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IMPACT OF ORGANIC AGRICULTURE ON THE ENVIRONMENT
Özkan Elmaz1, Harun Cerit2, Mahiye Özçelik1 and Simin Ulas3
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SUMMARY

INTRODUCTION

Organic farming can be defined as an approach to agriculture where the aim is to create integrated, environmentally sustainable agricultural production systems. Maximum reliance is placed on self-regulating agro-ecosystems,
locally or farm-derived renewable resources and the management of ecological and biological processes and interactions. Dependence on external inputs, whether chemical
or organic, is reduced as far as possible. Market demand
for organic products has expanded rapidly over the past
decade. This is maybe the highest quality of organic production systems, that will in the future benefit to everybody on earth. Organic farming encompasses a concept of a
more sustainable approach to agricultural production. Organic farming is a way to protect the environment. In organic agriculture, the restricted use of mineral fertilizers
reduces the use of non- renewable energy (fossil fuels) and
reduces the emissions of agricultural greenhouse gases
(carbon dioxide, nitrous dioxide and methane). Moreover,
mixed farming and soil building allow for increased biological activity by providing support for micro-organisms,
earthworms, fungi and bacteria.
It is concluded that the benefits of the basic standards
are primarily related to environmentally friendly production and to the animal welfare issue while the issues of
animal health and product quality are more influenced by
the specific farm management than by the production
method. In summary, the basic standards of organic farming provide suitable tools to minimize environmental
pollution and nutrient losses on the farm level. These
seem to be more effective than measures in conventional
production. However, there is a high variability within
organic farms in relation to their efforts and their nutrient
efficiency.

KEYWORDS: Organic agriculture, environment, organic livestock, organic standards.

Organic farming has increased in popularity in recent
years, especially in Europe, although it still represents less
than five per cent of the total crop area. Organic agriculture only uses naturally occurring chemicals or traditional
remedies to control pest and diseases. For these reasons
the best control technologies are not always available to
the organic farmer and yields can be 30-40 per cent lower
than with other farming methods [1, 2]. There is widespread belief that organic farming is more environmentally friendly and more sustainable than conventional systems. It is argued that biodiversity is promoted and higher
levels of plants, insects and birds are found and soil health
is improved. In reality, every kind of agriculture has an
impact on the environment, so it is important that any
kind of farming is carried out in the most environmentally
sustainable way [1, 3-6]. Nutrient leaching - Inorganic N
fertiliser, used for plant nutrition in conventional systems
is the most mobile form of nitrogen: thus in conventional
systems about 20% of the nitrogen applied are lost. In
organic systems inorganic N and P fertilizer are prohibited and nutrient inputs are through organic matter, where
two-thirds of the N is in an organic form which is chemically more stable. The biological life in the soil, bacteria
and fungi, feed on the organic matter and fix nutrients
from the air, and it is they which mainly provide the nutrients to the plants. Bacteria and fungi are the least leachable form of N. Leaching is also reduced by the fact that
organic systems are more extensive (stocking densities for
all livestock are restricted to 170kgN/ha, which means
that densities are c.25% less in the UK), and all organic
farmers must have adequate manure storage capacity.
Many practices in organic systems increase the organic
content of the soil, including humus levels, which means
that water retention is increased and leaching and run-off
reduced. This is supported by research: in all published
calculations in Europe, the N, P, K surpluses of organic
farms were significantly lower than conventional farms
[7, 8].
At an overall persistent growth rate in the EU of
around 25% per year, for the last 10 years, organic agriculture is without doubt one of the fastest growing sectors
of agricultural production. However, organic agriculture
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still only accounts for a small proportion of overall agriculture land: an average of about 2% for the countries of
the EU, 0.1% for the USA, and 1.34% for Canada [9].
There are other, more humane farming methods.
Organic farming does not use synthetic pesticides,
herbicides, fertilizers, or employ veterinary drugs except
to treat specific, observed illnesses in animals. Sustainable agriculture is environmentally conscious farming that
uses ecologically sensitive farming methods and food
processing systems that ensure the ability to feed future
generations [10].
Nitrogen is a crucial plant nutrient but can cause large
problems in excessive doses. In the 1970s and 80s the
water quality in rivers and lakes started deteriorating. The
reason was extreme algal growth leading to oxygen depletion, with a drastic negative impact on plant and animal
life. The cause of algal growth was the supply of nutrients
– in particular nitrogen and phosphorus – from agriculture
and wastewater. The increased use of mineral fertilizer
and intensification of animal production, in particular,
caused a reduction in the utilization of nutrients and thus
led to leaching of nutrients to other recipients such as the
aquatic environment. Dairy and arable productions constitute by far the largest sectors in organic farming. Assuming conversions from these two sectors are similar in size,
the expected effect of the conversion would be an average
of 20 kg N per ha. This figure will change with different
rates of conversion for the two sectors [11]. Although there
is no direct conflict between the main players ‘producers’,
‘consumers’, and ‘authorities’ in their expectations for
organic farming and livestock production are: their views
have different bases:
• Organic farmers/the organic movement consider the
farm as an ‘organization’ and, through life-long education and reflection, decide on how to carry out production in a way that fulfils the overall idea;
• Consumers buy organic products for the sake of their
own health and/or from their wish to stimulate more
environmentally sound or animal friendly livestock
production;
• The authorities expect a direct service for the community in the form of low environmental load and/or better support for rural development [12-15].
Organic agriculture has expanded in many European
countries over the last ten years. There is an increasing
market for products perceived as healthy and a concern for
animal welfare [16, 17]. Organic farming is increasingly
considered in the European Common Agricultural Policy.
Size, structure, productivity, profitability and policy environment surrounding typical organic farms differ widely
between countries [18]. Consumers in wealthy countries
demand high quality, safe food that is produced with minimal environmental losses, under optimal conditions for
animal health and welfare. Organic agriculture addresses
these public demands, and has the potential to improve the

health and welfare status of an animal, and to diminish
environmental pollution of agricultural production [19, 20].
In recent years conventional livestock farming has
been impressively successful at increasing the performance of farm animals and decreasing the production
costs. At the same time, production-intensification has
pushed the issues of environmentally friendly production,
animal health and welfare into the background, especially
because these are cost- and labor-intensive. In contrast to
conventional livestock production, organic livestock
farming is defined by basic guidelines [21]. Organic agriculture depends to a high degree on the consumers' demands for organically produced products and for added
values like biodiversity, species preservation, protection
of nature, landscape, groundwater or animals, etc. which
are closely related to the production process [20]. Organic
farming is a key part of Sustainable Food and Farming
Strategy. Environmentally sound and sustainable farming
techniques can deliver real benefits for the biodiversity
and the environment, as well as for the production of
products for which there is considerable market interest.
BASIC STANDARDS OF
ORGANIC AGRICULTURE
Organic agriculture is defined by basic guidelines. These guidelines have been formulated and, as part of a development process in the movement, are being further developed by the International Federation of Organic Agriculture
Movements (IFOAM). The International Federation of
Organic Agriculture Movements (IFOAM), the international
umbrella organisation of organic agriculture organisations,
has about 750 members in about 100 countries. However, it
is important to realize that in the eyes of organic farmers,
the organic farming is based on fundamental values regarding nature, the environment, food production, farming, and
society. The basic guidelines, or standards, are thus attempts
to find means that may help realize these values. Therefore,
the standards are not seen as ends themselves, but as temporary attempts to realize the values. So, it is logical that
guidelines may change over the years if new knowledge,
insight or technology allows the basic ideas or values to be
fulfilled in a better way. Therefore, it is very important to
acknowledge the values of organic farming.
The principle aim of organic production as defined by
IFOAM is given below [22].
GENERAL PRINCIPLES,
RECOMMENDATIONS AND STANDARDS
Organic Ecosystems
1. Ecosystem Management

General Principle: Organic farming benefits the quality of ecosystems.
Recommendations: Operators should maintain a significant portion of their farms to facilitate biodiversity and
nature conservation.
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A farm should place appropriate areas under its management in wildlife refuge habitat. These include: extensive grassland such as moorlands, reed land to dry land.
• In general all areas which are not under rotation and are
not heavily manured: extensive pastures, meadows, extensive grassland, extensive orchards, hedges, hedgerows, edges between agriculture and forest land, groups
of trees and/ or bushes, and forest, and woodland
• Ecologically rich follow land or arable land
• Ecologically diversified (extensive) field margins
• Waterways, pools, springs, ditches, floodplains, wetland, swamps and other water rich areas which are not
used for intensive agriculture or aquaculture production.
• Areas with ruderal flora
• Wildlife corridors that provide linkages and connectivity to native habitat.

ment, other than addition of water and mixing with
other naturally occurring, permitted inputs.
3. Environment

Environmental Safety: The input shall not be harmful
or have a lasting negative impact on the environment. Nor
should the input give rise to unacceptable pollution of
surface or ground water, air or soil. All stages during
processing, use and breakdown shall be evaluated.
Chemically Synthesized Products and Heavy Metals:
Inputs shall not contain harmful manufactured chemicals
(xenobiotic products) where these are known to accumulate in the food chain. Chemically synthesized products
may be accepted only if nature identical e.g. pheromones.
The following characteristics of the input shall be
taken in to account.
Degradability

2. Soil Fertility and Fertilization

General Principle: Organic farming returns microbial
plants or animal material to the soil to increase or at least
maintain its fertility and biological activity.

• All inputs shall be degradable to CO2, H2O, and for to
their mineral form
• Inputs with a high acute toxicity to non-target organisms should have a maximum half-life of five days.

Recommendations: Biodegradable material of microbial, plant or animal origin produced from organic practices should farm the basis of the fertility program.

• Natural substances used as inputs which are not considered toxic do not need to be degradable within a
limited time.

Accumulation of heavy metals and other pollutants
should be prevented. Naturally occurring mineral fertilizers and brought-in fertilizers of biological origin permitted under these standards should be regarded as only one
component of the nutrient system, and as a supplement
too, and not as a replacement for nutrient recycling. Manure containing human feces and urine should not be used
unless they are free of human pathogens. Careful attention
to hygiene is required for human consumption or to soil
that will be used to grout annual plants within the next six
months.

Acute toxicity to non-target organisms: When inputs
have a relatively high acute toxicity for non-target organisms, restrictions for their use is needed. Measures have to
be taken to guarantee the survival of these non-target organisms. Maximum amounts allowed for application must
be set. When it is not possible to take adequate measures,
the use of the input is not permitted.

Standards shall require:
• Material of microbial, plant or animal origin shall
form the basis of the fertility program.

Long-term chronic toxicity: Inputs that accumulate in
organisms or systems of organisms and inputs which
have, or are suspected of having mutagenic or carcinogenic properties shall not be used. If there are any risks sufficient measures shall be taken to reduce any risk to an
acceptable level and to prevent long lasting negative environmental effects. Mineral inputs should contain as few
heavy metals as possible.

• Nutrients and fertility products shall be applied in a
way that protects soil, water, and biodiversity. Restrictions may be based on amounts, locations, timing,
treatments, methods, or choice of inputs applied.
• Mineral fertilizers shall only be used in a program addressing long-term fertility needs together with other
techniques such as organic water additions, green manures, rotations and nitrogen fixation by plants.
• Mineral fertilizers shall be applied in the form in
which they are naturally composed and extracted and
shall not be rendered more soluble by chemical treat-

ORGANIC AGRICULTURE
AND ENVIRONMENT
Organic practices such as crop rotations and associations, cover crops, organic fertilizers and minimum tillage
increase the density and richness of indigenous invertebrates, specialized endangered soil species, beneficial
arthropods, earthworms, symbionts and microbes [23, 24].
Rotation of crops in organic systems functions as a tool
for pest management and soil fertility. This, together with
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inter-cropping, integrated crop-tree-animal systems, the
use of traditional and underutilized food and fodder species and the creation of habitats attracts pest enemies and
pollinators and decreases the risk of crop failure across
the agro-ecosystem [25].
Organic agriculture depends to a high degree on the
consumers’ demands for organically produced products
and for added values like biodiversity, species preservation,
and protection of nature, of landscape, of groundwater or of
animals etc. which are closely related to the production
process [26]. Crop diversity is another distinctive characteristic of organic farming. Conventional farming focuses on
producing large quantities of one crop in one location, a
practice called monoculture. This makes apparent economic sense: the larger the growing area, the lower per unit cost
of fertilizer, pesticides and specialized machinery for a
single plant species. Particularly in vegetable production,
the reverse holds true for organic farming, where smaller
tend to be more manageable. Planting a variety of vegetable crops supports a wider range of beneficial insects, soil
microorganisms, and other factors that add up to overall
farm health, but managing the balance requires close attention and expertise. In large commercial operations, sophisticated machinery does most of the work, and operators'
feet may seldom touch the ground. It can take several organic farms to provide the same output as one large-scale,
chemical-based farm, but the comparison goes beyond
simple numbers: the day-to-day activities and required skill
sets are quite different [27, 28]. With respect to chemicals,
organic agriculture differs from conventional agriculture as
it refrains from using synthetic agricultural inputs, such as
synthetic pesticides, herbicides, fertilisers, fungicides,
veterinary drugs (antibiotics, growth promoters), synthetic
preservatives and additives. Thus, potential hazards posed
by synthetic input residues are prevented, to the extent
possible [29]. Organic farming does not result in the release
of chemical pesticides into the food supply or the environment, or the leaching of artificial fertilizer. Critics claim
that many synthetic pesticides are improvements on natural
pesticides, with the goal of making them less dangerous to
humans and more environmentally friendly. Organic pesticides include Bt, petroleum oil, soybean oil, pyrethrum,
and rotenone. A new non-toxic insecticide based on kaolin
clay, that forms a physical barrier to pest insects is rapidly
increasing in use in both organic and conventional farming
[27, 30, 31]. Differing approaches to pest control are equally notable. In chemical farming, applying a specific insecticide may quickly kill off a particular insect pest. Chemical
controls can dramatically reduce pest populations for the
short term, yet by killing (or starving) natural predator
insects and animals, cause an ultimate increase in the pest
population. Organic farming tends to tolerate some pest
populations while looking to the long haul. Organic pest
control involves the cumulative effect of many techniques,
including:
• encouraging predatory beneficial insects to flourish
and eat pests;

• planting companion crops that discourage pests;
• using row covers to protect crops during pest migration periods;
• rotating crops to different locations from year to year
to interrupt pest reproduction cycles;
• allowing for an acceptable level of pest damage.
Each of these techniques also provides other benefits soil protection and improvement, fertilization, pollination,
water conservation, season extension, etc - that are also
cumulative. Effective organic practices require a thorough
understanding of pest life cycles and interactions [30, 3234]. Ducks have successfully controlled weeds in rice in
Japan, and geese control couch grass (Agropyron repens)
in potato fields, which may reduce chemical industry
profits, but means extra income for farmers. For insect
control organic farmers use color or pheromone traps and
many biological control methods are available [35].
Numerous environmental benefits cover both biodiversity and the wider environment: On-farm - increased
soil flora and fauna; greater farm wildlife through increased natural pest and seed food supplies and nesting
habitats; Wider environment - reduced agro-chemical runoff resulting in less pollution of lakes and rivers, and no
accumulation of pesticide residues in wildlife; Reduced
energy use and greenhouse gas emissions leading to lower
contribution to global warming. In developing countries,
the information-intensive, self-sufficient approach of organic farming can achieve higher yields than existing subsistence methods and even conventional methods, especially where soil degradation and other problems have resulted
in falling yields [36, 37].
ORGANIC LIVESTOCK PRODUCTION
AND ENVIRONMENT
In organic livestock production, feeding is primarily
based on home-grown feedstuffs, including a high amount
of legumes. As a consequence crude protein content in the
diet often clearly exceeds the requirements of the animals
and nitrogen in the manure is on a high level. In contrast
to conventional production where farmers are asked to
reduce nitrogen in the diet in order to reduce nitrogen in
the manure, this is a desirable effect as legumes respectively crude protein in the diet is a very important nitrogen source for the inner farm nutrient cycle. When trying
to utilize this nitrogen source, organic farmers are encouraged simultaneously to minimize nitrogen emission from
the manure. Due to the limited nitrogen resource, organic
farmers have to find the balance within a dual strategy:
increasing nitrogen in the manure and minimizing nitrogen emission form the manure. As nitrogen input in the
organic farm is on a very low level compared to conventional production, the low input can be seen as a credit. In
the long run, the objective to increase productivity within
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the framework of organic agriculture goes along with
improving management measures to minimize nitrogen
emission. On the other hand, the increase of productivity
from a high level as being realised in conventional production leads more or less to a higher efficacy of nitrogen
turnover and a reduction in nitrogen losses per cow and
milk yield [38, 39].

production in organic livestock farming have to do with
the renunciation of pesticides and mineral nitrogen, with
the need to reduce the number of farm animals per area
unit and the handicap to minimize the amount of boughtin foodstuffs. Without these substitutes, organic farming
must rely on efficient nutrient circulation within the farm
to maintain soil fertility and high production [20].

Organic livestock farming and animal welfare research contribute to the way farming in general looks at
production systems. For consumers who choose to pay
more for organically labeled meat or eggs this is a conscious and responsible consumption strategy. There is an
attempt to support the development of higher animal
welfare standards while recognising that no current system can be perfect or ideal. Thus consumers expect controls and inspections of how organic farming affects animals in order to have continued confidence in organic
farming with regards to animal health and welfare [40].
Raising livestock and poultry, for meat, dairy and eggs, is
the other traditional farming activity. The same concept of
inclusion versus exclusion holds true. Organic farms
attempt to provide animals with "natural" living conditions and feed. Ample outdoor access, for grazing and
exercise, is a distinctive feature, and crowding is avoided.
Healthy living produces healthy animals, is the basic idea.
By contrast, large-scale, intensive animal farming meets
the minimum requirements to produce a saleable product
at the lowest cost. Animals are often kept indoors in a
minimum of space, fed a variety of synthetic feed that
provides essential nutrients, and given a steady dose of
antibiotics to prevent disease. In its most intense form,
this approach is often called factory farming [27].

There is reason for the assumption that the benefit of
the system-related factors on minimizing pollution are
much more effective as compared to management-related
factors, such as increasing animal performance per animal per year. For example, reducing nitrogen input of
100 kg N ha-1 is more than doubly efficient in relation to
the balance surplus than increasing average milk yield for
1.000 kg cow-1 and year [38].

Organic animal husbandry has developed slower than
organic plant production. The organic movement has
developed primarily from environmental concerns, with
an early focus on soil fertility and human health. This has
meant that it has been more difficult to agree on guidelines for organic livestock production [41]. Livestock
plays an important role in providing manure and of
course, marketable products. The emphasis is on nonchemical disease prevention rather than treatment [16].
Based on production guidelines, organic livestock farming has set itself the goal of establishing environmentally
friendly production, sustaining animals in good health,
realizing high animal welfare standards, and producing
products of high quality. Concerning environmental protection, the basic standards of organic farming are suited
to reduce environmental pollution and nutrient losses on
the farm level markedly. With reference to the health
situation of dairy cows in both organic and conventional
dairy farms, comparative studies show that currently there
seem to be no fundamental differences between the production methods. In relation to animal welfare, organic
livestock farming, based on minimal standards that go
beyond the legislation standards, provide several preconditions for good living conditions of farm animals. The
main specifications concerning environmentally friendly

In organic livestock production, feeding is primarily
based on home-grown feedstuffs, including a high amount
of legumes. As a consequence crude protein content in the
diet often clearly exceeds the requirements of the animals
and nitrogen in the manure is on a high level. In contrast to
conventional production where farmers are asked to reduce
nitrogen in the diet in order to reduce nitrogen in the manure, this is a desirable effect as legumes respectively crude
protein in the diet is a very important nitrogen source for
the inner farm nutrient cycle. When trying to utilize this
nitrogen source, organic farmers are encouraged simultaneously to minimize nitrogen emission from the manure. Due
to the limited nitrogen resource, organic farmers have to
find the balance within a dual strategy: increasing nitrogen
in the manure and minimizing nitrogen emission form the
manure. As nitrogen input in the organic farm is on a very
low level compared to conventional production, the low
input can be seen as a credit. In the long run, the objective
to increase productivity within the framework of organic
agriculture goes along with improving management
measures to minimize nitrogen emission. There is reason
for the assumption that with reference to the conventional
farm as a whole, nutrient efficacy will probably decrease
due to a reduction in digestibility of feedstuffs and higher
demands of bought-in concentrates. Those concentrates
increase nutrient input in the farm and cause energy consumption especially due to transport. From these theoretical
considerations the question arises whether the efforts to
increase productivity will reach or even has already exceeded the marginal utility in relation to environmental
effects [38].
In the European Countries, the EEC-Regulation
1804/1999, supplementing regulation no. 2092/91 on organic production has been passed and had became law in
August 2000. The EEC-Regulation provides a standard
that involves the right to label food as organic. It includes
specifications for housing conditions, animal nutrition and
animal breeding, as well as animal care, disease prevention and veterinary treatment and will create a framework
for organic livestock production and labeling products in
all European countries on an equal legal base. The maxi-
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mum number of livestock density is limited to two livestock units per hectare. For a transition period, the use of
a limited proportion of conventional feed is authorized.
The maximum percentage per year is 10% in the case of
herbivores and 20% for other species. The use of synthetic amino acids and growth promoters is forbidden [20].
Organic farms attempt to provide animals with "natural"
living conditions and feed. Ample outdoor access, for
grazing and exercise, is a distinctive feature, and crowding is avoided. Healthy living produces healthy animals,
is the basic idea. By contrast, large-scale, intensive animal
farming strives to meet the minimum requirements to
produce a saleable product at the lowest cost. Animals are
often kept indoors in a minimum of space, fed a variety of
synthetic feed that provides essential nutrients, and given
a steady dose of antibiotics to prevent disease. In its most
extreme applications, this approach is often called factory
farming [30].

the farming system that best addresses all policy objectives for agriculture. All governments should therefore
consider the role of organic farming strategically as a
central part of its future policy on agriculture so that the
many substantial advantages of widespread organic farming can be fully realized.
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SUMMARY

INTRODUCTION

During the last years, several working groups were
concerned with measuring the concentration of polychlorinated biphenylethers (PCBs) in Eastern Europe. The
results clearly show that the high concentrations of PCBs
compared to previous measurements in environmental
samples remain unchanged. The concentrations determined
in many Eastern European ecosystems even exceeded those
found in similar systems in the USA, Japan and Western
Europe. This can be attributed to regulations that became
effective too late in order to forbid the application of PCBs
in certain countries of the Eastern Europe, but also to the
sustainability of PCBs and the optional removal of products
which contain these hazards.

KEYWORDS:
PCBs, residue analysis, Eastern European ecosystems.

Commercially applied PCBs are produced by the excessive chlorination of biphenyls [1]. The chlorine content
of derived and marketed products directly depends on the
relative amount of Cl2 applied during the process of chlorination. Table 1 lists examples of several PCB products
that have been sold in Eastern Europe.
To date, no reliable production and import/ export figures for PCBs are available. However, considering the continuous growing electronic industry, especially in Eastern
Europe and in Turkey within the last 30 years, then it is
obvious that PCB containing materials were applied in
greater amounts in, e.g., isolation materials. As in these
countries, no legal regulations existed for waste disposal,
such products have been improperly disposed or used to
produce other items. Hence, there was no way to avoid a
contamination of environmental compartments under such
conditions. Residue data measured in particular regions of
Eastern Europe have shown that especially water, soils
and feed were highly burdened with PCBs. Furthermore,
as shown by the same investigations, high concentrations
of PCBs can occur in human samples such as human
serum and mother’s milk. Considering that PCBs provoke
toxic effects [2], such findings should be evaluated with
greatest care.

TABLE 1
Selected PCP commercial products and the countries of production and import.

Product (PCB)
Arochlor
Phenochlor
Kanechlor
Soval
Delor

Country of production
Mansanto Chem. Corp., USA
Prodelec, France
Kanegafuchi Chemical Ltd, Japan
Sovol, former USSR
Chemko, former Czechoslovakia

Clophen

Bayer, Germany

Chlorofen
Tarnol

Dobrowa, Poland
Tarnow, Poland
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Countries of application
Yugoslavia, Turkey
Turkey, Rumania, Bulgaria
Turkey, Lebanon
Russia, Bulgaria, Rumania, Hungary
Czech Republik, Slovakia, Hungary
Poland, Czech Rep., Slovakia,
Hungary, Turkey
Poland
Poland
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PCB-RESIDUE INVESTIGATION
IN EASTERN EUROPEAN COUNTRIES
Poland (1). Sulkowski et al. [3] gave an overview
about the contamination of soils with PCBs at selected
sites in Poland, caused by industrial pollution. PCBs are
of lipophilic nature and, therefore, have the tendency to
dispose onto solid particles. Thus, soil can be considered
as the main environmental compartment contaminated by
such hazards. Literature has once stated that even 99% of
PCBs in mass can be found in soils [4]. In Poland, for
example, the highest levels of PCBs were detected in soil
samples after the 'transformer failure' (1.3-5.1 ng/g dry
weight) [5], from post military grounds (0.03-3.40 µg/g
dry weight) [6, 7], and in soil samples from Katowice
collected in 1994 (0.38 ± 0.30 µg/g dry weight) [8], while
the mean PCB concentrations in agriculture and forest
soils in Poland (collected between 1990–1994) were relatively low (0-0.028 mg/g dry weight) [9]. No data are
available on the level of PCBs in the soil from former
plants of the two technical PCB formulas which were pro-

duced in Poland in the sixties and seventies (total production estimated at about 1.7 kT [10]). One of the Polish
PCB mixtures, Chlorofen, was manufactured between 1966
and 1970 in a total amount of about 1 kT [10]. It was highly
chlorinated, having a chlorine content of 64%. According to
the results from data presented by Falandysz [11], it consisted mainly of hexa-, hepta-, octa- and nonachlorobiphenyls.
The main congener in the Chlorofen mixture was PCB
IUPAC No. 180, but other significant amounts of PCB
congeners such as IUPAC No. 201, 198, 194, 187, and
153 were also found. A comparison of the PCB concentration in various soils from Poland and other European
countries is presented in Table 2. Comparing the results
with back ground soils in Poland suggests an increased
level of PCBs in the place where the Chlorofen production
took place. These values are also higher than for the Soviet
Army bases and industrial soils in Romania. Only in Slovakia, in the former Delor factory site, the concentrations
of PCBs determined in some places suggests that the soil
is contaminated by almost pure PCBs mixtures.

TABLE 2
PCBs concentrations in different soils from Poland, Romania, and Slovakia.

