 2002-2006 period.
Parameter
Length (cm)
Tissue wet wt (g)
Water (%)

2002
3.8 (2.8-5.0)
1.1 (0.5-1.8)
87.7 (84.5-89.8)

Year
2004
4.4 (3.1-5.3)
1.9 (0.5-3.8)
87.8 (83.9-92.9)

2003
5.2 (4.6-8.2)
2.7 (1.5-9.0)
86 (80.4-89.2)
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2005
4.7 (3.6-7.0)
2.3 (0.8-6.6)
86 (82.1-91)

2006
5.1 (3.9-6.5)
2.9 (1.1-5.7)
82.1 (74.6-87.6)
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EOM (%)

8.4 (4.3-12.8)

9.8 (5.0-17.8)

7.4 (2.8-12.5)

in each contaminant concentrations over time were examined on an annual basis using mean values of all data for
the year. In order to obtain these mean values the same
sampling points (2, 3, 5, 6, 7, 8, 10, 11 12, 14) and the
same number of locations (10 locations) having 5 years
data were selected. The significance level was set up at
P<0.05.

RESULTS AND DISCUSSION
Concentrations of chlorinated pesticides and PCBs in
the whole soft tissue of mussels Mytilus galloprovincialis
collected from 2002 to 2006 are graphically presented in
Figure 2. Among chlorinated pesticides, the lowest concentrations were observed for HCB and lindane, showing
almost the same range of values <MDL-0.63 ng/g dw and
<MDL-0.88 ng/g dw, respectively. Moreover, 43% of
HCB and 34% of lindane results were below method detection limit. For aldrin and dieldrin, concentrations varied
from <MDL to 2.1 ng/g dw and <MDL to 4.2 ng/g dw,
respectively. Like HCB and lindane, many results were
below method detection limit, i.e. 27% of aldrin and 36% of
dieldrin. Relatively low concentrations of aforementioned
chlorinated pesticides were almost equally distributed along
the Croatian coast. The highest contaminants values were
observed in bays, highly urbanized with industrial and
maritime activities (locations 3, 5, 6, 11, 12). As regards
to locations in the Kaštela Bay (Split) in the middle Adriatic, it must be mentioned that higher HCB concentration
found at location 11 compared to location 12, was probably the result of historic influence of ex. chlor-alkali plant
at this sampling site. On the contrary, the lowest concentrations were found at locations in the vicinity of freshwaters areas (1, 2, 9, 10, 13, 14, 15) mostly indicating no
significant contribution of anthropogenic activities. The
only important difference between distribution of lindane
and other pesticides in this group was somewhat higher
values of lindane at location 9 and 10, situated at the estuary of the river Krka. As agriculture and forestry acitivities
were negligible in this area, the elevated lindan concentrations could be attributed to the river discharges from the
hinterland.
On the other hand, DDT and its derivatives were the
major chlorinated pesticides present at the relatively high
level at the investigated area. Concentrations of p,p'-DDT,
p,p'-DDD and p,p'-DDE were in the range <MDL-8.3 ng/g
dw, 0.34-7.3 ng/g dw and 1.2-10.9 ng/g dw, respectively.
Among p,p'-DDTs compounds, DDE represented 45(4149)% of the sum of DDTs, followed by p,p'-DDD 29(2530)% and p,p'-DDT 26(22-29)%. As it is well known, DDT
persists for decades after its use in the environment. Through
the long half-life [19, 20], DDT degrades into DDE and
DDD derivatives [21, 22]. DDE compound has high stability in the aquatic environment and it is very accumulative
compared to the parent DDT compound. Therefore, the

9.5 (3.5-19.1)

6.3 (3.2-10.2)

DDE/ΣDDTs ratio can in principle be used to assess the
chronology of contaminant inputs into the ecosystem [23].
Aquilar proposed the value of 0.6 as an indication of the
relatively stable ecosystem without new DDT inputs. In this
study, calculated mean DDE/ΣDDTs ratio was 0.45±0.03,
showing an increasing trend since 2004 year. With this in
mind, this low ratio could possibly indicate the lack of DDT
recent use at the study area. Concerning spatial distribution, pattern of total DDT compounds was characterized
with elevated concentrations in the northern part of the
Adriatic coast near highly urbanized, industrial and harbour areas (locations 3, 5, 6). In the middle Adriatic, elevated DDTs level were found at location 13 at the estuary
of the river Neretva, an agricultural area, and at location
12. The latter is situated in the eastern part of the Kaštela
Bay, where there were agricultural activities in the past and
still, an industrial port, shipyards and other facilities (asbestos, food, beverage production), thus receiving most of untreated or partially treated industrial and urban
wastewaters. On the contrary, somewhat lower DDT content at location 11, suggested that this spatial pattern was
likely the result of local sources of contamination, but as
well prevailing hydrodynamic conditions in the Kaštela
Bay. In overall, the lowest DDTs levels were related to
areas where agricultural as well as industrial activities were
somewhat poor-ly developed (1, 2, 4, 9, 10, 14, 15).
In comparison to chlorinated pesticides, polychlorinated biphenyls presented as sum of six congeners were observed in much wider concentrations range (5.4 to 103
ng/g dw). However, concentrations obtained for an individual congener were within the range <MDL-3.9 ng/g dw
(PCB 28), <MDL-5.6 ng/g dw (PCB 52), <MDL-9.2 ng/g
dw (PCB 101), <MDL-18.6 ng/g dw (PCB 118), 1.5-30.9
ng/g dw (PCB 138) and 2.0-39.4 ng/g dw (PCB 153). The
accumulation profile of PCB congeners was similar between investigated stations suggesting that mixtures of
Aroclors 1254 and 1260 might contaminate the study areas.
Moreover, PCB 153 (41% of total sum of congeners) and
PCB 138 (30%) were the dominant congeners in all samples. This finding was in accordance with observations in
the other studies [25, 26]. The highest sum of PCBs concentrations were found in mussels collected from stations
12, 5, 15, 3 and 6. As already mentioned, the location 12
is situated in the Kaštela Bay, one of the most polluted
areas at the eastern Adriatic coast. Such high PCBs level
was mostly the result of shipyard and industrial facilities,
and long-term industrial and urban wastewater discharges
into the bay [24]. Elevated concentrations were obtained
for locations in the Rijeka Bay (5, 6) as well. The harbour of
Rijeka, shipyard, oil refineries and minor industries represented significant pollution sources, all discharging high
quantities of wastewaters into the sea. It should be pointed
out that elevated PCBs concentrations were observed also
at location 15 in the south Adriatic, near touristic centre
Dubrovnik. This can be explained by existence of harbour,
marina and minor industrial activities. However, it might
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be most likely the result of released polychlorinated bi-

phenyls from damaged transformers during the warfare in
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FIGURE 2 - Spatial distribution of HCB, lindane, Σ(aldrin,dieldrin), Σp,p’-(DDE,DDD,DDT), ΣPCB(6) concentrations (ng/g dw) in whole
soft tissue of mussels collected at 15 sites along the eastern Adriatic coast between 2002 and 2006. Dots represent mean values; lower and
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upper box edges represent mean±1SD; outlying bars are minimum and maximum values; full horizontal line represents overall mean value
and dashed horizontal lines represent mean±1SD for the period 2002-2006.

Croatia [27]. Medium contamination level was observed
for locations in the middle Adriatic (7, 8, 9, 10, 11, 13).
All this locations are also under influence of industrial,
harbour, marinas and/or touristic activities, but obviously
lower one. At location 11, we found as similar decrease in
PCBs distribution as for DDTs in comparison to location
12, confirming the difference in the influence of local environmental factors present in the Kaštela Bay.
The comparison of monitoring data with published
ones for chlorinated hydrocarbons in other coastal areas
worldwide can be very useful for assessing the real state
of pollution at the Croatian part of the Adriatic Sea. As
compared to Table 2, survey of coastal pollution along the
Italian part of the Adriatic Sea revealed almost the same
range of PCBs concentrations, taking into consideration the
number of analysed PCB congeners as in this study, but
still relatively higher p,p’-DDE concentrations [28]. Concerning mussels collected from the south Adriatic and Ionic
coast of Italy [6], p,p’-DDE concentrations were lower
while HCB concentrations were relatively higher than those
reported in this study. The mussel watch survey along the
Mediterranean coast of France and Italy established significantly higher concentration of DDTs, PCBs, dieldrin,
lindane, HCB in coastal areas, receiving river discharges
and close to large cities [29]. The only exception was aldrin
that was present in concentrations less than 1 ng/g dw. Furthermore, elevated concentrations of DDTs and/or PCBs
were obtained for mussels collected from the shellfish farming area, where urban, industrial and /or agricultural inputs
occurs, such as Ebro Delta in the NW Mediterranean and
Galicia coast in the Northwestern Spain [26, 30], respectively. In comparison to this study, high level of chlorinated
hydrocarbons was found in mussels from the Mid-Black

Sea in Turkey, Egyptian Red Sea and Ghana [31, 37, 36],
as well as in mussels from Flanders (Belgium) and Mersey
Estuary (NW England) [32, 34]. Higher levels of DDTs
were found in mussels from the Baltic Sea and some Asian
areas as the result of its long-term application in those
regions [8, 33, 39, 40]. However, lindane, aldrin and dieldrin concentrations were higher in relation to references for
the Asian regions [8, 38, 40], whereas DDTs level was
higher than data reported for Greenland and the Persian/
Arabian region [35, 38]. Likewise, this work revealed
higher PCBs concentrations than found in mussels from
Greenland and the Asian regions [35, 39, 40]. The aforementioned comparisons might suggest low level of contamination by organic pollutants at the eastern Adriatic
coast. Nevertheless, it is of importance to point out that
all obtained data for the eastern Adriatic coastal waters,
when expressed on a wet weight basis (Table 2), were below the maximum permissible levels (MPL) for chlorinated
hydrocarbons in mussels for human use, prescribed by a
Croatian legislation [41] (Table 4).
Furthermore, principal component analysis (PCA)
showed three types of distribution (Figure 3). PCBs were
separated from the chlorinated pesticides by first principal
component (PC1), accounting for 40.8% of the total variance. Loading values (varimax raw) correlated significantly
positively with the concentrations of PCB 28, 52, 101, 118,
138 and 153 in accordance with their volatility and biodegradability. As it is known, higher chlorinated congeners are less volatile, more resistant to metabolic degradation and more soluble in lipids than lower chlorinated
conge- ners [42]. As expected, high scores on factor 1
were ob-

TABLE 2 - Overview of chlorinated hydrocarbons range concentrations
in the soft tissue of bivalve molluscs collected in coastal waters worldwide.
Area

SP1

Unit

HCB

Lindane

Aldrin

Dieldrin

DDTs (n)2

PCBs(n)3

Ref4

Adriatic sea
Adriatic and Ionic coast, Italy
NW Mediterranean coast
Ebro Delta, NW Mediterranean
Galicia coast, NW Spain
Mid-Black Sea coast, Turkey
Flanders, Belgium
South West Baltic Sea
Mersey Estuary, NW England

MG
MG
MG
MG
MG
MG
DP
ME
ME
ME
PP
BR
O
PV
ME
AN
MG

ng/g ww
ng/g ww
ng/g dw
ng/g ww
ng/g dw
ng/g ww
ng/g ww
ng/g dw
ng/g ww
ng/g ww
ng/g dw
ng/g ww
ng/g dw
ng/g dw
ng/g dw
ng/g dw
ng/g dw
ng/g ww7

<0.01-0.04
0.08-1.9
<0.02-0.27
<0.2-0.36
ND-2.4
0.03-0.996
0.03-0.09
0.013-0.29
1.6-35
<0.01-13
0.02-0.38
0.03-0.63
<0.004-0.01

0.79-3.1
<0.02-0.16
1.2-17
0.11-0.21
6-30
2.0-34
<0.004-0.08

0.07-0.86
<0.02-0.59
0.9-18
2.4-40
<0.003-0.12
<0.05-5.4
ND
<0.07-2.08
<0.01-0.29

1.8-36
0.13-0.78
0.27-3.96
4.8-60
2.2-59
0.02-1.2
<0.05-2.2
ND-0.60
<0.07-4.17
<0.01-0.65

1.6-3.0 (1a)
<0.01-0.2 (1a)
15-569 (3)
2-144 (3)
1.5-5.5 (3)
0.54-6.5 (1a)
6.6-88 (3)
4.5-32 (3)
0.24-0.81 (3)
125-772 (3)
0.03-2.0 (1b)
0.56-70 (2)
14-640 (3)
12-101 (3)
2.3-25 (3)
0.36-2.6 (3)
0.19-1.18 (1a)

1.3-18 (7)
21-557 (4)
7-70 (7)
21-228 (6)
ND5
2.4-82 (6)
41-392 (9)
9.6-35 (7)
0.4-1.01 (6)
61-453 (7)
6.2-52 (6)
4.6-47 (6)
3.6-33 (5)
5.6-103 (6)
0.76-12 (6)

[28]
[6]
[29]
[30]
[26]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[8]
[40]
this
work

Greenland
Ghana
Egyptian Red Sea coast
Persian/Arabian and Oman Gulfs
Hong Kong
China coast
Hanoi region
Eastern Adriatic coast

0.02-0.47
0.10-0.41
<0.04-0.88
<0.005-0.13

1

SP=species: MG=Mytilus galloprovincialis, ME=Mytilus edulis, BR=Brachiodontes sp., DP=Dreissena polymorpha, PP=Perna perna, O=pearl and
rock oysters, AN=Angulyagra sp., PV=Perna viridis, 2 n=number of DDT compounds: (1a)=p,p'-DDE; (1b)=p,p'-DDT; (2)=p,p'-DDD, p,p'-DDT;
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(3)=p,p'-DDE, p,p'-DDD, p,p'-DDT, 3 n=number of selected PCB congeners: (4)=52, 101, 138, 153; (5)=52, 101, 118, 138, 153; (6)=28, 52, 101,118,
138,153; (7)=28, 52, 101, 118, 138, 153, 180; (9)=52,151,149, 118, 153, 138, 187, 183, 180, 4Ref=references, 5 ND=not detectable, 6concentrations
taken from graphical presentation, 7data expressed in ng/g on dry weight were recalculated to wet weight multiplying data by corresponding (dw/ww)
ratio (0.102-0.159)

served for PCBs (above 0.6) at sites 3, 5, 6, 12 and 15
near large urban, harbour and industrial areas, confirming
the long-term influence of urban and industrial
wastewaters discharges with/without prior treatment in
these areas. According to 10 years monitoring of
wastewater inflows of anthropogenic origin into the sea
along the Croatian coast [43], the greatest part (more than
65%) of the total input came from dot-like sources, connected to aforementioned areas (Figure 1). Moreover, a
significant higher proportion of PCBs was found at all
locations compared to proportion of chlorinated pesticides.
The second principal component (PC2), accounting
for 21.3% of the total variance, represented aldrin, p,p’DDE, p,p’-DDD and p,p’-DDT (Figure 3). All factor loadings were positively related to the content of observed
pesticides. Probably, aldrin was combined in this group
owing to the similar spatial distribution pattern as DDTs
one. The apparent pattern difference observed for aldrin
at locations 5, 6 and 11 could be rather related to local
specific environmental factors influence.
Furthermore, HCB, lindane and dieldrin were separated
from the other chlorinated pesticides by the third principal
component (Figure 3). This group was significantly positively associated with PC3, which explained 16.2% of the
variance. The similar physico-chemical factors might be a
reason for their connection. Moreover, these contaminants
revealed mostly the same spatial distribution pattern. However, HCB and lindane exhibited slightly increase from
the general pattern, former at locations 11 (ex. chlor-alkali
plant) and 15 (unknown source) and latter at locations 9
and 10 (river discharges).

FIGURE 3 - Results of Principal Component Analysis (PCA):
plot of factor loadings (varimax raw rotation).

In addition to spatial distribution, an intention was conducted to provide the information about temporal trends of
chlorinated hydrocarbons at coastal sites near small-scale
patches of contamination ("hot spots") and sites being
representative of large areas. With this in mind, Spearman
ranking of concentrations was used for site-by-site analysis of correlations between individual contaminant concentration and year [12]. Although one part of concentrations of HCB, lindane, aldrin and dieldrin was below
method detection level, they were included in calculations.
The Spearman rank correlations coefficients for chlorinated pesticides and PCBs having 4 years data (5 locations)
and 5 years data (10 locations) are shown in Table 3.
Among the 90 combinations (15 sites and 6 contaminants),
only 4 positive trends were observed showing an insignificant increase in concentration. Location 10 demonstrated
increasing trend in HCB. As concentrations were below
MDL from 2002 to 2004 and after that near detection
limit, this trend could not be considered as a real increasing trend. Insignificant positive trend was observed for
DDTs at location 11, having an inconstant increase in concentrations. As expected, two positive insignificant trends
were found for PCBs at location 11 and 15. The former is
situated in highly urban and industrial area with continuously inputs from on shore sources, more strictly near
chemical industry of plastic products. The latter is located
in the harbour, near touristic area, where the influence of
warefare damages (1991-1995) might be still present. At
the other hand, temporal decline was observed in 86 cases.
Subsequently, 39 trends were significant (P<0.05), mostly
in relation to chlorinated pesticides. Only 2 decreases
were observed for PCBs, namely in northern Adriatic at
locations 3 and 5. Although highly urbanized area with
intensive industrial activities, waste minimisation might be
observed recently. Another examination of national temporal trends in contaminant concentrations was based on
mean values of all data for the year. In order to obtain
these mean values the same sampling points (2, 3, 5, 6, 7, 8,
10, 11, 12, 14) and the same number of locations (10 locations) having 5 years data were selected. For all chlorinated
pesticides and PCBs the Spearman rank coefficient was
negative ranging from -0.6 to the maximum value of –1.
A significant decrease (P<0.05) was indicated for HCB,
lindane, p,p'-DDE, p,p’-DDD and p,p’-DDT, PCB congeners 28, 101 and 118. Figure 4 graphically presented log10
transformed mean data decreases vs. year identified in the
second-step of Spearman rank correlations analysis. Accordingly, PCBs and DDTs concentrations appeared to
slowly decrease from 2002 to 2006. The same distinct decreasing pattern was observed for lindane and aldrin, as
well as for HCB and dieldrin. Unlike lindane and aldrin,
the latter ones more sharply decreased in 2003. Decreasing
trends for chlorinated pesticides were not unexpected,
because they have been restricted on use in Croatia, starting
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with 1972. Namely, aldrin, dieldrin and DDT has been
produced and used in large quantities up to 1972 when they
were officially banned in Croatia [44]. Regarding HCB and
lindane, their use was officially restricted in 1980 and 2001,

respectively. In effect, we found relatively low level of
contamination by these antrophogenic chemicals. On the
other side, no restriction was given for the import of equip-

TABLE 3 - Site-by-site and per contaminant increasing or decreasing trends in concentration in mussels (Mytilus galloprovincialis).
Each trend was calculated as a Spearman rank correlation coefficient R of significance P for sample size N, based on observations
from 4 years (locations 1, 4, 9, 13, 15) and 5 years (location 2, 3, 5, 6, 7, 8, 10, 11, 12, 14) of the period 2002-2006. Statistically significant trends (P<0.05) are marked with asterix (*).
Loc.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

N
4
5
5
4
5
5
5
5
4
5
5
5
4
5
4

HCB
R
-0.316
-0.900
-1.000
-0.632
-0.600
-0.154
-0.707
-0.707
-0.316
0.783
-0.400
-0.154
-0.316
-0.707
-1.000

P
0.684
0.037*
0.367
0.285
0.805
0.182
0.182
0.684
0.118
0.505
0.805
0.684
0.182

lindane
R
P
-0.775
0.225
-0.975
0.005*
-1.000
-0.949
0.051
-1.000
-1.000
-0.707
0.182
-0.975
0.005*
-1.000
-1.000
-0.677
0.219
-0.800
0.105
-0.775
0.225
-0.975
0.005*
-0.800
0.200

aldrin
R
P
-1.000
-0.975
0.005*
-1.000
-1.000
-1.000
-1.000
-1.000
-0.975
0.005*
-0.738
0.262
-0.564
0.321
-1.000
-0.975
0.005*
-1.000
-0.975
0.005*
-1.000

dieldrin
R
P
-0.775
0.225
-0.671
0.215
-0.700
0.188
0.775
0.225
-0.872
0.054
-0.800
0.104
-0.894
0.040*
-0.671
0.215
-0.775
0.225
-1.000
-0.700
0.188
-1.000
-0.400
0.600
-0.707
0.182
-0.800
0.200

Sum DDTs
R
P
-0.400
0.600
-1.000
-0.700
0.188
-1.000
-1.000
-0.900
0.037*
-0.900
0.037*
-0.900
0.037*
-0.200
0.800
-0.700
0.188
0.100
0.873
-1.000
-1.000
-1.000
-0.800
0.200

Sum PCBs
R
P
-0.600
0.400
-0.300
0.624
-0.900
0.037*
-0.800
0.200
-0.900
0.037*
-0.600
0.285
-0.500
0.391
-0.600
0.285
-0.400
0.600
-0.300
0.624
0.400
0.505
-0.700
0.188
-0.600
0.400
-0.300
0.624
0.400
0.600

2

log10 CH (ng/g dw)

1,5
1

HCB
lindane

0,5

aldrin
dieldrin

0

DDTs
PCBs

-0,5
-1
-1,5
2002

2003

2004

2005

2006

FIGURE 4 - Temporal distribution of mean chlorinated hydrocarbons log10 CH (ng/g dw) concentrations in mussels sampled from 10 locations at the eastern Adriatic coast during the 2002-2006 period.

TABLE 4 - Preview of the Maximum Permissible Levels (MPLs) of chlorinated hydrocarbons (mg/kg wet weight) in the food in Croatia [41].
Chlorinated hydrocarbons
HCB
Lindane
Aldrin + dieldrin
MPL
0.020a
0.200a
0.020a
a
Croatian legal MPL for chlorinated pesticides in the meat food containing <10% fat
b
Croatian legal MPL for polychlorinated biphenyls in the fresh shellfish
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DDTs
0.100a

PCBs
2.000b
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ment and liquid PCBs in Croatia. Consequently, higher
PCBs level was to be expected in the environment. Although there were sites variations in PCBs level during the
monitoring period, it is important that annual concentrations of PCBs in average remained relatively constant
since 2004. Presumably, the investigated coastal Adriatic
area has been slowly changing in burden decrease by chlorinated pesticides and particularly by PCBs.
CONCLUSIONS
Chlorinated pesticides and PCBs data indicated low
level of contamination along the eastern Adriatic coast.
The elevated contaminant concentrations were detected at
locations near urban, industrial and harbour centres. Moreover, the PCBs were the dominant contaminant in relation
to pesticides, indicating that heavily industrialized and urban areas continue to be the main sources of PCBs contamination in the eastern Adriatic coastal waters. In addition,
site-by-site changes in individual PCBs concentrations
were not significant. On the contrary, chlorinated pesticides
exhibited prevailing decline of concentrations at all sites.
As well, analysis of national temporal trends revealed significant changes of chlorinated pesticides concentrations
with time using 5 years data. Although not conclusive, not
so significant temporal decline of PCBs was likely for the
investigated period. The established concentrations were
far below the maximum permissible levels of chlorinated
hydrocarbons in mussels for human consumption, prescribed by the Croatian legislation. For the reliable assessment of temporal changes of chlorinated hydrocarbons in
the eastern Adriatic coastal waters, a more complete data
have to be collected. Hence, it should be necessary to monitor regularly these contaminants over a long time period.
Moreover, as chlorinated hydrocarbons are lipophilic and
capable of being accumulated and biomagnified in food
chain, which poses potential risks to the marine environment and human life, the continuously monitoring is of
crucial importance.
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ABSTRACT

INTRODUCTION

The aim of this research was to evaluate the effects of
eight antifouling paints of new generation on the ecological succession of macrofouling seawater association on
hard substrates. At present, these paints are widespread on
the market for preserving boat hulls and various structures
submerged in aquatic environments, and contain Cu2O, CuO,
CuSCN, Sea-Nine 211, Irgarol 1051, Diuron, Chlorothalonil,
Dichlofluanid, Zinc pyrithione, Zineb and Endosulfan as
principal or booster biocides. Experiments were carried
out on wood and steel panels immersed for one year in
two stations of the southern basin of the Lagoon of Venice, differing in bathymetric, hydrodynamic and turbidity
characteristics. The growth and development of biocoenoses on panels coated with antifouling paints were analysed monthly and compared with both control and TBTtreated panels. Some biodiversity indexes – species richness, biocoenosis structure, covering-abundance index,
and similarity index – were used to describe the evolution
of the biocoenosis and compare the disturbing effects resulting in the selection of resistant species, often different
from those of the natural relative climax. Results indicate
that none of the assayed paints is more powerful than
TBT-containing paints and the effects on the biocoenosis
are potentiated by the type of matrix and presence of
booster compounds, following the order of biocidal efficacy of paints containing TBT > organozinc > copper >
Sea-Nine.

KEYWORDS: biofouling, biodiversity indexes, ecological succession, antifouling compounds

Biofouling results from the natural association of sessile organisms encrusting submerged hard substrates, the
composition and succession of which depend on geographic
location, type of substrate, physico-chemical characteristics, and seasonal climatic conditions [1].
Macrofouling on artificial objects causes economic
damage, which results in high costs, due to continuous
maintenance of structures, and increases in fuel consumption to offset hydrodynamic loss by ship’s hulls. From the
1960s onwards, organotin compounds were massively introduced in the formulation of antifouling paints. These substances proved to be harmful to benthic biocenoses and
persistent in the environment [2-6]. After their ban by the
IMO-MEPC [7] and subsequently by the EC (directive
782/2003), industries turned their attention to replacement
biocidal formulations containing a main biocide and either
newly synthesised booster substances or ones from the
pharmacological (bactericides) or agriculture industries (herbicides, fungicides, insecticides), in order to enhance paint
performance against a wider spectrum of fouling organisms and prevent both the settlement of spores and larvae,
and the formation of bacterial and microalgal film (biofilm), from which the ecological succession of hard-substrate biocoenoses begins.
However, the environmental risk of antifouling compounds is a function of both their concentration and degree of toxicity [8]. In the present study, we considered their
impact on biodiversity by monthly analysis of ecological
successions on panels coated with antifouling paints and
immersed for one year in two stations of the southern
basin of the Lagoon of Venice where the “relative climax”
is reached in autumn and is represented by tunicates, bivalves, bryozoans and cirripeds as dominant taxa [9]. Since
in these ecosystems the environment changes over long
time intervals, influencing the dynamics of organisms and
the underlying probabilities of the stochastic processes,
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succession in macrofouling biocoenosis does not reach
climax states but tends towards a relative climax until
environmental conditions drastically change. 	
  
MATERIALS AND METHODS
Systems of wooden and steel panels coated with various antifouling paints were placed in constant immersion
in two stations (Fig. 1) of the southern basin of the Lagoon of Venice (Chioggia harbour) as artificial substrates
for settlement by fouling organisms. The sites represented
two types of micro-environment of the lagoon biome, differing in bathymetric and hydrodynamic characteristics.
Station 1 (Lat. 45° 15' N, Long. 12° 15' E) was an abandoned mussel farming site along the Perognola channel,
opposite the harbour entrance in an area far from the inhabited centre of Chioggia, where the depth of seawater is
about 3 m and the stream intensity ranges from 0.5 to
3.5 km/h. Station 2 (Lat. 45° 14' N, Long. 12° 17' E) was
a floating pier along the Sottomarina channel, located in
an internal area with respect to the harbour mouth, with a
depth of seawater of about 2 m and characterised by little
wave motion and high seawater turbidity; the stream
intensity ranges form 0.5 to 2 km/h. Each system of artificial substrates was formed of nine units, each unit being
formed of a nylon rope maintained vertical in the water
column by a brick as ballast, and two panels (20 x 15 x
2.5 cm), i.e., an upper one in wood and a lower one in steel,
tied along the rope at a distance of 20 cm between them.
The upper panels were immersed to a depth of 50 cm, on
the basis of tide variations, in order to avoid their possible
emersion. Of the nine units, eight had panels coated with
antifouling paints, and one was the control unit, painted
with an enamel paint containing silicone alkyd resins, generally used on the waterline of ships. The panels were permanently immersed for a period of one year (March 2005 –
February 2006) and checked monthly. The choice of paints
(Tab. 1) was carried out according to their widespread use
in the Lagoon of Venice. The biocides in their formulations included compounds exclusively designed for antifouling, like Sea-Nine 211TM (4,5-dichloro-2-n-octyl-4isothiazolin-3-one), or previously used as pesticides in agriculture, e.g., Cu2O, CuO, CuSCN, Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea), Irgarol 1051TM (2-methylthio4-ter-butylamino-6-cyclopropylamino-s-triazine), Endosulfan (α,β-1,2,3,4,7,7-hexachlorobicyclo-[2.2.1]-2-heptene5,6-bisoxymethylenesulfite), Chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile), Dichlofluanid (N-dimethyl-Nphenylsulphamide) and Zineb (zinc ethylenebis[dithiocarbamate]), and as bactericides and fungicides in antidandruff shampoos, such as Zinc pyrithione (zinc 2pyridin-ethiol-oxide). The biocidal efficacy of these
paints was compared with a TBT-containing paint.
A list of species found on both treated and control panels
for the entire sampling period was produced. Data were
collected monthly through high resolution digital images
of the whole panels and samples were grouped, processed

FIGURE 1 - Map of the Lagoon of Venice, showing
the location of the two stations near Chioggia harbour.

and expressed by means of biodiversity indexes at biocoenosis level, i.e., species richness, biocoenosis structure,
Benninghoff’s covering-abundance index and Sørensen’s
similarity index, in order to evaluate the effect of biocides
on some target-species, the consequent alteration of the
ecological succession on artificial hard substrate, and possible ecological damage to the macrofouling biocoenosis.
Species richness was represented by linear graphics showing the temporal trend of total species number counted on
digital images of the panels of the two sampling stations.
Biocoenosis structure was quantified by pie charts, in which
each taxon was expressed as a percentage with respect to
the total number of taxa forming the biocoenosis on each
panel. The covering-abundance index was obtained with a
modified Benninghoff’s scale [10] previously used to study
the settlement of macrobenthic organisms in the central
basin of the Lagoon of Venice [11, 12]. It supplies a quantitative analysis of the settlement capacity of each taxon on
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TABLE 1 - Antifouling paints used for coating wooden and steel panels
of the systems immersed in the sampling stations of the Lagoon of Venice.
PAINT
ORGANOTIN-CONTAINING PAINTS
A
Self-polishing with methacrylate
copolymers
COPPER-CONTAINING PAINTS
B Hard matrix with
vinyl resin and colophony
C Self-polishing with n. sp. polymers
and colophony
D Self-polishing with modified vinyl
resin and colophony
SEA-NINE-CONTAINING PAINTS
E Hard matrix
F Hard matrix
ORGANOZINC-CONTAINING PAINTS
G Hard matrix
H

Hard matrix
I Hard matrix with colophony

BIOCIDES

USE

TBT methacrylate, CuO

Fishing boats and freighters >25 m in length (hulls
in steel, tarred wood, coated with epoxy resins)

Cu2O (41%)

Sailing boats, yachts (hulls in steel, wood, polyester;
not aluminium)
Sailing boats, yachts (hulls in wood, steel, aluminium, polyester)
Fishing boats (hulls in wood, steel, plastic reinforced
by incorporated fibreglass)

CuSCN (20%), Dichlofluanid (9%)
Cu2O, Irgarol 1051, Clorothalonil
Sea-Nine 211 (3%)
Sea-Nine 211 (2.7%)
Diuron (7.6%)

Sailing boats, yachts (waterline)
Sailing boats, motorboats (waterline)

Zn pyrithione (5-10%),
Zineb (5-10%)
Zn pyrithione (7-10%),
Sea-Nine 211 (1-3%)

Sailing boats for competition (hulls in plastic reinforced by incorporated fiberglass, wood, steel )
Sailing boats, motorboats (propellers, boards, stabilisers, flaps)

Zn pyrithione (5-10%),
Zineb (5-10%),
Endosulfan (1-5%)

Fishing boats (propellers, boards, stabilisers )

areas calculated on digital images through Casti-Imaging
and MicroImage software. The variables considered were
density (N° individuals/300 cm2) and cover (percentage of
panel surface covered by each taxon). Data were expressed as a quality index ranging from 1 to 5 as follows.
Ranking of 1 was assigned to taxa with numerous individuals covering less than 1/20 of the panel area. Ranking
of 2 was assigned to taxa covering an area ranging from
1/20 to 1/4 of the panel. Ranking of 3 was assigned to
taxa covering an area ranging from 1/4 to 1/2 of the panel.
Ranking of 4 was assigned to taxa covering an area ranging from 1/2 to 3/4 of the panel. Ranking of 5 was assigned to taxa covering more than 3/4 of the panel area.
The similarity index measures the likeness between
two floristic and/or faunal lists with the number of shared
species, compared with the total species reported in the two
samplings. Among the numerous algorithms, we chose
Sørensen’s index also known as Sørensen’s similarity coefficient used for comparing the similarity of two samples
[13] with the formula Ps = 2c/(a+b), in which a is the
number of species found on the control panel, b the number of species on the panel coated with an antifouling paint,
and c the number of species shared by the control unit and
the treated ones. This index, which ranges from 0 (absence of similarity) to 1 (complete similarity or equality),
was represented through graphs which describe temporal
trends in the sampling stations.

RESULTS AND DISCUSSION
We evaluated the disturbing activity of some newgeneration antifouling paints assayed on the macrofouling
biocoenosis of the Lagoon of Venice in comparison with
control panels. Generally, the fouled layer always appeared
later on the panels treated with antifouling paints and
covered a smaller area than that on the control panels.
ECOLOGICAL SUCCESSION ON CONTROL PANELS

The ecological succession evaluated through the biocoenosis structure (Fig. 2) was similar to that reported in
previous works on the Lagoon of Venice [2, 11-12, 14].
The first cover appeared in April, and was a biofilm of
mud, mucilage, bacteria and microalgae on 60-90% of the
panel surface. Pioneer organisms, appearing in May-June,
were branching bryozoans (Bugula sp.), tunicates (Ascidiella aspersa, Botryllus schlosseri, Botrylloides leachi),
serpulids (Hydroides dianthus, Serpula vermicularis),
hydrozoans (Tubularia crocea, Obelia dichotoma) and
macroalgae (Enteromorpha sp., Ulva lactuca, Ceramium
ciliatum, Polysiphonia sertularioides), associated in various manners on the panels. The dominant populations,
which appeared in the summer months and formed a preclimax in September, were serpulids (H. dianthus, S. vermicularis, Janua pagenstecheri), branching and encrusting
bryozoans (Bugula neritina, Bugula stolonifera, Schizoporella unicornis, Conopeum seurati), porifera (Haliclona
cinerea, Sycon ciliatum), tunicates (A. aspersa, B. schlosseri,
B. leachi, Ciona intestinalis, Styela plicata, Trididemnum
cereum), cirripeds (Balanus amphitrite, Balanus improvisus) and macroalgae (U. lactuca, C. ciliatum, P.
sertularioides, Ectocarpus siliculosus).
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FIGURE 2 - Evolution of biocoenosis structure in control panels.

In the relative climax, which was reached in December, porifera (Hymeniacidion sanguinea, Halichondria
bowerbanki), serpulids (Filograna sp., H. dianthus, S.
vermicularis, J. pagenstecheri), cirripeds (B. amphitrite, B.
improvisus), bivalves (Mytilus galloprovincialis, Ostrea
edulis, Crassostrea gigas) and macroalgae (U. lactuca, C.
ciliatum, P. sertularioides, Ectocarpus siliculosus) were
present, and tunicates persisted, with both solitary (S. plicata, C. intestinalis) and colonial (B. schlosseri, B. leachi,
Diplosoma listerianum) species. Among grazer organisms,
amphipods were observed from April to December and, in
fewer numbers, also isopods, decapods, wandering polychaetes, gastropods and echinoderms.

cidal action appeared, like chlorophyta and barnacles
(Fig. 3), which, however, never covered large areas of the
substrate. Generally, the number of species present in the
various months was low. In both stations, the similarity
index vanished (Fig. 4).
Paints B and C

The antifouling paints tested were grouped as follows, since in some cases they showed similar effects on
biocoenoses.

Stable covering with fouling organisms on all panels
occurred from July. Previously, organisms settled only
transiently, represented by porifera and serpulids alternating
with biofilm. The ecological successions were different or
less complex in structure compared with those on the control panels (Fig. 3). In addition, organisms like hydrozoans and cirripeds were exclusive to treated panels, suggesting the selection of tolerant species. After biofilm formation, subsequent settlement by pioneer species involved serpulids, macroalgae and, occasionally, cirripeds
and bryozoans. During summer, tunicates and hydrozoans
also ap-peared. The relative climax was reached, with bivalves and tunicates or hydrozoans and cirripeds (Fig. 3).
The similarity index vanished at the beginning of the
ecological succession, but its trend to increase progressively, reaching a plateau in summer - always less than 1
– is probably due to the gradual loss of biocidal efficacy
(Fig. 4).

Paint A

Paint D

In all stations and on both wood and steel panels, a
delay in the appearance of the biofilm was observed, so
the panels did not have any kind of fouling until May or
July. Pioneer organisms were represented by chlorophyta,
cirripeds and, occasionally, porifera. No ecological succession was identifiable, but only organisms resistant to bio-

This paint showed similar behaviour to paint B in the
first months of immersion. However, the succession was
discontinuous in the following months (Fig. 3). Generally,
settlement by macrofouling organisms was much more limited on wood panels than on steel ones, in all sampling
stations. Settlement by various pioneer species, represented

The peak of species richness was reached in AugustSeptember on both wood and steel panels. Comparing wood
panels with steel ones, there was no clear distinction as
regards structure and dynamics, but the settlement areas
of the various organisms appeared to have increased on
the steel panels.
ECOLOGICAL SUCCESSION ON PANELS
COATED WITH ANTIFOULING PAINTS
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by bryozoans, chlorophyta and cirripeds, was always very
limited. Their presence never lasted more than one month,
so that the biofilm often appeared again to replace organisms which had previously settled and not survived. The
similarity index was always close to zero, and settlement
seemed to be random and never stabilised (Fig. 4).
Paints E and H

Colonisation began with a shorter time lag than that
observed with other antifouling paints. In the case of paint
E, the ecological succession was different and less complex than that on the control panels, with a selection of
resistant species represented by serpulids, bryozoans and
tunicates, with brief settlements until September, after which
the fouling community became stable throughout winter
(Fig. 3). The biocoenosis structure revealed a significant
difference in station 2, where fouling organisms covered a
larger extent of the panel surface. As regards paint H, the
biocoenosis structure was persistent and more complex
than that growing on the other paints, since in May it included macroalgae or hydrozoans, to which serpulids, bryozoans, cirripeds, tunicates and, only occasionally, a few
macroalgae succeeded. The similarity index showed a very
similar trend for both paints. It reached a peak in MayJune, decreased in July-August, increased again in September, and reached a plateau during autumn and winter
(Fig. 4).
Paints F and I

Colonisation did not include more than three or four
taxa at the same time, and the biocoenoses developing on
panels covered by these paints showed similar behaviour
towards tolerant and resistant species, represented by bryozoans, tunicates, hydrozoans, and macroalgae, to which
serpulids and, to a lesser extent, cirripeds, porifera and bivalves were occasionally added (Fig. 3). Hydrozoans were
particularly sensitive towards the biocides. Six or seven
taxa were observed at the relative climax, which remained
stable over the subsequent three months. As regards biocoenosis structure on both wood and steel panels, station
2 showed the highest taxonomic variability. The similarity
index (Fig. 4) always showed very low average values,
mainly in station 1, where the values were often close to
zero, although higher peak values, which reached 0.9 for
paint F and 0.7 for paint I, were obtained from the steel
panels of station 2.
Paint G

This paint caused a significant delay in settlement,
since pioneer organisms were first observed only from
July, with a few macroalgae. In October, the panels were
transiently colonised by tunicates, serpulids, cirripeds and
bryozoans, which occupied a small surface until February
(Fig. 3). The similarity index was 0 until summer and then
varied, maintaining low values during autumn and winter
(Fig. 4).
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FIGURE 4 - Sørensen’s similarity index on panels coated with various paints, evaluated monthly from March 2005 to February 2006.

CONCLUSIONS
Comparisons with control and TBT-treated panels
enabled us to highlight the disturbing activity of antifouling paints, which allowed the selection of resistant and
dominant species, often different to those of the natural
climax. All tested paints had deleterious effects on the
ecological succession of organisms forming macrofouling, but although a great number of studies reports toxic
effects of such antifouling biocides on various aquatic
organisms, the molecular basis of the toxic synergism of
the paint formulations is still unknown. We established an
order of biocidal efficacy of the tested antifouling paints
by means of direct observations of panels during the
course of one year and on the basis of results expressed
by means of the four biodiversity indexes used: paints
containing
TBT > organozinc > copper > Sea-Nine.
None of the tested paints was more powerful than
TBT-containing paints, but the biocidal efficacy and disturbing effects on the biocoenosis structure should depend
on various factors, like, e.g. the type of matrix (hard or
self-polishing) which influences the leaching rate of the
biocide. Hard matrix paints also called contact leaching
paints, due to the strict contact among the biocidal molecules, contain colophony and other natural or synthetic
resins insoluble in water. As the biocide is progressively

leached the matrix does not undergo dissolution nor thickness decrease. An outer leached layer forms, resistant to
abrasion, which reaches its maximum thickening within
24 months, when the biocide has completely leaked out.
However, when boats are hauled both matrix and biocide
oxidise and leaching occurs with a less efficacy. In the
self-polishing paints, the biocide is removed by hydrolysis
from an acrylic polymer in contact with the seawater. In
comparison with the hard matrix paints, the main difference is that the polymers below the surface layer are hydrophobic and therefore the biocide leaching occurs in a
controlled manner and the surface always remains polished. The initial leaching rate (40 mg/cm2/day) is lower
than that of the hard matrix paints (60 mg/cm2/day), then it
becomes uniform (10 mg/cm2/day) and both endurance and
efficacy of the paint exceed 60 months. As a consequence,
although the type of matrix can influence the biocide
leaching its effects on biocoenosis should be evaluated
only after long-term (more than 2 years) observations.
On the other hand, the short-term disturbing effects
observed on macrobenthos were enhanced by the presence
of booster compounds, frequently used in agriculture as
pesticides and able to increase the antifouling action of
the paints. Organozinc compounds have recently revealed
many toxic effects similar to those of TBT, particularly as
regards the values of LC50 in teleosts, already at low concentrations [15]. In Europe, use of this compound is regulated by the directive of Biocidal Products 98/8/EC. The
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fungicide Chlorothalonil, despite its rapid biodegradation,
can affect reproduction in fish [16] and is considered potentially carcinogenic: Sweden has banned it since 1999, and
Dangerous Substances Directive 67/548/EEC recently reclassified it in the revision of Annex I. For its moderate
impact on the marine environment, Sea-Nine 211 received
the "Green Chemistry Challenge Award" by the U.S. Environmental Protection Agency in 1996. Although the use
of this biocide is not restricted by any legislation in many
world countries, its toxicity has been demonstrated on
bacteria, aquatic plants and crustaceans [17], echinoderms
[18] and teleosts [19]. For the herbicide Diuron, evidence
of high toxicity has been reported in non-target marine
invertebrates such as echinoderms [18] and amphipods [20],
and also in aquatic vertebrates such as teleosts [19] and
amphibians [21]. The above-mentioned directive of Biocidal Products 98/8/EC banned Diuron as a biocide for
use in antifouling paints, but Italy has not yet conformed to
European norms. Similarly, in 1994, after the occurrence of
severe teratogenic effects in Indian people living in villages
where cultivated fields were sprayed with Endosulfan [22],
the use of this compound was forbidden in many countries.
In Italy, its use is regulated by D.M. 19 May 2000 and
directives 2000/42/EC and 2000/48/EC.

REFERENCES

In conclusion, the risk analysis regarding the use of
antifouling compounds is a multifarious problem which
must not be based only on the toxic effects on various
aquatic organisms and human health but also on their
release rate, persistence in time, tendency to spread in space,
equilibrium distribution between water and sediment, environmental fate and bioaccumulation in the food chains
[23]. As the extensive use of these antifouling compounds
is accompanied by continual leaching of their active substances into the environment, our data show the severe
damage to biodiversity caused by these xenobiotic mixtures in coastal marine biocoenoses, particularly fragile
ecosystems like that of the Lagoon of Venice, rich in micro-environments and endemism. Our data also indicate the
need for renewed and more careful toxicological study of
already marketed paints, greater control and monitoring
before new formulations of biocides alternative to TBT
can be introduced as antifouling agents, and research on
new antifouling systems which do not contain chemical
biocides. Proper legislation on the use of biocide-containing
antifouling paints should therefore be introduced, particularly in vulnerable areas such as lagoons and estuaries.

[1]

Redfield, L.W. and Delvy, E.S. (1952) Temporal sequences
and biotic succession. Marine fouling and its prevention. In:
Wood Hole Oceanografic Institute (Ed.), Wood Hole, 42-47

[2]

Bryan, G.W., Gibbs, P.E., Burt, G.R. and Hummerstone,
L.G. (1986) The decline of the gastropod Nucella lapillus
around southwest England: evidence for the effects of tributyltin from antifouling paints. J. Mar. Ass. UK 66, 611-640

[3]

Henderson, A.S. and Salazar, S.M. (1996) Flowthrough bioassay studies on the effects of antifouling TBT leachates. In:
Champ M.A. and Seligman P.F. (Eds.) Organotin: Environmental Fate and Effects. Chapman & Hall, London, 281-303

[4]

Champ, M. and Seligman, P.F. (1996) An introduction to organotin compounds and their use in antifouling coatings. In:
Champ M.A. and Seligman P.F. (Eds.) Organotin: Environmental Fate and Effects. Chapman & Hall, London, 1-25

[5]

Hoch, M. (2001) Organotin compounds in the environment:
an overview. Appl. Geochem. 16, 719-743

[6]

Cima, F., Craig, P.J. and Harrington, C.F. (2003) Organotin
compounds in the environment. In: P.J. Craig (Ed.) Organometallic Compounds in the Environment. Wiley & Sons Ltd,
Chichester, 101-149

[7]

Julian, M.H. (1989) The roles and responsibilities of the International Maritime Organization’s Marine Environment
Committee. In: 10th International Congress on Marine Corrosion and Fouling, Melbourne, Australia

[8]

Voulvoulis, N., Scrimshaw D. and Lester J.N. (1999). Alternative antifouling biocides. Appl. Organometal. Chem. 13,
135-143

[9]

Relini, G., Francescon, A. and Barbaro, A. (1972) Osservazioni sistematico-ecologiche sulla distribuzione dei Cirripedi
toracici nella Laguna Veneta. Atti Ist. Veneto Sci. Lett. Arti
130 (Cl. Sci. Mat. Nat.), 449-459

[10] Benninghoff, W.S. (1966) Relevé method for describing vegetation. Mich Bot 5, 109-114
[11] Cornello, M. and Manzoni, A. (1999) Caratterizzazione stagionale degli insediamenti di organismi macrobentonici su
substrati sperimentali nel bacino centrale della laguna di Venezia. Boll. Mus. Civ. St. Nat. Venezia 49, 135-144
[12] Cornello, M. and Occhipinti Ambrogi, A. (2001) Struttura e
dinamica dei popolamenti macrofouling in relazione al periodo di insediamento nel bacino centrale della laguna di Venezia. Boll. Mus. Civ. St. Nat. Venezia 52, 113-128
[13] Sørensen, T. (1948) A method of establishing groups of equal
amplitude in plant sociology based on similarity of species
and its application to analyses of the vegetation on Danish
commons. Biol. Skrift. – R. Dan. Acad. Sci. Lett. 5, 1-34

ACKNOWLEDGEMENTS
The authors wish to thank Marcello Del Favero,
Nicoletta Ballarin, Tommaso Vicentini, Alessia Buchi and
Eleonora Calò for technical help. This work was supported by grants from Italian MIUR and Co.Ri.La. The English text was revised by Gabriel Walton.

1907

[14] Candela, A. and Torelli, A.R. (1983) Note sulla colonizzazione di pannelli artificiali posti nell’intermareale
all’isola di S. Erasmo (Laguna di Venezia). Atti Mus. Civ. St.
Nat. Trieste 35, 225-234
[15] U.S. EPA (2000) Notice of filing a pesticide petition to establish an exemption from the requirement of a tolerance for a
certain pesticide chemical in or on Food Federal Register:
September 20, 65, 56895-56901

© by PSP Volume 17 – No 11b. 2008

Fresenius Environmental Bulletin

[16] Caux, P.-Y., Kent, R.A., Fan, G.T. and Stephenson, G.L.
(1996) Environmental fate and effects of chlorothalonil: a
Canadian perspective. Crit. Rev. Environ. Sci. Technol. 26,
45-93
[17] Fernandez-Alba, A.R., Hervando, M.D., Pietra, L. and Chisti,
Y. (2002) Toxicity evaluation of single and mixed antifouling
biocides measured with acute toxicity bioassays. Anal. Chim.
Acta 456, 303-312
[18] Kobayashi, N. and Okamura, H. (2002) Effects of new antifouling compounds on the development of sea urchin. Mar.
Pollut. Bull. 44, 748-751
[19] Okamura, H., Watanabe, T., Aoyama, I. and Hasobe, M.
(2001) Toxicity evaluation of new antifouling compounds using suspension-cultured fish cells. Chemosphere 46, 945-951
[20] Nebeker, A.V. and Schuytema, G.S. (1998) Chronic effects
of the herbicide Diuron on freshwater cladocerans, amphipods, midges, minnows, worms and snails. Arch. Environ.
Contam. Toxicol. 35, 441-446
[21] Schuytema, G.S. and Nebeker, A.V. (1998) Comparative toxicity of Diuron on survival and growth of Pacific tree frog,
bullfrog, red-legged frog, and African clawed frog embryos
and tadpoles. Arch. Environ. Contam. Toxicol. 34, 370-376
[22] EJF (2002) End of the road for Endosulfan: a call for action
against a dangerous pesticide. Environmental Justice Foundation, London, UK
[23] Ranke, J. and Jastorff, B. (2002) Risk comparison of antifouling biocides. Fresen. Environ. Bull. 11, 769-772

Received: December 18, 2007
Revised: February 20, 2008
Accepted: February 26, 2008

CORRESPONDING AUTHOR
Francesca Cima
Dipartimento di Biologia
Università di Padova
Via Ugo Bassi 58/B
35131 Padova
ITALY
Phone: +39 049 8276198
Fax: +39 049 8276199
E-mail: francesca.cima@unipd.it
FEB/ Vol 17/ No 11b/ 2008 – pages 1901 - 1908

1908

© by PSP Volume 17 – No 11b. 2008

Fresenius Environmental Bulletin
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ABSTRACT
Anthropogenic xenobiotics constitute a source of stress
for natural communities, with long-term effects on the populations and ecosystems. Several models for ecotoxicological risk assessment (ERA) have been proposed. In the present study, wood mice (Apodemus sylvaticus) and arthropods are used as sentinels to assess the ecotoxicological
impact of a Municipal Solid Waste (MSW) landfill. Highlighted sentences can be reduced to one or two sentences.
Then a sentence/statement on the objective of this study
should be added.