Soil description
Poland, agricultural soil
Poland, transformer failure
Poland, Soviet Army base
Poland, Clorofen installation
Romania, Oltchim factory
Slovakia, former PCBs plant

Year of sample
collection
1990–1994
1992
1998
2001
1997–1998

PCBs concentration
(µg/g in dry weight)
2.3×10–3–38×10–3
1.3×10–3–5.1×10–3
9.2×10–3–0.3
0.006–590
0.7
64×10–3–53.000

No. of congeners
determined
Not described
6
12
15
19
All

FIGURE 1
Contribution of selected IUPAC congeners to the sum of 13 PCBs in Chlorofen and soil samples examined.
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A comparison of the contribution (in %) of selected
congeners to the sum of these PCBs in Chlorofen and
soil samples examined, leads to interesting conclusions
(Figure 1). The PCB congener IUPAC 180 is the leading
one on both matrices. In Chlorofen, lower chlorinated
congeners were absent but they appeared in soil. It can
be suggested that a partial biodegradation during the last
31 years did occur. From other possible profile changing
processes such as volatilization, plant uptake, binding by
humic acids, only bio-transformation increased the lower
levels of congeners. The anaerobic degradation occurs by
selective removal of meta- and para- chlorine atoms [16],
which - regarding the PCB congeners IUPAC 170, 180,
and 187 - would explain changes in percentage of PCB
congeners IUPAC 153 and 138, as possible products.
Poland (2). Lulek et al. [17] showed data presenting
the sources of PCB’s emission and the total level of these
cenobiotics, recently determined in the Polish environment. They compared the profiles of certain “steady state”
(CB-28, 118, 138, 153 and 180) and “episodic” (CB-52
and 101) PCB congeners in various environmental matrices from Poland (soil, sediments, and fish) as well as
several classes of Polish food. Furthermore, the contribution of 15 PCBs detected in Polish human milk and adipose
tissue samples are discussed and compared with the data
obtained in other regions of the world. The authors found
that the total PCB levels in Polish human milk (n = 27) in
2000/01 ranged between 0.011 and 0.510 µg/g fat (mean
- 0.134 µg/g fat). The concentrations determined were lower
or similar to those reported from Germany between 1995
and 1997 (0.118-1.810 µg/g fat, mean 0.55 µg/g fat), from

Sweden in 1997 (mean 0.324 µg/g fat), from USA in 1993
(0.046-0.622 µg/g fat, mean 0.271 µg/g fat) and from Japan
in 1998 (0.076-0.385 µg/g fat, mean 0.200 µg/g fat).
Two individual PCB profiles were selected on the basis
of the total PCB level determined in all examined milk
samples. The highest concentration of PCBs was detected in sample No 34 and the lowest in sample No. 2. As
shown in Figure 2, the most significant differences between sample and 34 were found in the contribution of
PCB 52, 114. The determined sum of the fourteen specified congeners in 7 samples of human adipose tissues
coming from Wielkopolska region ranged between 76.6
and 472 ng/g wet weight (mean - 276.07 ng/g wet weight)
and were generally lower than those determined previously in Polish adipose tissues between 1975 and 1990 (190
ng/g wet weight to 1500 ng/g wet weight) [18, 19].
In Figure 3 are shown the results of a comparison of
the specific congeners’ concentration in human milk to
the concentrations of these congeners detected in adipose
tissue samples from the Wielkopolska region, collected in
2000 and 2001. Similar to the data presented by Hansen
for Welsh human milk and adipose tissues collected in
1992 [20], these results show higher concentrations of all
the “steady state” congeners, except for CB 28 in adipose
tissue than in milk. A greater contribution of the “episodic
congeners” CB 52, 101 and 114 in breast milk, when
compared to adipose tissue, could also be shown. As a
conclusion of their study, the authors stressed that it is
indispensably to recognize all existing sources of PCB
emissions in Poland, and to extend the monitoring of
specific PCB congeners in the environment.

FIGURE 2
Contribution of specific congeners to the total PCB content in samples of human breast milk from Wielkopolska region (2000–01).
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FIGURE 3
Comparison of specific “state study” and “episodic” PCB congeners in human
milk (n=27) and adipose tissue (n=7) of people from the Wielkopolska region.

Croatia and Slovenia. Picer and Holoubek [21] investigated the inflow of PCBs into the karkastic environment
after two serious accidents in Slovenia and Croatia. They
found that waste water and soil samples, collected during
1996 in Croatia near damaged transformer stations in
Delnice, Zadar, Šibenik, Split, and Dubrovnik, contained
significant high levels in Šibenik, Zadar and Dubrovnik
samples (the highest at Bilice, Šibenik, E.T.S. with over
2000 mg/kg PCBs in dry soil samples). The authors considered the PCB intake for humans as not alarming but
should not be underestimated. However, the Slovenia accident, which took place in a small town named Semič (Bela
Krajina) at the beginning of the seventies, brought considerable PCB levels in nearby samples of air, water, sediment

and fish, which, according to the authors, seriously affected
the population.
Romania. In Romania polychlorinated biphenyls (PCBs)
were measured in surface soils collected from rural and
industrial areas located in the South of Romania from Covaci
et al. [22]. Concentrations of PCBs were low (< 20 ng/g) at
almost all rural sites, except for one sample, while concentrations in industrial soil were higher (up to 175 ng/g
dry weight), with the highest value of 1100 ng/g dw at the
chemical plant Doljchim (Table 3). These results were in
accordance with the previous measurements of PCBs in
Romanian soils [23, 24].

TABLE 3
Concentration (in dry weight) of PCBs in soil samples from Southern Romania, function of their provenience (October 2001).

Rural (n = 17)

Σ PCBs
PCB 153/ Sum
PCBs

Conc.
(ng/g soil)

n

< 20

16

> 20

1

Industrial (n = 18)
Range

Conc.
(ng/g soil)

n

3.8 ± 5.9

Nd.–17.5

< 20

7

0.05 ± 0.06

0.00–0.17

Mean ± SD

23.1

20–1000
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Range

8.7 ± 8.0

Nd.–16.6

0.12 ± 0.12

0.09–0.15

10

59.9 ± 50.5

22.2–174.5
0.09–0.15

1

0.13 ± 0.02
1119.7

0.1
>1000

Mean ± SD

0.13
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In seven out of 18 industrial soils, PCB concentrations were < 20 ng/g soil. Higher concentrations (54.6 and
55.5 ng/g soil) were found in samples from locations near
the two chemical plants Doljchim and Arpechim. Another
soil sample taken two weeks later from the Doljchim plant
but 200 m away from the previous location, contained a
very high PCB concentration of 1119.7 ng/g soil, which is
probably ascribable to a recent use or release of PCBs.
This assumption is supported by the proximity of a power
transformer plant (Electroputere, Craiova). Despite their
very different PCB concentrations, similar profiles of PCB
congeners were examined for two samples from Doljchim
(1119.7 ng PCBs/g soil) and from USG (45.9 ng PCBs/g
soil) with a major contribution of PCB 180 and PCB 153.
It was already shown that soil sorption is favoured by a
high degree of chlorination.
Samples from locations situated in the vicinity of
USG at distances up to 1000 m showed PCB concentrations ranging between 15.9–22.8 ng/g soil (mean value,
19.4 ng/g soil). However, one sample taken from 1500 m
exhibited a double PCB concentration, probably because
the collection site was closer to the Oltchim plant. PCB
concentrations of 150 ± 25 ng/g were obtained for samples
near Oltchim situated at distances between 100–500 m.
More than a five-fold decrease in PCB concentrations was
observed for samples collected at 1000 and 1500 m from
the plant. The PCB concentration level in a sample from
the same area collected in 1999 (distance to the plant unknown) were more than four times higher than present
PCB concentrations. Similar PCB concentrations were
measured in soils near industrial facilities in Poland [8].
Germany, Berlin and River Spree. Heinisch et al. [25]
interpreted monitoring data of PCBs in sediment, sedimented suspended matter, breams (Abramis brama), eels
(Anguilla anguilla) and roaches (Rutilus rutilus) from
Upper-, Middle- and Lower Elbe, the Berlin Teltow canal
and the river Spree with its neighbouring waters. This
permitted the assumption that the main part of PCBs in
the Elbe in Saxony and Saxony-Anhalt may have been
imported from the neighbouring Czech Republic. At
Schmilka in the Elbsandstein Mountains, far away from
any industry at the border from the Czech Republic to
Germany, maximal values were measured but decreasing
downstream the river Elbe until Magdeburg. In Lower

Saxony and Hamburg, an increase of PCBs was determined. The last mentioned fact is leading to the assumption that the use of PCBs was more intensive in the old
Federal Republic of Germany than in the former German
Democratic Republic where the compounds had to be
imported.
Serbia, Montenegro (1). Buzarov et al. [26] determined
concentrations of PCBs in samples of water, sediment and
fish from open and closed freshwater as well as seawater
aquatoria in Serbia and Montenegro – the rivers Sava and
Tisa and the fishpond Ecka in Serbia, the Boka Kotorska
Bay in the Adriatic Sea, and in Montenegro at Tivat and
Bigovo (Table 4). The authors detected PCB residues in
all investigated samples and found that concentrations of
PCBs were generally larger in both abiotic and biotic
samples from seawater than in freshwater. Open sea aquatorium was less polluted than the semi-closed Boka Kotorska Bay. Distribution trends in freshwater ecosystems
showed the opposite behaviour: the international rivers
Sava and Tisza were more contaminated than the closed
ecosystem of a fishpond as a consequence of their geographical location, traffic and economical status.
Serbia, Montenegro (2). Under normal industrial and
agricultural production conditions, changes in the levels
of contaminants in the environment may be predictable.
Economic and social changes may alter environmental
and human exposure patterns. Therefore, the purpose of
the study exerted by Vukavic et al. [27] was to reexamine
the seasonal variations of PCBs among others in human
milk a decade after their previous study and to determine
the impact of the UN Security Council sanctions on the
levels of PCBs imposed two years ago [28]. In the samples of 3rd day colostrum, 15 from the autumn of 1993 and
14 from the spring of 1994 OCC (total HCH with isomers, total DDT with metabolites, and PCBs) were measured using ECD gas chromatography. Compared with the
earlier findings, the autumn-spring ratio remained similar
after one decade only for total PCBs (Table 5). None of
the determined chemicals measured exceeded the values
reported for human milk throughout the world. The authors concluded that major changes, not only in industry
and agriculture but also in the nutrition of people during
economic sanctions could, at least in part, influence the
levels of some of such hazards in human milk.

TABLE 4
Range of concentrations of PCBs in samples of water, sediment and fish from open and closed seawater aquatoria.

Tivat
(Boka Kotorska)
Bigovo
Ecka fishpond
Tisza
Sava

Water

Sediment

S. annularis

M. cephalus

C. carpio

E. lucius

0.53–0.60

3.34–4.23

36.94–38.24

46.46–51.14

-

-

0.13–0.18
0.01–0.02
0.01-0.03
0.05–0.07

0.96–1.51
1.87–2.45
1.74–2.16
2.14–3.40

16.82–22.42
-

9.85–14.65
-

8.15–12.14
14.90–16.23
24.10–26.34

10.73 -12.25
24.13 - 27.21
36.28 - 39.01
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TABLE 5
Concentration (µ/L) of total PCBs in autumn 1993 and spring 1994 in whole colostrum, compared
to autumn 1982 and spring 1984, on the 3rd day of location ( x ± SD, median value range; p = 0.05).

Autumn, 1993 (n=15)
10.95
±
9.22
8.23
(4.65–42.04)

Spring, 1994 (n=14)
5.49
±
4.13
4.85
0.00–14.90

Autumn, 1982 (n=15)
40-08
±
23.27
39.65
(6.58–94.55)

Czech Republic (1). As a different but effective approach, bioindicators of animal origin for monitoring the
environmental contamination of agrarian ecosystems were
applied by Vávrová et al. [29], because such ecosystems
contain considerably higher concentrations of some organic pollutants than other matrices, such as air, water, or
soil, so the authors. Small terrestrial mammals were further used in the monitoring of terrestrial ecosystems in
some countries. The authors objected, therefore, to test
the suitability of small terrestrial mammals for chemical
monitoring, for which the nutrition habits and lipid content in the skin and other tissues were considered in selecting the following species: a) small terrestrial mammals field vole (Microtus arvalis), bank vole (Clethrionomys

Spring, 1983 (n=14)
18.05
±
11.55
14.72
2.92–51.41

glareolus), wood mouse (Apodemus flavicollis), and yellow necked mouse (Apodemus sylvaticus); b) game animals, hare (Lepus europaeus), roe deer (Capreolus capreolus), fallow deer (Dama dama); and c) others – pheasant
(Phasianus colchicus), carp (Cyprinus carpio), bee (Apis
mellifera). The animals were collected in defined localities in South and Mid Moravia. Concentrations of PCB
congeners were determined in the skin, muscles, and liver,
or, in some cases, in composite samples of the digestive
tract (Table 6). It can be concluded that small terrestrial
mammals are a suitable bioindicator for the assessment of
contamination rate in both smaller localities and larger
areas (Table 7).

TABLE 6
Basic statistical parameters of PCBs in bioinidicator samples (conc. in µg/kg f.c.), n = 25.
PCB congeners
Mean
Median
28
Range
SD
Mean
Median
52
Range
SD
Mean
Median
101
Range
SD
Mean
Median
118
Range
SD
Mean
Median
138
Range
SD
Mean
Median
153
Range
SD
Mean
Median
180
Range
SD

Hare, muscle
6.4
5.8
2.2–9.6
0.7
1.9
2.0
1.0–4.3
0.5
<1
<1
n.e.
n.e.
1.0
1.2
<1–2.2
0.8
24.1
23.8
18.9–29.8
0.9
15.6
16.2
10.7-21.0
1.0
4.9
5.2
3.0-7.3
1.0

Hare, liver
6.9
7.1
1.9–9.0
0.8
4.3
4.1
2.2–6.0
0.8
1.1
1.0
1.0–1.8
0.6
2.9
2.8
<1–4.0
0.7
34.7
35.3
30.6–40.4
1.2
18.7
19.3
14.6-21.5
1.2
8.3
7.8
6.1-10.2
0.9

roe deer, muscle
4.9
4.8
1.8–6.6
0.5
3.4
3.2
1.9–5.3
0.7
<1
<1
n.e.
n.e.
2.2
2.4
1.0–4.2
0.9
17.9
18.2
12.9–22.7
1.3
15.2
14.9
10.2-17.9
1.3
6.9
7.3
4.9-8.6
0.9

n.e. – not evaluated, SD – Standard Deviation, n – number of samples
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roe deer, liver
7.2
7.0
3.5–10.2
0.8
3.9
4.0
2.8–6.9
0.3
1.0
1.4
< 1–1,6
0.3
5.3
5.0
3.8–7.1
0.6
33.2
31.9
26.6–37.4
1.5
22.3
22.9
18.4-27.8
1.5
10.4
10.9
7.9-13.8
1.3

fallow deer, muscle
9.4
8.9
6.6-14.8
0.9
4.0
3.7
1.7–5.8
0.8
2.2
2.6
0.9–3.2
0.5
2.9
3.2
1.7–5.2
0.5
18.4
17.9
10.2–20.8
1.5
14.8
15.3
9.9-19.8
1.0
5.1
4.8
2.6-7.7
1.4

fallow deer, liver
13.3
12.8
9.1-18.6
0.6
5.2
5.5
3.2–7.4
0.4
3.9
4.1
2.8-5.4
0.8
8.8
9.0
7.3–10.9
0.8
39.3
40.6
30.6–45.9
1.3
20.4
20.8
12.7-26.4
1.1
7.4
7.0
4.7-8.8
1.4
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TABLE 7
Basic statistical parameters of PCBs in mice samples (µg/kg f.c.)
PCB congeners

28

52

101

118

138

153

180

Mean
Median
Range
SD
Mean
Median
Range
SD
Mean
Median
Range
SD
Mean
Median
Range
SD
Mean
Median
Range
SD
Mean
Median
Range
SD
Mean
Median
Range
SD

Locality – Velká Losenice (n=15)
skin
liver
muscle
1.6
3.5
1.4
1.9
3.7
1.6
<1–2.2
2.3–4.9
1.0–2.2
0.4
0.6
0.5
1.3
1.9
1.3
1.1
2.1
1.5
<1–1.7
1.1–3.3
1.0–2.1
0.3
0.6
0.4
2.0
2.9
1.6
2.3
3.0
1.5
1.3–2.9
1.8–4.1
<1–2.6
0.7
0.6
0.3
4.3
6.3
2.4
4.0
6.0
2.9
2.9–5.1
5.0–7.4
1.8–3.3
0.6
0.6
0.8
12.9
23.5
8.9
13.3
24.1
8.9
11.2–17.4
18.9–31.3
6.7–12.1
0.9
0.7
0.8
10.8
16.8
6.5
10.7
17.2
7.0
9.5–13.1
12.8–20.9
3.8–10.9
0.9
1.4
1.0
6.9
11.2
2.9
6.3
10.6
3.1
5.2–8.7
8.1–14.7
1.7–6.2
0.6
0.8
0.8

Czech Republic (2). Between 1994 and 2000, Černá et
al. [30] studied the concentration levels of indicator congeners of PCBs in breast milk of women living in four districts of the Czech Republic with different levels of industrialization. In total 2595 milk samples were analysed with
each year about one hundred samples or less per district.
PCB 138, 153 and 180 were the prevailing indicator con-

Locality – Staré Mĕsto (n=15)
skin
liver
muscle
2.8
4.2
1.9
3.1
4.0
2.2
2.0–4.2
2.8–6.2
<1–3.2
0.8
0.5
0.7
1.5
2.3
1.3
1.6
2.6
1.5
<1–1.9
1.9–6.0
<1–2.6
0.3
0.6
0.3
1.2
2.5
2.2
1.4
2.9
2.0
<1–1.7
1.4–4.7
1.2–4.4
0.2
0.8
0.9
3.6
7.0
4.1
2.9
7.4
4.4
1.7–5.2
3.7–9.2
2.8–7.3
1.1
0.9
0.8
15.4
25.6
10.3
14.9
25.9
11.2
11.8–19.6
19.1–32.3
6.9–13.6
0.6
0.8
0.9
9.8
18.2
7.5
9.2
19.3
7.7
7.8–10.9
10.7–24.5
4.8–9.3
0.9
1.5
1.0
6.3
13.4
4.4
6.7
14.1
4.3
5.0–7.9
8.2–19.7
2.9–8.3
0.6
0.9
0.9

geners in human milk fat. Therefore, the total PCB content
was calculated by multiplying the sum of the congeners
138, 153 and 180 by factor 1.7. In the four monitored locations, the median levels of PCBs were 1355 ng/g fat in
1994 and 653 ng/g fat in 2000 (Figure 4). The results indicated a significant decreasing trend in time.

FIGURE 4
Levels of PCBs in human milk of the Czech population expressed as sum of (PCB 138, 153 and 180) * 1.7.
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FIGURE 5
Median levels of PCB 153 in human milk from Ústí n.L. compared to other localities.

TABLE 8
WHO-TEQ values (pg/g fat) of PCDDs, PCDFs, and dioxin-like PCBs in four pooled samples of human milk from the Czech Republic.

Non-ortho PCBs
Monoortho PCBs
WHO-TEQ total

Benešov
10.3
11.3
31.4

Žd’ár n.S.
7.5
10.2
29.6

Regional differences were found with significantly
higher PCB levels in human milk samples from the location Ústі n. L. (nad Labem) in comparison to other monitored locations (Figure 5). Furthermore, dioxin-like PCBs
were analysed in pooled milk samples prepared from individual samples collected in 1998, one pooled sample from
each of the four districts. The overall WHO-TEQ values
ranged from 29.6 pg/g fat in Žd'ár n. S. (nad Sázavou) to
35.3 pg/g fat in Ústі n. L. The contribution of dioxin-like
non-ortho (IUPAC nos. 77, 126 and 169) and mono-ortho
(IUPAC nos. 105, 114, 118, 123, 156, 157, and 189) PCBs
to the total WHO-TEQ value was in the range of 60.1 to
68.5 % with PCB 126 and 156 as the main contributors
(Table 8).
Eastern Slovakia. A birth cohort study was launched
by Hertz-Picciotto et al. [31] to examine the exposure of
polychlorinated biphenyls and dioxins in relation to neurobehavioral and immunologic development. With such a
study, the authors aim:

1. to describe the distributions in this population of concentrations of PCB congeners in the umbilical cord
and maternal serum collected at birth and in infant serum collected at 6 and 16 months of age, the distributions of polychlorinated dibenzo-p-dioxins and furans
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Plzeň
8.8
12.7
32.2

Ústi n.L.
9.2
13.3
35.3

(PCDDs/PCDFs) and coplanar PCBs in breastmilk,
and the distributions of PCB-OH metabolites and
PCB-MeSO2 metabolites in maternal serum;
2. to examine the hypotheses that higher exposures to
PCB/PCDF/PCDDs or metabolites of PCBs in the
prenatal period are associated with alterations in cellular immune parameters (immunophenotypes of
lymphocytes including B, T, NK, CD4+ and CD8+
cells) measured in umbilical cord blood, and with
reduced thymic size at birth;
3. to examine the hypotheses that higher exposures to
PCB/PCDF/PCDDs or metabolites of PCBs in the
prenatal or postnatal period are associated with: (a)
lymphocyte subset alterations in the child at 6 and
16 months; (b) post-vaccination antibody titers to
diphtheria and tetanus at 6 months; (c) general immunoglobulins at 16 months; and (d) reduced thymic
size at 6 months and 16 months;
4. to examine the hypothesis that higher exposures to
PCB/PCDF/PCDDs or metabolites of PCBs in the
prenatal or postnatal period are associated with increased incidence of childhood morbidity from otitis
media and lower respiratory infections between birth
and 16 months of age;
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TABLE 9
Biological media and timepoints in which measurements were made of exposures and impact.

Biologic medium**:
Exposure to be measured:
PCBs
PCDD/PCDF/
coplanar PCBs
PCB metabolites
Thyroid hormones & antibodies
Lymphocytes
IgG, IgM, IgA, IgE
Metals

Maternal blood

Fetal/baby blood:
Cord – 6 mo. – 16 mo.*

Breast milk

x
x
x

x-x-x
x-x-x
x-x-x
0-0-x
x-x-x

x
-

* These three time points for cord, 6-month baby blood are represented as 1st-2nd-3rd
** Placental tissue will also be collected and stored for later uses

5. to examine the hypotheses that higher exposures to
PCB/PCDF/PCDDs or metabolites of PCBs in the
prenatal or postnatal period are associated with defects in neurodevelopment, including hearing, motor, and cognitive impairment (relating outcomes
measured at birth to prenatal exposures, and later
outcomes to prenatal or postnatal exposures);
6. to examine the hypotheses that higher exposures to
PCB/PCDF/PCDDs or metabolites of PCBs in the
prenatal period are associated with intrauterine
growth retardation, and exposures in the prenatal or
postnatal period with deficits in early childhood
growth, particularly in males; and whether reduced
growth at birth is a marker for greater susceptibility
to organochlorine induced effects on other outcomes
listed above;
7. to examine the hypothesis that higher exposures to
PCB/PCDF/PCDDs or metabolites of PCBs in the
prenatal period are associated with alterations in thyroid hormones (free and total T3 and T4, TSH) and
auto-antibodies in early life.
The study involved a cohort of births from two districts
in Eastern Slovakia, one in Michalovce, where a chemical
manufacturing plant (operating from 1959 through the
mid-1980s) improperly discharged large quantities of
contaminated waste into the surrounding area, and the
other one located Svidnik, which serves as a comparative region without direct exposure to this pollution. For
a total of 1200 births during the period 2002 to 2003, the
distributions of PCB congeners in umbilical cord and
maternal serum collected at birth, and in infant serum
from 6 and 16 months of age, as well as PCDDs/PCDFs
and coplanar PCBs in breastmilk will be described. Metabolites of PCBs will also be measured in maternal
serum. These determinations will be examined in relation to immunophenotypes of lymphocytes, thymic size,
post-vaccination antibody titers, immunoglobulins, hearing, motor and cognitive impairment, childhood morbid-

ity, prenatal and postnata growth, and thyroid hormones
in early life.
Maternal blood, cord blood, and placental tissue were
collected as specimens at delivery and the use of these
specimens, and the maternal breast milk, is described in
Table 9. Besides direct measures of the exposures and
both neurobehavioral and immunologic outcomes, measurements of thyroid hormones and auto-antibodies will be
conducted, which are of particular interest as a mechanism of action, and a pathway for developmental defects
[32-36]. Thyroid disturbances have been observed in the
population of Michalovce [37].
CONCLUSION
From the results recently published, it is clearly evident that the contamination caused by PCBs poses a significant problem to areas nearby former manufacturing
sites. In particular high PCB concentrations determined in
soils should be given more attention in the near future. In
some cases, an intensive decontamination procedure should
be done to eliminate these hazardous substances from this
kind of eco-compartment.
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SUMMARY
In this work wastewater samples were collected from
12 points in a sewerage system, the general outlet of the
system and different points of the main drainage channel.
USEPA method 8082 was used to analyze the PCB congeners 28, 52, 101, 138, 153 and 180, extracted from
wastewater by using solid phase extraction cartridges.
Recovery ratios were determined to be between 78% and
93% with the analyses of fortified samples. PCB contents
of Konya wastewater varied between 0 and 1.3 µg/L for
each congener. Possible sources of PCBs in wastewater and
some measures to prevent their discharges are discussed.

KEYWORDS: Polychlorinated biphenyls (PCBs), wastewaters,
GC/ECD analysis, Konya, Turkey.

Dangerous Chemicals Regulations in Turkey in 1993
restricted the use of substances containing 0.1 % PCBs (by
weight) until 1996, but these substances have been banned
since 1996. In 1995 PCBs were listed as hazardous waste
in Turkish Hazardous Waste Control Regulation. Although
use of PCBs is restricted or even banned, they are still released into the environment from previous uses and improper disposal of PCB-containing substances [4].
The “Konya sewer system” is a combined system discharging wastewaters to the main drainage channel, which
is about 150 km long and open-built to collect excess water
returning from irrigation and also rain water. The drainage
channel discharges these waters to the Salt Lake, which is a
unique natural source for salt production. Along the channel, these waters are also being used for irrigation by farmers. Therefore, it was the aim of this investigation to monitor the PCB contamination of the wastewaters as a basis for
developing prevention measurements.

MATERIAL AND METHODS

INTRODUCTION
Approximately 1.4 billion tons of PCBs have been produced commercially from 1929 to 1978. It has been estimated that 10 million tons of PCBs have been improperly
disposed of and ultimately released into the environment.
PCBs are recognized as a group of the most persistent pollutants in the environment and listed on the EPA national
priority list. These compounds cause various human health
problems, such as neurotoxicity, dermatological and pulmonary diseases [1].
The use of PCBs was restricted in many countries during the last 20 years. Toxic Substances Control Act (TSCA)
in 1976 in USA regulated and restricted production, distribution and commercial use of PCBs. TSCA was revised
in 1996 and the use of substances containing more than
500 ppm PCBs was strictly restricted, while less than 50 ppm
PCB-containing substances are still allowed under certain
circumstances in closed systems [2, 3].

Konya wastewater samples were collected from industrial areas (sampling points: S2, S3, S4, S5, S6, S8, S9,
S11, S12, S13), residential areas (S1, S7, S10), general
outlet of sewerage (S14), and main drainage channel (C1,
C2, C3), which collects city wastewaters, run-off waters
and excess waters from irrigation discharging them to Salt
Lake [5].
PCB measurements were carried out according to
Method 8082 by US EPA [6]. Sample preparation was
optimized for PCB analyses. Fortification experiments
were carried out by Liquid–Liquid Extraction (LLE) and
Solid Phase Extraction (SPE) using C-18 octadecyl silane
(ODS) Bakerbond-SPE cartridges. A 6 PCB-standard mixture was added to 250 mL distilled water and extracted
with 50 mL n-hexane by shaking it in a separatory funnel.
Solvent phase was separated and reduced to 1 mL by rotaryevaporation under nitrogen atmosphere before analysis.
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A Hewlett Packard 5890 series II gas chromatograph
equipped with 6890 series autosampler, 63Ni-electron capture
detector (ECD), split-splitless injector and DB-5 fused silica
capillary column (30 m length, 0.25 mm id. and 0.25 µm
film thickness, J&W Scientific) was used for GC analysis.
Nitrogen was used as carrier gas at 1.40 mL/min and as
make-up gas at 45 mL/min. PCB 28, PCB 52, PCB 101,
PCB 138, PCB 153, and PCB 180 single standards were

obtained from Promochem, Germany. PCB 209 from Promochem was used as internal standard. Recovery rates for
SPE ranged from 78 to 93 % and for LLE from 40 to 60 %
(Figure 1). Due to its better recovery rates, the SPE method
was chosen for analysis. Solvents used were methanol and
n-hexane from E. Merck, Germany. The chromatogram of
the mixed PCB standard containing 6 congeners and PCB
209 as internal standard is given in Figure 2.

Recovery Ratios (%)

100
80
60
40
20
0
PCB28

PCB52

PCB101

PCB153

PCB138

PCB180

Polychlorinated Biphenyls (PCBs)

SPE(methanol/n-hexane)

LLE(n-hexane)

FIGURE 1 - Recovery rates of SPE and LLE methods (n=3).