The results obtained point out the possibility of systemic toxic effects in wood mouse and decrease of arthropod richness families as a consequence of landfill pollution. A statement on the implication of the results should
be added.

KEYWORDS: Complex mixtures, pollutants, landfill, Apodemus
sylvaticus, arthropod biodiversity, biomarkers, ecotoxicology.

Wood mice and arthropods were caught in four sites:
the area next to the lixiviates pool at the Garraf landfill
(VG); the bed of the dried watercourse draining the Garraf landfill, 2 Km downstream from the lixiviates pool
(2VG), the bed of the same watercourse, 4 Km downstream
from the lixiviates pool (4VG) and area with geological
and phytogeographic features similar to the studied landfill, but devoid of any known source of contamination
(CVG) .

Anthropogenic activity introduces every year into the
environment several thousands of new chemicals, most of
which are bioavailable and biologically active. These xenobiotics constitute a source of stress for natural communities, with effects on the long term upon populations and
ecosystems.

Blood parameters (erythrocyte, lymphocyte, monocyte and granulocyte count), serum biochemistry (GOT,
GPT, BUN, Creatinine and Total Protein) and body
measures were analysed in wood mouse, Apodemus sylvaticus (N=48). Arthropod biodiversity was calculated
by Margalef Index and Hill’s series of numbers.

The increasing social concern, both for ecological issues and for public health, is reflected in regulations such
as the Biocidal Products Directive and the REACH initiative of the European Union, or in the similar actions furthered recently by the USA Environmental Protection
Agency.

Red and white blood cell counts in VG showed differences with respect to the other studied sites. Hepatic
and renal biochemistry parameters suggested toxic effects
in lixiviates pool area and in the landfill stream. No relationship was observed between body measures and other
studied parameters. Finally, decrease in biodiversity was
observed in VG using Margalef Index.

Among the several ways by which chemicals enter the
environment (industrial releases, biocide application, accidental spills), wastes disposal is one of the most important
quantitatively [1].

INTRODUCTION

In recent years we have endeavored to assess the ecotoxicological impact of focal sources of pollution, and
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especially of Municipal Solid Waste (MSW) landfills [27], by means of field studies using sentinel species and
biomarkers of exposure and effect.
The use of living organisms as prospectors and integrators of information in environmental studies allows to
include bioavailability, detoxification mechanisms and
specific or individual susceptibility as determining factors
of risk assessment. Evaluation of health status in wild animals of representative species affords a general insight of
the impact of pollution in a defined area [8-15].
In the model of Ecotoxicological Risk Assessment
(ERA) that we have proposed [15], toxicological information is split into four blocks, i.e., systemic toxicity
(histopathology, hematology and serum biochemistry),
genotoxity (Comet Assay and Micronucleus Test), reprotoxicity and effects on populations (abundance and biodiversity), and correlated to exposure assessed by internal dose
biomarkers.
As a part of such a multifactor study, we report in the
present work data on wood mice hematology and serum
biochemistry and on arthropod biodiversity gathered at
several locations in the surroundings of the MSW landfill
of La Vall d’en Joan, in the massif of Garraf, near Barcelona (Catalonia, North-West Spain).
MATERIALS AND METHODS
Study areas

Wood mice (Apodemus sylvaticus) and arthropod populations were caught in four sites: VG, area next to the lixiviates pool at the Garraf landfill; 2VG, bed of the dried
watercourse draining the Garraf landfill, 2 Km downstream
from the lixiviates pool; 4VG, bed of the same watercourse,
4 Km downstream from the lixiviates pool and CVG, area
with geological and phytogeographic features similar to the
studied landfill, but devoid of any known source of contamination (used as reference).
Wood mice

A total of 48 A. sylvaticus were captured, by means of
Shermann traps, and were identified and sexed, and blood
samples of each were colleted from the retroorbital plexus
using heparinized microcapillary tubes.
Plasma samples were obtained by centrifuging blood.
Total proteins, alanine aminotransaminase (ALT/GPT),
aspartate aminotransaminase (AST/GOT), Blood Urea
Nitrogen (BUN) and creatinine were analysed using
SPOTCHEM system (Menarini®).
Blood dilutions were analyzed through a Multi-sizer
counter for Red Blood Cells (RBC) counts and White
Blood cells (WBC) counts, and flow cytometry was used to

sort white blood cells into three categories (lymphocytes,
granulocytes, monocytes).
Haematocrit value was determined by centrifuging
blood in micro-haematocrit capillary tubes in a haematocrit
centrifuge.
Arthropods

Arthropods were collected in the four different sites
during a whole year (from July 2004 to July 2005), using
pitfall traps. We placed a total of 40 traps, i.e., 10 per location. In each site traps were located in grids of 30 m × 10 m
on average. Considering the small size of the surveyed sites,
this kind of trap distribution allowed us to cover about the
whole area.
Each trap consisted of a plastic tank (8.5 cm diameter)
filled with 150 ml of either: a) PFB: solution made up of
beer (attractive function) and formalin (preservative function) b) PFS: saturated NaCl solution; every tank was inserted in the soil so that its lip was just at the ground level.
We assumed that species response to the attractant was
equally distributed in the communities sampled in the different habitat types. Traps were emptied and replaced once
every month.
Arthropods were identified to family level.
Statistical Analysis

SPSS 14.0 computer software was used for statistical
analysis. After checking for normality and homogeneity
of variance, differences are tested either by parametric
(ANOVA, plus DMS test for differences between pairs of
groups) or nonparametric (Kruskall-Wallis, plus MannWhitney’s “U” for pairs of groups) analysis.
RESULTS AND DISCUSSION
Biometric parameters present similar values in the
four locations (Table 1).
Red Blood-cell Count (RBC) is significantly decreased
in VG, when compared with the three other locations, but
no differences are observed for the haematocrit (Table 2).
Total White Blood-cell Count (WBC) is higher in mice
from the three locations within the landfill than in controls,
being the highest in VG (p<0.05). Lymphocytes show significant differences in VG and 4VG with respect to controls,
granulocyte values are significantly increased in VG and
2VG and monocytes present significantly higher values
than controls in all the three locations in the area of the
landfill. Monocyte values increase by twofold in each site
along the stream, from VG to 4VG (Table 2).
Glutamic-oxalacetic transaminase and glutamic-pyruvic
transaminase values are increased in all the locations within
the landfill area when compared with controls, but the differences are not statistically significant (Figures 2 and 3).
Mice caught in the landfill locations show also increased
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creatinine and decreased total proteins (see values and statistical significance in Figures 5 and 1).
Arthropod populations have a lesser level of α-biodiversity in the location next to the lixiviates pool (VG).
The use of living organisms as prospectors and integrators of information in environmental studies allows including bioavailability, detoxification mechanisms and

specific or individual susceptibility as determining factors
of risk assessment [16-19]. Biomonitoring should cover the
various levels of the food chain. We have chosen the wood
mouse Apodemus sylvaticus (Rodentia, Mammalia) as an
abundant, widespread species, one of the most ubiquitous
of rodents, and mainly a primary consumer, although occasionally eating animal food. This species has been widely
used in ecotoxicologigal studies [20-30].

TABLE 1 - Wood mouse- biometric parameters.
Area

VG
2VG
4VG
CVG
N
Mean ±SD
N
Mean ±SD
N
Mean ±SD
N
Mean ±SD
Weight
14
23,61±4.75
14
21,13±4.52
10
22,03±3.44
10
23,05±4.89
Liver
14
1,18±0.28
14
1,10±0.32
10
1,44±0.26
10
1,36±0.44
Kidney
14
0,14±0.02
14
0,13±0.02
10
0,13±0,02
10
0,15±0,05
Spleen
14
0,03±0,02
14
0,04±0,03
10
0,03±0,01
10
0,04±0,03
Lenght
9
124,68±5.28
3
116,13±8.41
2
119,81±7.83
7
92,49±9.02
AntExt
14
25,46±1.61
14
24,75±2.90
10
25,26±1.13
10
25,03±1.18
PostExt
14
23,36±1.23
14
23,20±1.82
10
23,68±1.09
10
22,51±1.16
Ear
13
17,32±1.08
14
19,19±3.51
10
17,25±1.58
10
16,25±0.76
Weights are expressed in grams and lengths are expressed in millimetres. (VG, area next to the lixiviates pool at the Garraf landfill; 2VG, bed of the
dried watercourse draining the Garraf landfill, 2 Km downstream from the lixiviates pool; 4VG, bed of the same watercourse, 4 Km downstream from
the lixiviates pool and CVG, control area)

TABLE 2 - Wood mouse- haematological parameters.
Area

VG
2VG
4VG
CVG
N
Mean±SD
N
Mean±SD
N
Mean±SD
N
Mean±SD
Erythrocytes
12
1,84E+07 ±1.41E+0
14
9,25E+06 ±3.22E+06
9
7,02E+06 ±4.96E+06
9
7,12E+06 ±2.22E+06
Lymphocytes
12
4,63E+05 ±3.49E+05
14
2,49E+05 ±1.28E+05
9
1,27E+05 ±1.00E+05
9
2,32E+05 ±1.62E+05
Granulocytes
12
4,84E+04 ±4.65E+04
14
3,07E+04 ±2.89E+04
9
8,03E+03 ±5.20E+04
9
1,35E+04 ±2.36E+04
Monocytes
12
1,52E+04 ±1.41E+04
14
3,77E+03 ±2.43E+03
9
7,22E+03 ±3.56E+03
9
1,08E+03 ±1.82E+03
Haematocrit
14
46,79 ±0,90
12
50,48 ±1,45
10
48,30 ±1,02
1
45,0 0±
WBC values are expressed per microlitre. Haematocrit values are expressed in percentage. (Codification of the areas in Table 1)
“E” stand for exponential, i. e., power of ten .

*
*

FIGURE 1 - Wood mouse- serum biochemistry,
total proteins (values expressed in g/dL). (Codification
of the areas in Table 1). * Significant difference (p<0.05).
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FIGURE 2 - Wood mouse- serum biochemistry,
glutamic-pyruvic transaminase or alanine aminotransaminase
(values expressed in IU/L). (Codification of the areas in Table 1).

FIGURE 4 - Wood mouse- serum biochemistry, blood urea nitrogen
(values expressed in mg/mL). (Codification of the areas in Table 1)
FIGURE 3 - Wood mouse- serum biochemistry, ‘glutamicoxalacetic transaminase or aspartate aminotransaminase
(values expressed in IU/L). (Codification of the areas in Table 1)

*

FIGURE 5 - Wood mouse- serum biochemistry, creatinine (values expressed
in mg/mL). (Codification of the areas in Table 1). * Significant difference (p<0.05).

TABLE 3 - List of arthropods ordinae and familiae identified during the study
and richness families (percent) in each location. (Codification of the areas as in Table 1)

ORDINAE
Coleoptera

FAMILIAE
Silphidae
Anthicidae
Lampyridae
Carabidae
Cantharidae
Chrysomelidae
Curculionoidae
Staphilinidae

Richness (S)
(in % )
VG

2VG

4VG

CVG

0.55
4.28
8.00

0.22
0.66
0.99
3.31

4.51
0.07
0.30
3.48
3.77
0.07

0.55
3.08

0.28
15.59

0.33
22.32

10.80

2.09
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Cucujidae
Nitidulidae
Scarabaeidae
Tenebrionidae

0.14
1.66
0.83

0.55
5.52
0.33
1.66

1.41
0.67
0.22

0.88
0.33
0.22

4VG

CVG

0.07
0.30

0.77
0.33

TABLE 3 – continued.

ORDINAE

FAMILIAE

Hymenoptera

Apidae
Vespidae
Sphecidae

Homoptera
Heteroptera
Blattodea
Dermaptera
Thysanura
Neuroptera
Mecoptera
Diptera

Isoptera
Collembola
Grylloblattodea
Orthoptera
Lepidoptera
Embioptera
Julida
Oniscomorpha
Scolopendromorpha
Lithobiida
Polidesmida
Isopoda
Aranae

Opilions
Acarina

Richness (S)
(in % )
VG

2VG
0.22
0.11
0.77
0.11

Reduviidae
Cydnidae
Pyrrhocoridae
Blattidae
Blatellidae
Forficulidae
Lepismatidae
Myrmeleontidae
Panorpidae
Calliphoridae
Sarcophagidae
Muscidae
Tipulidae
Nematocera
Brachycera
Termitidae

0.14

3.31
0.14
0.28
0.69
0.28
0.55
0.28
4.69
0.83
1.25

Grylloblattidae
Gryllidae
Tettigoniidae
Noctuidae
Tineidae
Julidae
Glomeridae
Cryptopidae
Lithobiidae
Polidesmidae
Oniscidae
Dysderidae
Gnaphosidae
Lycosidae
Pseudoscorpions
Thomisidae

0.15
0.07

1.10

1.63
0.07
0.37
0.22
0.22

0.11
0.55
0.33
1.10
0.22
2.21
0.33

0.22
0.96
0.37
1.15

1.10

1.65
0.11
1.88

0.14

0.22

0.15

0.14
1.795
0.55
13.10
0.14

0.66
2.32
0.44
0.66
0.22
6.74
0.66

0.96
0.07
0.07
0.81
7.03
13.54
0.15

0.83

1.88

0.07
0.96

0.97

3.66
0.55
0.22

0.11
0.55

Ixodidae
Trombidiidae

1.70

3.26
0.07

0.44
0.22
0.33
0.11
2.42
0.11

0.11
0.33
0.22
0.66
8.68
3.63
0.22
0.11
0.55

0.33
4.18
0.66
0.44
0.11
0.66
1.10
0.11
2.09
2.20

TABLE 4 - α-Biodiversity evaluation by means of Margalef Index and Hill’s series of numbers.
Margalef Index

PFS

PFB

TOTAL

VG
2VG
4VG
CVG
VG
2VG
4VG
CVG
VG
2VG
4VG

2,528
2,793
2,775
2,650
3,027
3,969
3,605
3,653
3,683
4,480
4,038

N0
21
25
26
20
28
39
36
36
36
45
43
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N1
11,737
23,315
15,888
17,035
15,441
21,014
20,943
14,281
19,208
26,424
24,501

N2
1,127
1,071
1,155
1,104
1,074
1,094
1,045
1,066
1,062
1,076
1,059
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4,171

42

17,031

1,067

PFS: pitfall-salt; PFB: pitfall-beer. (Codification of the areas in table 1)
N0 = total number of families; N1 = number of abundant families; N2 = number of very abundant families (Codification of the areas in Table 1)

In the individuals of that species caught for this study,
RBC values were lower in VG area than those of any
other locations, and differences were significant (p<0.05).
However, haematocrit in VG is similar to that in controls,
and only slightly lower than in 2VG and 4VG (and differences are not statistically significant). As a consequence,
it must be assumed that the mean corpuscular volume of
erythrocytes is increased in VG.
Total WBC count is highest in mice from VG (p<0.05);
lymphocytes, granulocytes and monocytes separate counts
are higher in the three locations in the area of the landfill
than in controls, but trends along the stream differ among
the cell types.
Hepatic biochemical profile show a trend to present
higher values of transaminases in all three landfill locations
than in controls, pointing to some hepatic concern, but differences are not statistically significant.
Renal profile tends to show higher values of creatinine
in the landfill locations, but differences are only significant
when comparing 2VG to controls (p=0.01). No differences
were seen for BUN.
Total proteins show lower values in the landfill area
than in controls, although the differences are statistically
significant only for VG and 4VG.
These haematological and biochemical results strongly
suggest some degree of toxic damage to liver (transaminases) and kidneys (creatinine and low total proteins), with
inflammatory processes (acute and chronic, some of which
may be due to infection or parasitosis, which, in turn, may
be facilitated by the immunodepression elicited by toxic
exposure) and anaemia.
On the other hand, one of the key points in ecotoxicological risk assessment is, and will be even more in the
immediate future, the relevance that toxic injury on individual animals may have at the level of population dynamics [12-13; 31-32].
Toxicity is, in general terms, a statistics-based science, in which the real end-point of every test is the difference in health status between exposed group (taken as
a whole) and appropriate controls. This concept is especially relevant in ecotoxicity, where the ultimate concern
is often placed on the ecosystems and the preservation of
biodiversity.
It is important to keep in mind that ecosystems are extremely fragile and interdependent networks. Contamination may have no direct effects on the density of a given
population, while it may cause the increase or the decline
of other species, which will in turn produce repercussions
on the whole system. The local extinction of a species, for
example, may cause that individuals from other species not

previously present in the ecosystem, coming from neighboring areas, take eventually its place.
It is reasonable to assume that toxic-injured individuals, whether by its weakened condition, early death, selective predation, inmunodepression or impairing behavioural
changes, will contribute to a lesser extent to the maintenance of natural populations. However, direct measurement
of population-level effects is clearly needed.
The effects at the population level (density and biodiversity), for the sake of simplicity, are assessed in arthropods. However, this kind of data is not easy to interpret,
due to the complexity and multiplicity of involved factors,
whether methodological, edaphic, microclimatologic or
floristic.
In our study, the assessment of α-biodiversity based
on species richness (number of species related to the number of individuals collected) by means of Margalef Index
show a decrease in the zone around the lixiviates pool (VG),
although not in the two other sites within the landfill area.
The Numbers of Hill series, another method to account for
α-biodiversity, corroborate these results, suggesting a lesser
number of families and the presence of predominant families.
We observed different values according to trapping
method, i.e., pitfalls with or without attractive.
CONCLUSIONS
According to the results presented, it may be concluded that:
• In the three locations within the landfill area,
o Wood mice present high numbers of leukocytes,
suggesting the presence of acute and chronic inflammatory processes
o Wood mice show biochemical parameters indicating mild hepatic damage
o Wood mice have an increased level of creatinine,
indicating renal damage
o Wood mice present low levels of total proteins,
pointing also to renal damage
• In the site next to the lixiviates pool,
o Wood mice show some degree of anemia
o Arthropod populations have a lesser level of αbiodiversity
Altogether, the results obtained point out the possibility of toxic systemic effects in wood mouse and decrease
of arthropod richness families in the area next to the lixiviates pool and downstream at the Garraf landfill.
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ABSTRACT
The ecotoxicology of a soil core collected from a disused industrial area near Naples (Italy), contaminated by
hydrocarbons and heavy metals, was investigated and the
relationships between toxicity and pollutant concentrations
were considered. The ecotoxicological evaluation was performed by acute and chronic toxicity tests both on the whole
soil and on aqueous and organic extracts, utilizing organisms belonging to different trophic levels: the bioluminescent bacterium Vibrio fischeri, the green microalga Selenastrum capricornutum, the plants Sinapis alba, Lepidium
sativum and Sorghum saccharatum, the cladoceran Daphnia magna, and the ostracod Heterocypris incongruens.
Toxicity measured with the whole soil was lower than
those obtained with both soil organic and aqueous extracts
and did not seem comparable with the vertical trend of
organic and inorganic contamination. V. fischeri identified
the toxic effects due to the chemical interaction and/or to
the undetectable contaminants in the whole soil. Phytotoxicity tests revealed as the most sensitive ones. Particularly,
S. capricornutum was able to evidence the long term effects
of both organic and inorganic contaminants, while plant
tests mainly identified the stimulating effects of trace elements.

KEYWORDS:
Toxicity test battery; hydrocarbons; heavy metals; soil core.

INTRODUCTION
Many hazardous chemicals, such as hydrocarbons
and heavy metals, generated by industrial activities could
contribute to pollute the soils near their manufacturing
sites [1, 2]. The distribution of these pollutants can vary
along the vertical profile of a soil core [3]. The study of a

soil core allows to evaluate the vertical distribution of pollutants and to identify contaminant accumulation points in
the deep layers.
The chemical analysis of soil pollutant concentrations
alone is not able to highlight the soil health because many
intermediate metabolites and some pollutants present in low
concentrations, although having negative effects on organisms and their activities, can not be detected. In addition, the whole soil processes can strongly modify the
pollutant bioavailability and, subsequently, their toxicity.
In order to estimate the real risk of contaminants, chemical
analyses have to be complemented with ecotoxicological
assays [4-7]. A battery of ecotoxicological tests that combine assays performed on whole soil and on both soil aqueous and organic extracts [8] could represent a proper approach to evaluate the soil toxicity and the potential contaminant bioavailability. In addition, a battery of toxicity
tests constituted by bacteria, algae, plants and crustaceans
is representative of the biological complexity and then
provide a more realistic information about soil toxicity.
The metallurgic site of Bagnoli (Naples, Italy), dismissed in the early 90s after a hundred years of activity
and now included in the “Priority National Plan for Industrial Sites Remediation”, has been characterized by different types of contamination due to all by-products spread
within the site, in different areas [9].
The aim of this work was to evaluate the toxicity profile of a soil core from this disused industrial site by a battery of toxicity tests. Besides, the relationships among the
toxicity and the measured pollutant levels were investigated in order to identify the possible contribute of pollutants, singly or jointly, to the overall toxicity. The sensitivity of the different utilized test endpoints and organisms was evaluated and the differences between toxic
effects of the assessed matrices were considered.
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Plants test

MATERIALS AND METHODS
Soil sampling and preparation

Six sub-samples from 30 to 180 cm depths of a soil
core were collected at a disused industrial site near Naples
(Italy). Each sub-sample was homogenized, sieved (2 mm)
and stored (4 °C).
Toxicity bioassays were carried out on whole soil and
its aqueous and organic extracts. Soil aqueous extracts
were obtained after stirring (30 min) and settling down for
24 h at 4 °C a sieved soil:deionised water suspension (1:4 =
w:v). When necessary the surnatant was centrifuged at
4000 rpm for 5 min to eliminate the suspended particulate
[10].
Soil organic extracts were prepared with a hexane:
acetone mixture (1:1 = v:v) in Soxhlet extractor for 8 h
starting from 10 g (d.w.) of soil. The soil extracts were
resuspended in 1 ml of dimethylsulphoxide (DMSO). The
highest DMSO concentration utilized in toxicity tests was
1% (v:v); this concentration did not show toxicity [10].
Whole soil tests

A battery of three ecotoxicological bioassays was applied on whole soil: Vibrio fischeri luminescence test; Heterocypris incongruens body growth test; seed germination
and root elongation test on three different plants (Sorghum saccharatum, Lepidium sativum and Sinapis alba).
The OECD artificial soil [11], composed by 10% sphagnum peat, 20% kaolin clay, 70% quartz sand, was used as
uncontaminated control soil. All tests were conducted at
least in triplicate.
V. fischeri test

According to the manufacturer (Microbics Corporation), an amount of fresh soil equivalent to 7 g of ovendried soil was suspended in 35 ml of Microtox® SPT diluent and stirred for 10 min. Luminescent bacteria V. fischeri
were exposed to serial dilutions (1:2) of the suspension and
to a control. After 15 min of incubation at 15 °C bioluminescence was measured using the Microbics Model 500
Toxicity Analyzer. The results were expressed as luminescence inhibition percentage with respect to the control and
as EC20 value (sample concentration as g d.w. l-1, causing
20% bioluminescence inhibition with respect to the control).

The toxicity test was performed on the plant species
S. saccharatum, L. sativum and S. alba. According to EPA
procedure [14] ten seeds of each plant species were placed
in Petri dishes containing an amount of fresh soil equivalent to 10 g of oven-dried soil and control soil (OECD)
saturated with deionised water. After incubation in darkness (25±2 °C, 72 h) the number of germinated seeds and
the root lengths were measured. Mean seed germination
was multiplied by mean root length and then expressed as
the germination index percentage (%GI) with respect to
the germination index of the control.
Soil extract tests

A battery of three ecotoxicological tests was applied on
soil extracts (aqueous and organic): V. fischeri luminescence test, Selenastrum capricornutum algal growth inhibition test and Daphnia magna motility test.
V. fischeri test

According to ISO protocol [15] reconstituted bioluminescent bacteria V. fischeri were exposed to serial dilutions
(1:2) of soil extracts and control solution (2% NaCl). After
15 min exposition bioluminescence inhibition was measured. The results were expressed as EC20 value (sample
concentration as g d.w. l-1 causing a 20% bioluminescence
inhibition with respect to the control).
S. capricornutum test

According to EPA protocol [16] unicellular green alga
S. capricornutum population was exposed to soil extract
serial dilutions (1:2) and to a control. After incubation in
light:dark cycle (16:8 h) at 24±2 °C for 96 h the algal density was measured using a light microscope and expressed
as EC20 value (sample concentration as g d.w. l-1 causing a
20% growth inhibition with respect to the control).
D. magna test

According to OECD procedure [17] five daphnids (<
24 h) were exposed to soil extract serial dilutions (1:2)
and to a control in triplicate. After incubation in darkness
(20±2 °C, 48 h) the inhibition of the motility was measured and expressed as EC20 value (soil concentration as g
d.w. l-1 to which 20% of the organisms are immobilized).
The measured toxicity of the performed toxicity tests
was expressed in Toxic Unit (TU):

TU =

H. incongruens test

According to Chial and Persoone [12, 13] ten freshly
hatched ostracods (H. incongruens) were exposed to 1 g
of soil sample and control soil (OECD) previously added
with 4 ml of standard solution. One ml of algal suspension
(Selenastrum capricornutum 107 cells ml-1) was added to
each well as food supply. After incubation in darkness
(25±2 °C, 6 d) the survival organism lengths were measured and the results expressed as growth inhibition percentage with respect to the control.