PCB 180

PCB 138

PCB 28
PCB 153
PCB 101
PCB 52

PCB 209

FIGURE 2 - Chromatogram of PCB-mix standard (1 mg/L).
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TABLE 1 - Concentrations (µg/L; n=6) of PCB congeners found at S1-S14 and C1-C3.
Sampling
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
C1
C2
C3

mean
0.415
0.238
0.471
0.371
0.687
0.267
0.242
0.431
0.423
0.348
0.326
0.513
0.445
0.246
0.575
0.664
0.419

PCB28
min
0.205
0.027
0.069
0.006
0.047
0.058
0.032
0.025
0.014
0.256
0.082
0.164
0.588
-

max
0.525
0.744
1.331
0.760
1.100
0.616
0.436
1.030
0.800
0.536
0.545
0.808
0.710
0.408
0.848
0.720
0.687

mean
0.463
0.521
0.616
0.493
0.716
0.272
0.225
0.445
0.664
0.479
0.125
1.431
0.803
0.174
1.158
1.113
0.716

PCB52
min
0.226
0.009
0.028
0.013
0.016
0.007
0.017
0.025
0.007
0.007
0.026
0.528
0.370
0.015
0.880
0.807
0.265

max
0.623
1.253
2.019
1.336
1.663
0.972
0.432
1.090
2.000
1.492
0.296
2.285
1.316
0.540
1.581
1.340
1.547

mean
0.230
0.054
0.082
0.079
0.240
0.152
0.028
0.038
0.126
0.060
0.043
0.067
0.074
0.102
0.224
0.210
0.045

PCB101
min
0.025
0.004
0.015
0.027
0.005
0.012
0.027
0.017
0.012
0.123
0.005
0.034

max
0.595
0.134
0.217
0.270
0.566
0.300
0.043
0.122
0.257
0.204
0.069
0.201
0.174
0.325
0.340
0.577
0.053

mean
0.017
0.106
0.036
0.136
0.355
0.080
0.018
0.152
0.102
0.070
0.031
0.001
0.061
0.043
0.064

PCB138
min
0.003
0.022
-

max
0.050
0.437
0.075
0.544
0.872
0.239
0.061
0.324
0.408
0.001
0.158
0.045
0.003
0.115
0.130
0.191

mean
0.005
0.023
0.010
0.026
0.177
0.002
0.181
0.001
0.079
0.072
0.006
0.077
0.050
0.002
0.045
0.050
0.049

PCB153
min
0.006
0.002
0.013
-

max
0.014
0.086
0.034
0.100
0.706
0.006
0.355
0.005
0.252
0.277
0.016
0.214
0.071
0.006
0.079
0.123
0.147

mean
0.020
0.049
0.047
0.030
0.202
0.002
0.023
0.001
0.018
0.019
0.005
0.043
0.089
0.002
0.120
0.034
0.086

PCB180
min
0.002
0.027
-

max
0.058
0.153
0.179
0.087
0.614
0.005
0.044
0.003
0.047
0.074
0.010
0.125
0.247
0.004
0.252
0.083
0.258

- below detection limit (0.001 µg/L)

PCBs Concentrations

2,4
2
1,6
1,2
0,8
0,4

C3

C2

S9
S1
0
S1
1
S1
2
S1
3
S1
4
C1

S8

S7

S6

S5

S4

S3

S2

S1

0

Sampling Point
PCB 28

PCB 52

PCB 101

PCB 138

PCB 153

PCB 180

FIGURE 3 - Cumulative mean PCBs measured at each sampling point (µg/L).

RESULTS AND DISCUSSION
The PCB contents of wastewater samples from sewer
system and drainage channel were determined following the
analytical procedure optimized as described above. Minimum, mean and maximum PCB concentrations found at
each sampling point are given in Table 1.
Mean values varied from 0.238 µg/L at point S2 to
0.687 µg/L at S5 for PCB 28, while they changed from
0.125 µg/L to 1.431 µg/L for PCB 52 and from 0.028 µg/L
to 0.240 µg/L for PCB 101. The highest mean, 0.152 µg/L,
evidenced PCB 138 at sampling point S9. PCB 153 and PCB
180 mean values changed from 0.001 µg/L to 0.181 µg/L
and from 0.001 µg/L to 0.202 µg/L, respectively.

Cumulative mean PCB values at each sampling points
are given in Figure 3, although there is no PCB regulation
existing for the sewerage system. From Figure 3 it could be
seen that sampling points S5, S9, S12, S13, C1, C2 and C3
had the highest PCB values.

CONCLUSIONS
In this research, PCBs analyzed in Konya wastewater
samples changed between 0-1.3 µg/L for PCB 28, 0.012.3 µg/L for PCB 52, 0-0.6 µg/L for PCB 101, 0-0.9 µg/L
for PCB 138, 0-0.7 µg/L for PCB 153, and 0-0.6 µg/L for
PCB 180.
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Cumulating these 6 PCBs, the values were highest at
sampling points S5, S9, S12, S13, C1, C2 and C3. S5 receives wastewater from the industrial area including a tram
maintenance workshop. S9 receives its wastewater from
Meram industrial zone with an electric distribution center
including big transformers. At S12 the wastewater inflow
originates from an industrial zone characterized by a leatherprocessing factory and at S13 from a scrap-yard area,
where old equipments and all sorts of metals are collected.
Sampling points C1, C2 and C3 are located at the main
drainage channel, which receives wastewaters from several
towns as well as industrial areas, rain waters and excess
waters from irrigation of farmlands. PCBs may come from
various industries as well as atmospheric depositions on
wide areas that could be washed out to the channel.
These PCB values are higher than those measured previously in Paris (1.3 µg/L) [6] and Montreal (0.018 µg/L) [7]
sewerage systems. It has been suggested in previous works
that no reduction in PCBs levels of sewer systems can be
observed, even after 10 years of PCB ban. Possible explanations of these higher PCB levels found in Konya
wastewaters may be:
• The use of PCB-containing substances was later restricted in Turkey than in the EU (Paris) or Canada
(Montreal).
• The restriction requirements concerning the use
and disposal of PCB-containing materials in Turkey (Konya) are only partly fulfilled.
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SUMMARY
The objective of this study was to determine the effect of different concentrations of municipal waste compost (0, 40, 80, 120 and 160 t ha-1) on soil physical properties of vertisol and non-calcareous brown soils. According to the results, the waste compost application to the soil
increased its porosity and reduced the bulk density. In
general, adding waste composts to soils positively affected
the soil physical properties of non-calcareous brown soils.
However, addition of waste compost to vertisol soils with
high clay contents did not significantly change the soil
aggregate stability. The best compost application levels
among applied doses were 120 and 160 t ha-1.

KEYWORDS:
Compost, aggregate stability, bulk density, vertisol, porosity.

INTRODUCTION
Soil organic matter (SOM) is one of the most important factors of the soil which positively influences its
physical, chemical and biological properties. Soil chemical factors can be modified with inorganic fertilizers,
however, possibly initiating physical degradation of soils.
To obtain maximum yield, soil physical factors must be
considered as much as soil chemical factors, because
physically degraded soils are not very productive. Generally, organic matter (OM) contents of soil in Turkey are
considerably low. Approximately 21% of these soils have
very low OM and 54.6%, low contents. According to
these values, it can be concluded that 75.6% of Turkey’s
soils have inadequate OM and only 4.3 % have adequate
OM [1]. Although organic matter contents are low in
Turkey, there are limited kinds of organic material that
can be applied to increase the OM levels of soils. Therefore, there is an urge to find new kinds of organic materials to be used as sources of SOM.

Application of urban plant debris to agricultural land
can improve soil properties and result in increased crop
yield. However, some concern has been raised with respect to the application of municipal waste compost to the
agricultural lands, because of its physical and chemical
composition. These include phytotoxicity, the uncertain
plant nutrient value, and the environmental consequences
of the movement of contaminants into plants and ground
water [2]. There are also concerns from the accumulation
of heavy metals over time [3]. Amending soils with municipal solid waste compost has been shown to increase
growth and yield of vegetable crops with negligible increases of heavy metal concentration in fruits. Using
immature compost may contain high concentrations of
organic acids that adversely affect the root function and
impair plant growth [4, 5]. Therefore using mature compost can diminish its toxic effects [6]. Generally, the high
organic matter content and the high pH value of municipal waste compost minimize the availability of trace metals to plants.
Researchers have evaluated various organic amendments and composts as an alternative to other chemical
soil treatments. Comparisons of results were varied, because both composition of composted materials and research areas were different. Therefore, it is difficult to
characterize the benefits of the specific compost based on
previous studies. Several studies with organic materials
reported increased soil water retention and aggregate stability with applications of organic materials to soil [7, 8].
Additions of different levels of waste compost to soils have
decreased soil bulk densities, but increased soil aggregate
stabilities, hydraulic conductivities, resistance to soil erosion and water holding capacities [9-13]. There was a relationship between total soil C and soil aggregation, bulk
density, water retention, and hydraulic conductivity [14].
Researchers also reported that locations of organic carbon
in soil aggregates affect their stabilities [15, 16]. Practices
incorporating waste compost in soils or using them as
mulch led to increased soil water storage at planting [17].
Added yard waste compost, it improved soil organic car-
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TABLE 1
Physical characteristics of research soils.

% Fraction
Soil Type
Vertisol Soil
NonCalcareous
Brown Soil

Sand

Silt

Clay

34.22

17.50

48.28

Texture
Class
C

36.09

21.16

42.75

C

Aggregate
Stability
(%)

Particle
Density
(g cm-3)

Bulk
Density
(g cm-3)

Porosity
(%)

Field
Capacity
(%)

Wilting
Point
(%)

67.48

2.66

1.59

40.09

27.61

23.60

56.23

2.63

1.51

40.73

27.44

21.75

TABLE 2
Chemical and physical characteristics of municipal waste compost used in experiments.

pH

Organic
matter (%)

Salt
(%)

CaCO3
(%)

Na
(%)

K
(%)

7.59

24.5

0.65

18.4

0.085

1.1

bon and bulk density of clay loam soil, but did not improve air capacity [18]. In another research, additions of
waste compost on calcareous soils have significantly
increased pore volume and pores numbers compared to
control [19]. However, there is still little information on
how the incorporation of municipal waste compost affects
the overall soil physical properties of clay soils.
The objective of this study is to investigate the effects
of waste compost on physical properties of vertisol and
non-calcareous brown soils.
MATERIALS AND METHODS
Non-calcareous brown soils were sampled from
Tekirdağ and vertisol soils taken from Kirkkepenekli
village in Muratli County. Some physical analysis data of
these soils are presented in Table 1.
Mature waste composts were obtained from Izmir
Municipality Halkapinar waste factory in Turkey. Some
analytical data of waste compost are presented in Table 2.
Analyses of waste compost were conducted according
to methods from EAWAG [20]. Compost pH values were
measured in a 1:3 KCl (1N) solution; calcium carbonate
content, determined using Scheibler calcimeter; organic
matter content determined from weight loss after burning
at 650 °C for 3 hrs; salt content, determined using ECmeter in 1:2.5 compost and DI water suspension; compost
ash and acid solution (1:1 HCl:DI water) were mixed and
then Na and K contents determined by flame photometer;
exchangeable Ca and Mg contents, determined by extraction of 1N ammonium acetate and EDTA titration; soil
texture, determined by the hydrometer method according
to Bouyoucos [21]; soil porosity, calculated from relations

Ca
(%)
(exchangeable)
2.8

Mg
(%)
(exchangeable)
0.42

Water Content
(%)
47

between soil bulk density and soil particle density [22];
aggregate stability, determined according to the Yoder’s
wet sieving method [23]; soil bulk density and particle
density [24, 25], field capacity, wilting point, determined
using U.S. Salinity Lab Staff [26]; organic matter content
of soils, determined using Walkey-Black method [27].
Pots were prepared using randomized complete block
design. Trial consisted of two different soil types, five
levels of compost (including control) and four replications.
4 kg air dried soil was put in pots (20 cm in height
and 15 cm in diameter) with bottom drainage and the pots
received waste composts at the levels of 0, 40, 80, 120,
160 t ha-1. Pots were placed outside to simulate natural
conditions. Winter Barley (Hordeum vulgare) was grown
and harvested two times in each pot during the experiment. After second harvest (about six month later) soil
was removed from the pots and prepared for analysis.
Statistical Analysis

Soil parameters were analyzed by a PROC-GLM
(General Linear Models) procedure using Statistical
Analysis System [28]. Duncan’s LSD test was used to
separate means of measurements. All significant tests
were set at Probability levels of at least 0.01
RESULTS AND DISCUSSIONS
Aggregate Stability

Additions of waste composts to soils were more effective to improve soil aggregate stability in noncalcareous brown soil than in vertisols. 160 ton ha-1 compost application to vertisol soils increased soil aggregate
stability more than the control, however, all compost
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application levels increased soil aggregate stability compared to control treatment for non-calcareous brown soils.
Maximum soil aggregate stability was obtained (84.13%)
with the applications of 80 t ha-1 waste compost for noncalcareous brown soils.
In variance analysis showed that (data are not presented) treatments (control and 160 t ha-1) on soil aggregate
stability were found to be significant at the level of p<0.01
for vertisol soils. Compost levels at the rates of 0 and 160 t
ha-1 were the most effective in treatment trials on soil aggregate stability according to Duncan`s LSD test. Waste
compost additions at the rates of 40, 80, 120 t ha-1 were not
efficient to stabilize soil aggregates in vertisol soils. The
reason for that was high clay content and the smectite clay
type of vertisols. Before the experiment these soils had
naturally stable soil aggregates.
In variance analysis all treatments on soil aggregate
stability were found to be significant at the level of
p<0.01 for non-calcareous brown soils. Except 120 t ha-1
application level, all applications increased the aggregate
stability of these soils compared to control. It is seen that
application of compost was more efficient for soils with
less clay content to increase soil aggregate stability.
Bulk Density

Bulk density value of control soils was an average of
1.59 g cm-3 and bulk density value of compost application
at the rate of 160 t ha-1 was an average of 1.51 g cm-3 for
vertisol soils. These values decrease from 1.51 g cm-3
(control) to 1.44 g cm-3 (160 t ha-1) for non-calcareous
brown soils. Numerous studies reported that the additions
of waste compost to soils reduced soil bulk densities due
to their high organic matter contents [12, 13, 29]. Variance analysis showed that the compost application levels
on soil bulk density were significant for both vertisol and
non-calcareous brown soils at the level of p<0.01. Compost
levels at the rate of 160 t ha-1 was the most effective treatment to decrease the soil bulk density according to Duncan`s LSD test. Similarly, Miller [30] found a significant
and negative linear relationship between increased rates of

manure application and bulk density (0-5, 10-15 cm) of soil
samples.
Porosity

Increasing waste composts additions to soils also increased soil porosity (Table 3). Porosity values changed
from 40.19% before (control) to 42.09% after application
of 160 t ha-1 compost to vertisol soils, and from 42.40%
(before) to 45.25% after application of 160 t ha-1 compost
to non-calcareous brown soils. Variance analysis showed
that compost application levels were significant for soil
porosity at the level of p<0.05 for vertisol and p<0.01 for
non-calcareous brown soils. 160 t ha-1 compost was the
most effective to increase soil porosity according to Duncan`s LSD test for vertisol soils. Nevertheless, 120 and
160 t ha-1 compost levels resulted in the highest soil porosity values for non-calcareous brown soils according to Duncan`s LSD test. Addition of soil waste compost to heavy
clay soil increased pore volume and porosity [11, 19].
Field Capacity and Wilting Point

Additions of waste composts slightly changed field
capacity of soils (Table 3). Field capacity value of vertisol
soil was significantly lower than the control only at the
160 t ha-1 application level. Because of high clay content
of the soils under study, the amount of water at field capacity was already high. Therefore, addition of waste
compost at or above 160 t ha-1 reduced field capacity of
vertisol soil.
Additions of waste composts significantly reduced
wilting point values in vertisols. In contrast, it did not
change in non-calcareous brown soils. The reason for this
contrast is due to the high clay content and type of clay of
vertisol soils. As a matter of fact, reduction of wilting
point and field capacity water contents of heavy clay soils
are desired for agricultural practices. Variance analysis
showed that the effect of compost application on the reduction of wilting point was significant at the level of
p<0.01 for vertisol soils and non-significant for noncalcareous brown soils.

TABLE 3 - Some physical analysis results of research soils*.

NonCalcareous Vertisol Soil
Brown Soil

Soil

Compost
Levels
t ha-1
0
40
80
120
160
0
40
80
120
160

Aggregate
Stability
%
83.27 a
59.52 c
75.66 b
72.56 b
88.25 a
57.50 b
76.03 a
84.13 a
64.17 b
75.71 a

Bulk
Density
g cm-3
1.59 a
1.59 a
1.58 b
1.55 b
1.51 c
1.51 a
1.50 ba
1.50 ba
1.47 c
1.44 c

* Results are means of four replications
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Porosity
%
40.19 c
40.34 c
40.75 c
41.60 b
42.09 a
42.44 c
42.82 bc
43.06 bc
44.41 a
45.25 ba

Field
Capacity
%
28.69 a
29.47 a
28.87 a
28.67 a
26.77 b
28.61 a
28.09 ba
26.57 b
28.47 a
28.76 a

Wilting
Point
%
24.35 a
21.83 b
22.01 b
22.49 b
21.77 b
22.13 a
22.10 a
21.59 a
22.52 a
22.60 a
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CONCLUSIONS
In general, additions of waste composts positively affected the soil physical properties of non-calcareous
brown soils. However, these additions to vertisol soils
with high clay (smectite type) content did not change the
soil aggregate stability. Soil aggregate stability was more
strongly affected by soil texture and clay type than by the
addition of compost in vertisols.
Field capacity changed only after 160 t ha-1 compost
application. Therefore, effects of waste compost applications on physical properties of course soils were greater
than those of clay soils. In some cases application of municipal waste compost to the agricultural lands is a big
concern because of phytotoxicity effects, the uncertain
plant nutrient value, and the environmental consequences
of the movement of contaminants into plants and ground
water [2]. In our research application of mature compost
to pots did not cause any plant stress. However, more care
needs to be taken when applying waste compost to the
plants. Numerous researches showed positive effects of
waste compost on physical properties of course soils [31,
13]. In this research, benefits of municipal waste compost
application on physical properties of clay soil were observed.
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SEROTONERGIC EFFECTS OF MUNICIPAL EFFLUENTS:
INDUCED SPAWNING ACTIVITY IN FRESHWATER MUSSELS
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SUMMARY
This study sought to assess the spawning properties
of municipal wastewater in the freshwater mussel Elliptio
complanata. In one experiment, mussels were exposed for
45 days in a static-renewal test to a primary-treated municipal effluent, after which levels of serotonin and dopamine,
and of monoamine oxidase (MAO) and cyclooxygenase
(COX) activity were determined in both gill and gonad
tissues. In a second experiment, freshly prepared gonad
slices were treated with known spawning agents (i.e., KCl
and serotonin) and with a filtered municipal effluent for
60 min at 20 oC. Results showed that exposure of mussels
to the effluent leads to an increase of serotonin and dopamine, and of MAO and COX activity in gills. Gonad
serotonin and COX activity revealed a biphasic response
with an increase at lower effluent concentrations and a
decrease at higher ones. Gonad dopamine was negatively
correlated (R = –0.6; p < 0.05) with MAO activity in the
gonad, and with serotonin levels (R = –0.7; p < 0.05). Gill
MAO and COX activities were significantly correlated (R
= 0.7; p < 0.05). The addition of serotonin, KCl and prostaglandin-H2 stimulated the release of oocytes in vitro. So
did the municipal effluent at a threshold concentration of
3% v/v. Based on the dilution pattern of the effluent in the
St. Lawrence River, this threshold dilution corresponds to
a plume distance located 5 km downstream of the municipal effluent outfall.

KEYWORDS: Municipal effluent, serotonin, dopamine, cyclooxygenase, monoamine oxidase, spawning.

INTRODUCTION
Municipal effluents are known sources of many environmental contaminants, such as polyaromatic hydrocarbons, pesticides, surfactants, steroids, metals, pharmaceuticals and personal care products. These latter products have
recently been identified as an emerging class of potential

environmental pollutants that are released to the aquatic
environment in municipal and domestic sewage. Indeed,
analgesics (i.e., acetaminophen), non-steroidal anti-inflammatory agents (i.e., ibuprofen and naproxen), carbamazepine,
artorvastatin, fluoxetine and ethynylestradiol-17β have
been found in municipal wastewater sometimes reaching
concentrations in the µg/L range [1, 2]. The estrogenic
potential of municipal effluents has been extensively examined in aquatic organisms such as fish and bivalves.
Municipal wastewater can increase vitellogenin in plasma,
and cause sexual disruption (e.g., intersexed gonad) in
feral fish [3, 4]. Recent studies have shown that long-term
exposure of experimentally caged mussels to a municipal
effluent plume increased the proportion of females, and
vitellogenin-like proteins were found in both males and
females [5]. However, the effects of wastewater on other
crucial endocrine systems controlling sex determination
and reproduction are not well understood at present.
Serotonin and dopamine are involved during the sexual differentiation and gonad maturation stages in bivalves. Serotonin levels have been found to be lower in
the female portion of the hermaphrodite clam Argopecten
purpuratus [6]. Serotonin is well-known to induce spawning and ciliary activity in gills, while dopamine decreases
gill ciliary activity and is induced by E2, suggesting it
plays a role in gametogenesis [7]. Spawning acitivity is
also assisted by the production of prostaglandins from the
activation of cyclooxygenases (COX) in bivalves [8]. A
recent study with Elliptio complanata either exposed to
the effluent plume or injected with an effluent extract revealed that nerve ganglia, serotonin, dopamine and monoamine oxidase (MAO) activity were altered in a serotonergic manner [9]. Indeed, injection experiments raised
the possibility that the municipal effluent extract could
stimulate spawning as determined by the serotonin/dopamine ratio in nerve ganglia. Thus, physically and
chemically treated municipal effluent appears to be serotonergic to the freshwater mussel Elliptio complanata.
Current environmental exposure studies indicate that the
drug fluoxetine, a selective serotonin reuptake inhibitor, is
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released from municipal effluent. However, the long-term
effects of this serotonergic compound on aquatic fauna
are difficult to determine [10].
The purpose of this study was, therefore, to examine
the spawning potential of physically and chemically treated municipal wastewater effluent. The effects of this
effluent on spawning effectors, such as MAO and COX
activity as well as serotonin, were studied in mussels
exposed to the effluent for 45 days using a static effluent
renewal test. The spawning potential was directly measured using freshly prepared female gonad at the ripe stage
exposed in vitro to the municipal effluent. The spawning
potential of primary-treated municipal effluent is discussed in terms of its potential impact on feral mussel
populations.

METHODS
Mussel exposure to municipal effluent

Elliptio complanata mussels were collected by hand at
L’Achigan Lake (Laurentians, Quebec, Canada) and transported back to the laboratory for maintenance at 15 oC.
They were kept in aerated, UV-treated and dechlorinated
tap water in a 300 L tank and fed twice a week with the
chlorophyte Selenastrum capricornutum (1 L solution of 13 x 106 cells/mL) enriched with sucrose (5 g), NaHCO3 (1
g) and KH2PO4 (0.1 g). Twenty mussels were placed in a
series of 60 L aquaria and exposed to 0, 0.01, 0.1, 1 and
10% concentrations of a primary-treated municipal effluent. They were exposed for 45 days at 15 oC under aeration with a 12-h light and 12-h dark cycle photoperiod.
The effluent samples were renewed three times weekly
until the end of the exposure period. The mussels were
fed as described above once a week. A solid phase extract
(C-8 cartridge) of the effluent (250-fold concentrate) was
prepared as follows: a volume of 250 mL was poured
through the cartridge (previously washed with 5 mL of
bidistilled water) under vacuum; the cartridge was then
washed with 10 mL of bidistilled water, air-dried and
eluted with 1 ml of ethanol.
Measurement of spawning activity

Unexposed mussels were harvested and their sex determined by microscopic examination (400 x magnification) of a gonad smear. Female gonads were minced (25 to
40 mg pieces), blotted dry on paper, and immersed in
saline solution: 100 mM NaCl containing 1 mM KH2PO4,
0.1 mM glucose, 0.1 mM CaCl2 and 1 mM Hepes-NaOH,
pH 7.4. The gonad slices were washed five times (15 mL)
in saline solution as described above to remove any loosely
bound tissue debris and cells. The gonad slices were then
treated with concentrations of potassium (75 mM KCl),
municipal effluent (1, 10, 25 and 50% of the effluent previously filter-sterilized with a 0.2 µm pore filter) or solid
phase extract (at a concentration corresponding to 25 times
that of the neat effluent), serotonin (400 µM), and prosta-

glandin-H2 or PGH2 (10 µM) for 60 and 120 min at room
temperature. After the exposure period, each gonad slice
was lightly inverted three times and 250 µL of supernatant was collected for turbidity measurement as an indirect measurement of egg release. Turbidity was estimated
with a microplate spectrophotometer at 600 nm. The supernatant was also examined under a microscope (200400 x magnification) to confirm the increase in egg release.
Biogenic amine levels and monoamine activity

Mussels that were exposed to the municipal effluent
were dissected on ice to obtain gill and gonad tissues.
They were washed in saline solution and homogenized in
10 mM Hepes-NaOH buffer, pH 7.4, containing 125 mM
NaCl, 1 mM EDTA and 1 mM dithiothreitol with a Teflon pestle tissue grinder. A subsample of the homogenate
was centrifuged at 3000 x g for MAO activity. MAO activity was measured using tyramine as the substrate [11] in
the presence of 1 µg/ml of horseradish peroxydase and 2
µM dichlorofluorescin in 125 mM NaCl containing 1 mM
KH2PO4 and 10 mM Hepes-NaOH, pH 7.4. The formation of hydrogen peroxide was followed measuring the
increase of fluorescence of dichlorofluorescin [12]. Biogenic amine levels were determined by the o-phtaldehyde
method for indolamines and alkaline iodine for catecholamines [13, 14]. Briefly, one volume of butanol containing 0.1 M HCl and 0.1 mM reduced glutathione was added to one volume of homogenate and mixed thoroughly.
The mixture was centrifuged briefly to remove precipitated material (i.e., the pellet). The butanolic and aqueous
phases were extracted with one volume of n-heptane.
Dopamine and serotonin levels were measured in the
aqueous phase. Serotonin was measured by adding one
volume of 10 mg/mL o-pthaladehyde in 2 M HCl and
heated at 75 oC for 10 min. Fluorescence was measured at
330 nm excitation and 490 nm emission. Dopamine was
measured by adding 10 µL of alkaline iodine reagent
(Lugol, Sigma-Aldrich) to 100 µL of the aqueous phase
and heating for 60 min (325 nm excitation and 380 nm
emission). Standard solutions of serotonin and dopamine
were used and data were expressed as ng serotonin or
dopamine/mg proteins.
Cyclooxygenase activity

Cyclooxygenase (COX) activity was measured
through the oxidation reaction of homovanillate in the
presence of hematine and arachidonate [15, 16]. Briefly,
50 µL of gonad or gill 10 000 x g supernatant were mixed
in 2 mL of 50 µM arachidonate, 100 µM homovanillate
and 1 µM hematine in 50 mM Tris-HCl, pH 8, containing
0.05% Tween 20. The reaction mixture was incubated for
0, 10, 20 and 30 min at 30 oC, and fluorescence was directly measured at 315 excitation and 425 emission
(Fluorolite 1000, Hitachi). The data are expressed as the
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increase of relative fluorescence units/ (min x mg proteins).
Data analysis

For the municipal effluent exposure experiment, eight
mussels were used per treatment. To measure spawning
activity, the experiments were repeated three times. Statistical differences were determined using the ANOVA
procedure and critical differences between controls and
treatments were confirmed by the Scheffé F test. Homogeneity of variance was checked before running ANOVA
using Levene’s test. Correlation analysis was performed
using Pearson-moment correlation procedure. Significance was set at p < 0.05.
RESULTS AND DISCUSSION
No mortality resulted from the exposure of mussels to
the municipal effluent over the 45-day period at 15 oC.
However, exposure to the effluent led to significant
changes in biogenic amine levels and in COX and MAO
activity (Table 1). In gill tissue, serotonin increased at
every concentration tested, with an estimated threshold

concentration below 0.01%. Yet, serotonin levels in gonad tissues dropped below control values at higher effluent
concentrations (threshold concentration: 0.03%), while its
concentration remained high in gills. Increased serotonin
was associated with spawning activity and gill ciliary
activity in bivalves [8, 17]. Dopamine levels increased
only at higher effluent concentrations, with a threshold
effect concentration at 0.3%. MAO activity was significantly induced in both gonad and gill organs. A biphasic
response pattern, like that of serotonin levels, was observed for gonad MAO activity. COX activity was readily
induced in gonad at a threshold concentration below
0.01% v/v, as was serotonin, but was induced at higher
concentrations (threshold concentration: 3% v/v) in gill
tissues. Again, the gonad COX response followed a biphasic pattern, like serotonin. COX activity is associated
with the formation of prostaglandin precursors associated
with smooth muscle contraction (spawning) and pathological (stress) states such as coagulation and inflammation.
It has been shown that prostaglandins stimulate serotonininduced spawning in mussels [8].