1
⋅ 100 .
EC 20

The EC20 was calculated using the Linear Interpolation Method [18].
Statistical analyses

The statistical relationships between the soil chemical
characteristics and the results of ecotoxicological tests
were assessed by Pearson’ test, using the package SigmaStat 3.0 (Jandel Scientific, USA).
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RESULTS AND DISCUSSION
Among the toxicity tests carried out on whole soil, V.
fischeri and plant tests showed significant effects at each
depth of the investigated soil core (Fig. 1). In particular,
the maximum effect, as absolute value, of phytotoxicity
tests resulted in an increasing biostimulation along the
soil core. These effects could be due to the reported heavy
metal concentrations, in fact it is well known that trace
elements, as Cr and Cd, may cause a stimulation of plant
growth also at very low concentrations [19]. Phytotoxicity
tests showed different responses ranging from slight growth
inhibition to consistent growth stimulation (Table 1). In
particular S. saccharatum resulted significantly biostimu-

lated only at 120 cm, where highest concentrations of total
hydrocarbons and lowest concentrations of total heavy
metals were reported. On the other hand, 120 cm presented the highest levels of cadmium (0.23 mg l-1). Cadmium low concentrations (≤ 1 mg l-1) could stimulate sorghum growth, suggesting a hormesis phenomenon [20].
Among all utilized plant species L. sativum identified highest biostimulation at 150 cm, where an in-crease in heavy
metal concentrations was observed (Table 1). Only S. alba
showed a regular increasing stimulation along the investigated soil core (Table 1). The phytotoxicity results revealed the following order of plant sensitivity: S. alba > L.
sativum > S. saccharatum.

100
V.fischeri
Plants
H.incongruens

Toxicity (% effect)

80

60

40

20

0

30

60

90

120

150

180

Depth (cm)
FIGURE 1 - Toxicity mean values (± s.d.) of whole soil at each depth of the investigated soil core. - not available data.

TABLE 1 - Toxicity (±s.d.) of the whole soil (WS), soil aqueous (SAE) and organic (SOE) extracts.
The data are expressed as g d.w. soil l-1 (EC20) and as percentage (% Effect). Negative values represent biostimulation effects.
Test organism

V. fischeri

S. capricornutum

Endpoint

Bioluminescence

Algal growth

Toxicity
parameter

EC20

Samples
Matrix

30
cm

60
cm

90
cm

120
cm

150
cm

180
cm

WS

12.3
(3.0)

6.1
(2.2)

8.8
(2.6)

37.1
(17.3)

18.9
(4.7)

3.7
(0.3)

SAE

120.4
(6.0)

190.2
(9.5)

>204.7

110.9
(5.5)

101.8
(5.1)

138.0
(6.9)

SOE

34.5
(1.7)

>81.9

>81.9

78.4
(3.9)

n.m.

>81.9

SAE

30.5
(0.6)

16.8
(1.3)

17.8
(10.8)

6.8
(1.8)

4.2
(0.9)

5.6
(2.3)

SOE

>3.48

*

0.23
(0.01)

0.14
(0.01)

1.60
(0.20)

0.28
(0.02)

EC20

D. magna

Motility

EC20

H. incongruens

Growth

% Effect

SAE

>250

>250

>250

>250

>250

>250

SOE

>71.4

>71.4

>71.4

>71.4

>71.4

>71.4

WS

27.5
(3.7)

15.6
(2.2)

15.9
(3.4)

2.2
(0.4)

1.2
(0.2)

3.4
(0.3)

n.m.

14.0
(8.8)

-2.0
(0.8)

-32.0
(13.6)

-10.0
(5.0)

18.0
(11.0)

n.m.

-19.0
(7.5)

2.0
(1.1)

-17.0
(4.5)

-52.0
(25.1)

19.0
(10.7)

n.m.

8.0
(2.0)

-34.0
(12.6)

-36.0
(14.2)

-40.0
(5.8)

-49.0
(16.3)

S. saccharatum
L. sativum

Root elongation

% Effect

WS

S. alba
*: High biostimulation effect at 2.51g l-1 (maximum concentration tested). n.m.: not measured.
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The whole soil V. fischeri test evidenced the highest
toxicity effects at each depth of the soil core. The toxicity
vertical trend was comparable to heavy metal concentration profile (Fig. 2), in fact, bacterium bioluminescence
seems to be affected by heavy metal contamination [8].
On the other hand, the lowest toxicity was observed for
the sample (120 cm) with highest hydrocarbon concentrations. Although V. fischeri test is widely applied for screening water-soluble chemicals [21] and some organic pollutants [22, 23], it could be not able to identify the kind of
organic contamination of the investigated soil core.
Ostracod growth inhibition test showed a slight toxicity only at 30 cm (Fig. 1), where the lowest hydrocarbon
concentrations and low heavy metal concentrations were
found. Although the ostracod test is reported as appropriate
to evaluate soil toxicity due to hydrophobic compounds [24]

700

and H. incongruens seems to be sensitive to soil hydrocarbon contamination [25], our results did not correspond to
organic contamination profile; the obtained responses could
be explained by the interaction among contaminants, matrix and test organism [7].
Contact tests are sometimes less sensitive than those
performed on soil extracts, and they not always allow the
evaluation of EC50 value. Besides, the selected species
sensitivity and the evaluated endpoints could play a key
role in the different results obtained with the two systems.
The “worst case” represents the highest toxic effect obtained from a toxicity test battery. Whole soil worst case
resulted statistically correlated only to the reported heavy
metal concentrations (P<0.01), while no statistically significant correlation between both hydrocarbon and heavy
metal concentrations and single test results was found.
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Aqueous extract
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60

10
8

45

6

30

Log µg g

Toxicity (TU)
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0

2

*
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120
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180
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FIGURE 2 - Mean values (± s.d.) of worst case toxicity by tests carried out on the different
matrices and pollutant concentrations at each depth of the investigated soil core. * value < 1.2 TU.
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V. fischeri
S. capricornutum
30
D. magna

A

500
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B

25

Toxicity (TU)

Toxicity (TU)
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20
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15
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5

5

*
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*
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*

*
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*
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*

*

150

*

*

0

180
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*

*
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*

*
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*
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FIGURE 3 - Toxicity mean values (± s.d.) of soil organic (A) and aqueous (B) extracts at each depth of
the investigated soil core. * values < 1.2 TU for organic soil extracts and < 0.4 TU for aqueous soil extracts.
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Whole soil
Organic extract
Aqueous extract

30

Toxicity (TU)

25
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5
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*
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*
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*
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*
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FIGURE 4 - Toxicity mean values (± s.d.) by V. fischeri test carried out on the three matrices at each depth
of the investigated soil core. * values < 1.2 TU for soil organic extracts and < 0.4 TU for soil aqueous extracts.

Among the toxicity tests carried out on both soil organic and aqueous extracts (Fig. 3), only S. capricornutum test showed considerable effects at each depth of the
investigated soil core, with a high biostimulation at 60 cm
and the highest toxicity at 120 cm (Fig. 3-A). V. fischeri
test showed toxic effects only at 30 cm for the soil organic extract (Fig. 3-A) and a slight toxicity at each depth,
except at 90 cm, for the soil aqueous extract (Fig. 3-B),
while D. magna did not show toxic effects for both soil
extracts. As reported by Fernández et al. [26] D. magna
revealed as a scarce sensitive organism in identifying
both heavy metal and hydrocarbon soil contamination in
leachates. Algal test showed an increasing toxicity from
30 to 150 cm for soil aqueous extract with a trend similar
to that relative to heavy metal concentrations (Fig. 2, 3).
Besides, the highest toxicities were obtained for the deeper
layers, where heavy metal concentrations were higher
than reported EC50 values for S. capricornutum [27, 28].
The toxic effects identified by V. fischeri with aqueous
extracts were lower than expected according to soil metal
concentrations and EC50 values reported in literature [29].
The stirring time (30 min) utilized in water extraction procedure [10] could affect the metal amount in the soil
aqueous extract. In spite of this, the chronic (96 h) algal
test allowed to evidence the inorganic contamination. The
typology and amount of hydrocarbon compounds of soil
organic extracts could be not able to exert a considerable
toxicity on luminescent bacteria. Instead S. capricornutum
seems hardly affected by these chemicals. In fact high toxic
effects were highlighted in the deeper layers (90-180 cm)
with the highest value at 120 cm (Fig. 3), where the highest soil hydrocarbon concentrations were reported (Fig. 2).
The biostimulation obtained at 60 cm (Table 1) could be a
manifestation of hormesis due to positive effect of low
concentrations of some pollutants [30] not characterized
in the investigated soil core.

V. fischeri test is the only one carried out on all the investigated matrices. By the comparison of the obtained
results, whole soil revealed the most toxic matrix at each
depth of the soil core, with the highest toxicity at 180 cm
(Fig 4). The toxic effects observed for whole soil on V.
fischeri, only slightly noticeable in the extracts, suggest a
possible synergistic or additive (120 cm) interaction among
contaminants.
The organic soil extract worst case resulted statistically correlated only to the reported heavy metals concentrations (P<0.05), instead of, aqueous soil extract toxicity
showed no statistically significant correlations. Among all
performed toxicity tests with soil extracts, only S. capricornutum growth inhibition test was statistically correlated to heavy metal concentrations (P<0.05). In Fig. 2 worst
cases of the investigated matrices, taking into account
only toxic effects and not biostimulation ones, were reported. For each matrix the worst case was represented by
the same test organism, that was V. fischeri for whole soil
and S. capricornutum for both soil organic and aqueous
extracts. This comparison was reliable because worst case
toxicities obtained were expressed as TU (100/EC20). The
highest toxicity values were obtained in the middle-deep
layers (90-180 cm) for soil organic extracts. The worst
case trends were the same of those previously discussed
for the different matrices. The soil eco-toxicological evaluation by worst case criterion could result too conservative
because it only considers the test organism of a test battery showing the highest toxicity but it does not take into
account its ecological relevance, the utilized matrix, and the
assessed endpoints. This limit could be overcame utilizing
a synthetic toxicity index that summarize in a unique
value the overall toxicity of the performed test battery
taking into account test relevance and sensitivity (expert
judgement).
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CONCLUSIONS
The toxicity of the investigated soil core varies along
the vertical profile as well as the considered pollutants.
Toxicity measured with the whole soil was lower than
those obtained with both soil organic and aqueous extracts
and did not seem comparable with the vertical trend of
organic and inorganic contaminations. Moreover, a statistically significant correlation between contaminant levels
and toxicity tests only sometimes was found. In contact
tests V. fischeri always represented the worst case identifying the toxic effects due to the chemical interaction
and/or to the undetectable contaminants in the whole soil.
Plant and algal phytotoxicity tests revealed as the most
sensitive ones. Particularly, S. capricornutum was able to
evidence the long term effects of both organic and inorganic contaminants, while plant tests mainly identified the
stimulating effects of trace elements.
The elaboration of a synthetic toxicity index could allow to integrate all test battery results with the expert
judgement in order to evaluate the ecotoxicological risk of
contaminated soil.
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ABSTRACT

INTRODUCTION

Ria de Aveiro, a coastal lagoon, located in the northern west region of Portugal has been the main receptor of
anthropogenic discharges resulting mainly from industries
(chlor-alkali and pulp/paper plants), harbour and dry-dock
activities as well as municipal effluents. In this perspective, the European sea bass (Dicentrarchus labrax L.) erythrocytic nuclear abnormalities (ENA) assay, as a measure of
genetic damage, was applied to monitor the presence of
genotoxic contaminants in this complex water pollution.
Sea bass capture was carried out between spring 2006 to
winter 2007, at six locations (Torreira-TOR, Barra-BAR,
Gafanha-GAF, Rio Novo do Príncipe-RIO, Laranjo-LAR,
Vagos-VAG) along the lagoon. Among all the study sites,
TOR was selected as a reference site due to the absence of
known input point sources and because it is far from the
main polluting sources. In spring, a significant ENA increase was observed at BAR, RIO, LAR and VAG in comparison to TOR. In sum-mer, the ENA increase was pronounced at all the study sites. In autumn, ENA induction
was significant only at GAF, LAR and VAG. In winter,
BAR, GAF and RIO were the sites showing a significant
ENA increase when compared to TOR. The present investigation findings provide a rational use of ENA applied to
sea bass and can be successfully employed for biomonitoring anthropogenic contamination in both Atlantic and Mediterranean European coastal waters.

KEYWORDS: Dicentrarchus labrax, erythrocytic nuclear abnormalities (ENAs), genotoxicity, Aveiro lagoon, biomonitoring, seasonal assessment.

Ria de Aveiro is a coastal lagoon located in northern
west region of Portugal. Historically, this lagoon has been
the main receptor of anthropogenic discharges resulting
from chlor-alkali and pulp/paper plants, harbour and drydock activities as well as municipal and domestic effluents. In the lagoon, fish are exposed to pollutant’s mixtures,
whose synergistic/antagonistic effects are hardly interpreted
and predicted from the chemical analyses [1]. Moreover,
the impracticality to analyze each individual chemical in a
mixture of contaminants also increases the problem of
aquatic pollutant characterization. Thus, during the past
decades, biomarkers utility has become relevant in toxicological assessments since it allows the early detection
of overall contaminants effects [2, 3].
Genotoxicity biomarkers have received particular attention towards the use of piscine micronuclei (MN) and
erythrocytic nuclear abnormalities (ENA) assays [4]. The
ENA, based on the MN detection and other nuclear anomalies, has been regarded as a simple, rapid, inexpensive and
sensitive test, applied with success in different fish species including European sea bass (Dicentrarchus labrax L.)
[5-8]. In the case of abnormal nucleus, apoptotic cells are
formed by actively dying cells including cell shrinkage,
membrane blebbing and chromatin condensation [9], while
necrotic cells are formed due to cytoplasm swelling, lysis
of organelles and entire cells [10]. Like apoptosis and necrosis, another abnormal nucleus such as notch nucleated
and bi-nucleated cells are indicators of abnormal cell divisions [11].
Therefore, to investigate the ENA efficacy in environmental biomonitoring programmes, D. labrax were captured from different lagoon sites. Previous chemical analyses displayed the presence of polycyclic aromatic hydrocarbons (PAHs), organometallic compounds and heavy
metal, as an indication of water quality deterioration in
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some critical areas of this estuarine system [4, 12]. In addition, it was also intended to observe the fish suitability for
environmental health assessment in a multi-pollution context.

sampling sites were: Torreira (TOR) as a reference point at
the stretch of the longest channel (S. Jacinto-Ovar channel)
having non-point pollution inputs and located far from the

MATERIALS AND METHODS
Chemicals

Chemicals and reagents (analytical grade) used for this
study were purchased from Sigma (Spain).
Sampling – Animals and Stations

D. labrax L seasonal samplings (spring, summer, autumn and winter) were carried out between May 2006 and
March 2007 using a fishing stick. As per the biology of
fish, D. labrax is a eurythermic (5-28°C) and euryhaline
(3‰ to full strength sea water) fish species inhabiting a
variety of environments from coastal waters to estuaries
and brackish water lagoons, and occasionally rivers. Estuaries are nursery areas where juvenile sea bass usually
predominate. Its karyotype presents 24 pairs of chromosomes (2n = 48) [13].
There is only one breeding season per year, which
takes place in winter in the Mediterranean population, and
up to June in Atlantic populations. D. labrax are predators
and their feeding range includes small fish, prawns, crabs
and cuttlefish [14].
The sampling sites in Ria de Aveiro were selected on
a geographic distribution basis (Fig. 1) along the main
channels and at the lagoon entrance, taking into account
the various type and sources of contamination as well as the
selection of a (theoretically) unpolluted reference point. The

FIGURE 1 – Map of Ria de Aveiro (Portugal) with locations of fishcapture sites (■). The respective coordinates are reference site (TOR)40°44´02 N 008°41´44 W; BAR-40°37´42 N, 008°44´35 W; GAF40°38´38 N, 008°41´42 W; RIO-40°41´81N, 008°39´41W; LAR40°43´30 N, 008°37´43 W; and VAG-40°33´59 N, 008°40´55W.

TABLE 1 – Hydrological characteristics determined seasonally on different study sites (Torreira-TOR, Barra-BAR,
Gafanha-GAF, Rio Novo do Principe-RIO, Laranjo-LAR and Vagos-VAG at Ria de Aveiro: nd- not determined.
Spring 2006
Sites

Depth (m)

TOR
BAR
GAF
RIO
LAR
VAG

1.1
0.8
3
4.2
1.1
2.8

0.3
0.4
1
0.8
0.6
0.65

TOR
BAR
GAF
RIO
LAR
VAG

1.2
2.7
5.6
0.9
1.2
3.6

0.5
2.5
1
0.6
0.3
0.5

TOR
BAR
GAF
RIO
LAR
VAG

1
2.35
1.5
4.75
1.3
nd

50 cm
30 cm
15 cm
70 cm
30 cm

TOR
BAR
GAF
RIO
LAR
VAG

nd
2.55
4.1
1.5
1
2

nd
50
40
0.5
0.2
0.15

Turbidity (m)

Dissolved O2 (mg/L)

Temperature (º C)

pH

Salinity

3.51
3.52
4.1
3.1
3.28
nd

23.3
22.3
21.4
22.1
23.4
24.6

8.351
8.351
8.207
7.765
7.742
7.655

nd
30
28
0
17
11

5.03
1.8
3.64
2.27
1.07
2.21

25.1
22.4
20.1
24.1
22
24

8.396
8.205
8.249
8.056
7.446
7.842

26
24
30
25
25
26

17.7
15.75
12.16
4.26
3.52
6.19

17.7
15.6
14.5
16.3
16.6
16.3

8,122
8,022
7,865
7,947
7,511
7,441

23
4.5
8
0
6
0

9.4
9.2
9.44
8.31
8.58
7.5

14.5
15.9
14.9
14
12
14

8.132
7.748
8.195
8.322
7.184
7.253

15
nd
21
0
22
0

Summer 2006

Autumn 2006

Winter 2007
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main polluting sources; Barra (BAR) at the initial part of
Mira channel, close to the sea-side lagoon entrance and
subjected to a considerable naval traffic; Gafanha (GAF)
situated in the vicinity of a deep-sea fishing port and drydocks, also connected with the main channel coming from
Aveiro city receiving domestic discharges; Rio Novo do
Principe (RIO) located at the terminal area of the Vouga
river and the main lagoons’ freshwater source, 6.5 km distant from a pulp/paper mill effluent outlet, that was exposed during nearly five decades to its discharges; Laranjo
(LAR) close to a chlor-alkali plant, an important source of
heavy metals contamination (mainly HgCl2); Vagos (VAG)
at the terminal part of the Ílhavo channel, receiving municipal and domestic effluents. Biometrical measurements,
such as fish weight and length ranged from 18.71 - 41.96 g
and 12.9 – 16.5 cm. Hydrological abiotic parameters were
also measured (Table 1).
ENAs assay

Blood smears were performed at the sampling sites
and were fixed in the laboratory with methanol during 10
min, stained with Giemsa (5%) during 30 min. ENA were
scored in 1000 mature erythrocytes sample per fish, according to the criteria of Schmid [15], Carrasco et al. [16]
and Smith [17] as adapted by Pacheco and Santos [18],
considering the following nuclear lesions categories: dumbbell shaped or kidney shaped nuclei (K), lobed nuclei (L),
segmented nuclei (S), micronuclei (MN). In addition,
notched nuclei (N) were also scored as suggested by Ayllón
and Garcia-Vasquez [8]. Different types of ENA have
been depicted in Fig. 2. The final results, in each group,
were expressed as the mean value (‰) of the sums (K+L+
S+MN+N) for all the individual lesions observed.

Statistical analysis

SigmaStat software (SPSS Inc.) was used for statistical analyses. Data were first tested for normality and homogeneity of variance to meet statistical demands. ANOVA
analysis was used to compare the results of the various
fish groups, followed by the Tukey's test in order to compare results between fish groups [19] and the significance
of the results was ascertained at p < 0.05.
RESULTS AND DISCUSSION
This is the first seasonal assessment survey carried out
on the Aveiro lagoon using D. labrax ENA as a tool to
evaluate the ecosystem health. Concerning D. labrax sensitivity to detect effects of a wide range of pollutants, phase
I and II enzymes activities [20-21], ENAs [20], DNA strand
breaks [22], plasma cortisol, lactate and glucose content
[23], vitellogenin (VTG) synthesis [24], have been used as
biomarkers for the evaluation of environmental water contamination. Taking into account the previous description
and the goals of the present study, the European D. labrax
justify its selection as a sentinel. Moreover, juvenile specimens were surveyed in order to aside the gender interference and diminish the background of previous exposures
to pollutants.

In spring season (Fig. 3), a significant ENA increase
was observed at BAR, RIO, LAR and VAG sites when
compared to TOR. Previous Ria de Aveiro survey, based
on Liza aurata carried out on 2000 (five years earlier),
showed no genotoxicity induction [4], however the present survey observed ENA increase and thus suggesting an
water quality deterioration in last half decade. The observed differences may also be related to the biology (e.g.
feeding behaviour) and susceptibility to DNA damage (e.g.
defence mechanisms and DNA repair) of the adopted fish
species. However, the possibility of the presence of different pollutants as causative agents for these observed
genotoxic effects should also be considered as discussed
following. Preliminary studies based on chemical characterization indicated the presence of different classes of
pollutant in different sites of Ria de Aveiro. Thus, Sousa
et al. [12] reported the tributyltin (TBT) levels above the
predicted no effect concentration level (0.0074 ng TBTSn/L) [25] to BAR site, indicating that the risk is high. In
addition, Pacheco et al. [4] also showed the moderate levels
of PAHs presence. Moreover, due to its location, the occurrence of xenoestrogens at BAR site must be also considered.
Considering the previous pollutants presence, the observed
genotoxic responses can be reinforced to the combination
of different classes of compounds instead of individual
chemicals. Further validation of this explanation came by
Micael et al. [26], who reported that chronic exposure to
binary mixtures of low levels of TBT plus ethinylestraFIGURE 2 – Mature erythrocytes of juvenile D. labrax L.
and triphenyltin plus ethinylestradiol are genotoxic to
2- Mature
erythrocytes of juvenile D. labrax L. withdiol
nuclear
with nuclear normal shape (a) and nuclear abnormalities:
zebrafish.
kidney-shaped
nuclei (b),
segmented nuclei (c),kidney-shaped
lobed nuclei (d),
shape (a)
and nuclear
abnormalities:
nuclei (b),No significant ENA increase was observed at
GAF (Fig. 3) in the present spring survey despite being
notched nuclei (e) and micronuclei (f). Giemsa stain, 2200x.

Figure
normal
segmented nuclei (c), lobed nuclei (d), notched nuclei (e) and
micronuclei (f). Giemsa stain, 2200×.
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summer

notoxicity induction as measured by liver and blood DNA
strand breaks as well as ENA increase in A. anguilla caged
at RIO area on 2002. In relation to LAR (Fig. 3), a significant ENA increase was observed when compared to TOR.
The current observations are not unexpected and seem
to be in agreement with the findings of Guilherme et al.
[30] who showed ENA increase in L. aurata captured in
the same area and its relation with the presence of mercury
as a result of an effluent discharge from a chlor-alkali
plant [30, 31]. A significant ENA increase was also observed at VAG in comparison to TOR (Fig. 3). Previously, a study done by Pacheco et al. [4] based on PAHs
analysis reflected benzo(a)pyrene (BaP) high levels at
VAG station. Thus, the observed effects may be directed
towards the presence of PAHs at this particular area.

*

*

VAG

*
*

*
125

*

*

0
TOR

autumn

BAR

GAF

RIO

LAR

VAG

In summer (Fig. 3), a significant ENA increase was
observed at all the study sites whereas in autumn (Fig. 3)
and winter (Fig. 3), the increase was punctual viz. only
GAF, LAR and VAG presented a significant ENA increase
in autumn; and BAR, GAF and RIO displayed a significant increase in winter. Thus, the above given pollutants
combined effect at different study sites can also be suggested here as a probable cause for the ENA increase
through out the year. However, the absence of ENA increase (in autumn at RIO; in winter at LAR) may reflect
the involvement of seasonal changes and pollutants coming from non point sources affecting on the lagoon contamination pattern. According to Gorbi et al. [32] the same
chemical disturbance can produce a different biological
impact, depending on the seasonal susceptibility to stress.