TABLE 1 - Effects of municipal effluent exposure on biogenic amine metabolism and cyclooxygenase activity in mussels.

Serotonina
Gonad
Gills
10±0.4
4±0.5

Dopaminea
Gonad
Gills
15±0.8
9±0.4

COX activityb
Gonad
Gills
49±2
90±4

MAO activityb
Gonad
Gills
258±8
58 ±5

0.01%

15±0.8

23±4

14±0.4

10±0.4

64±2

82±4

362±17

68±4

0.1%

7± 0.4

25±4

15±0.4

9±0.4

65±4

88±2

161±8

67±5

1%

5±0.5

23±2

23±1.2

11±0.8

55±2

91±2

135±8

85±6

10%

4.5±0.4

25±2

22±0.8

22±1.3

170±16

190±8

98±5

Effluent
concentrations
Control

58±2

a) Data are expressed in ng/mg proteins (mean ± standard error).
b) COX and MAO activity: relative fluorescence units/(min x mg proteins).
a, b) Underlined values are statistically significant at p < 0.05 (ANOVA followed by the Scheffé F test).

TABLE 2 - Correlation matrix of biogenic amines and enzyme activities in mussels
exposed to the municipal effluent. Significant (p < 0.05) correlations are in bold script.

MAO
(gills)
MAO (gills)
MAO (gonad)
Serotonin
(gills)
Serotonin
(gonad)
Dopamine
(gills)
Dopamine
(gonad)

MAO
(gonad)

Serotonin
(gills)

Serotonin
(gonad)

Dopamine
(gills)

Dopamine
(gonad)

COX
(gills)

COX
(gonad)

0.38

-0.651
-0.42

0.06
0.66

0.11
0.20

0.11
-0.57

0.69
0.28

-0.68
-0.04

-0.37

0.17

0.20

-0.25

0.62

-0.33

-0.69

-0.56

-0.02

0.18

0.60

0.04

0.28

-0.13

0.39
-0.65

-0.42

0.06

0.66

-0.37

0.11

0.21

0.17

-0.33

0.11

-0.57

0.20

-0.69
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0.28
-0.04

-0.26
0.62

-0.56
-0.02

0,18

A
0,16

0.60
0.04

B

Mean
Stand. Error

-0.34
-0.34

0,12
Mean

Stand. error

0,11

0,10

Egg release
(A600/h)

0,14

Egg release
(A600/h)

0.28
-0.13

0,12

0,09

0,08
0,10

0,07
0,08

0,06
0,06

Control

ME

KCl

KCl/ME

Ser

Ser/ME

PGH2

0

1

10

25

50

Effluent concentration
(% v/v)

Conditions

FIGURE 1 - Stimulation of spawning activity by selected chemicals and municipal effluent.
Gonad tissue slices were mixed with selected compounds and the municipal effluent to examine
the effect on oocyte release. A) The test compounds were the municipal effluent extract (ME; 25 x
concentrate); KCl (75 mM); serotonin (ser; 400 µM); and PGH2 (10 µM). B) Prepared gonad slices
were incubated in vitro to increasing concentrations of the effluent. Data represent the mean with
standard error.

Correlation analysis (Table 2) revealed that gonad
serotonin was positively correlated with gonad MAO
activity (R = 0.67), but negatively so with gonad dopamine (R = –0.7) and COX activity in gills (R = –0.6). The
inverse relationship between serotonin and dopamine
could be explained by reduced dopamine expression in
nerve ganglia leading to decreased ciliary activity in gills
during gametogenesis. Spawning activity would be associated with high serotonin and low dopamine in gonad
tissues and nerve ganglia. Gill serotonin was negatively
correlated with gill MAO activity (R = –0.67) and gonad
MAO activity (R = –0.42), but positively so with gonad
COX activity (R = 0.62). In these mussels, oocytes are
released from the gonad to reach marsupial grooves located
in gills to await fertilization. Increased gill serotonin could
be associated with increased ciliary activity and final maturation of oocytes for fertilisation [17]. Indeed, gill MAO
activity was found to be positively correlated with gill
COX activity (R = 0.69) and negatively correlated with
gonad COX activity (R = –0.68). Gonad MAO activity
was negatively correlated with gonad dopamine levels (R =
–0.57), suggesting that MAO activity is involved in dopamine catabolism in gonad, but not in serotonin, where a
positive correlation was found. Gill dopamine levels were
found to be correlated with gill COX activity (R = 0.6).
Incubation of freshly prepared gonad tissue slices
with serotonin or KCl accelerates the rate of oocyte release (Figure 1). These compounds are known to stimulate spawning in bivalves. On a molar basis, PGH2 was a
more potent spawning stimulator than serotonin or KCl,
but a more thorough dose-response study would be need-

ed to determine the threshold concentrations. The prostaglandin PGE2 is also thought to enhance the action of
serotonin in gonad [8]. Dopamine was found to be the
main biogenic amine in gonad and was associated with
oogenesis [18], whereas the addition of estrogens had no
direct effect on egg release, but increased the effects of 110 µM serotonin [19]. The addition of municipal effluent
extract also stimulated spawning, but the combined effect
of this extract was less than additive with serotonin and
additive with KCl. Moreover, exposure of the gonad slices to the filtered municipal effluent led to stimulation of
egg release in a concentration-dependent manner. Based
on the dilution pattern of the plume in the St. Lawrence
River, the threshold effect (3% v/v) of the effluent corresponds to a distance of approximately 4-5 km downstream
[20]. This suggests that the municipal effluent is likely to
stimulate spawning in mussels within this distance from
the source.
In conclusion, this study confirms that municipal effluents are serotonergic to freshwater mussels in that they
modulate the levels of serotonin and COX activities in the
gonad and gills. Dopamine levels were negatively related to
MAO activity in the gonad, suggesting increased elimination, while the increase in serotonin is related to either an
increased rate of production or half-life. Incubation of
gonad slices in the municipal effluent increases spawning
activity at dilutions that relate to significant distances (up to
4-5 km) from the effluent outfall in the St. Lawrence River.
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WHITE ROT FUNGUS TREATMENT OF
BLACK LIQUOR BY VARYING THE pH VALUES
Wang Hongxun, Zhang Xiaoyu, Liu Bo and Feng Rentao
The College of Life Science and Technology, Huazhong University of Science and Technology (HUST), Wuhan, P.R.CHINA

SUMMARY
Several studies on lignin degradation by white rot
fungi have been reported, but the characteristic of pH
adjustment of white rot fungi has not been discussed yet.
The application of different pH values in the processing
of wheat straw black liquor and the effects of different
factors as a result were investigated. The results showed
that the ability of acid generation of the white rot fungi
could be applied in treatment of wheat straw black liquor
by decreasing the pH below 3 and removing lignin from
the black liquor system. 70% COD removal ratio was
achieved. The pH adjustment was related to the load of
black liquor, nutrient components, alkalinity and temperature. Therefore, the white rot fungi showed great potential
in the treatment of alkaline wastewaters, especially wheat
straw black liquor.

KEYWORDS:
white rot fungus, pH adjustment, black liquor.

rot fungi have been used in black liquor treatment by
some researchers, but the high load and alkalinity become
a major problem in the treatment [8].
It is possible to solve the above problems if the advantage of acidulation and biotreatment could be combined in the same system successfully. Lots of studies on
lignin degradation by white rot fungi have been done and
pH adjustment was mentioned in some of them [9, 10],
but investigations about its application have not been
reported yet.
A strain of white rot fungus with the ability to vary
pH was screened in our previous study [11]. In this article,
we studied its characteristics in varying the pH and the
effect of different factors under the changed conditions in
both potato media and black liquor. In addition, the effect
of varying pH in treatment of black liquor and the synergistic effect of different white rot fungi in black liquor
were discussed in this study.

MATERIALS AND METHODS

INTRODUCTION
The herbaceous waste products from chemical pulping were used by most paper-making manufactures. However, the low energy and high silicon content in the black
liquor lead to the impossibility of alkali recovery [1]. The
high load and alkalinity of the black liquor and the chemical stability of lignin are the major difficulties in the
treatment of black liquor [2, 3].
Nowadays, most studies on processing techniques of
wheat straw black liquor focus on how to remove or degrade lignin efficiently. Usually, the pH is decreased by
inorganic acid supplemented in the system or the acid
generated by the microbes, which is called acidulation [4,
5]. There are also many studies on separation and biodegradation of pollutants in black liquor by physicalchemical or biological methods [6, 7], however, with the
major difficulty of lignin removal and degradation. White

Microorganisms and media: White rot fungus (Coriolus versicolor) with the ability to vary pH (designated as
strain S) and Trametes sp. (designated as strain C) were
isolated in our laboratory.
The original pH of the media was adjusted to 3.0, 5.0,
7.0, 8.0, 9.0, 10.0, 11.0, respectively, with supplementation of 72% sulfuric acid. Potato-black liquor medium
(PB) was supplemented with 10% (v/v) black liquor and
the pH adjusted to neutral. The standard potato medium
was diluted into potato media (P) with nutritient concentrations of 5%, 10%, 25%, and 50% (v/v).
The black liquor（B）was diluted to 1:5, 1:6, 1:8,
1:10, and 1:20 (black liquor: water; v/v), and the pH was
adjusted to 7.0 by supplementation of vitriol. The pH
values of the black liquor with 1:10 dilution grade were
adjusted to 7.0, 8.0, and 9.0, respectively.
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pH

Incubation: The activated PDA slants of the two
strains were respectively inoculated into the standard
potato media and rotation-incubated (150 rpm) for 4 days
at 25 °C, as pre-grown culture. A 10.0% (v/v) inoculum
of a pre-grown culture was then added to the potato-black
liquor medium and a 100 ml aliquot of this medium was
incubated for 3 days as inoculum (II) under the same
conditions as above.

8,0
7,0
6,0
5,0
4,0

Effects of original pH on acid generation

Strain S showed high ability of acid generation in the
potato media of different pHs. (Fig.1). Because of the
ability of acid generation, all the original pHs (3.0 to
11.0) of potato media were declined to 2.5 to 6.0 right
after the inoculation of strain S. And after two-day incubation, all these pHs were decreased under pH 2.0. The variation of pH in black liquor was decided by many factors due
to its complexity. The pH of black liquor could only decrease from 8.0 and 9.0 to 6.5 and 7.8 respectively after the
supplementation of inoculum (II). But after five-day biotreatment, the pH of the system finally decreased to approximately 2.5 (Fig. 2). In addition, when compared with
potato media, the decrease rate was obviously lower.

3,0
2,0
1,0
0,0
0

pH

5
10

7
11

3

4
time(d)

5

The media containing different potato concentrations
had different effects on the acid generation of strain S.
(Fig. 3) The media with low nutritional concentration had
a better promoting effect on acid generation of strain S
than the high-nutrient media in the initial culture phase.
But after incubating for 3 days, the rate of acid generation
in high-nutrient media was higher than that in the lownutrient ones and the final system pHs were lower in the
media with higher concentration of potatoes.
5%

10%

25%

50%

4
3,5
3
2,5
2
1,5
1
0,5
0

8

7,00
6,00
5,00
4,00
3,00
2,00
1,00
0,00

2

Effects of nutritional conditions on acid generation

It was shown that white rot fungus is able to adapt to
the alkaline environment and decreases the system pH by
generating acid.
3
9

1

FIGURE 2
Effect of initial pH of black liquor on acid generation.

pH

RESULTS AND DISCUSSION

pH9.0

9,0

10.0% (v/v) inocula of the pre-grown culture were also inoculated in the medium with different dilution ratios,
respectively, and 100 ml volumes of this diluted medium
were then transferred into 250ml flasks and rotationincubated as described above. Mixed cultures of white rot
fungi were examined in potato media, potato-black liquor
media and black liquor media, respectively.
Analytical methods: COD was examined using the
potassium dichromate method (GB11889-11915-89, China). The pH values were determined with a pHS-3C apparatus (ShangHai weiye apparatus factory).

pH8.0

0

1

2

3

4
time（d）

FIGURE 3
Effect of different nutrient concentrations on acid generation in potato media.

0

1

2

3

4

5

time（d）
FIGURE 1
Effect of different initial pHs on acid generation in potato media.

Fig. 4 shows that the nutritient condition in black liquor system was very correlative with the ability of acid
generation. High ability of acid generation of white rot
fungus could be obtained in the black liquor media with
suitable concentration of nutritients. The ability of acid
generation improved tremendously with the increase of
potato liquor, but at 40% concentration the improvement
lowered down gradually as the potato concentration in-
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creased, thus demonstrating the increasing requirement
for nutrition of strain S and the restriction of acid generation in the black liquor system.

pH

10%

20%

30%

40%

pH
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final pH of 3 days

8
6

50%
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6,00
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5,00

0
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3,00
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temperature ( ℃)
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FIGURE 6
Effect of temperature on acid generation
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0,00
1

2

3

4

5

The effect of black liquor load

time（d）
FIGURE 4
Effect of different potato concentrations
on acid generation in potato-black liquor.

In the potato system, as the black liquor increased,
both the ability and the efficiency of acid generation of
strain S decreased simultaneously. Without black liquor in
the medium, strain S could decrease the system pH from
7.0 to 2.0 after ten-day incubation, while it could only
reduce the pH to 4.0 under the same cultural conditions
with the presence of 10% black liquor (Fig. 5).

pH

0,0%
7,5%

2,5%
10,0%

The pH change by strain S is very obvious (in Fig. 7).
Though black liquor had restriction on acid generation,
this strain still showed the ability to change pH in the five
different black liquor systems enduring a certain load of
black liquor and provide a better environment for itself by
generating acid and changing pH slowly. In addition, the
load of black liquor had obvious effects on acid generation of strain S: the reduction of pH declined as the dilution ratio increased.

pH

0

9
8
7
6
5
4
3
2
1
0

5,0%
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0
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2

4

6

8
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1:10
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1:06
1:20

1:08

6

9
culture time(d)

FIGURE 7
pH variation at different concentrations of black liquor.

time（d）
FIGURE 5
Effect of different black liquor concentrations on acid generation.

Temperature

Temperature was an important factor in the growth of
white rot fungi. In Fig. 6, the decrease of system pH as
the temperature was raised from 19 ℃ to 37 ℃ shows the
increase in acid generation. But when the temperature
reached 25 ℃, there was little effect on acid generation,
though the temperature continued to increase. Therefore,
the optimal culture temperature for the acid generation
was 25 ℃.

The change of system pH was decided by both acid
generation and buffering of black liquor system. The
growth and acid generation of strain S was restricted by
the high load of black liquor system. Moreover, the pH
variation produced by the same acid was less in the high
load media for high buffering. It was shown that the
change of system pH was slower under higher load.
Environmental effect of white rot fungus

The decrease of pH directly led to acidulation of lignin and later flocculation of black liquor. The COD removal was related to acidity alteration of white rot fungus
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pH

and it increased along with the increase of acid generation
(Figs. 8 and 9). During the growth, the COD removal of
pH 8.0-black liquor system was higher than it was in the
pH 9.0 one. On the fifth day, the pH and the COD of the
two systems were almost the same, and the COD removal
was related to pH decline. Therefore, as to strain S, the
COD load of black liquor was removed mainly by decline
of pH and, secondly, by the biodegradation.

pH8.0

9,0
8,0
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6,0
5,0
4,0
3,0
2,0
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0,0

COD（mg/L）
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FIGURE 11
Effect of different mixed culture modes on COD removal
Mixed culture of white rot fungi
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FIGURE 8
Effect of different original pHs of black liquor on acid generation.
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Strain C, which could co-culture with strain S on the
plate, was used to study the effect of different species of
white rot fungi in black liquor treatment. The results
showed that, compared with single culture, mixed culture
of white rot fungi had obvious restriction on acid generation of strain S and the decline of pH was obviously slower (Figs. 10 and 11). But lignin was still separated by
varying the pH. Mixed culture mode showed the better
environmental effect, and the final COD was lower than
in single culture. The synergistic effect of mixed culture
of white rot fungi on black liquor treatment was indicated.

CONCLUSION

0

1

2

3

1) The ability of acid generation of white rot fungi is
mainly restricted by the load of black liquor, nutrient conditions, alkalinity, temperature etc. The system pH can be decreased remarkably by white rot
fungi under a certain load of black liquor.

4
5
time（d）

FIGURE 9
COD removal at different initial pHs of black liquor

pH

S
S+C(PB)

10

C
S+C(B)

2) White rot fungi shows great ability of pH variation
in black liquor treatment. It results in the lignin
acidulation and COD decrease as well as the increase of biodegradability of the system accordingly.

S+C(P)

3) The mixed culture has some restriction on pH variation of white rot fungi, but shows obvious synergistic effect on COD removal of black liquor.
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SUMMARY
Newspaper articles with environmental content from
10 different Turkish dailies between October-December
2002 and March 2003 have been critically read and analysed under the aspects of variety and intensity of the
topics discussed in these articles. In addition, columnists’
articles with environmental content/referral have been a
question of analysis during the preparation of this research project. It is concluded that even though there is an
interest for the environmental problems in the Turkish
printed media, the frequency of the release of environmental-related articles is low. Furthermore, the research
reveals that environmental topics are rarely discussed by
the newspaper columnists.

KEYWORDS: Turkish printed media, environmental education,
environmental news.

Aim of the study

The mass media reaching the farthest places now play
an increasing role in shaping people’s opinions. Despite
the fact that the circulation of newspapers in Turkey is
lower than in other countries, their effects in leading and
educating people is evident. This study aims at determining the variety and intensity of the environment-related
topics discussed in the articles from 10 newspapers out of
36 different Turkish newspapers, published in Istanbul
and distributed all over Turkey.

METHOD
This study analyzes the intensity and content of the
environment-related news found in the newspapers with
the highest circulation figures. The 10 newspapers chosen
for this study have been analysed for the following periods: 1 = 17.10-15-12.2002 (60 days) and 2 = 1.0331.03.2003 (31 days).

INTRODUCTION
Environmental problems and their solutions have
aroused interest in Turkey, especially in the last quarter of
the last century. Either educational institutions and nongovernmental organisations or concerned public institutions are involved in the process of forming the public
opinion and creating solutions with regard to environmental problems.
With the amendment in Article 133 of the Turkish
Constitution (July 8, 1993) the government lost its monopoly control on the radio, and private radio broadcasting has become widespread. Thus, not only the educational role of the media has gained importance, but also many
cable television channels have come to bring about a positive effect on awakening environmental consciousness.

RESULTS AND DISCUSSION
Table 1 displays the monthly circulation and actual
sale numbers of the newspapers that have been examined
and the number of the newspaper articles related to environmental problems in the above-mentioned two periods.
From Table 1 it is clear that Akşam has published
the lowest (every 4 days) and Sabah the highest (every
1.3 day) number of environment-related news from 17.10.
to 15.12. 2002. The frequencies in Star (every 2.1 days),
which is known to be close to a certain party, and in
Cumhuriyet (every 2.2 days), leaning to the left-wing, are
nearly identical in period 1.
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TABLE 1 - The monthly circulation, actual sales figures and the number of environmentally oriented
articles of some newspapers [1] in the above-mentioned periods (DSSN = Daily actual selling number).

Study Periods and Number of Days
No

1
2
3
4
5
6
7
8
9
10

Newspaper

Hürriyet*
Posta*
Sabah*
Star**
Milliyet*
Zaman***
Akşam*
Yeni Şafak**
Cumhuriyet****
Radikal*

Monthly
Circulation
Number

DSSN

17 539 940
15 541 791
13 340 966
13 061 949
10 706 249
10 334 592
7 872 123
4 336 861
2 140 233
2 147 474

469 824
427 541
355 632
341 362
295 066
296 983
204 522
108 540
44 818
41 692

N
25
39
45
29
31
15

17.10. -15.12. 2002
(60 Days)
Averaged articles`
number per day*****
0.417
0.65
0.75
0.48
0.517
0.25

27
19

0.45
0.317

N
29
67
15
28
32
6
39
28

1.3. - 31.3. 2003
(31 Days)
Averaged articles`
number per day
0.935
2.16
0.48
0.903
1.03
0.193
1.289
0.933

* = Liberal newspapers; ** = Political party-based newspapers; *** = Rightist newspapers; **** = Leftist newspapers; N = Number of newspaper articles related to environmental context and ***** = their averaged number per day.

In period 2 (01.03 - 31.03. 2003) environment-related
news are published every 2.1 days in Sabah, every 1.1 day
in Hürriyet and Radikal, but every 0.5 day in Posta. Interestingly, there was a decrease in the number of environment-related news in Sabah compared to the previous
period 1. On the contrary, about 2 environment-related
news per day have been published in Posta. Yeni Şafak
and Zaman without any environmental article during
period 1, published such news every 5.2 and 1.1 days. The
leftist newspaper Cumhuriyet nearly triplicated the number of environmental news (every 0.8 day).
All the Turkish newspapers examined give place to
environment–related news, indispensable to their political
views (Table 1). The press has understood the vital im-

portance of environment and, thus, taken responsibility
for informing the readers about environment-related issues to make them more sensitive towards environment.
In Turkey, which prepares for joining the European Union, in order to increase the interest in environmentrelated issues, the Turkish Press Council has an important
mission of enabling the above-mentioned newspapers
with the highest circulation numbers to give place to at
least one environment-related article per day and even
publish columns or newspaper supplements, where such
issues are discussed. It is also important to note that the
readers should be active and exert pressure on newspaper
columnists to increase the number of environment-related
news.

TABLE 2 - The number of environmental articles and its relation numbers to different environmental headlines.

Newspaper

N

N1

Hürriyet
Posta
Sabah
Star
Milliyet
Zaman
Akşam
Yeni Şafak
Cumhuriyet
Radikal

91
91
91
60
69
31
91
31
91
91

54
106
60
29
31
28
47
06
66
47

EnvironmentalProtection
(1)
N2
%
21
38.9
60
56.6
19
31.7
08
27.6
15
48.4
13
46.4
19
40.4
02
33.3
15
22.7
09
19.1

Biological
Diversity
(2)
N2
%
8
14.8
12
11.3
16
26.7
05
17.2
04
12.9
3
10.7
3
6.4
1
16.7
18
27.3
07
14.9

Forest
(3)
N2
10
8
11
07
06
5
9
1
16
12

%
18.5
7.5
18.3
24.1
19.4
17.9
19.1
16.7
24.2
25.5

Pollution
(4)
N2
15
26
14
09
06
7
16
2
17
19

N = The number of environmental articles and its proportion to the number of total environmental articles
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%
27.8
24.5
23.3
31.0
19.4
25.0
34.0
33.3
25.8
40.4

Average
Number
Of Daily
Newspapers
0.6
1.2
0.7
0.5
0.5
0.9
0.5
0.2
0.7
0.5

1+4
(%)
66.7
82.6
55.0
58.6
67.8
71.4
74.4
66.7
48.5
59.5
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N1 = The total number of days during which the newspapers were examined.
N2 = The total number of days during which the newspapers published environmental articles.

Table 2 shows under what headlines the environmentrelated news are published and the proportion of these
headlines in the total number of environment-related
news. Accordingly, in the three newspapers -leaning to
liberal, left-wing and right-wing politics- the numbers of
environment-related news are the highest, i.e. in Posta,
which has liberal tendency, 106 have been published in a
period of 91 days. In other words, the number of daily
environmental news has reached a ratio of 1.2. The ratio
of those related to environmental protection is 56.6%, to
biological diversity 11.3%, to forestry 7.5% and to environmental pollution 24.5%. In Zaman, which leans to the
right-wing, 28 environment-related articles have been published in a period of 31 days, which means that an environment- related news have been published every 0.9 day.
The ratios of these articles to the above environmentrelated headlines are determined to be 46.4%; 10.7%,
17.9% and 25%. The percentage of these articles related
to both environmental protection and pollution has
reached 71.4%, whereas in Cumhuriyet it is only 48.5%.
But similar percentages of the environment-related news
published under four different headlines have only been
found in Cumhuriyet. In all the newspapers except for
Radikal and Star the number of news related to environmental protection is higher than that of the other three
headlines. Posta publishes the highest ratio and Radikal
the lowest concerning with environmental protection. But
Radikal ranks the first with the highest rate of 40.4%
related to pollution. Biological diversity and forestry
themes are not published enough in all newspapers, which
is a great shortcoming of the Turkish printed media.
Though Turkey is like a continent in terms of biological
diversity [2], news related to it appear the least in Akşam
with a rate of 6.4% and the most in Cumhuriyet with a
rate of 27.3%. This result is also the same as the news
related to forests. News related to forest themes show the
same tendency with rates of 7.5% and 25.55 in Posta and
Radikal. Yet, one of the most important environmental
problems of Turkey is deforestation and, therefore, the
number of news related to forests should be increased,
especially in Posta, which has the highest daily circulation
number. It is a must that news related to deforestation/
forestation should be published more frequently, since
deforestation is the most crucial problem of Anatolia. If
necessary, the importance of this above issue can be
brought to more attention by the Turkish Press Council in
special printed media columns.
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REMOVAL OF ACID YELLOW 49 FROM
AQUEOUS SOLUTION BY ADSORPTION
Mahir Alkan, Özkan Demirbaş and Mehmet Doğan
University of Balikesir, Faculty of Science and Literature, Department of Chemistry, 10100 Balikesir, Turkey

SUMMARY
In this study, the removal of an acid dye, acid yellow
49, used in the textile industry with sepiolite was investigated as a function of ionic strength, pH and temperature.
Adsorption process was attained to the equilibrium within
1 h. The adsorbed amount of acid yellow 49 increased
with increasing ionic strength and temperature, but decreased with increasing pH. The experimental data were
analysed by Langmuir and Freundlich isotherms, and it
was found that the isotherm data were reasonably correlated by Freundlich isotherm. Furthermore, for the removal of acid yellow 49, a batch reactor was designed.
The results indicated that sepiolite could be employed as
an alternative to commercial adsorbents in wastewater
treatment for the removal of colour and dyes.

KEYWORDS:
Adsorption, sepiolite, adsorption isotherm, batch design, dye.

INTRODUCTION
The adsorption of dyes onto clays has had in the past
the unique application of being a rather simple way to
determine important properties of clays, like the superficial area and the cation exchange capacity (CEC) [1].
Some specific effluents from industrial production processes may be difficult to purify by traditional wastewater
treatment technology, as a result of the complexity of
some of their components. Wastewater from textile industries creates a great problem of pollution due to the dyes
contained therein [2]. The disposal of coloured wastes
such as dyes into receiving waters causes damage to the
environment as they are toxic to aquatic life. As it is difficult to remove the dyes from effluents, different adsorbent
have been used for this purpose.
Activated carbon is the most widely used adsorbent
for the removal of color from textile effluents, because it
has a high capacity for organic matter, but its use is lim-

ited due to its high cost [3, 4]. Recently, new adsorbents
such as chitosan [5], alunite [6], cotton [7], orange peel [8],
sludge particles [9], palm fruit bunch [10], shale oil ash [11]
have been investigated for the removal of toxic materials
from water. Furthermore, perlite as an adsorbent has been
used for the removal of dyes and heavy metal ions from
aqueous solutions [2, 12, 13]. Natural clay minerals such
as sepiolite, on the other hand, may be a very good alternative to these materials.
Sepiolite has attracted remarkable attention by its sorptive, rheological and catalytic properties. Therefore the use
of sepiolitic clays has been increasing [14]. A number of
investigators studied sorptive properties of various cationic
organic reagents with sepiolite [15-17], but fewer researchers studied the adsorption of anionic reagent with
sepiolite. Sepiolite is a clay mineral with a unit cell formula Si12O30Mg8(OH,F)4(H2O)4.8H2O, and it consists, as can
be seen in Figure 1, in the alternation of blocks and tunnels
that grow up in the fibre direction (c-axis) [18]. Each block
is constructed by two tetrahedral silica sheets enclosing a
central magnesia sheet. In some aspects sepiolite is similar
to other 2:1 trioctahedral silicates, such as talc. The molecule formula is Mg3Si4O10(OH)2, but it has discontinuities
and inversions of the silica sheets that give rise to structural tunnels [16]. In the inner blocks, all corners of silica
tetrahedra are connected to adjacent blocks, but in outer
blocks some of the corners are Si atoms bound to hydroxyls (Si-OH). These silanol groups at the ‘‘external surface’’ of the silicate, are usually accessible to organic
species, acting as neutral adsorption sites (denoted as N)
[19]. In addition to that, some isomorphic substitutions in
the tetrahedral sheet of the lattice of the mineral, such as
Al3+ instead of Si4+, form negatively charged adsorption
sites. Such sites are occupied by exchangeable cations
that compensate for the electrical charge. These characteristics of sepiolite make it a powerful sorbent [20] for
neutral organic molecules and organic cations.
In this work we present the experimental results for
adsorption of acid yellow 49 on sepiolite. The main aim
of the current study has been to visualize the pattern of
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FIGURE 1
Schematic representation of the sepiolite structure.

adsorption of this anionic dye on sepiolite to various situations such as ionic strength, pH and temperature. The
results obtained have been applied to a batch design for
the removal of acid yellow 49 from aqueous media by
sepiolite.

various temperatures (105-700 °C) were measured by
BET N2 adsorption by Micromeritics FlowSorb II-2300
equipment. The results are summarised in Table 2.
TABLE 1
Chemical composition of sepiolite.

Component
SiO2
MgO
Al2O3
Fe2O3
CaO
NiO
Loss on ignition (LoI, %)

MATERIALS AND METHODS
Materials

The sepiolite sample was obtained from Aktaş Lületaşı
Co. (Eskişehir, Turkey). The chemical composition of the
sepiolite found in Eskişehir, Turkey is given in Table 1.
Acid yellow 49 was obtained from Setaş Textile Co. (Bursa,
Turkey). The structural form of dye is given in Figure 2.
Sepiolite sample was treated before using in the experiments
as follows [21]: the suspension containing 10 g L-1 sepiolite
was mechanically stirred for 24 h, after waiting for about
two minutes the supernatant suspension was filtered
through filter paper (Φ=12.5 cm). The solid sample was
dried at 105 oC for 24 h, ground then sieved by 75 µm
sieve. The particles under 75 µm are used in further experiments. The cation exchange capacities (CEC) of the various sepiolite samples were determined by ammonium
acetate method and densities by the picnometer method.
The specific surface areas of the calcinated samples at

O

O

Cl

S

NH2
N

HO
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Weight %
53.47
23.55
0.19
0.16
0.71
0.43
21.49

N

N
Cl

N

FIGURE 2
The structure of acid yellow 49.
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RESULT AND DISCUSSION

TABLE 2
Physicochemical properties of the calcinated sepiolite samples.
Calcination
temperature (0C )
105
200
300
500
700

CEC
(meg 100g-1)
25.00
24.66
25.66
27.16
25.33

Density
(g mL-1)
2.46
2.70
2.56
2.47
2.33

Specific suface
area (m2g-1)
341.9
357.1
320.9
294.8
250.2

Method

Adsorption experiments were carried out by shaking
0.5 g sepiolite samples with 50 mL aqueous solution of
acid yellow 49 of desired concentration at various ionic
strengths (0.1-0.5 M NaCl solutions in water), pHs (311), temperatures (25-55oC) for 1 h (the required time for
acid yellow 49 to reach the equilibrium concentrations).
A thermostated shaker bath was used to keep the temperature constant. The initial concentration of dye solutes,
C0, were in the range of 1x10-4 - 30 x10-4 mol L-1. All
adsorption experiments were performed at 25oC and pH
6.0 except those in which the effects of temperature and
pH of the solution were investigated. The pH of the solution was adjusted with NaOH or HCl solution by using a
Orion 920A pH meter equipped with a combined electrode. At the end of the adsorption period, the solution
was centrifuged for 15 min at 3000 rpm and then the
concentration of the residual acid yellow 49, Ce, was
determined with the aid of Cary -1E-UV Visible Spectrophotometer (Varian). The adsorbed amounts of acid
yellow 49 were calculated from the concentrations in
solutions before and after adsorption according to the
equation (1):

Qe = (C0 − Ce )

V
W

(1)

where C0 and Ce are the initial and equilibrium liquidphase concentrations of dye solution (mol L-1), respectively; Qe is equilibrium dye concentration on adsorbent (mol
g-1), V is the volume of dye solution (L), and W is the
mass of sepiolite sample used (g).
Zeta Potential

Zeta potential of sepiolite sample was measured
20±20C using a Zeta Meter 3.0 equipped with a microprocessor unit. The unit automatically calculates the electrophoretic mobility of the particles and converts it to zeta
potential in terms of Smoluchowski equation. A 0.5 g
amount of sepiolite was conditioned in 100 mL of
bidistilled water for 24 h. The suspension was kept still for
5 min to let the larger particles settle. Each data point is an
average of approximately 20 measurements. The pH of
the suspension was adjusted using dilute NaOH and HCl.
All solutions were prepared using bidistilled water.

The surface hydroxyl groups of the adsorbent have a
main effect on the adsorption of acid yellow 49 onto the
sepiolite. Therefore it would be useful to review the surface hydroxyl groups. The silicon atoms at the surface
tend to maintain their tetrahedral coordination with oxygen. They complete their coordination at room temperature by attachment to monovalent hydroxyl groups, forming silanol groups. Theoretically, it is possible to use a
pattern in which one silicon atom bears two or three hydroxyl groups, yielding silanediol and silanetriol groups,
respectively. It is stated as improbable that silanetriol
groups exist at the silica surface. The types of silanol
groups are shown below [22]:

OH

OH

Si

Si

Si

OH

OH
Hydoxyl or
silanol groups

Silanediol
groups

OH
OH

Silanetriol groups

The hydrous oxide surface groups in alumina are given as following [22]:

OH

Al

OH

Al

or

OH
Effect of Ionic Strength

Ionic strength affects the activity coefficients of OH-,
H3O+ and specifically the adsorbable dye ions. As can be
seen in Figure 3, the increasing ionic strength in the solution causes an increase in the adsorption of acid yellow 49
onto sepiolite at the pH 6. This indicates that the positive
charge of the surface of sepiolite, which has pHpzc at pH 6.6
(Figure 4), increase with increasing ionic strength, resulting in increasing the adsorption capacity. It is found that
the adsorption capacity of perlite, which has the negative
charge of the surface, in the range of pH 3-11 [23] decreases with increasing ionic strength, resulting in reducing the adsorption capacity.
Effect of pH

The adsorption isotherms at various pHs (3, 5, 7, 9
and 11) are shown in Figure 5. It is seen that the adsorbed
amount of acid yellow 49 on sepiolite has decreased with
increasing pH values. Figure 5 has shown that the sepiolite has point of zero charge about pH 6.6. Thus, the surface is positive at low pH where reaction (2) predominates, and is negative at higher pH when reaction (3)
takes over.
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FIGURE 3
The effect of ionic strength on the adsorption of acid yellow 49 on sepiolite.

16

pH
3
5
♦: 7
▲: 9
× : 11
Temp.(0C) : 25
I (mol L-1) : 0
■:
o:

14
12

8

-1

Qe (mol g ) x 10

6

10

6
4
2
0
0

1

2

3
4
-1
4
Ce (mol L ) x 10

5

FIGURE 4
The effect of pH on the adsorption of acid yellow 49 on sepiolite.
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FIGURE 5
The effect of temperature on the adsorption of acid yellow 49 on sepiolite.

-

S-OH + OH

Isosteric Enthalpy

-

S-O + H2O

(3)

As the pH of the dye solutions becomes lower than
pH 6.6, the association of dye anions with more positively
charged sepiolite surface, because of increasing S–OH2+
groups, can more easily take place:

_
+
S-OH2 + Dye

_
S-OH+2 Dye

(4)

Effect of Temperature

The adsorption isotherms at different temperatures
are shown in Figure 6. It is found that the adsorption
capacity of acid yellow 49 increases with increasing temperatures. This may be a result of increase in the mobility
of the large dye ions with increasing temperature. An increasing number of molecules may also acquire sufficient
energy to undergo an interaction with active sites at the
surface. Furthermore, increasing temperature may produce
a swelling effect within the internal structure of the sepiolite enabling large dyes to penetrate further. This indicates
that the adsorption process becomes more favourable with
increasing temperature [24].

The isosteric enthalpy of adsorption process was calculated according to the van’t Hoff equilibrium equation
and is given as follows [25]:

lnC e =

ΔH 1
⋅ + lnK v
R T

(5)

where ∆H is the isosteric enthalpy of the adsorpsiton
process, T is temperature (K), R is gas constant (J mol-1
K-1) and Kv is a constant. The isosteric enthalpy can be
conveniently figured out based on the isostere, the plot of
lnCe which is related to the same equilibrium adsorption
quantity at different temperatures, vs 1/T. When we plot
lnCe vs 1/T , we get a straight line and the isosteric enthalpy could be calculated from the slope of the line. The
isosteres corresponding to different equilibrium adsorption quantities for acid yellow 49 adsorption on sepiolite
are shown in Figure 7. The linear regression correlative
coefficients of the isosteres and the corresponding isosteric enthalpy are presented in Table 3. The results suggest
that Equation (5) fitted the experimental data very well. It
can be seen from Table 3 that the isosteric enthalpy has
changed in the range of 35.05-35.68 kJ mol-1.
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FIGURE 6
The effect of pH on the zeta potential of sepiolite.
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FIGURE 7
Plot of -lnCe versus 1/T for adsorption of acid yellow 49 on sepiolite.
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The isosteric enthalpy has shown that the adsorption of acid
yellow 49 on sepiolite is an endothermic process. Because
the isosteric enthaply does not change significantly, it can
be said that the adsorption process is uniform. The heat of
physical adsorption, which involves only relatively weak
intermolecular forces such as van der Waals and electrostatic interactions, is low compared to that of chemisorption, which involves essentially the formation of a chemical bond between the sorbate and molecule and the surface of the adsorbent. The upper limit for physical adsorption may be higher than 80 kJ mol-1 for adsorption on
adsorbents. The heat of chemisorption ranges from over
400 kJ mol-1 to less than 80 kJ mol-1 [26]. The results
above show that the interaction between surface and adsorbate molecules is a physical interaction.

R2

ΔH
(kJ mol-1)

1.0
1.5
2.0
2.5

0.984
0.986
0.987
0.989

35.68
35.41
35.21
35.05

(6)

where Qm is the monolayer capacity of the adsorbent
(mol g-1) and K is the adsorption constant (L mol-1). According to the Equation (6), a plot of Ce/Qe versus Ce should be a
straight line with a slope 1/Qm and intercept 1/QmK when
adsorption follows the Langmuir equation [26].
Freundlich equation in logarithmic form can be written as follows:

1
ln Qe = ln K F + ln Ce
n

(7)

If Equation (7) applies, a plot of lnQe against lnCe will
give a straight line, of slope 1/n and intercept lnKF [24].

TABLE 3
Adsorption enthalphy of acid yellow 49 at different Qe values.
Qe
(mol g-1) x 106

Ce
1
C
=
+ e
Qe Q m K Q m

Isotherm Analysis

The purpose of the adsorption isotherms is to relate
the adsorbate concentration in the bulk and the adsorbed
amount at the interface [27]. The analysis of the isotherm
data is important to develop an equation which accurately
represents the results and which could be used for design
purposes [28]. Several isotherm equations are available.
Two of them have been selected in this study: Langmuir
and Freundlich isotherms.
The linear form of the Langmuir equation can be
written in the following form:

Adsorption isotherms were obtained in terms of Equations (6) and (7) by using experimental adsorption results in
these equations. Values for Qm, K, n and KF are summarised in Table 4. The isotherm data were calculated from
the least square method and the related correlation coefficients (r values) are given in the same tables. As seen from
the Table 4, the Freundlich equation represents the adsorption process very well; the r values were almost all higher
than 0.99, indicating a very good mathematical fit.
The removal efficiencies, P, defined as:

P=

C0 − Ce
⋅100
C0

(8)

are given in Table 4. As can be seen from the table,
the removal efficiency ranged from 88.4–13.7% at 25 0C,
92.4–15.19% up to at 55 0C.

TABLE 4
Isotherm constants for different ionic strengths, pHs, temperatures and the values of the removal efficiency.

0

Temp.( C)

pH

25
35
45
55
25
25
25
25
25
25
25
25

6
6
6
6
3
5
7
9
11
6
6
6

Ionic strength
(mol L-1)
0.1
0.2
0.5

Langmuir isotherm
Qm (mol g-1)
K (L mol-1)
x106
x10-3
2.6
2.5
4.5
3.8
7.3
3.9
8.6
4.7
14.8
3.7
13.1
3.5
4.9
3.2
3.1
4.6
2.0
3.0
12.8
3.4
15.9
3.3
21.5
3.6
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Freundlich isotherm
r

n

0.934
0.926
0.922
0.978
0.956
0.951
0.949
0.979
0.987
0.922
0.941
0.921

1.412
1.252
1.112
1.230
1.284
1.188
1.282
1.733
1.529
1.180
1.155
1.154

KF x 103
1.9
3.4
4.0
1.3
5.6
8.4
1.8
0.2
0.2
8.7
12.4
17.2

r

%P

0.992
0.995
0.998
0.996
0.996
0.997
0.993
0.995
0.997
0.996
0.994
0.997

88.5-13.7
89.3-13.1
94.2-15.5
92.4-15.2
93.8-18.4
89.8-14.1
89.7-13.0
87.6-12.4
82.1-6.4
87.0-21.4
90.6-22.6
89.8-22.4
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V L of solvent
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FIGURE 8
Single stage batch adsorber.
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FIGURE 9
Volume of effluent (V) treated against adsorbents mass (W) for different percentage color removal of sepiolite.

1124

© by PSP Volume 13 – No 11a. 2004

Fresenius Environmental Bulletin

REFERENCES

Designing Batch Adsorption from Isotherm Data

Adsorption isotherms can be used to predict the design of single stage batch adsorption systems [28]. A
schematic diagram is shown in Figure 8 where the effluent contains V L of water and an initial acid yellow 49
concentration C0, which is to be reduced to C1 in the adsorption process. In the treatment stage W g sepiolite (dye
free) is added and the dye concentration on the solid
changes from Q0=0 (initially) to Q1. The mass balance
that equates the dye removed from the liquid effluent to
that accumulated by the solid is

[1]

Neumann, G.M. and Gessner, F. (2002). Adsorption of dyes
on clay surfaces. Encyclopedia of Surface and Colloid Science, Marcel Dekker, New York, pp. 307-321.

[2]

Demirbas, Ö., Alkan, M. and Doğan, M. (2002). The removal
of victoria blue from aqueous by adsorption on a low-cost
material. Adsorption. 8, 341-349.

[3]

Meshko, V., Markovska, L., Mincheva, M. and Rodrigues,
A.E. (2001). Adsorption of basic dyes on granular activated
carbon and natural zeolite. Wat. Res. 35, 14, 3357-3366.

(9)

[4]

Walker, G.M. and Weatherley, L.R. (1999). Kinetics of acid
dye adsorption on GAC. Wat. Res. 33, 8, 1895-1899.

For the adsorption of acid yellow 49 on sepiolite the
Freundlich isotherm has given the best fit to experimental
data. Consequently, equation can be best substituted for
Q1 in the rearranged form of Equation (7) giving adsorbent/solution ratios for this particular system

[5]

Chiou, M.S. and Li, H.Y. (2003). Adsorption behavior of reactive dye in aqueous solution on chemical cross-linked chitosan beads. Chemosphere. 50, 1095-1105.

[6]

Özacar, M. and Şengil, I.A. (2003). Adsorption of reactive
dyes on calcined alunite from aqueous solutions. Journal of
Hazardous Materials. B98, 211-224.

[7]

Bouzaida, I. and Rammah, M.B. (2002). Adsorption of acid
dyes on treated cotton in a continuous system. Materials Science and Engineering. C 21, 151-155.

[8]

Sivaraj, R., Namasivayam, C. and Kadirvelu, K. (2001). Orange peel as an adsorbent in the removal of acid violet 17
(acid dye) from aqueous solutions. Waste Management. 21,
105-110.

[9]

Aksu, Z. (2001). Biosorption of reactive dyes by dried activated sludge: equilibrium and kinetic modelling. Biochemical
Engineering Journal. 7, 79-84.

V(C0 − C1 ) = W(Q1 − Q0 ) = WQ1

W C0 − C1 C0 − C1
=
=
V
Qe
K FC1/n
e

(10)

Figure 9 shows a series of plots derived from Equation (10) for the adsorption of acid yellow 49 on sepiolite.
An initial dye concentration of 5.0x10-4 mol L-1 at 250 C
and pH 6 is assumed and figure shows the amount of
effluent which can be treated to reduce the acid yellow 49
content by 50, 60, 70, 80 and 90% using various masses
of adsorbent.

[10] Nassar, M.M. (1999). Interparticle diffusion of basic red and
basic yellow dyes on palm fruit bunch. Wat. Sci. Tech. 40, 7,
133-139.

CONCLUSIONS
Sepiolite as an adsorbent has a considerable potential
for removing anionic dyes in commercial systems because
of its higher surface area. As can be also understood from
the present work, the studies about the adsorbent properties of sepiolite have been quite limited, so it was considered to be important to investigate whether or not sepiolite could be used for the removal of anionic dyes from
industrial wastewater. The adsorbed amount of acid yellow 49 decreased with increasing pH, and increased with
increasing temperature and ionic strength. The experimental data correlated reasonably well with the Freundlich adsorption isotherm and the isotherm parameters
(KF and n) were calculated. The sepiolite sample has a
point of zero charge about pH 6.6. Thus, it can be said
that the sepiolite sample exhibits positive zeta potential in
the pH range 3-6.6 and negative zeta potential in the pH
range 6.6-11. The order of heat of adsorption corresponds
to a physical reaction. It is concluded that the acid yellow
49 is physically adsorbed onto sepiolite.

1125

[11] Al-Qodah, Z. (2000). Adsorption of dyes using shale oil ash.
Wat. Res. 34, 17, 4295-4303.
[12] Doğan, M. and Alkan, M. (2003). Adsorption kinetics of methyl violet onto perlite. Chemosphere. 50, 517-528.
[13] Alkan, M. and Doğan, M. (2001). Adsorption of copper(II)
onto perlite. Journal of Colloid and Interface Science. 243,
280-291.
[14] Ünal, H.İ. and Erdoğan, B. (1998). The use of sepiolite for decolorization of sugar juice. Applied Clay Science. 12, 419-429.
[15] Sabah, E., Turan, M. and Celik, M.S. (2002). Adsorption
mechanism of cationic surfactants onto acid- and heatactivated sepiolites. Water Research. 36, 3957–3964.
[16] Rytwo, G., Tropp, D. and Serban, C. (2002). Adsorption of
diquat, paraquat and methyl green on sepiolite: experimental
results and model calculations. Applied Clay Science. 20,
273– 282.
[17] Rytwo, G., Nir, S., Crespin, M. and Margulies, L. (2000).
Adsorption and interactions of methyl green with montmorillonite and sepiolite. Journal of Colloid and Interface Science.
222, 12–19.

© by PSP Volume 13 – No 11a. 2004

Fresenius Environmental Bulletin

[18] Brauner, K. and Preisinger, A. (1956). Structure and origin of
sepiolite. Miner. Petr. Mitt. 6, 120–140.
[19] Alrichs, J.L., Serna, J.C. and Serratosa, J.M. (1975). Structural hydroxyls in sepiolites. Clays Clay Miner. 23, 119–124.
[20] Alvarez, A. (1984). Sepiolite: properties and uses. Palygorskite-Sepiolite. Occurrences, Genesis and Uses. Developments in Sedimentology, Vol. 37, Elsevier, Amsterdam.
[21] Doğan, M., Alkan, M. and Çakir, Ü. (1997). Electrokinetic
properties of perlite. Journal of Colloid and Interface Science. 192, 114-118.
[22] Scott, R.P.W. (1993). Silica Gel-its History and Formation,
in Silica Gel and Bonded Phase: Their Production, Properties
and Use in LC, R.P.W. Scott and C. Simpson (Eds.), John
Wiley, Chichester, UK, pp. 1-22.
[23] Alkan, M. and Doğan, M. (2002). Perlite Surfaces. in Encyclopedia of Surface and Colloid Science. Marcel Dekker,
New York, pp. 3945-3958.
[24] Asfour, H.M., Fadali, O.A., Nassar, M.M. and El-Geundi,
M.S. (1985). J. Chem. Tech. Biotechnol, 35A, 21.
[25] Li, H., Xu, M., Shi, Z. and He, B. (2004) Isotherm analysis of
phenol adsorption on polymeric adsorbents from nonaqueous
solution. Journal of Colloid and Interface Science, 271, 47-54.
[26] Doğan, M. and Alkan, M. (2003). Journal of Colloid and Interface Science. 267, 32–41.
[27] Eastoe, J. and Dalton, J.S. (2000). Advances in Colloid and
Interface Science. 85, 103–144.
[28] McKay, G., Otterburn, M.S. and Aga, A.J. (1985). Water, Air
and Soil Pollution. 24, 307.

Received: March 24, 2004
Accepted: July 09, 2004

CORRESPONDING AUTHOR
Mehmet Doğan
University of Balikesir
Faculty of Science and Literature
Department of Chemistry
10100 Balikesir - TURKEY
e-mail: mdogan@balikesir.edu.tr
FEB/ Vol 13/ No 11a/ 2004 – pages 1112 - 1121

1126

© by PSP Volume 13 – No 11a. 2004

Fresenius Environmental Bulletin

STRUCTURE OF THE “AMPHIOXUS SAND” COMMUNITY
IN THERMAIKOS BAY (EASTERN MEDITERRANEAN)
Chryssanthi Antoniadou1, Yiannis Krestenitis2 and Chariton Chintiroglou1

2

1
Aristotle University, School of Biology, Department of Zoology, P.O. Box 134, 540 06 Thessaloniki, Greece
Aristotle University, School of Mechanics, Department of Hydraulics and Environmental Engineering, 540 06 Thessaloniki, Greece

SUMMARY
The structure of the “Amphioxus sand” community in
Thermaikos Bay was studied over a two-year period. The
examination of the collected 4,767 specimens revealed the
presence of 141 species. Gastropoda and Polychaeta were
the dominant taxa. Multivariate analyses showed high similarity, whereas samples discriminated according to sediment
granulometry. The degradation of this community was
evident in its structure as most of the recorded macrobenthic
species characterizes the organically enriched sediments.

KEYWORDS: biodiversity, soft substrate, sublittoral, Thermaikos,
organic pollution.

expanded during the last decade as a result of increasing
eutrophication and organic pollution, causing a considerable decrease in B. lanceolatum’s population density and
also a change on its community structure. Thus, this community type seems to be threatened worldwide [19, 20]. In
the 70’s, the “Amphioxus sand” community was common
in Thermaikos Gulf, but today its presence is limited.
This study took place at the NE side of Thermaikos
Bay, where a large fishing area of the common seashell
Venus verrucosa is heavily exploited [21]. The main aim
was to detect the ‘Amphioxus sand’ community, and elaborate its structural variability in both spatial and temporal
scales. Furthermore, the most critical factors that influence
its distributional range were identified.
MATERIALS AND METHODS

INTRODUCTION

Study area

Ecological studies of zoobenthos have proved to be extremely useful for biomonitoring [1-3]. Many authors have
showed that the structure of benthic communities reflects
the integrated conditions over a period of time [4-6]. Consequently, this kind of data is helpful for pollution impact
studies due to anthropogenic interference [7-9]. In order to
detect and deal with such cases, as defined by many international directives and conventions (e.g. Rio 1992, Water
Framework Directive, Directive 2000/60/EC), it is necessary to create a database concerning the composition of
natural communities [10, 11].
Besides the intense quantitative research on soft substrate communities, little is known about the Branchiostoma
lanceolatum facies, often called as “Amphioxus sand” [12].
Most of the relevant information derives from studies in the
Western Mediterranean and the Adriatic [13-17], as there is
only one reference from the Eastern basin [18] and the Black
Sea [19]. The“Amphioxus sand” community normally extends on gravel and coarse sand with shell fragments, often
accompanied by certain Polychaeta species (e.g. Staurocephalus keffersteini) and venerupid bivalves (e.g. Venerupis
aurea, Venus verrucosa) [12]. However, muddy areas have

Thermaikos Gulf is a shallow-water embayment in
the NW Aegean (Figure 1). Its northern part, named as
Thessaloniki Gulf, is divided at three distinct areas: (1)
the inner bay, which is a very closed area as regards water
renewal, (2) the central gulf and (3) the outer gulf. Thermaikos receives discharges from large river systems (Axios, Loudias, Aliakmonas) and also sewage and industrial
effluents from the city of Thessaloniki [22, 23]. The study
was conducted at the NE side of the central gulf, which
covers a surface of 136 km2 with a mean depth of 25 m.
After preliminary sampling the “Amphioxus sand” community was found at two sites. The first site (St.1) had a
depth ranging from 3 to 5 m, whereas the second one
(St.2), located northern, had a depth ranging from 7 to 10 m
(Figure 1).
Sampling techniques
Abiotic Factors: The main abiotic factors, e.g. temperature, salinity, dissolved O2 and pH, were measured in the
water column with a CTD on a monthly basis. Currents were
recorded with an autographic current-meter (AANDERAA
RCM9) placed five meters beyond see level. A sediment
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FIGURE 1 - Map of the study area indicating sampling sites.

analysis (granulometric composition and amount of organic
material contained in sediment) was carried out at each
sampling site on a seasonal basis. Two substrate samples
were collected with a core sampler of 1 lt volume, at each
period with SCUBA diving. The organic material was
measured with the H2O2 method and the identification of
the granulometric composition was based on Folks system
of sediment classification [24, 25].
Macrofauna

Sampling was carried out in August and January for
two consecutive years (summer 2001 to winter 2003).
Macrofaunal samples were collected from each site and
period by SCUBA diving with the use of an 18 x 25 cm
core sampler (3 replicates from the shallow-depth site and 5
replicates from the deeper one) [26, 27]. Overall, 32 samples were obtained, sieved (mesh opening 0.5 mm) and
fixed in 9% formaldehyde. After sorted, all living specimens were identified at species level and counted.
Data analysis

Data was analyzed by standard biocoenotic methods.
Thus, the population density, the mean dominance, the
frequency, and also Margalef’s richness, Shannon-Wiener
and Pielou’s evenness indices, were calculated [27, 28].
Numerical abundance data were analyzed by mANOVA,
in order to examine the effect of three different factors: a)
site, b) season and c) year of sampling. A logarithmic transformation (logx+1) was used to normalize the variance of
numerical abundances [29].

The data obtained per sampling site were analyzed
with multidimensional scaling techniques, based on the
Bray-Curtis similarity and log transformed numerical
abundances, using PRIMER package [30]. The significance of the multivariate results was assessed with
ANOSIM test. SIMPER analysis was applied to identify
the contribution of each species to the overall similarity
within a group of samples and the dissimilarity among
groups [30]. Finally, the BIOENV procedure was used to
examine which environmental parameters are related to
the observed biotic pattern (MDS plot) and the degree of
this relation [30].
RESULTS
Community structure

A total of 4,767 individuals were counted, belonging to
142 species. From these species 55 were dominant (15 Polychaeta, 36 Mollusca, 4 Crustacea), according to population
density values and frequency (> 60%) (Table 1).
Gastropods dominate in the first year and polychaetes
in the second. MANOVA results showed that from the
four dominant taxa only Gastropoda had unequal dispersion of abundance in time and Bivalvia in both time and
space (Table 2).
The values of diversity indices were high (Figure 2).
Richness values (d) ranged from 7.47 to 9.77, H’ values
from 3.42 to 4.43 and J’ values from 0.72 to 0.95, indicating the evenly dispersion of numerical abundance among
species.
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TABLE 1 - Taxonomic list of the recorded species.