ENA Frequency (‰)

250
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0
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winter

*
125

*

*

nc
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BAR

GAF
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FIGURE 3 – Mean ENA frequency in indigenous Dicentrarchus
labrax collected seasonally from Torreira (TOR), Barra (BAR),
Gafanha (GAF), Rio (RIO), Laranjo (LAR) and Vagos (VAG) sites
of Ria de Aveiro. The symbol (*) denotes statistically significant
differences (p< 0.05, n = 5) with respect to reference (TOR) site
within each season. Error bars represent the standard error; nc =
not collected.

a highly polluted site having a variety of contaminants
such as PAHs and TBTs [26-27]. Moreover, in situ caging
experiments with European eel (Anguilla anguilla L.)
carried out in 2001 at the same site [28] displayed that
GAF water has potential to induce DNA integrity loss.
Taking into account the recent [12] chemical characterization, the current results are in agreement with the statements of Pacheco and Santos [27] suggesting that ENA
assay may be inadequate for situations of intense contamination since some disturbances of genotoxicity expression may occur. These disturbances were confirmed to
depend on the balance between an increased splenic erythrocytic catabolism and reduced erythropoiesis rate [4]. The
observed ENA increase at RIO (Fig. 3) may be correlated
with the presence of chemicals that have been identified in
pulp/paper mill effluents viz. resin acids [7] since this site
is located at the terminal area of the Vouga river, 6.5 km
distant from a pulp/paper mill effluent outlets where the
effluent discharge was continued during five decades. Reinforcing this idea, Maria et al. [29] also observed a ge-

The analysis of each nuclear lesion category individually in the different seasons (Tables 2-5) revealed the
robustness of the lobed nuclei lesion for genotoxicity
assessment as its frequencies were significantly higher in
spring (at BAR, RIO, LAR and VAG sites), in summer
and winter (at all the study sites); and in autumn (at RIO,
LAR and VAG sites) with respect to TOR. Analyzing the
literature, the lack of uniform criteria for nuclear abnormalities scoring is evident, making difficult the comparison of the results from different laboratories. Despite some
discrepancies, it seems to be uncontroversial that problems
in segregating twisted and attached chromosomes or gene
amplification via the breakage–fusion–bridge cycle could
cause nuclear buds (NB) (lobed nuclei and blebbed nuclei) during the removal of amplified DNA from the nucleus [33-35]. According to Serrano-Garcia and MonteroMontoya [36], the phenomena of budding cell nuclei and
bi-nucleated cells have a similar origin as MN and are supposed to be genotoxic occurrences. Moreover, a positive
and significant relationship between MN and NB induction
was found by different authors [37-38], suggesting that NB
formations in erythrocytes may be a useful complementary assay for genotoxicity assessment in fish. Considering
the previous statements, the analysis of current results
(Tables 2-5) based on the frequency of each nuclear lesion
category clearly demonstrates that the lobed nuclei (budding nuclei) frequency display a pattern of response similar

1927

© by PSP Volume 17 – No 11b. 2008

Fresenius Environmental Bulletin

TABLE 2 – Mean frequency (‰) of each nuclear abnormality category (±SE) in peripheral blood
erythrocytes of D. labrax L. captured at TOR, BAR, GAF, RIO, LAR, and VAG sites of Ria de Aveiro in spring 2006.

TABLE 3 – Mean frequency (‰) of each nuclear abnormality category (±SE) in peripheral blood
erythrocytes of D. labrax L. captured at TOR, BAR, GAF, RIO, LAR, and VAG sites of Ria de Aveiro in summer 2006

TABLE 4 – Mean frequency (‰) of each nuclear abnormality category (±SE) in peripheral blood
erythrocytes of D. labrax L. captured at TOR, BAR, GAF, RIO, LAR, and VAG sites of Ria de Aveiro in autumn 2006

TABLE 5 – Mean frequency (‰) of each nuclear abnormality category (±SE) in peripheral blood
erythrocytes of D. labrax L. captured at TOR, BAR, GAF, RIO, LAR, and VAG sites of Ria de Aveiro in winter 2006
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to that one provided by the jointly scoring of all abnormalities categories.
As per the aspect of seasonal changes, besides other
effects such as pollutants pattern, hydrodynamics, sediment suspension, biomarker basal levels also represent a
suitable approach for environmental risk assessment [3942]. In the current study no significant differences on ENA
basal levels were observed in fish collected from TOR
along the year, proving its robustness as control for future
studies on Ria de Aveiro biomonitoring. Moreover, in the
context of genotoxicity, water temperature may influence
cell replication rates and DNA repair of poikilothermal organisms [43]. Brunetti et al. [44] also suggested a considerable influence of temperature on MN frequency. In the
same way, salinity, water levels, rain and storm events in
field exposure have also been reported to influence DNA
damage [45] by affecting the availability of contaminants
as well as the fish physiological processes. According to the
previous explanation, the highest temperature recorded at
LAR and highest salinity recorded at BAR in spring seems
to be one of the contributory factors for the increased ENA
levels in current study. However, no changes in abiotic
factors (mainly temperature, salinity and dissolved oxygen)
recorded at VAG and GAF in spite of increased ENA level
suggest the possibility of genotoxic contaminants presence
coming from non point sources. According to Livingstone
[46], the correct use of biological responses as biomarkers
requires knowledge of their natural variability. Thus, assessed natural variability of ENA in the current field conditions represents an important aspect to improve the ecotoxicological use of ENA in biomonitoring programs.

BPD/ 34326/ 2006, SFRH/ BPD/ 26970/ 2006, SFRH/ BD/
27584/ 2006 and by the Aveiro University Research Institute/ CESAM are gratefully acknowledged.

CONCLUSIONS
The current ENA results demonstrate that a serious
risk to fish populations exists almost at all the sites (except at GAF in spring, RIO in autumn and LAR in winter). Thus, at all the critical sites (BAR, GAF, RIO, LAR
and VAG) identified, the results reflected contamination by
a mixture of pollutants from point and non point sources.
However, the circumstantial absence of significant ENA
increase in some sites should be interpreted with some
precaution. The current findings reflect the ability of D.
labrax for biomonitoring aquatic anthropogenic contaminants on the basis of its ENA assessment and can be successfully employed in both Atlantic and Mediterranean
European coastal waters. D. labrax revealed to be a particularly appropriate species for genotoxicity monitoring of
heterogeneous genotoxic contamination in coastal ecosystems.
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ABSTRACT
The effects of the herbicide atrazine on clonal cultures
of the diatom Rhizosolenia setigera were examined. The
growth of R. setigera, expressed as cell density, in cultures
exposed to 20 and 50 µg/L atrazine, was slightly increased
reaching final cell densities of 17.5% and 32.1%, respectively, over the control. On the contrary, cultures of R.
setigera growing at 70 and 100µg/L atrazine concentrations
showed decrease in final density, compared to control, of
40.5% and 41.0%, respectively. The results of chl-a measurements showed different responses of the cells to the
various atrazine concentrations. In cultures containing 20
and 50 µg/L atrazine, chl-a concentrations were always
found to be higher than in control, reaching, at the end of
the experiment, an increase of 48.0% and 58.5%, respectively. Chl-a concentrations in cultures growing in the
presence of 70 and 100 µg/L atrazine showed remarkable
increase, only after the 6th day of the experiment, reaching
final percentages of 86.8% and 139.0%, respectively.
The decrease in cell density, in contrast with the high
increase of chl-a in the cultures exposed to 70 and 100 µg/L
atrazine concentration, combined with the appearance of
large-sized cells and the presence of cells in V-shape
point out the process of sexual reproduction.
KEYWORDS:
atrazine, Rhizosolenia setigera, inhibition, cell size variations.

surface water-bodies (fresh, transitional and marine) and
aquatic ecological effects are of important concern. An
ecological risk assessment analysis of atrazine in surface
waters showed that its residues were detected normally at
low concentrations, ranging between 0.1-30 µg/L [3].
Among the various aquatic organisms, phytoplankton was
found to be the most sensitive organism in atrazine [3].
Algal responses to atrazine vary widely, depending on
concentrations applied, time of exposure and species used.
Chlorophytes seem to be the most atrazine-sensitive algal
species, followed by cryptophytes, euglenophytes, dinophytes, cyanophytes and diatoms [4]. Sensitivity of algal
cells to atrazine may be attributed to a number of factors,
such as the uptake of atrazine, algal cell size, cell cycle
alterations, and changes in pigment profile [4-7]. In most of
the cases, growth of microalgae is depressed upon environmental realistic concentrations (0.1-30 µg/L) of atrazine.
Similar effects are known by measurements of chl-a content in cultures exposed to atrazine [4].
Given that residues of atrazine are nearly ubiquitously
present in estuarine surface waters and in association with
the known effects of this substance on microalgae, an
experiment was planned to assess the effects of atrazine
on a common phytoplankton species, the diatom Rhizosolenia setigera, which often occurs in high cell
densities (max. 2.000.000 cells/ml) in the coastal waters of
Thermaikos Bay (Ν.W Aegean Sea).
MATERIALS AND METHODS

INTRODUCTION
The triazine herbicide atrazine (2-chloro-4-ethylamino6-isopropylamino-s-triazine), a photosynthesis inhibitor [1],
is used for control of annual broadleaf and grass weeds,
mainly in corn and other crops. After application, atrazine
residues in the topsoil are partly degraded, and the rest are
mobilized from soil into ground and surface waters during
rainfall events [2]. Atrazine residues are found in many

Experimental procedure

Rhizosolenia setigera (Fig. 1A) is a photosynthetic single cell planktic diatom species, covering many chloroplasts,
with cell dimensions ranging between 130-270 µm in length
and 3-8 µm in width. Clonal cultures of R. setigera were
established by the isolation of a single cell using a glass
capillary pipette according to Hoshaw and Rosowski [8].
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A

20 µm

B

50 µm

C

20 µm

FIGURE 1 - (A) Rhizosolenia setigera cell, (B) Large-sized cell and (C) cell in V-shape.

Batch algal cultures were maintained in F/2 medium [9], at
salinity 36 psu, pH 7.8-8.0 and temperature 19±1 °C under
continuous cool-white fluorescent lighting (75 µmol m-2 s-1)
with a 14:10 h light/dark (L:D) cycle. The nominal concentrations of atrazine tested were 20, 50, 70 and 100 µg/L. All
treatments and control were growing in glass flasks containing a final volume of 600 ml.
Algal responses to atrazine were assessed at population level (cell density and chl-a concentration) using
three replicates per treatment. Cell densities were counted
at approximately the same time each day during the exponential growth phase (1-12 days) using the sedimentation
technique [10], and chl-a concentration of each culture
was determined at days 0, 6, 10 and 12 according to the
method proposed by Strickland and Parsons [11].
Observations on the morphological features and measurements of the cells` length and width were carried out
using an inverted microscope (Olympus CK-30) equipped
with a calibrated scale and a camera.
Chemical analysis

All reagents and solvents were of analytical or pestanal
grade. Analytical grade atrazine (97%, Sygenta, Switzerland) was used for all toxicity tests and calibration curve.
Nominal concentrations of atrazine in the medium were
verified at days 0, 6 and 12 by GC/NPD analysis. Atrazine
residues were extracted from culture medium (10 ml, filtered through a GF/C Whatman, 1.2 µm pore diameter) with
ethyl acetate (2x5 ml). The extract was dried over Na2SO4,
evaporated to dryness under N2 stream, recovered in ethyl
acetate (0.5 ml) and atrazine was determined using a GC
(Hewlett Packard 6890; Palo Alto, CA) equipped with a
nitrogen-phosphorus detector (NPD), and fitted with an

HP-5 capillary column (30 m x 0.32 mm and 0.25µm film
thick) attached to a 50-cm deactivated precolumn. Two
(2.0) µl of extract was injected (splitless mode; purge valve
at 0.7 min) with injector and detector temperatures at 250
and 310 °C, respectively, and helium as carrier gas at a
constant flow-rate of 3.2 ml/min. The column temperature
was initially set to 80 °C, increased to 190 °C at a rate of
30 °C/min, held for 3 min, and subsequently increased at
a rate of 30 °C/min to 230 °C, held for 2 min. At these
operating conditions the retention time for atrazine was
5.483 ± 0.016 min. The detection limit (LOD), calculated
as signal to noise ratio, was 0.1 µg/ml. The average spiked
recoveries for two surrogate standards of 10-100 µg/L (6
replicates) were 101.0±1.371 and 92.8±2.340, respectively.
Statistical analysis

To define the significance between abundance levels of
the cultures exposed to different concentrations of atrazine
with the control cultures, t-test was employed (SPSS 12.0).
Chl-a values did not undergo any statistical analysis due
to the low number of measurements obtained. However, the
range of standard deviation for all treatments was calculated.

RESULTS AND DISCUSSION
Different responses of growth, depending on the concentration levels of atrazine exposure, were observed. A
slight increase in abundance, compared to control, was observed in the population of R. setigera exposed to 20 and
50 µg/L, however no statistical difference was found (t
test; P = 0.836 and P = 0.315, respectively). In both treat-
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ments, a slight increase of growth of R. setigera population
occurred after the 5th day of the experiment (Fig. 2).
Totally different results were obtained when R. setigera
was growing in the presence of higher atrazine concentrations (70 and 100 µg/L). In this case, from the beginning
of the experiment, lower values of cell density were observed compared to control (Fig. 2). The highest inhibition
of growth (41%) was calculated at the end of the experiment
(12 days), and was found in cultures exposed to 100 µg/L
atrazine (P = 0.001). Similar growth inhibition effect
(40.5%) was observed by R. setigera exposed to 70 µg/L
atrazine (P = 0.000).

Results obtained from chl-a measurements are presented in Fig. 3. Chl-a concentrations in populations exposed to 20 and 50 µg/L atrazine were higher than in control, during the whole experimental period (Fig. 3). In the
populations of R. setigera exposed to 70 and 100 µg/L
atrazine, chl-a level was lower, compared to control, till
the 6th day of the experiment. However, after this time, a
sharp increase of chl-a occurred, resulting in a total increase of 86.8% and 139.0%, respectively, at the end of
the experiment, with regard to control (Fig. 3).
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FIGURE 2 - Variations on cell density (ln) of R. setigera populations exposed to 20, 50, 70 and 100 µg/L atrazine concentration.

A
FIGURE 3 - Variations on chl-a concentration of R. setigera populations exposed to 20, 50, 70 and 100 µg/L atrazine concentration.
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FIGURE 4 – Proportion of population (small and large cells) affected
in cultures exposed to (A) 70 µg/L and (B) 100 µg/L atrazine concentration.

TABLE 1 - Atrazine concentrations in the culture medium (mean values in µg/L)
at t = 0, 6 and 12 days in all treatments and standard deviation (in brackets).
Concentration of atrazine, µg/L
20
50
70
100

17.8
57.7
71.3
81.3

t=0
(3.055)
(3.876)
(5.132)
(9.866)

Significant changes on the cell size were noticed in
cultures exposed to 70 and 100 µg/L atrazine concentration after the 3rd day of experiment. In both treatments, a
part of R. setigera population, experienced significant

19.2
60.7
75.0
98.7

t=6
(3.055)
(3.055)
(8.000)
(1.528)

t=12
20.33 (0.764)
65.33 (2.309)
58.33 (1.528)
105.00 (6.928)

increase on cell size reaching 300-400 µm in length and
20-30 µm in width (Fig. 1B). It is important to note that
changes of cell size were only observed in the populations
exposed to the higher atrazine levels (70 and 100 µg/L).
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The percentage of the population occupied by these larger
cells in those cultures was measured daily, and calculated
to be 14 and 22%, at the end of the experiment (Fig. 4).
Except of changes on cell size, cells having V-shape position were observed (Fig. 1C), again only in populations
exposed to 70 and 100 µg/L atrazine. It is well-known that
diatom cells, through mitotic division by the process of
vegetative reproduction, undergo a diminishing process in
their cell size. This size-diminishing process was described
over a century ago [12, 13]. Most species regain their size
through sexual reproduction [14]. Sexual reproduction in
diatoms is provoked after two general conditions have
been met. Firstly, cells must reach a minimum size range
and, secondly, the ‘correct’ environmental conditions must
be present. These may include temperature, light, trace
metals concentration and other factors. The presence of
large-sized cells within the populations of R. setigera
growing at 70 and 100 µg/L atrazine could be addressed
to sexual reproduction. The detection of cells having Vshape position (that indicate sexual reproduction) amplifies this hypothesis, because this position of cells resembles oogonium, which is involved in the sexual reproduction of diatoms belonging to the order Centrales. To our
knowledge, induction of sexual reproduction in diatoms
and, therefore, alteration on life cycle by atrazine was
observed for the first time. Similar effects of atrazine are
known for metazoa [15].
The high values of chl-a recorded in the cultures treated
with 70 and 100 g/L atrazine could be explained based on
the presence of these large-sized cells constituting a portion of the population. Normally, cells of larger size contain more chl-a and other substances, compared to cells of
smaller size. Increase of chl-a levels in cultures treated with
low concentrations of atrazine has also been reported by
other researchers. Pratt et al. [16] observed a 50% increase
of chl-a in algae exposed to 3.2-10 µg/L atrazine. Similar
results were obtained by Tang et al. [5] & Rioboo et al.
[17]. Increase of chl-a in cultures exposed to low atrazine
concentrations, like in our study (20 and 50 µg/L), could be
explained as an adaptive response of the cells to the ‘stress’
caused by atrazine. Atrazine inhibits photosynthesis through
blockage of electron transport in the Hill reaction of Photosystem II [1]. Stress responses in individual species are
often realized as a stimulation of production at sublethal
concentrations of toxic compounds [18].
According to our results concerning cell abundance and
chlorophyll a concentration, it can be seen that the populations of R. setigera were affected by the addition of
atrazine in the culture medium (Figs. 2 & 3). However,
concentration of atrazine in the medium throughout the
experimental procedure showed no change (Table 1). Tang
et al. [19] using 14C atrazine in a freshwater diatom species found that the percentage of atrazine taken up did
not exceed 1%. The amounts of atrazine absorbed by
the cells are very low, and changes in atrazine levels during the experiment could not be detected by chemical analysis of the medium performed in this study.
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ABSTRACT
In order to assess possible impacts on the quality of
the coastal waters in Kalamitsi area, induced by the operation of the wastewater treatment plant (WWTP), a monitoring program was applied on seasonal basis, during the
period March 2001 - July 2006. Samples obtained from
three stations were analyzed and data of chlorophyll-α (Chlα), dissolved oxygen as absolute deviation from saturation
(aD%O), dissolved inorganic nitrogen (DIN) and dissolved
inorganic phosphorus (DIP) were implemented in order to
develop the trophic index TRIX, modified for the present
case study as follows:
KALAMITSI TROPHIC INDEX (KALTRIX) =
2.5 * (LOG[Chl-α*aD%O*DIN*DIP] - [0.5])
The unscaled TRIX (UNTRIX) was also applied to
achieve water quality classification, revealing Kalamitsi
coastal waters as “moderate status”. The original TRIX, the
modified KALTRIX and the unscaled UNTRIX have been
estimated, and the results indicated that the water quality
in Kalamitsi area has not been affected by the operation of
the WWTP.

KEYWORDS: Water Quality, Trophic Index, WWTP, Kalamitsi
coasts, Ionian Sea.

sign (degree of treatment) and the discharge of the treated
wastes (location and disposal system). The WWTP of the
city of Preveza, designed for secondary treatment of approximately 7500 m3 urban sewage daily, was planned to
discharge the treated wastes via pipeline into the Ionian Sea,
at 25 m depth and 2000 m far from the coastline of Kalamitsi
area. City authorities, because of local contradictions concerning the discharge of the treatments in this area, which
was designated as recreational beach, decided to monitor
this area in order to evaluate possible negative effects on
the water quality. Monitoring was initiated two years prior
to the operation of the WWTP and continued for further
two years and included seasonal measurements of various
physical, chemical and biological parameters, commonly
used for quality assessment needs of marine coastal waters.
Assessment of quality in marine coastal waters could
be achieved, depending on the available monitoring data,
by the application of different approaches encompassing
scaling parameters [1-3], indicators [4] or ecological indices
[5], as well as setting quality criteria [6] or trigger values [7]. The aim of this study was to assess and monitor
the quality of water masses in Kalamitsi area after the operation of a WWTP, using a minimum set of easy-measured
parameters and applying the water quality index TRIX [4]
and other TRIX-derived tools [8].
MATERIALS AND METHODS

INTRODUCTION
It is widely accepted that the operation of treatment
plants, by the removal of pollutants from waste prior to
their disposal into natural waters, aims to prevent pollution
and, thereby, to protect the environment and ensure public
health safety. For the installation and operation of WWTPs,
it is important to take into account both the functional de-

Kalamitsi, where the treated urban sewage of Preveza
city was discharged, is a coastal area located at the east
coasts of central Ionian Sea (Fig. 1). Monitoring was conducted at three fixed stations (S1, S2 and S3) along an axis
(of approx. 2000 m long), almost vertical to the coastline,
between the isobaths 0-5 m (S1), 10-20 m (S2) and 3040 m (S3), starting from March 2001 till July 2006, with a
time gap of about 18 months (January 2003-July 2004).
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FIGURE 1 - The study area of Kalamitsi.

Field data concerning water temperature, salinity, pH
and dissolved oxygen were measured along the water column either by the aid of a CTD (Seabird, USA) or portable
conductivity (LF 197, WTW), pH (pH 197, WTW) and
dissolved oxygen (Oxi 197i, WTW) meters, while water
transparency was determined with a Secchi disc. Chl-α
and suspended particulate matter (SPM) analyzes were
carried out on integrated samples, according to Strickland &
Parsons [9]. Nutrient concentration data were obtained by
sampling at three different depths of the water column
(surface 0-1 m, middle depth and just above the sediment). Nitrate (NO3-N), nitrite (NO2-N), orthophosphate
(PO4-P), and silicate (SiO2-Si) concentrations were determined as described by the method of Strickland & Parsons [9], and ammonium (NH4-N) according to Liddicoat et al. [10].
The TRIX (equation 1), proposed by Vollenweider et
al. [4], was applied to trace possible effects of WWTP
operation on water quality in Kalamitsi coastal area. TRIX
is expressed as:
TRIX=(k/n) * Σ1i=n [(log M-log L)/(log U-log L)]i
where: k is the number of classes
n is the number of parameters

(1)

51’’

M is the measured value of a parameter
U is the upper limit of parameter values and
L is the lower limit of parameter values
Four parameters (n=4) were selected [chlorophyll-a
(Chl-α), dissolved oxygen as absolute deviation from
saturation (aD%O), dissolved inorganic nitrogen (DIN) or
total nitrogen (TN), and dissolved inorganic phosphorus
(DIP) or total phosphorus (TP)]; the number of classes (k)
was fixed to 10 and the range between upper (U) and
lower (L) limits of the parameters was standardized to 3
log units, defining TRIX (equation 2) as:
TRIX=(log [Chl-α * aD%O * N * P] - [-1.5])/1.2

(2)

where: N is dissolved inorganic nitrogen (DIN) or total nitrogen (TN) and P is dissolved inorganic phosphorus
(DIP) or total phosphorus (TP).
The unscaled TRIX (UNTRIX) (equation 3), proposed
by Pettine et al. [8], was performed to achieve water quality
classification, using as reference site south Evvoikos gulf
(included in the intercalibration network register in accordance with Directive 2000/60/EC and reported as highgood ecological quality status [11]).
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UNTRIX = log (Chl-a * aD%O * DIN * DIP1)

(3)

Two TRIX-based classification procedures were applied [8]. The first (box plot procedure) is based on comparison of UNTRIX values Box Whisker plots between
the studied and the reference areas. The second (TQRTRIX
trophic index) (equation 4) is based on scaling of the
TQR TRIX index, according to:
TQRTRIX = 50th UNTRIXreference / 75th UNTRIXsite

(4)

RESULTS AND DISCUSSION
Trophic Index (TRIX)

TRIX (equation 2) values, obtained from Kalamitsi
area, fluctuated temporally (Fig. 2) between 1.9 (in S1 at
29/09/2001) and 4.7 (in S3 at 30/01/2002), with an average
value 3.4 (SD =0.7). No significant difference in TRIX
values (T-test: p = 0.608) was detected before (mean = 3.5)
and after (mean = 3.4) the operation of the WWTP.

The low TRIX values, as defined above, indicate
poorly productive waters corresponding to high water quality in the area of Kalamitsi (water quality by means of
TRIX scale: 2-4 = high, 4-5 = good, 5-6 = mediocre, 6-8 =
bad [12]). The TRIX has been used unmodified (equation 2)
in several studies for trophic state classification of Baltic,
Black, North, Adriatic and Aegean Sea [12-16], constituting TRIX values comparable between different geographical regions. However, its application to other marine basins, where maximum and minimum concentrations may
present diﬀerent ranges with respect to those of the northern Adriatic, may be questioned [8]. As shown in Table
1, Chl-α and DIN concentrations in Kalamitsi coastal waters
displayed lower values than those obtained from Adriatic
Sea (almost 21 and 4 times less, respectively), while DIP
and aD%O values ranged approx. at similar levels. Hence,
the parameter ranges adopted in TRIX design [4] are too
wide, and, as suggested by Vollenweider et al. [4] and
European Environmental Agency [13], the specific ranges
for Kala-mitsi area should be defined and adopted in a
modified TRIX, to increase index sensitivity.