Cnidaria
Cereus pedunculatus (Pennant, 1777)
Polychaeta
Abarenicola claparedei (Levinsen, 1883)
Aonides oxycephala (Sars, 1862)
Aphelochaeta marioni Saint-Josephl, 1894
Aponuphis bilineata (Baird, 1870)
Aricidea fragilis mediterranea Laubier & Ramos,
1974
Branchiomma bombyx (Dalyell, 1853)
Capitella capitata (Fabricius, 1780)
Caulleriella bioculata (Keferstein, 1862)
Ceratonereis costae (Grube, 1840)
Chone filicaudata Southern, 1914
Cirriformia tentaculata (Montagu, 1808)
Diopatra neapolitana DelleChiaje, 1841
Eteone picta Quatrefages, 1865
Eunice vittata (DelleChiaje, 1829)
Euclymene oerstedi (Claparede, 1863)
Exogone naidina Oersted, 1845
Glycera tridactyla Schmarda, 1861
Grubeosyllis limbata (Claparede, 1868)
Hydroides elegans (Haswell, 1883)
Levinseria grasilis (Tauber, 1879)
Lumbrineris latreilli Audouin & Milne-Edwards,
1834
Maldane glebifex Grube, 1860
Melinna palmata Grube, 1870
Marphysa bellii (Audouin & Milne-Edwards, 1833)
Naineris laevigata (Grube, 1855)
Nematonereis unicornis (Grube, 1840)
Nephtys incisa Malmgren, 1865
Nereiphylla rubiginosa (Saint-Joseph, 1888)
Notomastus latericeus Sars, 1851
Notomastus profundus Eisig, 1887
Paralacydonia paradoxa Fauvel, 1913
Phyllodoce mucosa Oersted, 1843
Pista cristata (O.F. Muller, 1776)
Piromis eruca (Claparede, 1870)
Protodorvillea kefersteini (McIntosh, 1869)
Polyopthalmus pictus (Dujardin, 1839)
Serpula vermicularis Linnaeus, 1767
Syllidia armata Quatrefages, 1865
Syllis hyalina Grube, 1863
Syllis prolifera Krohn, 1852
Sipuncula
Phascolosoma granulatum Leuckart, 1828
Nemertina
Polyplacophora
Lepidochitona scabridus (Jeffreys, 1880)
Gastropoda

Taxa - Species
Bittium reticulatum (DaCosta, 1778)
Bolinus brandaris (Linnaeus, 1758)
Caecum trachea (Montagu, 1803)
Cerithiopsis horrida (Monterosato, 1874)
Cerithium vulgatum Bruguiere, 1792
Chrysallida doliolum (Philippi, 1844)
Clanculus jussieui (Payraudeau, 1826)

Lucinella divaricata (Linnaeus, 1758)
Macoma cumana (Costa O.G., 1829)
Mactra corallina (Linnaeus, 1758)
Modiolus barbatus (Linnaeus, 1758)
Mysia undata (Pennant, 1777)
Mytilus galloprovincialis Lamarck, 1819
Nucula nitidosa Winckworth, 1930

Conus mediterraneus Hwass, in Bruguiere, 1792

Nucula sulcata Bronn, 1831

Cytharella coarctata (Forbes, 1840)
Epitonium sp.
Eulimella scillae (Scacchi, 1835)
Euspira catena (DaCosta, 1778)
Folinella excavata (Philippi, 1836)
Fusinus rudis (Philippi, 1844)
Fusinus syracusanus (Linnaeus, 1758)
Gibbula adansonii (Payraudeau, 1826)
Hadriana oretea (Brocchi, 1814)
Haminaea navicula (DaCosta, 1778)
Hexaplex trunculus (Linnaeus, 1758)
Jujubinus striatus (Linnaeus, 1758)
Leiostraca subulata (Donovan, 1804)
Mangelia attenuata (Montagu, 1803)
Manzonia crassa (Kanmacher, 1798)

Nuculana pella (Linnaeus, 1767)
Paphia aurea (Gmelin, 1791)
Parvicardium exiguum (Gmelin, 1791)
Pita rudis (Poli, 1795)
Psammobia depressa (Pennant, 1777)
Scrobicularia plana (DaCosta, 1778)
Tellina donacina (Linnaeus, 1758)
Tellina planata (Linnaeus, 1758)
Tellina pulchella Lamarck, 1818
Venus verrucosa (Linnaeus, 1758)
Cirripedia
Balanus trigonus Darwin, 1854
Amphipoda
Ampelisca diadema (Costa, 1853)
Amphithoe ramondi Audouin, 1826

Monophorus perversus (Linnaeus, 1758)

Caprella acanthifera Leach, 1814

Nassarius incrassatus (Strom, 1768)
Nassarius limata (Chemnitz, 1795)
Nassarius reticulatus (Linnaeus, 1758)
Neverita josephinia Risso, 1826
Odostomia conoidea (Brocchi, 1814)
Pusillina radiata (Philippi, 1836)
Ringicula auriculata (Menard de la Groye, 1811)
Rissoa guerinii Recluz, 1843
Rissoa monodonta Philippi, 1836
Rissoa violacea Desmarest, 1814
Smaragdia viridis (Linnaeus, 1758)
Tricolia pullus (Linnaeus, 1758)
Trivia sp.
Trophon muricatus (Montagu, 1803)
Turbonilla lactea (Linnaeus, 1758)
Turbonilla rufa (Philippi, 1836)
Turritella communis Risso, 1826
Vexillum tricolor (Gmelin, 1791)
Scaphopoda
Dentalium dentale Linnaeus, 1767
Bivalvia
Abra alba (Wood W., 1802)
Acanthocardia echinata (Linnaeus, 1758)
Chlamys glabra (Linnaeus, 1758)
Corbula gibba (Olivi, 1792)

Corophium sextonae Crawford, 1937
Dexamine spinosa (Montagu, 1813)
Elasmopus brasiliensis (Dana, 1855)
Elasmopus rapax Costa, 1853
Ericthonius brasiliensis (Dana, 1855)
Microdeutopus anomalus (Rathke, 1843)
Perioculodes aequimanus (Korssman, 1880)
Phtisica marina Slabber, 1749
Tanaidacea
Leptochelia savignyi (Kroyer, 1842)
Isopoda
Astacilla longicornis (Sowerby, 1806)
Dynamene bidendatus (Adams, 1800)
Paranthura nigropunctata (Lucas, 1849)
Sphaeroma serratum (Fabricius, 1787)
Cumacea
Cumela limicola Sars, 1879
Decapoda
Cestopagurus timidus (Roux, 1830)
Pisidia longimana (Risso, 1816)
Thoralus cranchii (Leach, 1817)
Callianassidae
Echinoidae
Spatangus sp.
Ophiuroidae
Ophiothrix fragilis (Abildgaard in Muller,
1789)
Olothuroidae
Olothuria polii DelleChiaje, 1823
Branchiostoma lanceolatum (Pallas, 1774)

Acteon tornatilis (Linnaeus, 1758)

Donax variegatus Gmelin, 1790

Alvania cimex (Linnaeus, 1758)
Alvania discors (Allan, 1818)
Bela ginaria (Risso, 1826)

Dosinia lupinus (Linnaeus, 1758)
Gastrana fragilis (Linnaeus, 1758)
Glans trapezia (Linnaeus, 1767)

* indicate dominant species

TABLE 2 - MANOVA results.
Taxa
Polychaeta
Gastropoda
Bivalvia
Crustacea

Site
F
0.03
1.56
11.08
0.37

Season
p
0.22
0.22
0.00
0.55

F
0.04
0.21
11.13
0.69

Significant differences in bold

1129

Year
p
0.83
0.64
0.00
0.41

F
0.19
30.8
0.12
0.11

p
0.66
0.00
0.73
0.74
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Indices d, Η'

12

minor annual grouping is apparent, whereas inside group C
a seasonal pattern during the second year came up. The
discrimination of the above pattern is confirmed by oneway ANOSIM (global R = 0.81; p < 0.1). The pairwise
test showed significant differences among all group combinations (R ranging from 0.79 to 1). The SIMPER analysis identified 18 species as most contributing to in-group
similarity and 45 species to among-groups dissimilarity
(Table 3).

St.1

S02

St.2
W03 C

St.2

S02

stress = 0.02

Summer 2001 Winter 2002 Summer 2002 Winter 2003

FIGURE 3 - Non-metric multidimensional scaling,
based on Bray-Curtis similarity index, calculated
from root transformed numerical abundance data

FIGURE 2 - Temporal and spatial variation of
diversity indices (d = Margalef’s richness, H’ =
Shannon-Wiener index, J’ = Pielou’s evenness).
Affinity of sites

Non-metric MDS indicates the separation of the samples in three main groups according to sampling site and
the year of sampling (Figure 3). Inside group A, a second

The BIOENV procedure showed that the substrates
granulometry, and especially the proportion of gravels
(SR = 0.56) and of sand (SR = 0.35) are the factors that
relate mostly with the community structure.

TABLE 3 - Species contributing on about 50% of the average
in-group similarity or the average among groups dissimilarity.
Taxa
Abra alba
Ampelisca diadema
Aonides oxycephala
Aricidea fragilis
Bittium reticulatum
Caecum trachea
Capitella capitata
Cauleriella bioculata
Cestopagurus timidus
Chone filicaudata
Chrysallida doliolum
Clanculus jussieui
Corbula gibba
Corophium sextonae
Cytharella coarctata
Dentalium dentale
Elasmopus rapax
Euspira catena
Gibbula adansonii
Glycera tridactyla
Hadriana oretea
Lucinella divaricata
Lumbrineris latreilli
Macoma cumana
Maldane glebifex
Manzonia crassa
Melinna palmata

A
42.3

B
55.1

C
60.2
4.06

3.09
5.91
6.80

10.33

11.62

7.32
5.07

8.77
4.06
8.28
4.80

A-B
59.1
2.19
1.95
1.49
2.08

1.92
1.47
1.64

A-C
60.7
1.61
1.59
3.12
2.00
1.99

B-C
52.8
2.49
1.08
2.52
1.46
1.39
2.57

1.36

1.36

1.37
1.90
1.71
1.50

1.14
2.39

6.19
5.51
4.87
5.07

1.21
3.08

3.76
3.09
2.09
1.97

1.96
1.58
2.25

2.82

1.10
1.16

1.28

1.31
1.15

1.94

1.22
1.37
1.18
1.54

3.09
4.00
2.03
1.25
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TABLE 3 (continued).
Taxa
Modiolus barbatus
Mysia undata
Nassarius incrassatus
Nassarius limata
Neverita josephinia
Notomastus latericeus
Nucula sulcata
Odostomia conoidea
Paranthura nigropunctata
Piromis eruca
Pisidia longimana
Pista cristata
Protodorrillea kefersteini
Pusillina radiata
Ringicula auriculata
Smaragdia viridis
Syllis prolifera
Tellina planata
Tellina pulchella
Tricolia pullus
Trivia sp.
Turbonilla lactea
Total

A
42.3

B
55.1

C
60.2

A-B
59.1
1.29

4.58

1.09
2.30

4.22

A-C
60.7
1.97
1.35
1.64
1.41

6.21
9.61

8.14

6.72

1.29
1.59
1.32

1.44

1.30

1.36
1.38
1.47

1.47
2.83
1.23

2.03

5.04

1.39
1.19
1.30

5.04

2.13
1.54
1.39
50.2

54.2

51.4

DISCUSSION
The Mediterranean coastal zone has experienced rapid urban development and industrialization in recent years
[3, 31]. Thermaikos gulf is considered among the most
anthropogenically disturbed marine area in Greece, since
it receives both domestic and industrial waste, from the
city of Thessaloniki and its adjacent industrial area [22,
32]. The management of this gulf is difficult; since on one
hand, the estuary system of the rivers Axios Loudias, Gallikos and Aliakmon is under protection by the Ramsar
convention, and, on the other there is an extended aquaculture of the common Mediterranean mussel [32]. So, the
entire gulf is strongly affected by human activities. Recent research efforts focus on the assessment of pollution
effects on marine benthos, by investigating the response
of benthic communities to different disturbance factors [6,
28, 33].
The majority of relevant data concerning soft substratum in Thermaikos gulf, derive from NCMR technical
reports [34]. However, Patoucheas and Stamou [35] developed a multivariate Markovian model and concluded
that dissolved oxygen is the main factor, which controls
the structure of benthic communities in Thermaikos gulf.
Our results showed that the current biotic pattern is less
affected by dissolved oxygen than by the sediment clusters.
It is known that Branchiostoma lanceolatum, an inhabitant
of the sandy sublittoral zone, is favored by the presence of
fragmented shells and gravels [16, 19]. Thus, the change
to the proportions of sediment compounds among the two
years of survey had a strong impact on the structure of the
community, resulting to an annual discrimination. The
loss of seasonality in community structure, which reap-

51.9

B-C
52.8
1.60
2.90
1.31
1.31
1.32

1.34
2.01
1.25
1.22
1.35
2.64

1.51
1.16
1.27

1.20
1.63

50.9

50.1

pears only at St.2 in the second year, is considered as an
indication of deterioration of benthic temperate communities [6]. The separation of the two sites is also attributed
on their granulometric differences. Thus, St.2 contains a
higher proportion of shell fragments and silt that diversifies its macrobenthic fauna. The organic load in sediment
was found increased at both sites, over-passing 1-2 %. As
the differences on organic amount were insignificant
among sites, periods and years, this factor was not related
with the biotic pattern.
The basic concept of biodiversity focuses on species
richness, e.g. composition that is the important indicator
of diversity across spatial scales and habitats [10, 11].
Comparing our results with relevant descriptions of the
“Amphioxus sand” community we can note its diversified
composition (Table 4). The greater number of macrobenthic species was recorded in 1970 in the Western Mediterranean, whereas the lower biodiversity was reported from
the Adriatic and the Black Sea.
The species richness in the present study has a rather
high value. Regarding the ecological preferences of the
recorded species, the relevant information is limited on
polychaetes and peracarids. Thus, many of the dominant
species are characterized as tolerant or related to organic
pollution, constituted the 65% of the recorded polychaete
species (i.e. Aphelochaeta marioni, Caulleriella bioculata,
Capitella capitata, Chone filicaudata, Cirriformia tentaculata, Eteone picta, Εunice vittata, Exogone naidina, Euclymene
oerstedi, Glycera tridactyla, Hydroides elegans, Levinsenia
gracilis, Lumbrineris latreilli, Maldane glebifex, Melinna
palmata, Marphysa bellii, Nepthys incisa, Notomastus
latericeus, N. profundus, Paralacydonia paradoxa,
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TABLE 4 - Composition of the “Amphioxus sand” community.
Taxa
Porifera
Cnidaria
Polychaeta
Nemertina
Mollusca
Crustacea
Tunicata
Echinodermata
Sipuncula
Pycnogonida
Bryozoa
Total

Guille 1970
Marseille

Dounas 1986
Strymonikos Gulf

3
9
53
1
34
47
3
25
2
1
5
183

3

Rellini 1986
Cinque Terre

Konsulova 1991
Varna Bay

5

28

1
40

12
3

15
16

74
22

55
1
22
64
1
9
3

3
1

160

3
1

25

Phyllodoce mucosa, Pista cristata, Piromis eruca, Protodorvillea keffersteini, Syllis hyalina and Syllis prolifera)
and the 45% of amphipods (i.e. Ampelisca diadema, Corophium sextonae, Elasmopus brasiliensis, E. rapax, Erichthonius brasiliensis), whereas the only recorded Tanaidacea (i.e. Leptochelia savignyi) is favoured by organic
load [3, 33, 36-38].
Muddy areas have expanded during the last decade as
a result of increased eutrophication and organic pollution,
causing a severe decline of Branchiostoma lanceolatum
populations on global scale [12, 19, 20, 31]. In the 60’s the
species was quite common along the Mediterranean coasts
but today it is considered rare [19]. In Thermaikos Gulf
Β. lanceolatum was recorded during the ΜEDPOL expedition (1980), whereas no quantitative data on its population
density or its community structure have been reported.
Today the “Amphioxus sand” community appears in the
NE area, however, its community structure is altered,
since most of the dominant species are characteristics of
the organically polluted sediments. Concluding, the effect
of the organic pollution, well reported for the broader area
of Thessaloniki Bay [22] and evaluated from the organic
compound in our sediment analysis, was found to be
rather indirect than direct on the current biotic pattern, as
the higher proportion of species was ecologically classified among the indicators of the organically enriched
sediments.

Present study
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ENDOCRINE DISRUPTING CHEMICALS - ASSAYING ANDROGENICITY BY QUANTITATING THE INDUCED EXPRESSION
LEVELS IN TWO DIFFERENT PROSTATE CELL LINES:
HUMAN PROSTATE CARCINOMA CELLS 22RV1 AND
NORMAL PRIMARY PORCINE EPITHELIAL CELLS
Anita Hartel, Cordula Pertl, Michael Wierer and Heinrich H.D. Meyer
Physiology Weihenstephan, TU Munich, Weihenstephaner Berg 3, 85354 Freising, Germany

SUMMARY

INTRODUCTION

First systematic data revealed that some “endocrine
disruptors” act through mimicking or antagonising the
physiological functions of estrogens. Later, endocrine
disrupting pathways were described to influence the signal cascade of the androgen receptor (AR). Difenoconazole and fentinacetate (TPTA) are used as fungicides, a
third - tetramethrin - as an insecticide. We have already
established a gene expression assay for testing chemicals
for androgen activity, which is performed in human prostate carcinoma 22RV1 cells growing androgen independently. A second newly established assay is based on
normal primary porcine prostate epithelial cells (NPE). We
have identified about nine androgen-regulated genes in the
prostate, four of which are eligible to determine androgenic
action using highly sensitive real-time RT-PCR: AR, differentiation related gene1 (drg1), 5α-reductase and cycline
D1. Expression of mRNA for AR and drg1 gene by 22RV1
and NPE cells shows a similar course after treatment with
fentinacetate and testosterone. In both assays the upregulation was 2-5 fold for two investigated genes. Based
on these results we provide indications that fentinacetate is
an endocrine disruptor with strong androgenic effects. Final
goal of this work is to establish a sensitive system for differential gene expression by different compounds under
study, substance-specific expression patterns and function
related analysis of potential androgenic side activity.

KEYWORDS: 22RV1 cells, normal primary porcine prostate cells,
fentinacetate, TPT, gene expression, real-time RT-PCR.

The term endocrine disrupting chemical has been defined as an exogenous agent that interferes with the synthesis, secretion, transport, binding, action, or elimination of
natural hormones in the body, which are responsible for the
maintenance of homeostasis, reproduction, development
and/or behaviour [1]. First systematic data revealed that
some “endocrine disruptors” (ED) act through mimicking
or antagonising the physiological functions of estrogens. In
recent years growing evidence has emerged along the endocrine-disrupting pathways of the androgen receptor (AR)
and corresponding signals [2-4]. Today the ED discussion
has reached man, whose genital tract may be affected by ED
possibly resulting in declining sperm counts, hypospadias,
cryptorchism, testicular, and prostate cancer [5-9]. Immunoimmobilised radio AR assay with recombinant AR was
successfully used to characterise xenobiotic steroids and to
screen pesticides [10, 11]. Three of the most suspicious
endocrine disrupting chemicals are included in our evaluation. Difenoconazole and fentinacetate [12] are used as fungicides; tetramethrin as an insecticide. A primary cell culture was seen as a model of choice to sensitively analyse the
effects of the described substances in vivo and to avoid the
use of animal testing.
A cell line expressing only AR will be advantageous to
study selective hormonal activity. The cell line 22RV1 was
established from a human prostatic carcinoma xenograft
(CWR22R) [13]. This cell line expresses only AR with the
point mutation H784Y [14]. We intended to establish a culture of primary porcine prostate epithelial cells (NPE) that
expresses a wild type AR and to compare the obtained expression pattern with the results of our previous work [15].
In the present study, the role of AR-regulated genes (ARG)
in androgen-independent growth of 22RV1 and NPE cells
was investigated.
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Our aim was also to establish a system showing a gene
expression profile selectively regulated via androgen receptor. For expression profiling we identified four androgenregulated genes: AR, differentiation-related gene (drg1) [16],
5α-reductase [17] and cycline D1 [18].

MATERIAL AND METHODS
Materials

Dulbecco´s modified Eagle´s medium nutrient mixture
F-12 HAM with L-glutamine, 15 mM HEPES, collagenase
type IA, amphotericin B, penicillin, streptomycin and testosterone (4-androsten-17β-ol-3-one) were from Sigma (Steinheim, Germany). Heat inactivated foetal bovine serum (FBS)
was from GibcoTM (Eggenstein, Germany). Plastic materials,
including centrifuge tubes, T25 cm2 culture flasks, 12-well
plates were obtained form “greiner bio-one” (Fickenhausen,
Germany). Ringer solution was purchased from Braun (Melsungen, Germany). Difenoconazole and tetramethrin were
from Dr. Ehrenstorfer GmbH (Augsburg, Germany), fentinacetate (triphenyltinacetate, TPTA) from Riedel de Haën
(Seelze, Germany).
Tissues

Prostate tissue was obtained from castrated pigs (100 120 kg) after slaughtering.
Isolation and culture

For isolating and culturing normal pig prostate epithelium cells we have modified the method of Classen-Linke
et al. [19]. The prostate tissue was cut of the prostate immediately after slaughtering and transported on ice to the
laboratory. The following procedures were performed
under sterile conditions (laminar flow). The tissue was
minced into small pieces of about 1 mm3. Digestion and
shaking for 1-2 h in 0.300 type I A collagenase (470 U/mg)
at 37 °C in DMEM/ Ham´s F12 with phenol red containing
1% antibiotic (100 µg/ml streptomycin, 100 U/ml penicillin)
and 10% FBS followed. Further mechanical separation
was performed by repeated section by pipetting. Epithelial
cells were separated by two filtration steps. First, filtration
was performed through a stainless steel sieve of 250 µm to
remove mucous material or undigested tissue. The second
filtration of the filtrate solution was carried out through a
stainless steel sieve of 36 µm mesh size (Kufferath, Düren,
Germany). The glands and epithelial cells were trapped on
the 36 µm sieve, backwashed from the sieve with medium
and freed of collagenase by centrifugation (10 min, 650 rpm,
twice). The cell pellets were seeded with a density of 25*105 cells/cm2 on plastic 12-well plates. Cells were cultured at 37°C in a humidified atmosphere of 5% CO2.
Human prostate carcinoma cell line 22RV1 [13] was
obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Germany, ACC 438)
and routinely cultured in 40% RPMI 1640 medium, 40%

Dulbecco´s MEM (Gibco-BRL, USA) supplemented with
20% heat-inactivated FBS plus 100,000 units/l penicillin
and 100 mg/l streptomycin. Steroids were removed from
FBS as described [20]. FBS was incubated with 0.5%
activated charcoal and 0.05% dextran T-70 for 30 min at
55°C. The charcoal particles were removed by centrifugation at 4°C for 20 min at 4.500 g. This step was repeated
and stripped serum was sterile filtered and stored in aliquots at - 20°C. Cells were split 1:6 every 7 days and
cultures were maintained at 37°C in a humidified atmosphere of 5% CO2.
Growth response

To determine the growth rate of NPE cells, primary
culture was seeded at a density of 3 x 105 cells/cm2. At a
confluence-level of 30-40% one part of the cells was
stimulated with 100, 10 and 1 nM testosterone. Cells were
trypsinised (trypsin/EDTA solution), washed and resuspended in PBS 0h, 4h, 8h, 12 h, 24h, 48h and 72h after
stimulation. Trypsinised cells were counted from triplicate wells using a hemocytometer.
Processing for immunocytochemistry

Stromal and epthelial cells in culture were identified
and visualized by cell specific staining of cytoskeletal proteins. Primary antibodies to cytokeratins (MO821, DAKO
Diagnostik, Hamburg, Germany), or vimentin (PO447,
Immunotech, France) were used to examine epithelial and
stromal specific markers respectively. Confluent primary
prostate epithelial cells were cultured on microscope slides
with a silicone insert. The slides were fixed for 30 min in
3.7% formaldehyde. Endogenous peroxidase activity was
blocked by incubation in 1% hydrogen peroxide for 30 min
at room temperature. Non-specific binding was blocked by
goat serum (1:10 dilution in PBS-buffer) for 30 min at
room temperature. A primary antibody dilution was added
to each well and the slides incubated in a humidified chamber at 4°C over night. In control sections either primary or
secondary antibody were omitted and replaced by buffer.
Sections were incubated with DAB alone to exclude residues of endogenous peroxidase activity. A lack of staining
of controls showed the antigen specificity. After washing
with PBS-buffer of horseradish peroxidase-labelled goat
anti-mouse IgG (DAKO, Hamburg, Germany) diluted
1:200 was applied at room temperature for 1h. Peroxidase
was visualized by applying 0.01% 3,3´diaminobenzidine
hydrochloride (DAB, Sigma, Steinheim, Germany) and
0.01% hydrogen peroxide in PBS-buffer for 10 min in
darkness at room temperature.
Treatment

Cell were seeded in medium containing charcoalstripped FBS (22RV1 20%, NPE 10%) for 24h before
treatment with steroids and allowed to form a 60-70%
confluent monolayer. Hormone and pesticide treatment
was performed after an adhesion and proliferating phase
of 2-4 days. Pesticides and hormones were used at a con-
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centration of 100, 10 and 1 nM and cells were harvested
0h and 4h after stimulation for RNA extraction. Control
cultures were continuously grown in steroid-depleted
untreated medium for the same time intervals.
RNA preparation, RT, and real-time PCR

Total RNA was isolated from prostate cells using
peqGold TriFastTM (peqLab Biotechnologie GmbH, Erlangen, Germany) with the guanidinium-isothiocyanate
method [21] according to the manufacturer's instruction.
Synthesis of first strand cDNA was performed by using
1000 ng total RNA and 200 U MMLV-Reverse Transcriptase (Promega, USA) according to the manufacturer’s
protocol. RT reaction was carried out in 40 µl reaction
volume in a gradient cycler (Tgradient, Biometra®, Germany). All measurements of nucleic acid concentration
were performed at 260 nm (OD260) in a spectrophotometer
(BioPhotometer®, Eppendorf, Germany) with 220-160 nm
Uvettes® (Eppendorf).
Primers for all ten androgen regulated genes were designed using HUSAR-software (DKFZ, Heidelberg, Germany) and synthesised by MWG Biotech (Ebersberg,
Germany) (Table 1). Subsequently, PCR products were
subjected to gel-electrophoresis in 1.5% agarose gels
containing 0.5 µg/ml ethidium bromide. Quantification of
genes of interest was carried out in a LightCycler® (Roche
Diagnostic, Germany) using LightCycler® DNA Master
SYBR® Green I technology [22]. Master mixes for each
PCR run were prepared as follows: 6.4 µl water, 1.2 µl
MgCl2 (4 mM), 0.2 µl forward primer (20 pmol), 0.2 µl
reverse primer (20 pmol) and 1 µl Fast Start DNA Master
SYBR® Green I mix (Roche Diagnostics Germany). 9 µl
mastermix were combined with 1 µl (25 ng) reverse tran-

scribed total RNA. Each sample was subjected to 40 PCR
cycles (15 sec at 95°C for denaturation, 10 sec at corresponding annealing temperature, 20 sec at 72°C for elongation and 3 sec at 75-83°C for a single fluorescence
measurement). We performed “second Derivate Maximum
Method” to determinate the crossing point using LightCycler Software 3.5 (Roche Molecular Biochemicals).
Crossing point is defined as the point at which the fluorescence rises appreciably above the background fluorescence
[23]. In the “Second derivate Maximum Method”, a second derivate maximum within the exponential phase of
the amplification curve is linearly related to a starting
concentration of template cDNA molecules. The specificity of the bans was confirmed by the melting curve
analysis using LightCycler software 3.5.
Statistics

Statistical analysis of group differences was done by
Pair Wise Fixes Reallocation Randomisation Test, which
is implemented in the REST-XL software [24, 25]. Differences in expression between control and treated samples were assessed in group means for statistical significance by randomisation tests. The mathematical mode
was based on the PCR efficiency and the group mean
crossing point difference between the treated versus the
control group. The corresponding real-time PCR efficiency (E) in the exponential phase was calculated using the
equation E = 10[-1/slope], applied to a dilution series ranging
from 0.20 pg to 50 ng DNA in triplicate [23].
All data were statistically processed in SigmaPlot
2000 (SPSS Inc, USA) and SigmaStat 2.0 (Jandel Corporation, USA).
®

®

TABLE 1
Selected androgen-regulated genes and in human prostate carcinoma cell line 22RV1 and in normal primary
porcine epithelial cells NPE. Gene bank accession number indicate gene sequences primers were designed from

AR

Accession
no.
M63505

TTGATTTTTCAGCCCATCCACTGGA

CCTGGTTTTCAATGAGTACCGCATTG

Size
(bp)
217

Ubiqutin

NM174133

AGTCGACCCTGCACCTGGT

GCTCCACCTCCAGGGTGA

194

PSA

AF113132

TGTCCGTGACGTGGATTG

GGTTCCACTGCTCCTCTGAG

159

5α-red

M32313

CCTAAATACGCTGAAATGGAGG

CACACTTGGCAAGACATAGCC

131

TMPRSS2β

AF270487

AAGCTGCAGAAGCCTCTGAC

CAGCGTTCAGCACTTCTGAG

151

PSM

M99487

TCAGCACCACCAGATAGCAG

GGTTCCACTGCTCCTCTGAG

170

PMEPA1

AF224278

GGCAGAACACTCCGCGCTTCTTAG

CAAGCTCTCTTAGCTTGTGCATTC

146

NKX3.1

U80669

GCCAAGAACCTCAAGCTCAC

TCATAATGGTTGTCACCTGAGC

261

Drg1

AF078103

TACGGCTGATGACCTCATTG

GGTGATGGGCAGAGATGG

149

Cycline D1

NM053056

CACGTCCAGGTTCAACCC

TGCCTCAAAGTCCTGCTTG

195

Identity

Upstream primer

Downstream primer

Selected genes are as follows: Prostate-specific antigen [26] belonging to kallekrein gene family is a common tumour marker in cancer diagnosis,
Prostate-specific Membrane Antigen (PSM) is a cell surface marker in the prostate [27], homeobox gene NKX3 [28] is involved in cell growth and
differentiation, TMPRSS2 supports normal cell growth and morphology [29] and PMEPA1 [30] is involved in calcium binding
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RESULTS

and 1 nM testosterone the doubling time of NPE cells was
not influenced.

Cell culture characteristics

In materials and methods we have described a highly
reproducible and simple procedure to isolate and culture
normal porcine prostate epithelium cells (NPE). The technique involves a standard collagenase digest. The glands are
then seeded to give a 10-40% confluent culture after 3 days
of spreading. After 3 to 4 days the culture comprised predominantly epithelial colonies (shown in Figure 1a) The
cells were examined by light microscopy and were polygonal in shape and closely associated with each other, which
is characteristic for cultured epithelial cells [31, 32]. Single
stromal cell colonies have been observed (Figure 1b.).
These were elongated, spindle-shaped, and loosely associated with each other. This is characteristic for fibroblastictype cells in culture.

Immunohistochemical characterisation of epithelial and
stromal cells

The intermediate filaments vimentin and cytokeratins
were detected immunohistochemically to proof the epithelial or stromal origin of the cultivated cells. Cytokeratin
was positive for the epithelial cells (Figure 2a.) and negative for the fibroblast cells (Figure 2b.). We observed 5 %
contamination with stromal cells. Vimentin was negative
for epithelial cells and positive of stromal cells (data not
shown).
a)

a)

b)

b)

FIGURE 2 - Differentiation of epithelial and stromal cells
with cytokeratin via Mayer Haemalaun nuclei counterstain.
(a) Positive immunohistochemical reaction for cytokeratin on
primary porcine prostate epithelial cells (20 x magnification).
(b) Negative immunohistochemical reaction for cytokeratin on
NPE stromal cells (20 x magnification).

FIGURE 1 - Culture of primary porcine prostate epithelial cells (a)
and stromal cells (b) after 3 days in culture (both 40 x magnification).

The cell line 22RV1 grew slowly to high density (doubling time 49 h) [13]. In comparison, NPE cells grown on
non-treated polymer surface had a doubling time of 68 h
(data not shown). After stimulation with 100 nM, 10 nM

Identification of androgenicity

We have tested the organotin compound fentinacetate
at concentrations of 100 nM, 10 nM and 1 nM on human
carcinoma cell line 22RV1 and normal porcine prostate
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epithelial cells. Both assays show similar up-regulation of
androgen regulated genes AR and drg1 to a 2-5 fold level
with an increase of gene expression with decreasing concentrations of the pesticide (Figure 3).

n-fold mRNA regulation compared to control group

The level of relative gene expression of drg1 gene
mRNA in NPE cells also increases with decreasing concentration of testosterone (Figure 4.), at 1 nM concentration it reaches its peak value (2-fold increase). A similar

pattern can be observed by expression of drg1 gene in
22RV1 cells, yet relative expression increase is only half
the value compared to NPE cells. The induction of AR in
22RV1 cells is described by an increase of relative expression with decreasing concentration of testosterone.
This is in contrast to NPE cells, where similar values were
detected at 100 nM and 10 nM and a decrease was observed only at lower concentrations.

2.6
1.6

NPE - AR
AR
NPE – drg1
22RV1 -drg1
AR

NPE
22RV1

2.4
1.4

*

*

22RV1 – drg1

2.2
1.2

2.0

1.0

*

1.8
0.8

1.6
0.6

*

*
*
*

*

* *

*

0.4
1.4
0.2
1.2
1.0
0.0

100

10

1

c (Fentinacetate) [nM]
FIGURE 3 - Effect of treatment with fentinacetate on AR and drg1 genes mRNA expression level in NPE and 22RV1cells (n=6)
in comparison with untreated controls (n=6). Both cell types were cultured in the absence or presence of fentinacetate (100 nM,
10 nM and 1 nM). Expression changes were shown as n-fold up- or down-regulation (mean±SD). Tissue mean expression level
(n-fold) = E CP. * P < 0.05, **P < 0.01 indicate significant differences between treatment groups.

n-fold mRNA regulation compared to control group

ΔΔ

4.5

4.0

NPE - AR

NPE NPE – drg1 AR
22RV1 22RV1 - ARdrg1

*

2.5

2.0

*
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*
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*
*

1.5

*
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1.0
100
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1

c (Testosterone) [nM]
FIGURE 4 - Effect of treatment with testosterone on AR and drg1 genes mRNA expression level in NPE and 22RV1 cells (n=6) in
comparison with untreated controls (n=6). Both cell types were cultured in the absence or presence of testosterone (100 nM, 10 nM
and 1 nM). Expression changes were shown as n-fold up- or down-regulation (mean±SD). Tissue mean expression level (n-fold) =
E CP. * P < 0.05, **P < 0.01 indicate significant differences between treatment groups.
ΔΔ
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drg1

a)

n-fold mRNA regulation compared to control group
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n-fold mRNA regulation compared to control group
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n-fold mRNAregulation compared to control group

cycline D1
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n-fold mRNA regulation compared to control group
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FIGURE 5 - Effect of treatment with difenoconazole and tetramethrin on AR, drg1, 5α-reductase and cycline D1 genes mRNA expression level in 22RV1 (n=6). 22RV1 cells was cultured in the absence or presence of difenoconazole and tetramethrin (100 nM, 10 nM
and 1 nM). Expression changes were shown as n-fold up- or down-regulation (mean±SD). Tissue mean expression level (n-fold) = E CP.
* P < 0.05, **P < 0.01 indicate significant differences between treatment groups.
ΔΔ

1140

© by PSP Volume 13 – No 11a. 2004

Fresenius Environmental Bulletin

The gene induction of AR, drg1, cycline D1 and 5αreductase in 22RV1 cells after stimulation with both pesticides difenaconazole and tetramethrin (Figure 5) showed
a quite different pattern. Drg1 gene mRNA was downregulated by both substances. After treatment with tetramethrin the down-regulation increased with decreasing concentration. Upon treatment with difenaconazole we observed a
constant down-regulation at both 100 nM and 10 nM, but
almost no effect at 1 nM.
Gene expression of 5α-reductase behaved in a different
manner. Whereas up-regulation decreased with decreasing
tetramethrin concentration, difenaconazole treatment lead
to an increase of expression with decreasing concentrations.
AR gene expression showed mainly a down-regulation with
both pesticides.
Cycline D1 gene expression showed a very characteristic pattern depending on the concentration of both substances. Upon treatment with tetramethrin, the highest value was
observed at 100 nM (2.5-fold). On the contrary, difenaconazole showed almost no effect at concentrations of 100 and
10 nM, but a strong up-regulation at 1 nM (2.5-fold).

DISCUSSION
This paper describes the isolation and culture of normal primary porcine prostate epithelial cells and the analysis of androgenicity in two different prostate cell lines:
human prostate carcinoma 22RV1 and normal primary
porcine epithelial cells.
Isolation and monolayer culture of epithelial cells has
previously been reported for endometrium from: women
[19, 33], cows [34], ewes [35], rabbits [36] and guineapigs [37]. The normal primary porcine prostate epithelial
cell culture system established with experimentally separated epithelial cells, was assessed and proved by both immunohistochemical and ultrastructural investigations. The
epithelial cells are morphologically and functionally intact.
NPE were identified as epithelial by the presence of epithelial marker cytokeratins [38] and vimentin, the intermediate
filament protein [39]. Examination after immunohistochemical characterisation by microscope revealed that
stromal and epithelial cells were different in morphology.
Cross-contamination of fibroblasic cells by epithelial cells
was observed by 5%, which is comparable to the value
found in living organs. Growth of NPE cells showed similar
testosterone independency like epithelial cell line 22RV1.
Second important point in our study was to test the
functionality of our cell cultures based on gene expression
in the presence of naturally occurring testosterone and
pesticides fentinacetate, tetramethrin and difenoconazole.
This question was covered by ligand concentration dependent stimulation of 22RV1 and NPE cells. An in vitro
system like ours contrasts the approach of reporter geneassays. These test systems mainly focus on the expression
of a single gene being under control of a respective ster-

oid promoter region. In contrast our cell culture allows
analysis of various androgen-responsive genes that are
relevant under in vivo conditions.
During the last years few in vitro test systems to
study the androgenicity have been developed which are
mainly based on cellular systems. In addition to systems
using cultivated breast cancer cells, in which the hormonal
activity is evaluated via recording proliferation activity [40,
41], cultivated mammalian cells are used as the basis for
reporter gene assay [42-46]. Hereby the ligand-activated
receptors initiate the transcription of a reporter gene. A
similar approach is used with reporter gene assays in yeast
cells. The prostate carcinoma cell line 22RV1 and the NPE
cells are in vitro assays, with different origins and distinct
properties. Assays based on carcinoma cells are often suspected of being too far away from in vivo conditions as
their metabolism is adapted to autonomous proliferation.
One part of our test system consists of two androgen
related genes in the prostate, AR and drg1, which are
affected in both cell lines 22RV1 and NPE by the pesticide fentinacetate in a similar up-regulation of the gene
expression at a concentration range of 100 nM to 1nM.
This effect has been even more intense at the lowest concentration and resulted in an average 3-fold up-regulation
compared to the control group. Almost identical gene
expression profiles for both cell types were observed in
concentrations from 100 nM to 1 nM after stimulation with
powerful steroid hormone testosterone. As documented
previously by Bauer et al. [11], fentinacetate shows a high
relative binding activity (RBA) to the AR of about 1.42%
compared to dihydrotestosterone (100%). Based on these
results we could proof that fentinacetate is an endocrine
disruptor with strong androgenic effects. Fentinacetate
has been widely used as a fungicide on many different
kinds of crops and vegetables, but also as algaecide and
molluscicide on boats and ships. Triphenyltin (TPT corresponding to fentin) showed androgen-like action in an
androgen-dependent transcription and cell proliferation
assay [46]. Low concentrations of 1 nM TPT showed the
same proliferate and transcription activating effects as
does 10 nM DHT in human prostate cancer line. The information about the androgenic or anti-androgenic effects
of fentin compounds evaluated by in vivo assays with
mammalia is quite rare. But the acceptable daily intake
(ADI) value is stated to 0.5µg/kg body weight per day by
the WHO based on the reduction of the body weight of
the dam in reproductive studies in rats and rabbits [47].
Treatment of NPE cells with difenaconazole and tetramethrin showed a different expression effect on AR and
drg1 gene than fentinacetate. Cycline D1 gene expression
showed a very different, substance-specific characteristic
pattern depending on the concentration of both substances.
The highest value was observed at 1 nM difenoconazole,
on the contrary, tetramethrin showed a strong regulation
at 100 nM. Tetramethrin and difenoconazole treatment
showed for 5α-reductase same effects on gene expression
as for cycline D1 gene, but no alteration on expression
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activity of AR and drg1. Using this both compounds in an
androgen-receptor binding assay [11] revealed only weak
relative binding activity.
In conclusion we have established a sensitive gene
expression system for testing chemicals for androgen-like
action. In two prostate cell lines, 22RV1 and NPE, we
have identified about nine androgen-regulated genes, of
which 4 can be used in the ED assay. This required identification of genes expressed in prostate cells that are effected by exposure to putative endocrine-disruptor compounds. Our new test system enabled us to selectively
identify the different expression patterns induced after
stimulation with the respective analysed substances.
Therefore, the highly sensitive gene expression assay
based on epithelial cells described here provides a useful
tool for differentiation and characterising of natural androgens and pesticides. Further investigations are necessary to evaluate especially the endocrine disruptive activity of other pesticides in in vivo experiments [48].

[12] Tomlin, C.D.S. The pesticidemanual, 11th Ed. British crop Protection council (1997) 533-537.R.M.
[13] Sramkoski, T.G. Pretlow, J.M. Giaconia, T.P. Pretlow, S.
Schwartz, M.S. Sy, S.R. Marengo, J.S. Rhim, D. Zhang, J. and
Jacobberger, W. (1999) A new human prostate carcinoma cell
line, 22RV1, Dev Biol 35, 403-409.
[14] Hartel, A. Didier, A. Ulbrich, S.E. Wierer, M. and Meyer, H.H.D.
Characterisation of steroid receptor expression in the human
prostate carcinoma cell line 22RV1 and quantification of androgen effects on mRNA regulation of prostate specific genes, J
Steroid Biochemistry & Molecular Biology (submited).
[15] Hartel, A. Didier, A. Pfaffl, M.W. and Meyer, H.H.D. (2003)
Characterisation of gene expression patterns in 22RV1 cells for
determination of environmental androgenic/antiandrogenic compounds, J Steroid Biochemistry & Molecular Biology 84, 231238.
[16] Ulrix, W. Swinnen, J.V. Heyns, W. and Verhoeven, G. (1999)
The differentiation-related gene 1, Drg1, is markedly up regulated by androgens in LNCaP prostatic adenocarcinoma cells, FEBS
Letters 455, 23-26.
[17] Jenkins, E.P. Hsieh, C. Milatovich, A. Normington, K. Berman,
D.M. Francke, U. and Russell, D.W. (1991) Characterisation and
chromosomal mapping of a human steroid 5α reductase gene and
pseudogene and mapping of the mouse homologue, Genomics 11,
1102-1112.
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ESTIMATION OF STATE VARIABLES FOR
CONTROLLED IRRIGATION CANALS VIA
A SINGULAR VALUE BASED KALMAN FILTER
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SUMMARY
A discrete-time linear Kalman filtering algorithm
based on singular value decomposition (SVD) technique
is applied to the control of irrigation canals. The SaintVenant equations of open-channel flow are linearized
using the Taylor series and a finite difference approximation of the original nonlinear, partial differential equations. Using the linear optimal control theory, a Linear
Quadratic Gaussian (LQG) controller is designed for an
irrigation canal with 6 gates and 5 pools. The Kalman
state estimator in the LQG controller is designed using
both conventional and singular value decomposition
(SVD) techniques. The performance of the Kalman state
estimators designed using the singular value decomposition (SVD) and the conventional Kalman filtering technique are compared with the results obtained using a fullstate feedback controller. The singular value decomposition (SVD) based Kalman filter formulation has a good
numerical stability and can handle correlated measurement noise without any additional transformation. In
conventional Kalman filter applications, measurements
noises are generally designed to be uncorrelated; and this
may be a large source of error. The results of this study
show that a SVD based Kalman filter for irrigation canals
offers an alternative to conventional Kalman filter when
the flow depth measurements in the canal are correlated.

KEYWORDS:
singular value decomposition, Kalman filters, open-channel flow.

INTRODUCTION
Conveyance and distribution performance of irrigation canals can be improved to better meet the requirements of farmers by providing modern methods of canal
control. The demand for irrigation water varies with time
among other factors, due to the variable weather conditions.

Therefore, to avoid overflows and always be able to satisfy
the demand, the canal system must be controlled to maintain desired flow rates and water surface elevations. The
use of flexible irrigation deliveries is necessary for efficient
on-farm irrigation water management. Thus, the conversion
from rigid to flexible delivery schedules will require better
canal control to provide good uniform deliveries. The strategy of water delivery, the desired schedules, required
communications (both digital and human), and the location
of a variety of decision making must first be decided upon
before the hardware is examined. The control strategy must
be compatible with the flexibility of the ultimate water
supply, and the social, political, geographical, and economic conditions under which it will be used. Furthermore, the
control strategy used in automating canals for irrigation
water delivery has important effects upon social development and the economic well-being of the irrigation project.
When the needs of farmers are more closely matched by
canal deliveries, on-farm water management potentials are
greater. Canal flows must match turnout demands and
water levels must remain high enough to supply all turnouts
plus steady enough to maintain a constant delivery through
gravity turnouts into open laterals. Additionally, canals
must be operated to prevent rapid water level drawdown
that can damage canal lining. The principal objectives of
irrigation canal networks are to provide equitable and timely apportionment of water among irrigators and to do so in
proper quantities (flow rate and duration). To accomplish
these objectives, canal should be designed and operated to
minimize flow rate and depth fluctuations in order to protect system structures, minimize required management
activities, and reduce seepage and losses. The prerequisites
for such operational efficiency include appropriate and
properly maintained water conveyance and control structures, adequate water measurement and communication
systems, and proper coordination of all operation and
maintenance activities. The goal of the canal operations is
to match the actual flow in the canal to the required flow
for that day while maintaining water surface elevations
within allowable limits. In a demand delivery schedule,
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whether under constant level control or constant volume
control, since the demands are not known in advance, the
effect of the random disturbances on the system variables
must be measured and used in the feedback loop to control
the system [1]. In the past, significant research was done to
derive the relationship between the deviations in the system
state variables (flow rate and flow depth) and the change in
gate opening. Recently, Reddy [1], Malaterre [2] and Reddy [3] have applied optimal control theory to derive control
algorithms for modernization of irrigation canals. However,
when lumped parameter models are used to derive control
algorithms for irrigation canals, the number of state variables that must be used in the feedback loop is large [4]. It is
very expensive to measure all state variables (flow depth
and flow rates) in a multi-pool irrigation canal. Reddy [4]
applied a Kalman filtering technique in the control of irrigation canals. However, he assumed the random measurement (flow depth) noise is a white, zero-mean Gaussian
random sequence, in other words the measurements are
uncorrelated. The objective of this paper is to apply a singular value based (SVD) based Kalman filter technique in
the control of an irrigation canal, where flow depth measurement noises are correlated, and to observe the performance of LQG regulators which are designed using both
conventional Kalman filtering technique and SVD technique.
MODELING OF OPEN CHANNEL FLOW
In the operation of irrigation canals, decisions regarding the changes in gate opening in response to arbitrary
(random) changes in the water withdrawal rates into lateral
or branch canals are required to maintain the flow rate into
the laterals close to the desired value [3]. This is accomplished by maintaining the depth of flow or the volume of
water in a given pool at a target value. This problem is
similar to the process control problem in which the state of
the system is maintained close to the desired value by using
real-time feedback control [3]. The Saint-Venant equations,
presented blow, are used to model flow in a canal:

∂A ∂Q
+
= ql
∂t ∂x

(1)

∂Q ∂(Q 2 / A)
∂y
+
+ gA( − S 0 + S f ) = 0
∂t
∂x
∂x

(2)

in which A = wetted area, m2; ql = lateral flow,
m /sec; y = water depth, m; t = time, sec; x = longitudinal
direction of channel, m; g = gravitational acceleration,
m2/sec; S0 = canal bottom slope (m/m); R = hydraulic
radius, A/P (m); P = wetted perimeter (m); n = roughness
coefficient (s/m1/3); and Sf = the friction slope, m/m, and
is defined as
2

effect of the net acceleration terms stemming from removal of a fraction of the surface stream was assumed
negligible.
Lateral canals in the main canal are usually scattered
throughout the length of the supply canal. Manually controlled discharge regulators are used at the head of a lateral canal: The mathematical representation of flow
through these structures is given as follows [1]:
ql = Cdblwl(2g(Z-Zl))1/2 for submerged flow
ql = Cd blwl(2g(Z-Es))

1/2

for free flow

(4)

in which, ql = lateral discharge rate, m3/s; Cd = outlet
discharge coefficient; bl = width of outlet structure, m; wl =
height of gate opening of outlet structure, m; Z = water
surface elevation in supply canal, m; and Zl = water surface
elevation in lateral canal, m; and Es = sill elevation of head
regulator, m. Obviously, the flow rate through a head regulator depends upon the water surface elevation in the supply canal. The water surface elevation in the lateral canal is
a function of the discharge rate through the head regulator.
Therefore, this equation is an implicit equation. In the case
of free flow, the discharge rate through the head regulator
is independent of the water surface elevation in the lateral
canal [1]. Therefore, once the required discharge into a
lateral is specified, then the gate opening is adjusted to get
the required flow rate through the head regulator, assuming
that the water surface elevation in the supply canal is maintained constant at the target level. When a manually controlled head regulator is used, for simulation purposes the
gate opening or the variation in gate opening is specified as
a function of time. Conversely when an automated discharge rate regulator is used, for simulation purposes the
lateral discharge rate as a function of time is specified as a
known input, i.e., ql = fq(t) [1].
In the regulation of the main canal, decisions regarding the opening of gates in response to random changes in
water withdrawal rates into lateral canals are required to
maintain the flow rate into laterals close to the desired
value [1]. This is accomplished by either maintaining the
depth of flow in the immediate vicinity of the turnout
structures in the supply canal constant or by maintaining
the volume of water in the canal pools at the target value.
When the latter option is used, the outlets are often fitted
with discharge rate regulators. The water levels or the
volumes of water stored in the canal pools are regulated
using a series of spatially distributed gates (control elements). Hence, irrigation canals are modeled as distributed control systems. Therefore, in the solution of Eqs. (1)
and (2), additional boundary conditions are specified at
the control structures in terms of the flow continuity and
the gate discharge equations, which are given by [1]:
Qi-1,N = Qgi = Qi,1 (continuity)
Qgi = Cdibiui(2g(Zi-1,N – Zi,1))

Sf = Q|Q|/K2
in which K = hydraulic conveyance of canal =
AR2/3/n; R = hydraulic radius, m. In deriving Eq. (2), the

(3)

1/2

(5)
(gate discharge)

(6)

in which, Qi-1,N = flow rate through downstream gate
(or node N) of pool i-1, m3/sec; Qgi = flow rate through
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upstream gate of pool i, m3/sec; Qi,1 = flow rate through
upstream gate (or node 1) of pool i, m3/sec; Cdi = discharge coefficient of gate i; bi = width of gate i, m; ui =
opening of gate i, m; Zi-1,N = water surface elevation at
node N of pool i-1, m; Zi,1 = water surface elevation at
node 1 of pool i, m; and i = pool index (i = 0 refers to the
upstream constant level reservoir).
LINEARIZATION AND DISCRETIZATION
OF SYSTEM EQUATIONS
Linear control theory is well developed and is easier
to apply than nonlinear control theory. The Saint-Venant
open-channel equations are linearized about and average
operating condition of the canal to apply the linear control
theory concepts to the problem. After applying a finitedifference approximation and the Taylor series expansions to Eqs. (1) and (2), a set of linear, ordinary differen-

tial equations is obtained for the canal with control gates
and turnouts [5]:
A11δQ+j + A12δz+j + A13δQ+j+1 + A14δz+j+1=A’11δQj +
A’12δzj + A’13δQj+1 + A’14δzj+1 + C1
(7)
A21δQ+j + A22δz+j + A23δQ+j+1 + A24δz+j+1 =A’21δQj +
A’22δzj + A’23δQj+1 + A’24δzj+1 + C2
(8)
where δQ+j and δz+j = discharge and water-level increments from time level t+1 at node j; δQj and δzj =
discharge and water-level increments from time level t at
node j; and A11, A’21,…. A12, A22 are the coefficients of the
continuity and momentum equations, respectively, computed with known values at time level t. Similar equations
are derived for channel segments that contain either a
lateral, a gate structure, a weir or some other type of hydraulic structure. The matrix from of the about equations
for the canal can be defined as follows [6]:

⎡δQ +j ⎤
⎡δQ j ⎤
⎢
⎥
⎡
⎤ ⎢δz + ⎥ ⎡
⎤ ⎢δz ⎥ ⎡
⎤
⎢ A A A A
⎥ ⎢ j ⎥ ⎢ ʹ′ ʹ′ ʹ′ ʹ′
⎥ ⎢ j ⎥ ⎢
⎥
(9)
⎢ 11 12 13 14
⎥ ⎢δQ +j +1 ⎥ ⎢ A11 A12 A13 A14
⎥ ⎢δQ j +1 ⎥ ⎢0
⎥
⎡ A − A11ʹ′ ⎤ ⎡δQ p ⎤
⎥ + ⎢0
⎢ A21 A22 A23 A24
⎥ ⎢
⎢ A21
⎥ ⎢
⎥ δΔu +⎢ 11
ʹ′ A22
ʹ′ A23
ʹ′ A24
ʹ′
=
⎢
⎥
⎥
⎥
+
ʹ′ ⎦ ⎢δQ p ⎥
⎢
⎥ ⎢δz +j +1 ⎥ ⎢
⎥ ⎢δz j +1 ⎥ ⎢
⎥
⎣ A21 − A21
⎣
⎦
⎥ ⎢( ∂f ) ⎥
⎢ − ( ∂f ) 1 − ( ∂f ) ⎥ ⎢ + ⎥ ⎢ − ( ∂f ) 1 − ( ∂f ) ⎥ ⎢
e
δ
Q
e
e
e
e
⎢
∂z j
∂z j + 2 ⎥⎦ ⎢δQ j + 2 ⎥ ⎢⎣
∂z j
∂z j + 2 ⎥⎦ ⎢ j + 2 ⎥ ⎢⎣ ∂u j ⎥⎦
⎣
⎢δz ⎥
+
⎢δz ⎥
⎣ j + 2 ⎦
⎣ j + 2 ⎦
AL

AR

B

From matrix form of the equations above, the state of
system equation at any sampling interval k can be written,
in a compact form as follows [6]:
ALδ x(k+1) = AR δx(k) + Bδu(k) + C∆δq(k)

δx(k+1) = Φδ x(k) + Γδu(k) + Ψ δq(k)

(11)

δy(k) = Hδ x(k) + η(k)

(12)

-1

-1

δx = (δQi,1, δZi,2, δQi,2,… δZi,N-1, δQi,n-1, δQi,N)

(13)

FULL-STATE FEEDBACK
(LINEAR QUDRATIC REGULATOR)
Linear quadratic regulator (LQR) control problem as
an optimization problem in which the cost function, J, to
be minimized is given as follows [7]:
K∞

(14)

J = ∑[δx T (k )Qxnxnδx(k ) + δu T (k ) Rmxmδu(k )]

-

where Φ = (AL) *AR , Γ = (AL) *B, and Ψ = (AL)
1
*C, δx(k) = l x 1 state vector, δu(k) = m x 1 control vector, δq(k) = p x 1 matrix representing external disturbances (changes in water withdrawal rates) acting on the
system, δy(k) = r x 1 vector of output (measured variables), H = r x l output matrix, l = number of dependent
(state) variables in the system, m = number of controls
(gates) in the canal, p = number of outlets in the canal,
η(k) = measurement noise, and r = number of outputs.
The elements of the matrices Φ, Γ, and Ψ depend upon

Δq

the canal parameters, the sampling interval, and the assumed average operating condition of the canal. In Eq.
(10), the vector of state variables is defined as follows:

(10)

where A = l x l system feedback matrix, B = l x m control distribution matrix, k = time increment, sec; ∆q = variation in demands(or disturbances) at the turnouts, m2/s. The
elements of the matrices A, B, and C depend upon the initial condition. The Eq. (10) can be written in a statevariable form along with the output equations as follows:

C

i =1

subject to the constraint that:
-δx(k+1) + Φ δx(k) + Г δu(k) = 0 k = 0,……,K (15)
∞

where K∞ = number of sampling intervals considered to
derive the steady state controller; Qxlxl = state cost
weighting matrix; and Rmxm = control cost weighting matrix. The matrices Qx and R are symmetric, and to satisfy
the non-negative definite condition, they are usually select-
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ed to be diagonal with all diagonal elements positive or
zero. The first term in Eq. (14) represents the penalty on the
deviation of the state variables from the average operating
(or target) condition, where the second term represents the
cost of control. This term is included in an attempt to limit
the magnitude of the control signal δu(k). Unless a cost is
imposed for use of control, the design that emerges is liable
to generate control signals that cannot be achieved by the
actuator [3]. In this case the saturation of the control signal
will occur resulting in a system behavior that is different
from the closed loop system behavior that was predicted
assuming that saturation will not occur. Therefore, the
control signal weighting matrix elements are selected to be
large enough to avoid saturation of the control signal under
normal operating conditions [3]. Eqs. (14) and (15) constitute a constrained-minimization problem that can be solved
using the method of Lagrange multipliers. This produces a
set of coupled difference equations which must be solved
recursively backwards in time. In the optimal steady-state
case, the solution for change in gate opening, δu(k), is of
the same form as [3]:
δu(k) = -K δx(k)

(16)

where K is given by:
K = [R + ГT SГ] -1 ГT S Φ

(17)

S is a solution of the discrete algebraic Riccati equation (DARE):
ΦT S Φ - ΦT SΓ [R + ΓTS Γ ] -1 Γ T S Φ + Qx = S (18)
where R = RT > 0 and Qx = QxT = HTH ≥ 0
The control law defined by Eq. (16) brings an initially
disturbed system to an equilibrium condition in the absence of any external disturbances acting on the system.
In hydraulic engineering problems, the depth of flow,
flow rate, and velocity as a function of distance can be
considered as the state or internal variables [8]. Sometimes,
the volume of water in a given reach of a canal can also be
considered as a state variable. In this paper, the water surface elevation and flow rate were considered the state variables. Given initial conditions [δx(0)], δu, and δq, Eq. 16
can be solved for variations in flow depth and flow rate as a
function of time. If the system is really at equilibrium [i.e.,
δx (0) = 0 at time t = 0] and there is no change in the lateral
withdrawal rates (disturbances), the system would continue
to be at equilibrium forever; then, there is no need for any
control action. Conversely, in the presence of disturbances
(known or random), the system would deviate from the
equilibrium condition. The actual condition of the system
may be either above or below the equilibrium condition,
depending upon the sign and magnitude of the disturbances. If the system deviates significantly from the equilibrium condition, the discharge rates into the laterals will be
different (either more or less) than the desired values. But
in canal operations, the main objective is to keep these
deviations to a minimum so that a nearly constant rate of
discharge is maintained through the turnouts [3].