FIGURE 2 - Temporal variation of TRIX values in Kalamitsi coastal waters.
TABLE 1 - Average, maximum and minimum values of measured parameters and definition of the lower [Min (log units)],
upper limits [Max (log units)] and range [Range (log units)], within which the Trophic Index is defined in Kalamitsi marine coastal waters.
Chl-α (mg m-3)
DIN (mg m-3)
DIP (mg m-3)
aD%O
Sum
Average
0.54
80.20
4.28
13.72
Maximum
1.76
402.22
30.07
41.10
Minimum
0.02
12.95
0.93
0.18
Max (log units)
0.0
2.2
0.9
1.4
Min (log units)
-0.9
1.1
0.0
0.3
Range (log units)
0.9
1.1
0.9
1.1
4
Step range / 10
0.1
0.1
0.1
0.1
Chl-α = chlorophyll a, DIN = dissolved inorganic nitrogen, DIP = dissolved inorganic phosphorus, aD%O = dissolved oxygen as absolute deviation from
saturation
1

Dissolved Inorganic Phosphorus (DIP) was applied instead of Total Phosphorus (TP), proposed by Pettine et al. [8].
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Regional Specific Trophic Index (KALTRIX)

Four parameters [chlorophyll- a, (Chl-α), oxygen as absolute deviation from saturation (aD%O), dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus
(DIP)] were selected as components of the modified Kalamitsi trophic index (KALTRIX). The number of classes
was fixed to 10, to achieve data comparative with other
studies. For the definition of the parameters range, data
were processed in order to normalize distributions, as proposed by Vollenweider et al. [4] and applied by Taebi et
al. [17]. Specifically, zero parameter values were substituted by the detection limit value of the applied analytical
method and extreme values (mean ± 2.5 SD) were excluded. Logarithmic transformation was applied to the data
set and the goodness-of-fit was verified by means of the
Kolmogorov-Smirnov test. The same parameters were also
tested by Box and Cox transformation (with optimized λ
values for Chl-α, aD%O, DIN and DIP: 0.0, -0.5, -1.0 and
0.0, respectively) and compared with logarithmic transformation, but better fit to normality was not achieved. As
shown in Table 1, the parameters range was standardized
to 1 log unit.
Introducing these values into equation (1), the TRIX
was defined as:
KALTRIX=2.5 * (log [Chl-α*aD%O*DIN*DIP] - [0.5]) (5)
By applying the same data set obtained from Kalamitsi
area in equation (5), KALTRIX values displayed great
fluctuation (Fig. 3) between 0.8 (in S1 at 29/09/2001) and
9.0 (in S3 at 30/01/2002), with an average value 5.2 (SD =
2.1).
The KALTRIX (equation 5) values exhibited higher
ranges (Fig. 3), compared with the TRIX ones (Fig. 2),

though displaying a similar temporal variation pattern.
KALTRIX values were better distributed from 0 to 10 (as
in Taebi et al. [17]) with better fit to normal distribution
(Fig. 4), im-plying increased sensitivity in discriminating
between different index data sets.
The modified KALTRIX could be used for determining possible spatial or temporal trends, as in previous studies [4, 12, 17-19]. KALTRIX levels calculated before (mean
= 5.3) and after (mean = 5.0) the operation of WWTP did
not reveal any significant difference (T-test: p = 0.735),
indicating minor influence on water quality by the treated
waste discharges. After the operation of WWTP, however,
greater divergence of KALTRIX values was observed between the three stations (Fig. 3). The pronounced variability between stations is also supported by the application of
multivariate techniques (Principal Component Analysis) on
a greater set of monitored parameters (water temperature,
salinity, pH, Secchi disc depth, Chl-α, organic and inorganic particulate matter, dissolved inorganic nitrogen, dissolved inorganic phosphorus and silicate) (Fig. 5), and
could be attributed to pressures induced by the sewage discharges of WWTP.
The general approach of the TRIX is suggested to have
high potential and could be, after further development, a
practicable and comparable method for monitoring and
assessing the trophic state, determining eutrophication
trends of European marine and coastal waters [13]. In the
present study, KALTRIX could be a potent indicator for
temporal evaluation of the trophic state after the installation of the WWTP, able to discriminate minor trends, not
easily detected using indices scaling parameter values [20],
such as these proposed by Ignatiades et al. [1] and Ignatiades [3].

FIGURE 3 - Temporal variation of KALTRIX values in Kalamitsi coastal waters.
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FIGURE 4 - Frequency distribution histograms of TRIX and KALTRIX values.

FIGURE 5 - PCA plot of matrix based on water temperature, salinity, pH, Secchi disc, Chl-α,
organic and inorganic particulate matter, dissolved inorganic nitrogen, dissolved inorganic phosphorus
and silicate (full and empty dots resemble measurements before and after the operation of WWTP, respectively).

Unscaled TRIX (UNTRIX)

The simple assessment of nutrient enrichment, in comparison with regionally specific reference conditions, does
not provide itself any information of eutrophication [8, 21].
For this reason, the TRIX index has been revised recently
[8] under the frame of the European Water Framework
Directive (WFD, 2000/60/EC), and a new unscaled TRIX
(UNTRIX) was proposed for trophic state assessment.

To achieve trophic characterization, the unscaled TRIX
(UNTRIX) was calculated and both classification procedures were applied [8]. In the first, the Box Whisker plot of
the data derived from Kalamitsi coasts was compared with
the respective from the reference area (S. Evvoikos gulf)
and, as shown in Fig. 6, was classified as “moderate” status.
By applying the TQRTRIX trophic scale:
TQRTRIX = 50th UNTRIXreference / 75th UNTRIXsite = 0.57
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FIGURE 6 - Trophic classiﬁcation of Kalamitsi coastal waters, based on Box Whisker plots for UNTRIX data.
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Kalamitsi coasts were classified as “moderate” too.
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of “moderate” status (before operation = 0.56 and after =
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operation is of “good” status (75th site = 2.994 > 2.118 =
75th reference and 100th site = 4.063 > 3.097 = 100th reference). Similar variations between the two procedures have
been observed by Pettine et al. [8].
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The modified TRIX (KALTRIX) could be applied as a
useful tool for monitoring temporal trends in trophic state
of coastal marine waters. Trophic characterization, however, could be achieved by the unscaled UNTRIX, even
though a validation effort, within and out of the Mediterranean basin, to explore their suitability and potentialities
in the spirit of the European WFD is necessary [8].
Comparisons between results obtained using three different procedures (original TRIX, modified KALTRIX and
unscaled UNTRIX) indicate that the water quality in Kalamitsi area has not been affected, at least two years after
the operation of the WWTP. However, as this WWTP has
been working only for a few years, more data are necessary
to ensure these outcomes.
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ABSTRACT

INTRODUCTION

The environmental impacts of mussel cultures are related mainly to increased sedimentation and high filtration
rates. Numerous mussel culture units are located in the
shallow waters (maximum depth 20 m) in ΝW Thessaloniki
Gulf (Greece). Evaluation of the impacts of the mussel units
on the quality of the surrounding waters was the aim of this
work. The sampling period lasted from January to August
2006, covering a complete culture cycle, from the larvae
in the water column to the harvesting of mature mussels.
Water samples were collected twice per month from three
depths; 1 m and 5 m from the sea surface and 1 m above
the bottom, from four sampling locations, three among the
units and one outside of them. The parameters measured
were dissolved oxygen, suspended solids, nutrients (nitrate,
nitrite, ammonia, phosphate and silicate) as well as chlorophyll a as a measure of phytoplankton abundance. Low
values of dissolved oxygen have been recorded in certain
sampling periods. Relatively low values of nutrients were
present throughout spring and summer. Chlorophyll α values were below 0.2 mg/m3 indicating a serious impact of
the mussel culturing to the ecological status of the water
column inside the mussel farming area. Multivariate statistical analysis was applied on the data set in order to assess environmental impacts and reveal the association
among the measured parameters.

KEYWORDS: environmental impacts, mussel cultures, Thessaloniki Gulf, nutrients, water quality.

Cultivation of mussels is an internationally important
economic activity. In Greece, most of the mussel culturing
takes place in the Thessaloniki and Thermaikos Gulfs, an
ecologically important coastal area, protected under the
national laws and international conventions. Multiple mussel cultures with both the pole and the longline system are
located in an area of 2,750 ha. Total annual mussel production is about 10,000 t/y. The sustainability of this economic
activity depends on the impacts of mussel populations on
the ecosystem. Mussels feed on phytoplankton, detritus and
other organic particles which they filter from the water
column [1]. The effects of mussel farming include organic
enrichment of sediments by mussel faeces and pseudofaeces, deposition of shells and other farm debris and localized depletion of phytoplankton [2]. Large increases in the
density of bivalves may potentially change the patterns of
nutrient distribution and recycling within an embayment
that affects primary production. Moreover, phytoplankton
may be nutrient limited, due to low regeneration rates and
isolation of the water column from sediment nutrients [3].
Changes in phytoplankton abundance and nutrient cycling
have implications on the growth and survival not only of
the cultured mussels, but of other organisms as well. Understanding and measuring these effects require a regionalscale assessment and continuous monitoring. Traditionally,
water quality assessments in coastal embayments are based
on nutrients, dissolved oxygen and chlorophyll a measurements. The values of these parameters are indicators of the
eutrophication status of the waters and marine environmental quality [4].
The study area in this work is delineated by forty three
longline mussel units (Fig. 1), at a distance of 100-150m
from each other, covering 1,200 ha, at the shallow (maxi-
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mum depth 20m) waters of the Gulf of Thessaloniki. Previous studies in the area report a decrease in the hydrodynamic currents among the longlines [5,6]. Under the prevailing wind conditions, eastern and northeastern currents
are developed on the east and north part of the study area,
southern and southeastern currents are developed on the
west and south part and northwestern currents are mainly
developed in the central part of the basin, Fig. 2, [6].
The aim of this study was to evaluate the environmental
impacts of the mussel cultures in terms of nutrient enrichment/depletion, dissolved oxygen concentrations, suspended
matter and phytoplankton abundance (expressed as chlorophyll α) and to investigate the interrelations of the measured parameters during the production cycle.

Principal component analysis was performed on the
chemical data including all the sampling periods to reveal
the few but most important chemical variables in the cultured mussel area at a low cost of information loss [10].
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FIGURE 2 - The hydrodynamic circulation under the
influence of the prevailing NW wind, in the study area [5].

RESULTS AND DISCUSSION
Table 1 presents summary statistics for the chemical
measurements, salinity, temperature and density, in the
mussel farms area. Low values of dissolved oxygen were
measured (range between 1.8-6.2 ml O2/l), especially near
the bottom (Fig. 6). Suboxic to anoxic bottom conditions is
an environmental impact of mussel cultures related to high
biodeposition processes [11].
In Figs 3 and 4, temperature and salinity variation in
the four stations and the different depths, is presented. Figure 5 depicts large density differences between the upper
water layers (1m from the surface) and the deeper ones (10m
from the surface), showing stratified conditions, while during the winter months the water column is homogenized.

FIGURE 1 - Map of the coastal area in NW Thessaloniki Gulf, with
the mussel culture units and the four sampling locations. Photo
adapted from HCMR [5].

Continuous profiles of temperature and salinity were
also obtained at each site using a CTD recorder in order
to assess stratification of the water column. Dissolved oxygen was determined with the iodometric method of Winkler
[7]. Nitrate, nitrite, phosphate, silicate and ammonia were
measured spectrophotometrically according to Parsons et
al [8]. Suspended solids were collected on preweighted
GF/F filters, subsuequently dried and weighted [9]. Chlorophyll a was determined spectrophotometrically after the
extraction in 90% acetone [8].

The concentration of suspended solids presented high
variation (0.04-343 mg/l, mean 35.39), which is probably
related to the culturing practices (Fig. 7). Phosphate concentrations ranged from 0.01-1.02 µg-at P/l, with mean
value 0.25 µg-at P/l (Fig. 8). Higher values of phosphate
were observed in station M1, while the lowest concentration was recorded in station M4, located outside the mussel units (Fig. 9). The values of phosphate correlate well
with ammonia values (PCA plot, Fig.15). Ammonia concentrations varied from 1.5 to 15.14 µg-at N/l (mean value
5.02 µg-at N/l), Fig. 10. Phosphate and ammonia values
were elevated at the maximum depth, near the bottom. Nitrate values ranged from 0.13 to 9.81 µg-at N/l (mean
value 2.34 µg-at N/l), Fig. 11. Nitrite values ranged between
0.01-1.07 µg-at N/l (mean 0.21 µg-at N/l) and were elevated in the bottom depth (Fig.12). Silicate ranged from
1.51-21.44 µg-at Si/l, with a mean value of 7.97 µg-at Si/l
(Fig.13). Silicates presented the higher concentrations in
the surface waters and the lower in the depth of 5 m were
the mussel longlines are located. Mean values of nutrients
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were slightly elevated in the stations with the mussel
farms (M1-M3) compared to station M4 outside of them.
However, nutrient values are rather low for a mariculture
area. It seems that nutrients are removed from the water
column or, during the stratification period, the cultures are
isolated from the bottom nutrients. The impact on nutrient
levels is one of the different environmental effects of fish
farming (high input of nutrients) and mussel cultures (high
biodeposition), [11]. Large increases in the density of bi-

valves may change the patterns of nutrient distribution and
recycling within an embayment [3]. Chlorophyll α values
were extremely low and ranged from 0.01-0.2 mg/m3 (Fig.
14). The removal of phytoplankton from the water column
in the mussel farms is an important issue in setting thresholds for the environmental parameters, in order to support
ecological quality and good growing conditions for the
mussels [12].

TABLE 1 - Summary statistics for the chemical parameters, chlorophyll α
and the hydrographic parameters inside the mussel farms in NW Thessaloniki Gulf.
Parameter

min

max

mean

median

s.d

D.O (ml O2/l)
Suspended
Solids (mg/l)
Silicate
(µg-at Si/l)
Phosphate
(µg-at Pi/l)
Nitrate
(µg-at N/l)
Nitrite
(µg-at N/l)
Ammonia
(µg-at N/l)
Chlorophyll α
(mg/m3)
Salinity ‰
Temperature oC
Density
(kg/m3)

1.8
11

6.2
343

4.13
40.31

4.06
26

0.92
56.17

1.51

21.44

7.97

7.13

4.63

0.01

1.02

0.25

0.14

0.24

0.13

9.81

2.34

2.09

1.77

0.01

1.07

0.21

0.09

0.24

1.50

15.14

5.02

4.36

2.68

0.01

0.20

0.04

0.03

0.04

28.41
7.09
1017.88

37.60
27.65
1028.70

35.28
17.11
1025.53
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FIGURE 3 - Temperature variation in the four stations, in the three different depths.
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FIGURE 4 - Salinity variation in the four stations, in the three different depths.
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FIGURE 5 - The variation of density values in the four stations, in the three different depths, during the sampling period.
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FIGURE 7 - Variation of the concentration of suspended solids among the depths and the sampling locations.
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Principal component analysis revealed that the first
two major axes explained the 54.5% of the total variation
(Fig. 15). Ammonium, silicate and phosphate are important in the formation of the first major component
(30.1%) because their correlation coefficients with that
axes approach the values 0.79, 0.71 and 0.68 respectively.
Nitrite forms mainly the second axis (24.4%) showing a
positive correlation of 0.809. The length of the arrows
indicates the magnitude of the variable effect and the
angle between arrows indicates the strength of the correlation between variables (0o and 180o equals to ±1.00
and 90o to zero correlation). Samples close to an arrow
(compare the corresponding quartiles of figures a and b)
indicate particular effect of the corresponding variable.
Thus, nitrate and silicate appear in high concentrations in
May and correlate strongly negatively with chlorophyll
abundance rich in February and January. Nitrite is highly concentrated in January, whereas high values of phosphate and ammonia, positively correlated each other, are
indicative at depths higher than 10m. Low values of the
last two variables appeared in summer (July and August).

ed system that affects the water quality. The low values of
dissolved oxygen are characterized as hypoxia and may
cause adverse impacts in the marine organisms. Low values
in phytoplankton biomass, expressed as chlorophyll α were
measured, a common environmental impact of bivalve
cultures related to the high filtration rates of the water. Nutrient values were elevated near the bottom and at normal
to low levels in the water column. This fact is attributed to
the stratification of waters and the isolation of the water
column from the sediments nutrients. The station that is
located outside the longlines, presented lower values of
nutrients. Ammonia, silicate and phosphate are mainly
responsible for the variation among the measured parameters.
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ABSTRACT
The effects of Pb and Zn on protonemal morphogenesis and ultrastructure were studied in two populations of
the toxic-tolerant moss Funaria hygrometrica Hedw., one
from a mining site with Pb and Zn pollution (A population) and the other from an unpolluted site (B population).
Spores from the two populations were cultured in Mohr
modified liquid medium either without heavy metals (control) or with the addition of both Pb and Zn nitrate 10-5 M.
The responses to heavy metals were evaluated on the basis
of the following parameters: percentage of germination,
protonemal growth, structural and ultrastructural changes.
Under control conditions a high frequency of spore
germination (90-95%) and comparable appearance of the
protonemata from both A and B populations were shown.
When grown in medium additionated with heavy metals,
the protonemata from A population showed no severe alterations relative to the control; in contrast, the samples from B
population showed severe alterations. The structural and
morphogenetic alterations observed might reflect heavymetal-induced disturbances in the microtubule cytoskeleton. In protonemata from A population X-ray TEM microanalysis revealed Pb and Zn essentially in vacuoles and cell
wall, whereas these two elements were also detected in
other cell compartments including plastids, and the nucleus
in protonemata from B population. Cell wall and vacuolar
compartmentation might account, at least in part, for the
higher tolerance to heavy metals shown by the A population relative to B population.

KEYWORDS:
Funaria hygrometrica, heavy metal tolerance, ultrastructure, transmission electron microscopy (TEM); X-ray microanalysis.

INTRODUCTION
F. hygrometrica is a moss particularly resistant to
pollution and frequently colonizes mine sites on soil with
high contents of toxic metals such as Pb, Zn and Cu; in
addition, F. hygrometrica is one of the few moss species
able to reproduce sexually, forming abundant sporophytes
in polluted areas [1]. Coombs and Lepp [2] reported that
Cu and Zn induced the development of brood cells in protonemata of F. hygrometrica; these are ovoid cells developing from protonemal cells under unfavourable conditions
and functioning as highly resistant vegetative propagules
[3]. Atomic absorption spectroscopy (GFAAS), inductioncoupled plasma spectroscopy (ICP-AES) and X-ray microanalysis applied to SEM and TEM demonstrated that in
plants of F. hygrometrica collected on tailings from Pb and
Zn mines or cultured in vitro on a medium additionated
with these metals, the placenta effectively prevents metal
translocation from the gametophyte to the sporophyte, thus
preserving reproductive tissues from toxic effects [4, 5]. In
the same species, Pb was found to have similar disruptive
effects as colchicine on protonemal morphogenesis [6] and
to induce a significant increase in the relative amount of
G+C-rich repetitive DNA sequences [7].
In this study we analysed the combined effects of Pb
and Zn on protonemal morphogenesis and ultrastructure

1957

© by PSP Volume 17 – No 11b. 2008

Fresenius Environmental Bulletin

in samples of F. hygrometrica from two natural populations, one living in a mining site heavily polluted with these
two metals and the other from an unpolluted control site.
The aim of this study was to verify if the two populations
had different levels of tolerance to the combined effects of
Pb and Zn contamination. The following criteria were used
to assess the moss responses to the metals: percentage of
spore germination, protonemal growth parameters, structural and ultrastructural changes. The cellular localization
of the metals was assessed by TEM X-ray microanalysis.

After 7, 14 and 21 days in culture the protonemata from
A and B populations grown in heavy-metal-additionated
medium were carefully rinsed with distilled water and
transferred to heavy-metal-free medium to assess the reversibility of the induced damages.
Spores and protonemata from A population are indicated as A spores and protonemata; spores and protonemata
from B population are indicated as B spores and protonemata.
Light microscopy

MATERIAL AND METHODS
Plant material

Funaria hygrometrica Hedw. is an acrocarpous, terricolous, cosmopolitan moss forming small turfs and
showing optimum growth on soils with high concentrations of mineral nutrients and alkaline pH [1].
Samples collected from the contaminated site (A population)

Samples of F. hygrometrica Hedw. were collected from
tailings in Italy’s largest Pb- and Zn-bearing area, the Inglesiente, in south-eastern Sardinia (8° 30’ 39’’ E, 39° 18’
27’’ N). The area contains dolomite and limestone layers
mineralized with Pb, Zn, Fe, and Ag sulphides and oxides.
The landscape has been profoundly modified by intense
mining activity. The samples from this area are indicated as
A population.
Samples collected from the uncontaminated site (B population)

Samples of F. hygrometrica Hedw. were collected
in the Reforestation Reserve at Castel Volturno (Caserta,
Southern Italy). The area consists of a flat coastal strip
covered with low Mediterranean maquis. In this site F.
hygrometrica is abundant due to the favourable type of
substrate (dune sand) and the frequent occurrence of nutrient-rich burned areas. The samples from this site are indicated as B population.
Heavy metal treatment

Mature capsules from A and B populations of F. hygrometrica were surface-sterilized with 70% ethanol for
2 minutes and 2% NaClO with the addition of a few drops
of Triton X-100 for 5 minutes. Subsequently, the capsules
were washed for 10 minutes with sterile distilled water and
their spore content was suspended in distilled sterile water
(10 capsules/3 ml of solution). Aliquots (1 ml) of spore
suspension were inoculated in modified Mohr medium [8],
pH 7.5 (KNO3 100 mg, CaCl2 .4H2O 10 mg, MgSO4 10mg,
KH2PO4 136 mg, FeSO4 0.4 mg and 1 ml of BBM (Bold
basal medium) solution [9] to 1000 ml distilled water) with
or without (control) the addition of Pb(NO3)2 and Zn(NO3)2
-5
at 10 M. The cultures were kept in a climatic room with a
13/20 °C night/day temperature regime, 70% constant relative humidity, and a 16 h light (450 µ mol m-2 s-1)/8 h dark
photoperiod.

A Leitz Aristoplan microscope equipped with differential interference contrast optics (Nomarski) was used
for light microscopy. The percentage of spore germination
and the following parameters characterizing protonemata
growth were considered: number of cells of the main filament, types of filament produced, order of side branches,
number of cells of 1st- and 2nd-order branches, plastid distribution, septa orientation in the main filament and formation of asexual diaspores (brood cells and gemmae).
Electron microscopy

A and B protonemata cultured for 15 days in medium
without (control) and with Zn and Pb were examined by
transmission electron microscopy (TEM) to assess the induced ultrastructural changes and the cellular localization
of these metals. Conventional electron microscopy was performed as reported in detail in a former paper [4]. The observations were carried out on a PHILIPS CM12 microscope
(STEM) and a PHILIPS EM 208 S microscope (TEM).
X-ray TEM microanalysis

Heavy-metal localisation was performed by X-ray TEM
microanalysis on treated and untreated protonemata of A
and B populations after 15 days in culture. After thoroughly
washing in distilled water for 15 minutes with several
changes, to eliminate unbound Pb and Zn, the specimens
were prepared for TEM as for conventional observation,
but post-fixation with osmium tetroxide was omitted. Unstained thin sections (70-90 nm) were mounted on
formvar-coated 100-mesh nylon grids and analysed in a
PHILIPS CM12 microscope (STEM) fitted with an energy
dispersive X-ray spectrometer. The accelerating voltage
was 40 kV and the specimen probe size was 50 nm in
diameter. The mean count rate was 800-1000 counts s-1
and the take-off angle 35°. X-ray counts were made over
a counting time of 100 s. Thirty cells from at least 3
different blocks were analysed for each specimen.
Statistical analysis

Mean values ± SD of the examined parameters were
calculated on 9 replicates for each specimen (control and
heavy-metal-treated A and B protonemata, each after 7, 14,
and 21 days in culture). The significance of differences between the measured parameters was assayed by Student's
t test (p<0.05).
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RESULTS AND DISCUSSION

protonemata also showed earlier development of brood cells
(Table 1 and Fig. 14).

Light microscopy observations
Control spores and protonemata

Spore germination and protonemal development in
metal-free medium of A and B samples followed the typical pattern described in the literature for F. hygrometrica
[6, 10]. Shortly, spore germination produced a chloronemal filament of relatively short cells with transverse
cross walls, a large central vacuole and numerous rounded
plastids scattered in the peripheral cytoplasm. Bipolar
germination, with production of a second type of filament with transverse cross septa, referred to as the rhizoid or rhizonema, was also observed occasionally.
Initial protonemal growth involved chroronemal elongation by tip growth and formation of numerous side
branches from subapical cells. After a few days in culture
the chloronemata formed caulonemal filaments, consisting
of long cells with oblique cross walls and brownish longitudinal cell walls. Further distinctive features of caulonemal filaments include the long apical cell with a
prominent hyaline tip (apical exclusion zone) and, in mature subapical cells, spindle-shaped chloroplasts aligned in
longitudinal strands and the lack of large vacuoles (Figs.
1-3) Brood cell formation was not observed within the first
21 days in culture, whereas brood cells were abundant in
2-, 3-month old cultures.
Heavy metal-treated A and B spores and protonemata

Several alterations were observed in protonemal development from B spores in heavy metal-containing medium
(Figs. 4-13). Percentage of spore germination (< 50%),
overall protonemal length, number of cells per protonemata
and cellular sizes were lower than in control (Table 1). No
clear differentiation of the protonemata in chloronemal and
caulonemal filaments was apparent any more and several
aberrant forms were observed, such as abnormal germination of spores (Figs. 4, 5), forked or swollen apices in both
the main filament and lateral branches (Fig. 6, 7), loss of
the apical exclusion zone (Fig. 8), occurrence of cells with
bulge and swollen lateral branch (Fig. 9), development of
both transverse and oblique cross walls in the same filament and loss of the highly ordered three-dimensional arrangement of chloroplasts (Fig. 10). The protonemata developed brood cells already after 14 culturing days, both
along the main filament and side branches (Figs. 11, 12);
after 21 culturing days filaments entirely made of brood
cells were of common occurrence (Fig. 13, Table 1).
Heavy metal-treated A spores showed a slight reduction of germination percentage (85%). In comparison to
control, A protonemal cells were only shorter and nearisodiametrical, but no severe alterations were found. The
developmental pattern of A protonemata was similar to
control, but a delayed development with a late production
of gemmae was shown. In addition heavy metal-treated A

The morphological alterations observed in B specimens disappeared completely within 10 days after the
specimens had been transferred to metal-free fresh medium.
The brood cells, from either heavy metal-treated samples or
aging cultures, produced protonemata comparable to control when cultured in metal-free fresh medium.
Electron microscopy observations and heavy metal localization
Control protonemata

In control conditions, chloronemal cells had a spheroidal nucleus located in the peripheral cytoplasm of the
cells. Most of the cell lumen was occupied by a large vacuole with scattered electron-opaque deposits. The cytoplasm
contained numerous ovoid chloroplasts with abundant starch
deposits and a well-developed inner membrane system,
several mitochondria, elements of smooth and rough endoplasmic reticulum, and few dictyosomes (Fig. 15). Mature
caulonemal cells, surrounded by thick longitudinal cell
walls, had spindle-shaped chloroplasts aligned in longitudinal strands and lack large vacuoles.
Protonemata cell walls showed a typical multilayered
fibrillar structure.
Heavy metal-treated A protonemata

Apart from the appearance of numerous small vacuoles
or microvesicles, some with a transparent content, others
with a from slightly to strongly electron-opaque content,
Pb and Zn treatments had no severe effects on the fine
structure of protonemal cells (Fig. 16). Cell walls showed
no alteration with respect to the control. The chloroplasts
were intact, but tapering and thin in the shape; the
thylakoid system was unchanged (Fig. 16). X-ray microanalysis localised Pb in the cell walls and both Pb and Zn
in the vacuoles.
Heavy metal-treated B protonemata

Pb and Zn induced pronounced ultrastrucutral alterations in B protonemata. The longitudinal walls showed
areas where the typical multilayered structure and the regular texture of microfibrils had been replaced with electronopaque patches of coiled microfibrils embedded in a moderately opaque matrix (Figs. 17, 18). Many small electrondense vesicles could be seen. The chloroplasts were swollen, cup-shaped or irregularly bulged and contained dilated thylakoids (Fig. 19).
TEM X-ray microanalysis revealed the presence of Pb
and Zn in the plastids, vacuoles and nucleus; Pb was localised also in the cell wall (Fig. 20).
The most visible effect of heavy-metal-treatment on
B spores and B protonemata was a decreased growth compared to the control. A significant reduction was observed
in all growth parameters considered: percentage of spore
germination, number of cells per filament, total length of

1959

© by PSP Volume 17 – No 11b. 2008

Fresenius Environmental Bulletin

filaments and side-branch growth. As observed for cadmium contamination [11], this general inhibition is proba-

bly an indirect consequence of the toxic effects of Pb and Zn.

PLATE 1 - Light microscopy micrographs of F. hygrometrica spores and protonemata cultured in heavy metal-free (control) (Figs. 1-3) and
in Pb- and Zn-added medium (Figs. 4-14). Figs. 8, 10, 12 Light microscopy with conventional illumination. Figs. 1-7, 9, 11 and 13-14 Phase
contrast micrographs.
FIGURE 1 - Normal germination pattern of a B spore after 3 day-culture. The spore is characterised by a marked cell polarity and forms a
germinating, cylindrical tube. x 300.
FIGURE 2 - Apical cell from B chloronemata after 7 day-culture. x 300.
FIGURE 3 - Apical cell from control B caulonemata after 14 day-culture. x 300.
FIGURE 4 and 5 - Abnormal germinating B spores after 14 day-culture. x 500.
FIGURE 6 and 7 - Forked apices after 21 day-culture in B protonemata. x 440.
FIGURE 8 - Swollen apex and lost of apical exclusion zone in B protonemata after 21 day-culture. x 450 .
FIGURE 9 - A bulge and a swollen lateral branch occurring in an intercalary cell of a B protonemata after 21 day-culture. X 280.
FIGURE 10 - B protonemata showing altered chloroplast arrangement and lacking of cell polarity after 21 day-culture. The protonemata
shows no-uniform cell diameter along the filament, organelles clustered in patches and presence of both transverse and oblique septa in the
same filament. x 440.
FIGURE 11 - B protonemata developing brood cells along both the main filament and the side branches after 14 day-culture. x 320.
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FIGURE 12 - Formation of abnormal, swollen, spherical cells, sometimes developing into brood cells, in B protonemata after 14 day-culture.
x 220.
FIGURE 13 and 14 - Brood cells after 21 day-culture in B (13) and A (14) protonemata. x 300.

15

16

18

17

19

PLATE 2 - TEM micrographs of F. hygrometrica protonemata cultured in heavy metal-free (control) (fig. 15) and in Pb- and Zn-added
medium (fig. 16-19).
FIGURE 15 - Appearance of a B chloronemal cell cultured in heavy metal-free medium (control). Shortly cylindrical cells surrounded by a
typical fibrous wall and chloroplasts distributed in rows beneath the cell wall are shown. Chloroplasts are discoid to spindle-shaped, with a
well-developed lamellar system, some plastoglobuli and prominent starch grains. 10,000x.
FIGURE 16 - Chloronemal cell in Pb- and Zn-treated A protonemata. Specimen shows well preserved endomembrane system, chloroplasts
and mitochondria; chloroplasts are tapering and thin or irregularly bulged in correspondence with large starch grains. Thylakoids are intact
and arranged in parallel rows or single or forming grana made of several thylakoids. Mitochondria have slightly swollen or tubular-like
cristae. Numerous small vacuoles, some of them with a clear content, others with a content from slightly to strongly electrondense, are present. 14,000 x.
FIGURE 17 and 18 - Micrographs taken from unstained and osmium-free B protonemata.
FIGURE 17 - Cell wall protuberances, occasionally with considerable dimensions, occurred. In these areas the lamellate cell wall structure
appears disintegrated at all and was replaced by masses of coiled microfibrils, which could be clustered into electron dense patches and
embedded in a moderately electron dense matrix. 26,000 x.
FIGURE 18 - Cell wall with profound alterations of the microfibril orientation next to areas with an obvious parallel texture. 10,000 x.
FIGURE 19 - B protonemata cell showing a cup-shaped chloroplast. 16,000 x.
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FIGURE 20 - X-ray TEM microanalysis spectrum acquired on a chloronemal cell of Pb- and Zn-treated B protonemata. The spectrum was
acquired on the cell wall of non-osmicated and non-stained samples; Pb and Zn peaks are shown. The peak energies for the elements are the
following: Pb (Lα) 10.540 KeV, Pb (Lβ) 12.612 KeV, Pb (Lγ) 14.762 KeV, Pb (Mα) 2.340 KeV; P (Kα) 2.013 KeV, P (Kβ) 2.140 KeV; Zn
(Kα) 8.637 KeV; Cl (Kα) 2.622 KeV; K (Kα) 3.313 KeV; Ca (Kα) 3.691 KeV.
TABLE I - Protonemata development .
7 days

control
92 ± 1.5 %
2.8 ± 0.6
chloronemata
transverse

Heavy metal-treated B spores and
protonemata
53 ± 0.6 %
1.5± 0.5 %
protonema*
Transverse or oblique

Heavy metal-treated A spores
and protonemata
85 ± 0.8 %
2 ± 0.5
chloronemata
transverse

percentage of germination
n° of cells of the main filament
kind of filaments
septa orientation in the main
filament
order of SB
n° of cells of I order SB
n° of cells of II order SB
shape of plastids
brood cells

spindle-shaped
-

amoeboid
-

discoid
-

14 days

control
95.5 ± 2.5 %
15.3 ± 1.8
chloronemata and caulonemata
transverse

Heavy metal-treated B spores and
protonemata
57.5 ± 1.9 %
7.2 ± 0.8
protonemata*
transverse and oblique

Heavy metal-treated A spores
and protonemata
92.5 ± 3.3 %
11.5 ± 1.3
chloronemata and caulonemata
transverse

percentage of germination
n° of cells of the main filament
kind of filaments
septa orientation in the main filament
order of SB
n° of cells of I order SB
n° of cells of II order SB
shape of plastids
brood cells

I and II
4 ± 0.8
1 ± 0.5
spindle-shaped
-

spindle-shaped/discoid/ amoeboid
++

I and II
4 ± 1.7
1 ± 0.5
spindle shaped
++

21 days

control

Heavy metal-treated B spores and
protonemata
58 ± 3.8 %
10.4 ± 3.2
protonemata*
transverse and oblique

Heavy metal-treated A spores
and protonemata
92.5 ± 4.2 %
16.5 ± 2.8
chloronemata and caulonemata
transverse

percentage of germination
95.5 ± 4.0 %
n° of cells of the main filament
21.3 ± 3.4
kind of filaments
chloronemata and caulonemata
septa orientation in the main filatransverse
ment
order of SB
I and II
I
I and II
n° of cells of I order SB
6.8 ± 2.5
2.4 ± 0.8
5.3 ± 1.8
n° of cells of II order SB
2 ± 0.5
2 ± 0.5
shape of plastids
spindle-shaped
spindle-shaped/discoid7amoeboid
spindle shaped
brood cells
++
++
gemmae formation
7± 2.5 per caulonema
* The word “protonemata” was used where it was not possible to distinguish between caulonemata and chloronemata, because of cytological alterations,.
The reported data are means ± SD.
- = absence; + = presence; ++ = numerous.

More specific alterations, notably the altered side
branching pattern, the appearance of swollen and forked
apices, the abnormal cross-wall orientation, the loss of the
apical exclusion zone and the loss of the typical spatial
arrangement of organelles (notably plastids and nucleus)
are possibly due to adverse effects of the metals on the
cytoskeleton [6, 12]. In previous studies it was shown that
Pb disrupted the microtubular cytoskeleton in F. hygrometrica protonemata, and caused morphogenetic alterations
similar to those associated with colchicine treatment, including disassembly of the spindle and altered segregation
of the chromosomes during nuclear division [6, 13]. The
reduction in the number of cells observed in heavy-metaltreated B protonemata could therefore reflect inhibition of
cell division by the metals. Combined together the alterations induced in B protonemata by Pb/Zn treatment resulted

in the suppression of protonemal differentiation into chloronemal and caulonemal filaments. Therefore we prefer to
use the generic term protonemata when referring to heavymetal treated B samples.
At the ultrastructural level, the major targets of Pb and
Zn toxic action were the cell walls and chloroplasts. Similar
cell wall alterations as those observed in F. hygrometrica
after exposure to inorganic Pb and Zn, have been reported
in internodal cells of the green alga Chara vulgaris [14],
maize coleoptile cells [15] and lily pollen tubes [16] exposed to organic Pb. It has been suggested that cell wall
alterations induced by Pb were not the result of a direct
binding of metals to wall components, but the consequence
of disturbances of various metabolic processes involved in
the synthesis, translocation and/or deposition of cell wall
material [14]. This hypothesis is consistent with the
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demonstration that Pb interferes with the assembly and
three-dimensional organization of the microtubular cytoskeleton [6, 13].

in the liverwort Solenostomum crenulatum [22] and in the
mosses Funaria hygrometrica [21] and Ceratodon purpureus [23].

Although apparently different from adverse effects
involving the cytoskeleton, the structural alterations in the
chloroplast thylakoid system probably depend on the same
ultimate cause, i.e. the ability of heavy metals to bind to
protein structures and interfere with their normal functioning, sometimes also inducing oxidative damages [14].
Among the few changes observed in A protonemata after
Pb and Zn treatments is the appearance of numerous small
vacuoles with an elecron-opaque contents. TEM X-ray microanalysis has shown that these are the only intracellular
component where Pb and Zn are localized in A protonemata, whereas in B protonemata the two metals are also
found in other cellular sites including plastids and the nucleus. This might account for the different degree of tolerance of Pb and Zn in the two populations: metal sequestration in the vacuoles, combined to Pb binding to cell
wall, is likely to reduce the amounts of metal ions present
in the cytoplasm, thereby attenuating or preventing toxic
effects on more sensitive targets. Plants have an efficient
defence mechanism to neutralise the deleterious effects of
heavy metals. This system is constituted primarily by phytochelatins (PC), small peptides with a molecular mass of
about 2–3 kDa, which bind heavy metals and transport
them into vacuoles [17]. Low-molecular weight metal complexes were also found in the freshwater moss Rhynchostegium riparioides [18] and in the liverwort Lunularia
cruciata [19].

Finally in F. hygrometrica it was demonstrated that Pb
induced an increase of number and size of repetitive DNA
agglomerates, which could be regarded as an early signal of
environmental stresses and can work as a mediator of
biological responses [7]. Induction phenomena, probably
mediated by an early sensor such as the repetitive DNA,
may be involved in such resistance.
Further investigation is needed to understand more
about the mechanisms underlying heavy-metal tolerance
in organisms adapted to polluted habitats.

After Pb- and Zn-treatment A protonemata showed
tapering and thin chloroplasts, with intact thylakoids. Similar chloroplasts were observed in spinach and tomato plants
with Zn-induced iron deficiency [20]. We can consider
such chloroplast shape as a consequence of a perturbation
of cation exchange induced by heavy metal-treatment. Furthermore delayed gemmae development of heavy metaltreated A protonemata could be related to survival in
polluted environments: Shaw [21] showed that samples
from polluted sites, such as mines, showed persistence of
the protonemal phase, which seems to be important for
adaptation to such polluted soils.
CONCLUSION
The Funaria population from the Pb- and Zn-polluted
Inglesiente mine area displayed a high tolerance to the
combined adverse effects of these metals, whereas a natural
population from a non-contaminated site was remarkably
less tolerant, although in both cases the protonemata quickly
recovered normal development when transferred to metalfree medium. Since the protonemal systems used in this
study were obtained from spores and not by vegetative
reproduction from adult plants, it appears likely that the A
population is a genetically specialized ecotype as described
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ABSTRACT
Between 1970-2005, 936 floods occurred, 17664393 ha
agricultural land was damaged, and 604 people lost their
lives, in Turkey. The floods have been mostly recorded in
the Sakarya basin, selected as study area. In order to analyze all kinds of changes in the study area, SPOT XS (20
m) and SPOT PAN (10 m) satellite sensor images within
the years of 1999 and 2006 were used. Land-use/cover
of the region was evaluated from satellite images. Obtained classification results were verified by the field study.
Topography and the drainage qualities of the land were analyzed by DTM, produced from topographic maps of scale
1:25 000. In addition, meteorological data were collected
and included as inputs to the system. The parameters of
the basin were modeled with the Hydrologic Engineering
Centers River Analysis System (HEC-RAS) software. At
the end of the modeling, areas under flood risk in the study
area and land-use/cover were calculated to be 39.5 km2.
When the results were examined, 6.2 km 2 of the risky
areas were evaluated as residential, and the rest as agricultural areas.

KEYWORDS:
Remote Sensing, flood, Sakarya, HEC-RAS.

INTRODUCTION
Floods are among the most serious natural disasters
that engender loss of life and property. It is impossible to

prevent flood disasters only due to meteorological phenomena. Especially in the developing countries like Turkey
being still on the way to economical development, urbanization, triggered by industrialization and sector diversity,
greatly increases the variety and intensity of human activities in several fragments of river basins. This fact annihilates the hydrological stability in the entire basins leading
to devastating floods, resulting in vast amounts of life and
property losses. The land-use changes observed by the construction of new residential areas, and transportation network extending in the river basins, are important outcomes
of rapid and uncontrolled urbanization, which also drastically destroys meadows and forests. Such activities, together with the intensive use of improper agricultural methods, accelerate intensity and damage of floods.
Natural disasters can nowadays be evaluated and contingency plans and mitigation programs can be prepared,
prior to a new event by means of Remote Sensing (RS) technology utilizing satellite images via extracting necessary data
and executing necessary risk analysis. RS provides a reliable and cost-effective way for field data collection, allowing for continuous and large-area coverage of many variables.
For the last two decades, advancement in the field of
RS and Geographic Information System (GIS) have greatly
facilitated the operation of flood mapping and flood risk
assessment [1]. The main advantage of using GIS for flood
management is that it not only generates a visualization of
flooding, but also creates potential to further analyze this
product to estimate probable damage due to floods [2, 3].
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The aim of this study is to evaluate the flood risk analysis
(an important issue) in Sakarya sub-basin using RS and
GIS. In the study area, a hydrological model is developed on
the possible areas under flood risk, and related environmental effects were analyzed.
THE STUDY AREA
Sakarya is one of the 81 provinces of Turkey located
in the Marmara region. Between 1970-2005, 114 floods
occurred in this basin, 8 644 ha of agricultural land was
flooded and 19 people lost their lives [2]. The total area of
Sakarya Basin is 58 160 km2 addressing to 7.5% overall
surface area of Turkey. The study area includes the province of Adapazari, which has earthquake-induced residential areas, as well as industrial and fertile agricultural lands.
The North Anatolia Fault Zone (NAFZ), which is still
active, is also passing through this area.
Due to interesting geomorphological and variable environmental properties of Adapazari plain and its periphery, many studies have been conducted in the area. In these
studies, the earthquakes and their impacts were generally
the highly focused topics due to the location of the site on
NAFZ [4]. Besides, Sakarya River increased the importance of geophysical, geological, biological and environmental research due to the tectonic properties of the
site. The Sakarya River is 510 km in length and 60-150 m
in width, with a drainage area of 58 160 km 2. The area
includes the Sakarya sub-basin that has a drainage area of
1 657 km2 (Fig. 1).

slope of 0.078 % from south to north. The Digital Terrain
Model (DTM) was produced from topographical maps,
which have a scale of 1:25 000. DTM was used as an
input data for hydrological modeling.
Due to its location, Turkey has typical properties of the
northern hemisphere. The northern hillsides are under the
influence of sun-based radiation higher than the southern
ones, in which plant water consumption and water loss
due to evaporation increase.
Geological properties and lithological content have an
inferential effect on flood formation, and approx. 65% of
the sub-basin is in the flood plain. The transition of the
northern basin, the edge of the plain, is slope-unbroken or
graded. In the north, this transition is sharper having more
slope cracks with clear boundaries constituting the lower
places of basin elevation, and helping to accumulate basin
edge water. The basin is warped in different directions due
to swirling and cracking motions. Thus, its basin area has a
slope towards the Black Sea [5].
In the study area, almost all the residential areas settled on sediment deposits are to be found from Izmit to
Hendek. Since new-borne sediments with high groundwater
level have formed the basin, the intensity of a possible major earthquake will increase in the basin`s region.

The Sakarya sub-basin is located in the Eastern Marmara region and in Sakarya province. The Kocaeli Plateau
is in the northwest of the basin with heights of 100-250 m,
within Camdag Mountain with boundaries up to 900 m
heights. In the south of the basin, there are Samanli and
Keremali - Almacik Mountains. Besides, the basin has a
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FIGURE 1 - The study area.

DATA AND METHODOLOGY
For the analysis of flood risk assessment, 1:25 000scaled topographical maps, SPOT satellite images, and
maximum discharges between 1953-1980 were used. Digitized topographical maps were used for analyzing the terrain
and geometric structure of the Sakarya River. In order

to analyze the land-use/cover and spatial changes, SPOT
XS (20 m) and SPOT PAN (10 m) satellite sensor images
within 1999-2006 were used. The detailed flow chart used
in the study is given in Fig. 2. ISODATA unsupervised
classification method has been used for classification of the
satellite images [6]. Statistical results of classification are
given in Table 1.
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1/25 000-Scaled Topographic Maps

SPOT Satellite Images

Digital Terrain
Model (DTM)

-River
-Bank
-Flowpaths
-Cutlines
-Land- use

GIS Project

GIS Data Production
(RAS Geometry)

Hydrological Model

Creation of RAS
GIS Data

- Flow direction
- Flow accumulation
- Stream delineation
- Watershed delineation
- Watershed polygon processing
- Stream polygon processing
- Watershed aggregation

- Creation of a new project
- Importing RAS GIS data
- Completion of geometric hydraulic
structure and flow data
- Flow computation in HEC-RAS

RAS Project

Creation of RAS
GIS Data

RAS Mapping

Flood Mapping

FIGURE 2 - Flow chart of the methodology used.

TABLE 1 - Classification results.
Land-use
Residential Areas
Agricultural Areas
Forests
Others
Total

1999 (ha)
3115
54165
91538
16882
165700

2006 (ha)
4885
49951
90504
20360
165700

Hydrological parameters were constituted by using RSdata and GIS. In the hydrological modeling, most of the
parameters have the characteristics of random variables
that cannot be fully expressed by physical laws. The most
important reason for this fact is the random variety of the
rainfall. Therefore, randomness is also observed in the discharge variables.
The random characteristics of the hydrological system, sampling errors in hydrological data, and the errors
in the model, were accepted as hydrological period results

in the random variation of the hydrological parameters. If
the random variation of a hydrological parameter is not
important, this randomness can be ignored and a deterministic approach can be used, with average values for
evaluation. However, for parameters such as flood discharge, this approach may not be meaningful. In this situation, probability theory and statistical evaluations can
be used in the analysis. Flood discharge distribution models are used to evaluate the proper distribution functions
for flood discharges that have a special importance in the
hydrological design, and to predict the flood discharge

1968

© by PSP Volume 17 – No 11b. 2008

Fresenius Environmental Bulletin

that corresponds to the afore-mentioned return range of
the project. The values of the hydrological data for the
future are determined by the frequency analysis.
In this study, 28-years data were used obtained from
Sakarya sub-basin discharge recordings. Thus, the flood discharges having 5, 10, 20 and 100-years return periods are
calculated using Log Pearson Type III probability distribution functions [7] (Table 2).

By using HEC-GeoRAS that is the extension of Arc
GIS 9.2, the TIN (Triangulated Irregular Network) model,
river geometry and river cut-lines were formed in order to
obtain the flood model (Fig. 3). Manning roughness coefficients within cut-lines are gathered from the land use/
cover classification of SPOT satellite images (Fig. 4).
RESULTS

TABLE 2
Flood discharges having 5, 10, 20 and 100-years return periods.
T
5
10
20
100

σ
0,224
0.224
0.224
0.224

Cskew
-0.227
-0.227
-0.227
-0.227

K
0.85
1,258
1.586
2.178

ZT
2.557
2.648
2.722
2.854

The flood risk model was obtained by a hydraulic program, HEC-RAS, and then flood risk maps with a return
Q (m /s)
period of 5 and 100 years were attained (Fig. 5). In the
360.68
study, the possible flood risk areas, having 100-years re445,09
turn periods, are then evaluated using the model.
527.07
3

715.12

T is return period, σ is the standard deviation of the flood discharges,
Cskew is the skewness coefficient, K is the flood frequency factor, ZT is
the Log Pearson Type III distribution function, and Q is the calculated
flood discharge.

Residential and agricultural areas that under the flood
risk are displayed on Figure 6. Consequently, the total flood
area under the risk is calculated as 39.5 km2. 6.2 km2 for
this risky area is residential and rest of them is agricultural areas.

SAKARYA RIVER

FIGURE 3 - River geometry and cut-lines.
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Residential Areas

Agricultural Area1

Agricultural Area2

FIGURE 4 - Classification results and cut-lines.

FIGURE 5 - Flood risk maps with return periods of 5 and 100 years

1970

Cutlines
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Flooded area
ADAPAZARI

Sapanca
Lake
AKYAZI

FIGURE 6 - Flooded area covering residential and agricultural areas on SPOT image.
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ABSTRACT

INTRODUCTION

In this paper, we propose a different kind of biomarker
for environmental stress presenting new and important advantages: the repetitive/non-coding DNA. This is DNA that
is not even transcribed, but that reacts to environmental
stresses by selective amplifications of some of its sequences. This DNA reaction is immediate and quantitatively
significant: it is a preliminary response of DNA to stresses,
a response that is preparatory to other successive molecular events. Our idea is to exploit such a genomic “alarmbell”, in order to develop a new and earlier kind of biomarker.

The use of biomarkers for environmental pollution
analysis presents undoubted advantages. Nevertheless, at
the present time, these bio-technologies still have many
limits. In particular, as far as the genome is concerned, the
biomarkers in use today often indicate the presence of stress
effects too late in time, when the possible negative influence of the environmental pollution is no longer reversible. For this reason, it would be very interesting to be able
to identify the effects of environmental pollution on an organism, at the genome level, but at an earlier phase with
respect to the biomarkers currently in use.

In this context, we propose to utilize the repetitive DNA
of the Bryophytes: in fact, the peculiar structure of their
genome allows detection of the repetitive DNA variations
directly in situ, by rapid and inexpensive cyto-molecular
techniques. In particular, we have analysed the cadmium or
lead-induced repetitive DNA behaviour in Funaria hygrometrica using different experimental approaches. The cytomolecular results showed that lead or cadmium stress induces a selective G-C-rich repetitive DNA amplification
that is proportional to the time of moss exposition to metals, and that stops after removing the metals from the culture medium. Biochemical analyses showed that this metalinduced repetitive DNA is only partially made up of ribosomal DNA sequences. Finally, TEM X-ray microanalyses have shown that the metals are able to enter the
nucleus and locate precisely in the heterochromatic areas
of DNA. Present data show that the exploitation of repetitive/non-coding DNA as a biomarker could open the way
to a new, earlier, rapid, inexpensive and meaningful monitoring of environmental pollution effects.

Some recent knowledge may be helpful in this sense.
It has been seen, in fact, that one of the first reactions of a
plant to environmental stresses is a modulation of a peculiar fraction of its genome, the repetitive/non-coding DNA
(or, from a cytological point of view, the “constitutive heterochromatin”). This is DNA that does not seem to be even
transcribed, and that in the past has often been undervalued
to the point that, although rather abundant both in animals
and plants, it has been called “junk” or “selfish” DNA [1].

KEYWORDS: Environmental pollution, heavy metals, biomarkers,
repetitive/non coding DNA, Bryophytes

The above-mentioned repetitive/non-coding DNA reacts to the external stimuli by peculiar, selective amplifications of some of its sequences. This reaction of the genome is immediate, quantitatively significant and clearly
non-random [2, 3]; it is one of the first reactions of the genome to the environmental stimuli, a reaction that is preparatory to other successive molecular events.
Our idea is to exploit this “alarm-bell” of the genome
and propose its use as a new kind of biomarker, able to
detect earlier than others the presence of the environmental
pollution`s influence on the organisms. In this context, we
propose to utilize the repetitive/non-coding DNA of the
Bryophytes; in fact, the genome of these organisms presents a peculiar organization allowing easy detection of the
heterochromatin modifications by means of rapid and nonexpensive cyto-molecular techniques. In the present work,
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in particular, we have analysed the behaviour of repetitive/non-coding DNA in the genome of Funaria hygrometrica, in response to lead or cadmium exposition.
MATERIALS AND METHODS
Plant material, in vitro cultures, and Pb and Cd treatment

Spores of Funaria hygrometrica (Hedw), a terricolous,
cosmopolitan moss gathered in the Maf Reforestation Reserve at Castel Volturno (CE, Southern Italy), were cultured
on modified Mohr’s medium, pH 7.5 (KNO 3 100 mg/L,
CaCl2 ·4H2O 10 mg/L, MgSO4 10 mg/L, KH2PO4 136 mg/L,
FeSO4 0.4 mg/L and 1 ml of BBM (Bold Basal Medium)
solution to 100 ml distilled water) [4]. Some shoots from
stock cultures (8 shoots per Petri dishes in triplicate) were
transplanted in the same medium used as control, and others in the same medium with the addition of 10-4M Pb(NO3)2
or 10-5M CdCl2 (EC50 values). The cultures were kept for
75 days in a growth chamber.
After 75 days, all the shoots were transferred to metalfree medium and kept a further 30 days in the growth chamber.
Growth chamber conditions were a night/day temperature of 13/20 °C, 70% relative humidity, and a 16-h light
(40 E m-2 s-1)/8-h dark photoperiod.
Molecular cytology

Observations were carried out every 15 days. Samples
were fixed in acetic acid/ethanol (1:3) for 5 h, and then
squashed on a slide. Nuclei were then stained with the
(A+T)-specific fluorochrome DAPI (4',6-diamidino-2phenylindole, Serva, Heidelberg, Germany) and the (G+C)specific fluorochrome Chromomycin A 3 (Serva), either
separately, or using the double-staining technique [5].
Fluorescent microscopy observations were made using a
Zeiss Axioplan epifluorescence microscope equipped with
a cooled charge coupled device CCD camera (Photometrics Inc). DAPI and Chromomycin A3 fluorescence were
detected by specific filter combinations, and grey scale
digital images collected separately using IPlab software
(Signal Analytic Corporation). Images were then processed
with a Macintosh Power 7100 using Adobe Photoshop software.
Southern Blotting analysis

The Southern Blotting analysis was performed on DNA
extracted from F. hygrometrica gametophytes cultured for
30 days in presence of 10-4 M Pb(NO)3, (and control); the
analysis has been carried out using the total DNA digested
with Hind III or EcoRI, and using the 25S 32P or 18S 32P
labeled F. hygrometrica rDNA, as probes.
Electron microscopy and X-ray TEM microanalysis

Electron microscopy was performed on samples of F.
hygrometrica gametophytes, cultured for 30 days in the
presence of 10-4 M Pb(NO)3, as previously reported [6].

Cell localisation of lead was qualitatively assessed by Xray TEM microanalysis.
Plants were thoroughly washed in distilled water for
15 min, with several changes to eliminate unbound Pb. For
TEM observations, specimens were fixed in 3 % glutaraldehyde in phosphate buffer (0.065 M pH 7.2-7.4) for 1.5 h
at room temperature, dehydrated with alcohol to propylene oxide and embedded in Spurr's epoxy medium. Unstained ultra-thin sections (700-900 Å) were mounted on
100-mesh nylon grids and placed in a PHILIPS CM12
microscope (STEM), fitted with an energy dispersive Xray spectrometer. The accelerating voltage was 40 KV and
the specimen probe size was 50 nm in diameter. The mean
count rate was 800-1000 counts sec-1, and the take-off
angle 35°. X-ray counts were made over a counting time
of 100 sec. Beryllium splits were used to avoid disturbance
emissions. Thirty specimens were observed and analysed
by microanalysis.
RESULTS AND DISCUSSION
Quantitative variations of repetitive/non-coding DNA
sequences are only a first, preliminary response of the genome to environmental stimuli. This “genome modulation”
is probably necessary for the successive molecular reactions: in fact, through a topological action, the new DNA
is able to influence the higher structure of the DNA molecule in such a way as to allow the transcription of the genes
involved in the subsequent morphological or biochemical
events.
Despite the evident importance of this subject, existing experimental data are still few. This is probably due,
besides other reasons, to the fact that, in many organisms,
the interspersion inside the genome of the repetitive/noncoding DNA makes analysis of the behaviour of these DNA
sequences difficult.
In this sense, an important improvement may be the
exploitation of the genome of Bryophytes. In these organisms, in fact, the repetitive DNA is concentrated to form,
inside the nucleus, one or two agglomerates of heterochromatin, easily identifiable after differential treatments of the
genome with A+T (DAPI) or G+C (Cromomycin A3)specific fluorochromes. Such a peculiar genome organization permits the detection and quantification of eventual
repetitive DNA modifications directly in situ, without separating the DNA from its natural position inside the cell,
using only optical microscopy [5].
In the present work, by analysing the genome behaviour in F. hygrometrica gametophytes coming from a
reforestation reserve and exposed to the action of lead or
cadmium, we have shown that the presence of metals in
the culture medium induces, inside the genome, an amplification of some G-C-rich repetitive DNA sequences. Such
amplification is clearly evident in the described heterochromatin agglomerates, because their number significantly
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increases in the nuclei of metal-stressed individuals (Fig. 1).
The increment of the metal-induced repetitive DNA agglomerates has been detected already in the first check,

carried out after just 15 days of culture, and it is directly
proportional to the time of the moss exposition to the
metal action.

FIGURE 1 - Effect of exposure to lead on nuclei of F. hygrometrica gametophytes. a, b same nucleus from an untreated individual
(a: DAPI stained; b: CrA3 stained); c, d: the same nucleus from lead-stressed individuals (c: DAPI stained; d: CrA3 stained); scale bar = 5 µm.

A

B

FIGURE 2 - Quantitative distribution, calculated over time on 300 nuclei of F. hygrometrica gametophytes cultured
for 75 days in a medium containing lead, of the number of Chromomycin A3-positive agglomerates of repetitive
DNA (A), and of the number of cells with one, three and four repetitive DNA agglomerates per nucleus (B).
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A

B

FIGURE 3 - Southern Blotting analysis carried out using F. hygrometrica total DNA digested with Hind III or EcoRI,
and 18S 32P-labeled F. hygrometrica rDNA (A) or 25S 32P-labeled F. hygrometrica rDNA (B), as probes. c: control, e: Cd-treated

A

B

FIGURE 4 - (A) Transmission electron micrograph (TEM) of a cell from F. hygrometrica gametophytes (non-osmicated and non-stained) treated
with Pb(NO3)2 10-4 M, showing lead deposits in the nucleus heterochromatic area (arrow); (B) X-ray TEM microanalysis showing lead peaks:
Pb(Lα) 10.540 KeV, Pb(Lβ) 12.612 KeV, Pb(Lγ) 14.762 KeV, Pb(Mα) 2.340 KeV; P(Kα) 2.013 KeV, P(Kβ) 2.140 KeV; scale barr = 10 nm.

In particular, in the experiment performed with the
lead treatment, a quantitative evaluation carried out on
300 nuclei showed that the average number per nucleus of
the repetitive DNA agglomerates is 2.46 ± 0.09 (95% confidence interval) in the cells of the gametophytes grown
for 75 days in the presence of the metal, while in controls
it is 1.09 ± 0.03 per nucleus, i.e., an increment of 125.7 %
(Fig. 2a). Such an increment is the consequence of a decrease in the percentage of nuclei with only one repetitive
DNA agglomerate (typical of controls), accompanied by

the appearance of nuclei with three or even four DNA agglomerates (typical of metal-treated individuals) (Fig. 2b).
Similar results have been obtained in the cadmium-treated
F. hygrometrica gametophytes. In all the observed cases,
after removing the metals from the culture medium, the
amplification of the repetitive DNA stops, and the metalinducted repetitive DNA agglomerates start to disappear
from the nuclei, until, after 30 days, their number and distribution become comparable to those observed in the untreated individuals.

1976

© by PSP Volume 17 – No 11b. 2008

Fresenius Environmental Bulletin

The present results are consistent with the data obtained in mosses very different from an ecological and a
physiological point of view, such as, for instance, the
aquatic Leptodictium riparium [5].
The observation of the ribosomal DNA behaviour in
response to cadmium, carried out on extracted DNA,
showed that this particular fraction of genome is directly
involved in the metal-induced repetitive DNA amplification. In fact, the results obtained from Southern blotting
experiments, achieved using total DNA of F. hygrometrica digested with Hind III or ECOR1, and 18S and 25S
32
P-labeled F.hygrometrica rDNA as probes, proved that
in the genome of the metal-treated individuals a greater
quantity of rDNA is present (Fig. 3). Such results are consistent with those coming from in situ hybridization experiments, showing that a part of the metal-induced DNA
belongs to the ribosomal DNA [5]. By a comparison of the
Southern Blotting results, it is even evident that the metalinduced repetitive DNA sequences could largely belong to
the intergenic spacer (IGS) of the ribosomal DNA. These
data are consistent with the peculiar structure of the F. hygrometrica rDNA, in which some peculiar repetitive DNA
sequences are localized precisely in that region [7].
TEM observation and X-Ray TEM microanalysis, carried out on lead-treated F. hygrometrica gametophytes,
showed that a direct relation exists between lead behaviour and the repetitive DNA: in fact, the metal is able to pass
the nuclear membrane and reach the chromatin, where it
locates itself exactly in the high-density areas that would
correspond to the repetitive DNA agglomerates (Fig. 4).
These data are consistent with the results of Sissoeff et
al. [8], who have shown that one of the preferential targets
of the heavy metals is the repetitive DNA itself, when
analysing the extracted DNA from both animals and higher
plants. We can suggest that the binding of DNA to heterochromatin is related to local high density of DNA-negative
charges. In fact, lead and other heavy metals are known to
form bonds with the negative charges of accumulation
sites, e.g.: lead accumulates in plant cell walls that are
rich in negative polyuronic acids [4, 9].

CONCLUSIONS

Even if the repetitive DNA modulation in response to
environmental stresses happens also in other plants, from
a practical point of view, the Bryophytes are particularly
suitable for the above kind of investigations. In fact, an
environment monitoring carried out by the observation of
repetitive DNA behaviour in these organisms can be performed analysing the genome directly in situ, without extracting the DNA, by means of only optical microscopy
after rapid and inexpensive cyto-molecular techniques. To
give an example, in F. hygrometrica, a simple individuation of gametophyte cells presenting nuclei with three or
four repetitive DNA agglomerates could be the signal of a
stress situation in the plant. The lucky coincidence of the
fact that the Bryophytes are organisms particularly suitable for this kind of survey also from an ecological point of
view, makes the utilisation of such bio-technologies still
more interesting.
We realize that the results reported in this paper were
obtained in an in vitro controlled system and, therefore,
under different conditions to the in vivo situation where
many other factors can modulate the effects of the environmental stresses. It can, however, be considered as a first
approach of using in vitro cultures to standardize conditions, in order to be sure that the observed variations are
effectively due to the heavy metals. As far as in-the-field
investigations are concerned, the realisation of the monitoring of a determinate area carried out with the techniques illustrated in the present work could be performed
both directly analysing the repetitive DNA behaviour in the
mosses of the area under research, or analysing the genome behaviour of an appropriate kind of moss, previously
exposed to the environmental action of the area to be investigated. Some experiments in this direction are currently
being carried out.
In conclusion, the present work shows that the repetitive/non-coding DNA of Bryophytes, and perhaps of other
plants, could be exploited as a new kind of biomarker, able
to open the way to a different bio-indication of the effects
of environmental pollution with all the necessary precautions which are identified in the field for each case. The advantages deriving from the use of this new and different
type of biomarker could reveal responses that, both for time
and method of use, the currently employed biomarkers are
unable to give.

The modulation of repetitive/non-coding DNA is one
of the first responses of the organism to environmental
stresses. This is a genome reaction that is “preparatory” to
other, eventual, biological events. Therefore, the exploitation of this kind of genome, “alarm-bell” in order to detect an eventual environmental pollution influence on the
organisms, presents undoubted and evident advantages. In
addition to the detection of the stress effects in an earlier
phase with respect to other biomarkers, such a method could
permit the detection of a possible pollution risk also in
those cases in which, successively, the natural defences of
the organism hide the response to other methods.
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ABSTRACT
Istanbul, an important cultural and historical city of
the world, is the most crowded metropolis of Turkey that
has been expanding, especially in the east-west direction.
The coastal zone in this direction has considerably changed
due to open mining activities since 1980. Forest areas and
sand dunes have been destroyed by open mining activities
performed due to lack of environmental precautions. As a
result of filling of the sea with materials extracted from
open mining areas, ecosystem and topographic structure
were totally damaged. In this study, the coastal changes
that occurred in the selected region being under the influence of human-induced activities and coastal erosion along
the West Black Sea Coast of Turkey in the vicinity of
Istanbul are analyzed by using the surface profiles generated through utilizing Landsat satellite images belonging to
various years, together with bathymetric and standard
topographic maps of scale 1/25 000. The findings are
investigated in detail for each transect, and, consequently, it
has become clear that severe changes have occurred within 1984 and 2001. The sea had been filled with the excavated material from the open mining areas from 1984 till
1992, however, the trend reversed afterwards till 2001. That
coastal erosion had been highly experienced, and materials filled in the sea environment had been lost.

KEYWORDS:
3D coastal erosion, spatial profile, bathymetry, remote sensing.

INTRODUCTION
Many coastal zones are confronted with a range of environmental and socio-economic pressures, which interact
within both short and long-time scales. Current pressures,
such as urbanization, pollution and resource depletion, are
increasing coastal vulnerability. Enhancing the resilience
of coastal systems has been suggested as an appropriate

proactive adaptive response to reduce this vulnerability [1].
Moreover, it could be a more cost-effective way to prepare
for uncertain changes, such as sea-level rise, then building
traditional coastal-protection structures [2, 3].
The coastal zone is a complex space due to its position role between land and sea, and the numerous development schemes taking place. The socio-economic and
ecological characteristics of the coastal zone and the generated conflicts have created a growing need for more global
management, taking into account various environments, as
well as the resources and activities found there. The main
objective of this study is to determine the degree of coastal
erosion occurring in a part of the Turkish Black Sea coastal
zone, using multitemporal satellite sensor data, and to interpret the obtained results.
Istanbul being the most crowded city of Turkey is under the influence of over pollution, and, in turn, faces various environmental problems. More than 300 000 people
per year have been migrating to the city. In parallel to overpopulation, the demand for cheap and easily accessible fuel
had increased significantly. This demand has been supplied
by coal produced from open mining areas for many years.
Open mining areas located between Kilyos and Karaburun still enlarge towards east-west direction parallel to
the Black Sea. At the beginning, coal was extracted from
the land placed on the forest areas. After the surface coal
had being exhausted, the sea was filled with the waste
extracted from mining areas, and new areas for coal production were opened. Coastline was a straight line and
full of sandy beaches in 1984, which can be identified on
1984 Landsat 5 TM image. After 1980s, coal production
located very close to the coastal line had started. As a result
of production, obtained soils covering the coal in open
mining areas were transferred to the sea and the coastline
has fairly changed.
Besides, forest areas and sand dunes were highly destroyed due to such mining activities performed at the study
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area and insufficient environmental measurements. As a
result of filling materials from open mining areas into the
sea, ecosystem and topographic structure have considerably been damaged. As remotely sensed data have been
used in many multidisciplinary studies related to coastline
and environmental issues [4-8], this study also utilized such
data to analyze the coastal changes that had occurred in
the selected coastal zone, as a result of open mining activities. Surface and spatial profiles achieved through multitemporal remotely sensed data belonging to 1984, 1992
and 2001 were used. It was found that material, filled into
the sea between 1984-1992, has disappeared by the wave
effects in the period of 1992-2001. Besides, physical morphological changes both in sea and land were determined.
THE STUDY AREA
The pilot area is within the boundaries of the Greater
Metropolis Istanbul that covers a surface area of approximately 2,238.6 km2. As a result of rapid urbanization and
population increase, production of coal significantly increased in the open mining areas located in the northern
part of Istanbul, named as Kilyos-Karaburun region almost 30-40 km far from the city centre as shown in Fig. 1.
Istanbul performs a typical example of a highly populated
city that has been adversely affected environmentally due

to rapid urban sprawl. The population was 3 million in the
1970s, it became 7.4 million in the 1990s, and the current
population is around 15 million. The city developed in an
unplanned and uncontrolled way, and became a resident
for people having low incomes [9, 10].
Coal extracted from the open mining areas had widely
been used in Istanbul between the 1970-1990s. Demand
to coal increased because it has been the nearest and simplest accessible fuel alternative of the city. Unfortunately,
air pollution considerably increased within this period.
After the 1990s, natural gas became a better alternative fuel for Istanbul.
Open mining areas located between Kilyos and Karaburun enlarge towards east-west direction, parallel to the
Black Sea. At the beginning, the coal was extracted from
the forest land. After surface coal has been exhausted, the
sea was filled with the waste from the coal mining areas,
and new areas for coal production were opened. The straight
coastline was full of beach sand in 1984, identified on
1984 Landsat 5 TM image. After the 1980s, coal production located very close to that coastal line has started. As a
result of production, obtained soils covering the coal in
open mining areas were transferred to the sea and coastline has fairly changed.

FIGURE 1 - The study area.

.
DATA AND METHODOLOGY USED
Within the context of this study, bathymetry and topography maps of scale 1:10 000 and 1:25 000 have been
used. The satellite sensor data utilized are addressed below:
- Landsat 5 Thematic Mapper (TM) 06 September 1984,
- Landsat 5 TM 06 September 1992,
- Landsat 7 Enhanced TM Plus (ETM+) 02 May 2001.

Only the degree of coastal changes is calculated by
utilizing the satellite images, the required depth data are
obtained from the bathymetric map. The bathymetric map
used in this study belongs to the period before 1984, when
filling to the sea had started. This map was periodically
updated, and so the satellite images of later periods could
be matched, to verify the calculated volume of materials
carried each year. This has not been realized in the study.
Besides, it is important to note that this study indicated
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that there has been no need to obtain bathymetric maps
sequentially. Through the spatial profiles obtained from the
satellite images, the length of filled area between coastline
and sea could easily be determined. Moreover, the filled
section at the bottom of the sea could be calculated in compliance with the free material fall principle (1/2 ratio).
Therefore, the changes along the coastline can be determined, when the previous bathymetry maps are available.
The Landsat satellite images of 1984, 1992 and 2001
are converted to UTM coordinate system by the aid of
ground truth control stations graphically generated from the
1:25 000-scaled standard topographical maps. First degree
affine transformation is used during the conversion process, whereas the nearest neighborhood method is utilized
for registration, and 0.5 pixel is used in Root Mean Square
Error (RMSE) [11] [12].
Layer Stack is also used in this study to combine different satellite images having the same spatial resolution
and projection system. The Landsat satellite images belonging to 1984 (bands 1-5), 1992 and 2001 (bands 1-5 and
7) are compiled and combined in the same file to form a
new image with 17 bands. On these images the infrared
bands are combined and placed on Red-Green-Blue (RGB)
bands of 17, 9 and 4, to observe the modified areas. Spectral profiles on these data are taken to determine the modified distances within the years from coastline towards the
sea.
The cross-sections taken from the coordinated satellite images are considered only for the infrared bands, and
are taken perpendicularly to the coastline. The starting and
ending coordinates are recorded. Spectral profiles between
these coordinates are obtained, so as to determine the point

where land and sea joins. Data of 1984 are assumed as the
reference ones, reflecting no coastal modifications and thus,
land and sea separations are clearly observed for 1992 and
2001. Besides, the depth values are calculated that match
with the corresponding cross-sections (transects), by utilizing the bathymetric map having the identical coordinate
system. The area of the filled materials is then calculated
on these transects for 1992 and 2001. The transect of concern, and the spatial profile of the highly modified third
transect is shown in Fig. 2. In the spatial profiles, black
represents the sea and grey color represents the land.
In order to better discuss and evaluate the occurred
changes in the study area, the spectral reflectance of the
region is considered as the third dimension, thus Figure 3
displaying the surface profiles are investigated in detail.
In the Figure, 4th band of year 1984 (0.76-0.90 µm), 4th
band (0.76-0.90 µm) of year 1992, and 7th band (2.082.35 µm) of year 2001 are taken into consideration.
As a result of overlaying the satellite images of 3 different dates, the occurred changes can be investigated as
shown typically in Fig. 4. The change area designated
with (G) reflects the change of 453.5 ha within 1994 and
2001, whereas the area designated with (O) presents a
change of 284 ha. As can be understood, a filled area of
237 ha has been removed due to wave effects within the
inspection years. This circumstance emphasizes that waves
are among the dominating factors that directly affect the
coastal morphology.
This part of the study must not be regarded as the main
objective of the research; however, this side activity is performed to calculate 2-dimensional changes that have occurred in a selected small area.

FIGURE 2 - Spatial profiles and the location of the third transect.
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FIGURE 3 - Surface profiles of a selected small area.

FIGURE 4 - Areal changes occurred due to coastal erosion.

FIGURE 5 - The third transect and relating depth profile obtained from the bathymetric map.

1982
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In order to calculate the amount of filled material into
the sea and that removed from the sea in the selected
coastal zone due to wave effects is the basic aim of this
study. Therefore, 12 transects are taken in perpendicular
to the coastline starting from the land part towards the sea
as demonstrated in Fig. 5. It is an example of the third transects and its corresponding depth profile obtained from
the bathymetric map.

in the third transect are clearly indicated. It is a remarkable
finding that the sea has turned to its original form in the
year 2001, due to significant wave effects.
TABLE 1 - Volume Calculations according to the
distance from the mid of the transects for each inspection year
Year
1984
1992
2001

Figure 6 shows the coastal changes and those happening during the third transect, facing the maximum temporal change for 1992 and 2001. The chronological
changes in the filling and removal of disposed materials

3

Volume ( m )
--28,357,600
9,257,650

FIGURE 6 - Transects and the third transect representing the maximum change.

By overlaying the transects of 1992 and 2001, the areal changes that have occurred are also calculated. According to the result of these calculations, 6 055 066 m2
sea area had been filled between 1984-1992. However,
the filled area has indicated a decrease to 3 457 200 m2 in
2001. It is possible to detect the amount of filling and the
degree of coastal erosion, without taking into account volume calculation.

fects after 1992, and, finally, turned back to its original
formation in 2001. No sort of filling and erosion is detected
in transect 4. Moreover, the amount of filled material at
transect 7 has not changed within the years. Only in transect 10, it is observed that filling is continued, in contrast
to the other transects.
CONCLUSIONS AND RECOMMENDATIONS

It is clearly observed that transects 1, 2, 5, 6, 8, 9 and
11 indicate similar properties when each transect is examined in detail. It is obvious that till 1992 filling activity
has been practiced, whereas erosion had been the major
concern in the years following 1992. It is an important
finding that the region of 3 and 12 transects had experienced filling, which all had been removed via wave ef-

This study forms an example of how remote sensing
technology is utilized in detecting coastal zone land-use
activities of a selected region bearing open mining activities for a certain period of time. It is seen that remote sensing is an efficient, rapid and reliable technology that can be
used to determine changes occurring in land cover/use
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categories. Monitoring and quantifying the changes in land
cover/use categories is an important issue to support decision-makers in developing new strategies towards taking
precautions, to protect the environment.

[6]

Seker D.Z., Kaya, S., Musaoglu, N., Kabdasli, S., Yuasa, A.
and Duran, Z. (2005) Investigation of meandering in Filyos
River by means of satellite sensor data, Hydrological Processes, 19, 1497-1508.

In this study, the profile analysis was used to determine the land-cover/use changes. The accurate amount
and direction of changes in the selected transects along
the coastline were figured out by examining the surface
and spatial profiles of the related transects. The observed
profiles indicated that coastline dramatically changed between 1984-2001. The sea was filled with material from
the open mining areas within this period, and thus, there
had been an expansion in the coastline between 1984 and
1992. After 1992s, coastline changed in the reverse direction, as a result of coastal erosion. Both natural and human activities have impact on the coastline, especially in
the northeast part of the selected area where the filled parts
were located.

[7]

Kaya, S. and Curan, P.J. (2006) Monitoring urban growth on
the European side of the Istanbul metropolitan area: A case
study, International Journal of Applied Earth Observation
and Geoinformatin, 8, 18-25.

[8]

Kaya, S., Seker, D.Z., Kabdasli, S., Musaoglu, N., Yuasa, A.
and Shrestha, M. (2006) Monitoring Turbid Fresh Water
Plume Characteristics by Means of remotely Sensing Data.
Hydrological Processes, 20, 2429-2440.

[9]

Musaoglu, N., Gurel, M., Ulugtekin, N., Tanik, A. and Seker,
D.Z. (2006). Use of Remotely Sensed Data for Analysis of
Land Use Change in a Highly Urbanized District of Megacity,
Istanbul, Journal of Environmental Science and Health, Part
A, 41, 2057-2069.

Landsat satellite images with an archive of almost
25 years put forth significant information leading to landuse/ cover change detection analysis. In this study, the effects of coastal erosion are inspected in a 2-dimensional
scale in a region, where open mining activities prevailed for
a certain period of time. Besides, volume of material loss
by erosion is calculated via the bathymetric map and the
transects considered.

[10] Goksel, C., Musaoglu, N., Gurel, M., Ulugtekin, N., Tanik, A.
and Seker, D. Z. (2006) Determination of Land-Use Change in
an Urbanized District Of Istanbul Via Remote Sensing Analysis, Fresenius Environmental Bulletin (FEB), 15-8a, 798-805.
[11] Campbell J.B. (1996). Introduction to Remote Sensing, 2nd
edition. New York, The Guildford Press.
[12] Sunar F., and S. Kaya. (1997) An Assessment of Geometric
Accuracy of Remotely Sensed Images, International Journal
of Remote Sensing, 18, 3069 - 3074.

It is seen that using only satellite images is not satisfactory enough to find out the effects of the coastal changes
on the sea. In order to determine the coastal changes annually, a much more comprehensive manner, sea bathymetry
data, is a must. These bathymetry maps must be prepared
at times prior to erosion activities, to reach more precise
and reliable findings as in this study.
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