LINEAR QUADRATIC
GAUSSIAN CONTROLLER (LQG)
The LQG theory provides an integrated knowledge
base for the development of a flexible controller. The
LQG controller integrates the states estimation and the
controller design into a single body of knowledge. A LQG
controller consists of an optimal state feedback (LQR)
and an optimal state estimator. An optimal LQG controller based upon a linear system, a quadratic objective function and an assumption of white noise that has a normal,
or Gaussian, probability distribution. In short, the optimal
LQG design process is the following: a) Design an optimal regulator for a linear system assuming full-state feedback (i.e. assuming all the state variables are available for
measurement) and a quadratic objective function. The
regulator is designed to generate a control input, δu(k),
based upon the measured state vector δx(k). b) Design a
Kalman filter for the system assuming a known control
input, δu(k), a measured output, δy(k), and white noises,
η(k) and δq(k), with known power spectral densities, ρ.
The Kalman filter is designed to provide and optimal
estimate of the state vector, δx(k). c) Combine the separately designed optimal regulator and Kalman filter into
an optimal compensator, which generates the input vector,
δu(k), based upon the estimated state-vector, δx̂ (k), rather then the actual state-vector, δx(k), and the measured
output vector, δy(k). In this study, LQG controller is first
designed and simulated using conventional Kalman filter.
And then LQG controller is redesigned and simulated
using singular value decomposition (SVD) based filter.
Conventional Kalman Filter

In the past three decades, linear optimal filtering has
been mostly based on minimization of the variance of the
estimation error. The well known example of this approach is the Kalman filter. By using discrete-time model,
conventional Kalman filter facilitates the estimation of the
unknown state vector recursively for each new observation. It is considered an optimal estimator because it provides a minimum variance estimate. Since it is expensive
to measure all the state variables (flow rates and flow
depths) in a canal system, the number of measurements
per pool must be kept to an absolute minimum. Usually
the flow depths at the upstream and downstream ends of
each pool are measured. For steady-state Kalman filter,
the observer gain matrix, L, is calculated as follows:
L = PHT[HPHT + R1 ] -1

(19)

where P is the covariance of estimation uncertainty:
ΦT P Φ - Φ PHT[R1 + HTP H ] -1 H P ΦT + Q1 = P (20)
where R1=R1T>0 is a tolerance values for the R1 covariance matrix which is an identity matrix and Q1 =Q1T ≥
0 is a diagonal matrix. The disturbances δq(k) and η(k) (in
Eqs. (11) and (12)) are assumed to be zero mean Gaussian
white noise sequences with symmetric positive definite
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covariance matrices Q1 and R1, respectively. Furthermore,
sequences δq(k) and η(k) are assumed to be statistically
independent [9]. The system dynamic equation is used to
predict the state and estimation error covariance as follows: time update equations [9]:
P(k+1)- = Φ P+ ΦT + ΨQ1 ΨT

(21)

δx̂ (k+1)- = Φ δx̂ (k) + Г δu(k)

(22)

in which δx̂ (k) = estimated values of the state variables and superscript + refers to values after the measurement update. As soon as measured values for the output
variables δy(k) are available, the time-update values are
corrected using the measurement update equations as
follows: measurement update equations [9]:
L(k+1) = P(k+1)-HT[HP(k+1)-HT + R1] -1

(23)

P(k+1)+ = P(k+1)- – L(k+1)HP(k+1)-

(24)

δx̂ (k+1) =
δx̂ (k+1)- + L(k+1)[ δy(k+1) - H δx̂ (k+1)-]

(25)

+

If the initial conditions and the inputs (control inputs
and the disturbances) are known without error, the system
dynamic Eq. (2) can be used to estimate the state variables that are not measured. Since part of the disturbances
are random and usually are not measured, the canal parameters are not known very accurately, the estimated
values of the state variables would diverge from the actual
values. This divergence can be minimized by utilizing the
difference between measured output and the estimated
output (error signal), and by constantly correcting the
system model with the error signal. Therefore, the modified state equations are given as:

δx̂ (k+1) =
Φ δx̂ (k) + Гδu(k) + L[ δy(k) - H δx̂ (k+1)]

A = U Λ VT

(28)

Where Λ is a quasidiagonal matrix with singular
values as its diagonal elements; that is

⎛ S 0 ⎞
⎟⎟
Λ = ⎜⎜
⎝ 0 0 ⎠

(29)

where S is a diagonal matrix of nonzero singular values in descending order:
S = diag(σ1……. σr), σ1 ≥…..≥ σr > 0

(30)

The numbers σ1…σr together with σr+1=0,…..σn=0 are
called the singular values of A and they are the positive
square roots of the eigenvalues of ATA. The columns of U
are called the left singular vectors of A (the orthonormal
eigenvectors of AAT) while the columns of V are called
the right singular vectors of A (orthonormal eigenvectors
of ATA). It is known that the singular values and singular
vectors of a matrix are relatively insensitive to perturbations in the entries of the matrix, and to finite precision
errors [10]. In practice, if ATA is positive definite then Eq.
(28) can be reduced to

⎛ S ⎞
A = U ⎜⎜ ⎟⎟ V T
⎝ 0 ⎠

(31)

Especially, if A itself is symmetric positive definite then
we will have a symmetric singular value decomposition
A = USUT = UD2UT

(32)

In the covariance Eq. (21) of the conventional Kalman filter, assume that the singular value decomposition
of P is available and has been propagated and update by
the filter algorithm. Thus we have
P+ = U+ D+2U+T

(26)

(33)

Therefore, Eq. (21) can be written as
P(k+1) = Φ U+ D+2U+TΦT + ΨQ1 ΨT

Singular Value Decomposition Based Kalman filter

The major disadvantage of the conventional Kalman
formulation is that the matrix subtraction in Eq. (24), representing the reduction in uncertainty due to the measurement,
can yield a result P(k+1) that is computationally not positive definite. To circumvent this difficulty, the idea of using
a square root of the covariance matrix in the algorithmic
implementation was introduced [10]. This is a matrix:
P = SST

(27)

where S is obtained in triangular form by the wellknown Cholesky decomposition. Although equivalent
algebraically to the conventional Kalman filter recursion,
the square root approach exhibits improved numerical
precision and stability [10]. The singular-value decomposition (SVD) is one of the most useful tools in linear algebra and has been widely used in control theory during the
last three decades. The SVD of an m-by-n matrix A (m ≥
n), is a factorization of A into a product of three matrices.
That is, there exist orthogonal matrices U and V such that

(34)

The purpose is to find the factors U(k+1) and D(k+1)
from Eq. (34) such that P(k+1) = U(k+1)D2(k+1)UT(k+1),
where U factors are orthogonal and D factors are diagonal. Provided that there is no danger of numerical accuracy deterioration, one could compute P(k+1) and then
apply the singular value decomposition of symmetric
positive definite matrix which is given by Eq. (32). However, it has been shown that this is not a good numerical
exercise [10]. Instead it can be defined as (s+n)-by-n
matrix
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⎛ D +U +T Φ T ⎞
⎜
⎟
⎜ (Q1 / 2 ) T Ψ T ⎟
⎝ 1
⎠

(35)

and compute its singular value decomposition

⎛ D +U +T Φ T ⎞
⎛ Dʹ′ ⎞
⎜
⎟ = U ʹ′ ⎜ ⎟ V ʹ′T
⎜ 0 ⎟
⎜ (Q1 / 2 ) T Ψ T ⎟
⎝ ⎠
⎝ 1
⎠

(36)
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Multiplying each side on the left by its transpose, we
have
Φ U+D+TD+U+TΦT + Ψ(Q1)1/2 (Q11/2)T ΨT =

⎛ D ʹ′ ⎞
V ʹ′ D ʹ′T 0 U ʹ′T U ʹ′⎜⎜ ⎟⎟ V ʹ′T
⎝ 0 ⎠

(

)

decomposition of an unsymmetric matrix – without explicitly forming its left orthogonal factor that has a high
dimension [10]. For the Kalman gain an alternative expression may also be derived as follows:
L = P+HTR-1 = U+D+2U+THTLLT

(37)

The state variables measurement update is given by

and finally time update equation can be written as

δx̂ (k+1)+ = δx̂ (k+1)- + L(k+1)[ δy(k+1) –
H δx̂ (k+1)-]

Φ U+D+2U+TΦT + Ψ(Q1)1/2 (Q11/2)T ΨT= V’D’2V’T (38)
Comparing the result with Eq. (34), V’ and D’ are just
the U(k+1) and D(k+1).
In the conventional Kalman measurement update,
substituting Eqs. (23) into (24) yields
P(k+1)+ = P(k+1)- - P(k+1)- HT[HP(k+1)-HT +
R1] -1HP(k+1)-

(39)

Applying the singular value decomposition of symmetric positive definite matrix to P(k+1) and P, respectively,
(U+D +2U+T)-1 = (UD2UT)-1 + HTR-1H =
(UT)-1(D-2 + UTHTR-1HU)U-1

(40)

In Eq. (40) let
R-1 = LLT

(41)

be the Cholesky decomposition of the inverse of the
covariance matrix. If the inverse is available then there is
no difficulty. If the covariance matrix R is known, but not
its inverse, then the reverse Cholesky decomposition
R1/2R1/2T = Ro, R1/2 upper triangular, can be found. It then
follows that (L=R1/2T)-1 is the required Cholesky decomposition in Eq. (41) [10]. Now considering the (m+n)-byn matrix

⎛ LT HU ⎞
⎜
⎟
⎜ D −1 ⎟
⎝
⎠

(42)

⎛ L HU ⎞
+
⎜
⎟
⎜ D −1 ⎟ = U
⎝
⎠

⎛ D
⎜
⎜ 0
⎝

+

⎞ +T
⎟ V
⎟
⎠

δu(k ) = − Kδxˆ (k ) − K l δxl (k )
(43)

Multiplying each side on the left by its transpose
yields
D-2 + UTHTLLTHU = V+D+2V+T

(44)

(49)

Once the equations of singular value decomposition
(SVD) based Kalman filter are obtained, and measured
values for one or more state variables for each pool are
available, the dynamics of the linear system can be simulated for any arbitrarily selected values of external disturbances. In this study, a multi-pool irrigation canal was
considered. The algorithm predicts the flow rate, Q(x,t)
and the depth of flow, y(x,t), given the initial boundary
conditions. The optimal state feedback, conventional
Kalman filter and the SVD based Kalman estimator equations were added as subroutines to this program. Given
the initial flow rate and the target depth at the downstream
end of the each pool, the algorithm computed the backwater curve. Later on, the downstream flow requirement and
the withdrawal rate into the lateral were provided as a
boundary condition. The model predicted the depths and
flow rates at the nodal points for the next time increment.
The computed depths at the upstream and downstream
ends of the each pool were used with the estimators’ constraints to estimate the flow depths and flow rates at some
selected intermediate nodal points. These estimated values were then used in the optimal state feedback subroutine to compute the change in the upstream gate opening
in order to bring the depth at the downstream end of the
pool close to the target depth. When the estimated values
of the state variables are used in the feedback loop, the
controller equation, Eq. (16) becomes [3]:

and computing its singular value decomposition
T

(48)

(50)

Eq. (50) computes the desired change in gate opening
as a function of the estimated (instead of measured) deviations in the state variables. Based upon this gate opening, the new flow rate into the pool at the upstream end
was calculated and used as the boundary condition at the
upstream end of the each pool. This process was repeated
during the entire simulation period.

Then the Eq. (40) can be written as follows
(U+T)-1(D+)-2(U+)-1 = (UT)-1V+D+2V+TU-1=
[(UV+)T] -1D+2[UV+] -1

RESULTS AND DISCUSSIONS

(45)

Comparing tow sides of Eq. (45),
U+ = UV+

(46)

D+ = (D+)-1

(47)

In this manner, a new measurement update formulation has been obtained. The crucial component of the
update involves the computation of the singular values

To demonstrate the applicability of the techniques
discussed earlier, a LQG regulation problem for a discrete-time multi-pool irrigation canal had been simulated.
The data used was as follows: length of canal reach =
52500 m, number of nodes = 49, number of sub-reaches
used = 6, Δx = 1500 m, channel slope = 0.0002, side
slope = 1.0, bottom width = 5 m, disturbance along the
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simulation = 2.5 m3/s, discharge required at the end of the
canal = 5 m3/s, target depth at downstream end = 1.5 m,
gate width = 5 m, and gate discharge coefficient = 0.8.
This data was first used to calculate the steady state values, which in turn were used to compute the initial gate
openings and the elements of the Φ, Г, H matrices using
sampling interval of 30 sec. The values of the initial gate
openings for gate1, gate2, gate3, gate4, gate5, gate 6 and
gate 7 were 4 m, 3.2 m, 2.86 m, 2.5 m, 2.12 m, 1.81 m
and 1,46 m, respectively. After computing steady state
values, the control algorithm formulates the Linear Quadratic Regulator (LQR) theory using a constant-level control approach to obtain the elements of the controller gain
matrix (K) and the simulated performance of the model
with full-state feedback (assumption: measured values for
all state variables needed in the feedback loop are available) was found to be acceptable. Because of the lumped
parameter nature of the model, a large amount of state
variables per pool (Figure 1) was needed to regulate the
canal using the state feedback. Since it is expensive to
install a large number of measurement stations per pool, a
state estimator was designed using a conventional Kalman
filter. It is performance evaluated using a nonlinear openchannel flow model, was found to be acceptable [3].
However, the design of estimators using conventional
methods can not provide higher numerical stability and
accuracy particularly in the presence of random disturbances and does not have the ability to handle correlated
measurement noise. Therefore, an alternative method of
observer design using singular value decomposition
(SVD) based Kalman filter was considered.
As a first part of the control algorithm, the optimal
state feedback controller (assumed all states variables are
available) was designed to regulate the six-pools canal
system using a constant-level control approach (Figure 2).

The system response was simulated using the controller in
the feedback loop. In the derivation of the feedback gain
matrix K, the control cost weighting matrix, R, of dimensions 12, was a set equal to 100, whereas the state cost
weighting matrix, Qx, was set equal to an identity matrix
of dimensions 85. The matrix dimension 85 comes from
the system dimension. Since the irrigation canal is divided
into 49 nodes and each node has a set of two equations, in
other words, the dimension of the system should have to
be equal to 98. But the system has 7 gates and 6 turnouts;
therefore, the system matrix dimensions were 85. The cost
weighting matrix and the control cost matrix must be
symmetric and positive definite (i.e. all eigenvalues of R
and Qx must be positive real numbers). A priori, we do
not quite know what values of Qx and R will produce the
desired effect. In the absence of a well-defined procedure
for selecting the elements of these matrices, these values
are selected based upon trial and error. At first, both Qx
and R as identity matrices were selected. By doing so, it
was specified that all state variables and control inputs
were equally important in the objective function, i.e. it
was equally important to bring all the deviations in the
state variables (water surface elevations and flow rate)
and the deviations in the control inputs to zero while
minimizing their overshoots. Note that the existence of a
unique, positive definite solution to the algebraic Riccati
equation (Eq. 18) is guaranteed if Qx and R are positive
semi-definite and positive definite, respectively, and the
system is controllable. To test whether the system was
controllable, the system controllability matrix was calculated and was found that the system was controllable. It is
well known that LQR controller have perfect stability and
robustness properties [7]. Therefore, the results from LQR
simulation were chosen as target loop functions for the
performance analysis of estimators.

gate 1

gate 2

upstream pool
downstream pool
y
y(i-1,N)

Q
y(i+1,N)
u(i)

1

u(i+1)

2

3

4

5

Nodes
lateral withdrawal

FIGURE 1 - Schematic of an irrigation canal pool.
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Φ
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FIGURE 2 - A multivariable feedback control system scheme.

A Linear Quadratic Gaussian controller as a subroutine
of the algorithm was designed using both conventional and
singular value decomposition based Kalman filter techniques to estimate the state variables of the system. The
observer for the system used the control input δu(k), generated by the optimal state feedback, measured water depths
δy(k) for each pool, the disturbances noise δq(k), and measurement noise, η(k). In the design of the observers, in lieu
of actual field data on withdrawal rates from the turnouts,
the random disturbances were assumed to have some prespecified levels of variance. The actual time series of the
demands was not used in the design of the filter; only the
variance of the time-series was required in the design of
the filter. Usually the sensors is used to measure flow
depths in open-channel are reasonably accurate to a fraction of a centimeter; therefore, the variance of the measurement error is usually very small. The variances of the
disturbances must be estimated from historical records on
water withdrawals from the canal outlets. The variances of
the disturbances were: w1 = 12, w1 = 1.32, w1 = 0.72, w1 =
1.42 and w1 = 1.32. A value of 0.0005 was used for the
variance of the measurement matrix (R1), and it was an identity matrix. Using the given initial values, the system response was simulated for 250 time increments or 7500 seconds. Figure 3 illustrates the deviations in flow depths in
the pools. Since pool 1 is the first pool of the irrigation
canal, with an increase in flow rate into the lateral (turnout)
or downstream demand, the depth of flow at the downstream end of pool 1 decreased rapidly and approached a
maximum deviation of -0.158 m for SVD, -0.160 m for
optimal state feedback and -0.150 m for Kalman filter at
approximately 1500 sec from the beginning of the dis-

turbance period. By the end of the simulation, the system
returned very close to the original equilibrium condition
for all three techniques. The decrease in flow depth at first
was because of downstream demand but after introduction
of water release, the variations in flow depth increased
gradually and reached a constant value at end of the simulation. The highest difference in deviations of flow depth
between conventional and SVD techniques was 0.008 m
which is not significant. However, along the simulation in
pool 1, the deviations in flow depth in SVD technique
was closer to deviations for LQR than those for the conventional technique. In pool 2, first 1600 sec of the simulation, the flow depth decreased dramatically and reached
a maximum deviation of -0.150 m for full-state feedback,
-0.140 m for SVD technique and -0.130 m for conventional technique. The highest difference in deviations of
flow depth between SVD and conventional technique was
0.01 m along the simulation. The variations in flow depth
in pool 3 reached -0.077 m for SVD, -0.087 m for optimal
state feedback and -0.068 m for conventional technique
around 1600 sec of the simulations period. Pool 4 and pool
5 had less fluctuation in comparison to the other pools.
Pool 6 had the highest variations in flow depth and the
depth of flow at the downstream end decreased rapidly and
approached a maximum deviation of -0.330 m for full-state
feedback, -0.270 m for SVD and -0.240 m for conventional
technique around 2000 sec of the simulation period. The
highest difference in deviation of flow depths between SVD
and conventional techniques was 0.03 m along the simulation. The rapid decreases in the downstream depth of flow
in each pool resulted in an attendant sudden increase in the
gate opening at the upstream end of the each reach to re-
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lease more water into the pool. However, because of the
wave travel time, the depth of flow at the downstream end
did not start to rise until around 1700 s. In all the pools
considered, the maximum deviation in depth of flow occurred at the first and last pools of the canal for all three
design techniques. To meet the downstream target depth,
the last pool had the highest fluctuations. The fluctuations
in the first pool were because of releasing more water into
the downstream pools and meeting the demand at the

downstream end. Overall in all pools, the differences in
deviations of flow depth were not significant between conventional and SVD techniques. However, it is obvious that
the variations in flow depth for SVD technique were closer
to target loop function (full-state feedback) than the variations in flow depth for conventional technique. In other
words, SVD based Kalman filter has better stability and
robustness properties than conventional Kalman filter in the
control of irrigation canal.

FIGURE 3 - Variations in flow depths for optimal state feedback, Kalman filter and singular value decomposition.
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FIGURE 4 - Incremental gate openings for optimal state feedback, Kalman filter and singular value decomopostion.

Figure 4 demonstrates the incremental gate openings
for each design technique (full-state feedback, conventional filter and SVD techniques) and for each gate in the
canal. The deviation in the gate openings for SVD technique was compared with the deviation in gate openings
computed using full-state feedback as well as conventional Kalman filter. At the beginning, gate 1 had sharp peaks
for all three design techniques. Since full-state feedback
has the best stability properties, the state feedback curves

will be the target loop in the graphs. At gate 1, incremental
gate opening for SVD technique was closer to full-state
feedback (target loop function) than those for conventional technique. After 6000 sec, gate 1 reached an equilibrium position for all three techniques. The highest difference in gate openings between SVD and conventional
techniques was 0.004 m which was not significant. At
gate 2, gate 3, gate 4, gate 5 and gate 6, incremental gate
opening values for conventional technique were far away
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from the full-state feedback values in comparison to SVD
technique. After 6000 sec, the variations in the gate openings (for all gates) approached a constant value, indicating
that a new equilibrium condition was established. Figure
5 demonstrates the cumulative gate openings of the irrigation canal. It was observed that the first, second and last
gates had highest changes in gate opening. Also first and
second gates had the highest final openings among the
other gates (Figure 6). The overall results of this study

show that to deal with correlated measurement noise and
to have numerical stability in the estimator design, the
proposed SVD Kalman filtering technique provides a
better stability and offers an efficient alternative to conventional Kalman filter. Because of its high accuracy and
stability characteristics, SVD based Kalman filter technique is more suitable than the conventional method in
the regulation of irrigation canals.

FIGURE 5 - Cumulative gate openings.

FIGURE 6 - Final gate openings.
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CONCLUSIONS
A SVD based Kalman estimator has been implemented in the control of multi-pool irrigation canals to estimate the state variables (flow depth and flow rate) at
intermediate nodes based on the measured variables.
Considering the full-state feedback, the performance of
observers design based upon the singular value decomposition based Kalman filters and the conventional Kalman
filtering technique was compared with the performance of
the system dynamics using the full-state feedback. No
significant difference in performance was observed between both design techniques. Therefore, for irrigation
canal, the singular value decomposition (SVD) based
Kalman filter is found to be appropriate. In addition, it
can be expected that the SVD based Kalman filter formulation for irrigation canals will have highest accuracy and
stability characteristics in all existing filter algorithms
because SVD is essential for the numerical stability. Another advantage of the SVD based Kalman filter algorithm is the ability to overcome correlated measurement
noise. In many present Kalman filter algorithms for irrigation canals, measurement noise are generally designed to
be uncorrelated and this may be a large source of error.
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SUMMARY
The ability of bacterial strains isolated from sewage
sludges to dechlorinate chloroethenes under anaerobic
conditions was investigated. Bacteria from the genera
Aeromonas, Pseudomonas, Chryseomonas and Alcaligenes were identified in the examined samples. Most of
them were facultative bacteria. All individual strains were
unable to dechlorinate TCE in pure cultures and under
tested conditions. However, the results from the experiment in which “interspecies hydrogen transfer” bioremediation model was used were positive. The mixed cultures
(isolated bacteria + lactic-acid fermenters) had the potential to dechlorinate TCE via reductive dechlorination in
the co-metabolism process. The investigation showed
dechlorination of TCE to DCE without subsequent
dechlorination to VC and ethane. The results found in this
research indicate that facultative bacteria could be applied
in remediation of environments contaminated with chlorinated ethens but further researches should be taken to
improve conditions of dechlorination pathway. The role
of facultative bacteria in TCE dehalogenation has probably not been fully understood since strictly anaerobic
bacteria were originally implicated in reductive dehalogenation of TCE.

KEYWORDS:
TCE, DCE, dehlorination, biodegradation.

INTRODUCTION
Tetrachloroethene (TCE) and perchloroethylene (PCE)
are widely used industrial solvents now present throughout the world as environmental contaminants. Until the
early 1980s PCE and TCE were considered to be resistant
to microbial degradation due to their ubiquitous distribution [1]. Since that time several mechanisms for microbial
biodegradation of chlorinated ethenes have been demon-

strated both in the laboratory and field studies [2]. Several
methanotrophic bacteria species have been isolated and
characterized from field sites that produce methane
monooxygenase and participate in the cometabolic degradation of TCE [3-5]. Anaerobic dechlorination has been
proven to be an efficient method for biotransformation of
PCE and TCE completely to ethene under optimal conditions [6]. Aerobically Pseudomonas and Burkholderia sp.
have been demonstrated to biodegrade TCE [7].
Under certain anaerobic conditions the degradation of
PCE/TCE in both lab and field studies is incomplete,
resulting in accumulation of daughter products including
cis-dichloroethene (cDCE) and/or vinyl chloride (VC) [8,
9]. Maymo-Gatell et al. [10] isolated a bacterium from
municipal sewage sludge that was capable of respiratory
reductive dechlorination of PCE completely to ethene
with H2 as an electron donor. Because this strain did not
appear to belong to any presently known genus or species,
its name was suggested as Dehalococcoides ethenogenes.
Although it now appears to be a diversity of natural
microorganisms that degrade chlorinated ethenes, the
compounds remain the most prevalent organic contaminants in the United States [11]. The reason for this is
either that environmental conditions are not conducive to
biodegrade the contaminants, the right microorganisms
are not present, or a combination of the two. For this
reason, bioremediation often involves means of stimulating bacteria to accelerate any natural attenuation. One
aspect of bioremediation of chlorinated solvents is bioaugmentation. Bioaugmentation is the addition of microorganisms to a system, in situ or ex situ, to increase biodegradation rates. It has been demonstrated that bioaugmentation is a viable strategy for remediating chlorinated
solvent sites where dechlorination has slowed, stopped, or
produced c-DCE or VC [12]. In recent years bioaugmentation with TCE degrading microorganisms in combination with nutrients for biostimulation has been applied
with success [13].
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The aim of the project was to find bacterial strains or
consortia active in TCE reductive dechlorination under
anaerobic conditions.
MATERIALS AND METHODS
Isolation and characterization of bacterial strains

Three municipal sewage sludges from wastewater
treatment plants were chosen for the isolation of bacteria:
1. Sewage sludge from the Katowice Panewniki
wastewater treatment plant (excess sludge from extended aeration without primary settling tank, after
integrated biological process for P, N, and C removal, lagooned) (S1);
2. Sewage sludge from the Siemianowice Śląskie
wastewater treatment plant (excess sludge from extended aeration without primary settling tank, after
integrated biological process for P, N, and C removal, stabilized in open digestion chamber, dewatered in beltpress) (S2);
3. Sewage sludge from the Miechowice wastewater
treatment plant (excess sludge from extended aeration without primary settling tank, after integrated
biological process for P, N, and C removal, dewatered in centrifuges, composted with plant remains) (S3).
To determine the bioremediation potential of sewage
sludge samples for TCE biodegradation a method was
developed similar to those applied by [14-16]. Briefly,
seven g samples of fresh anaerobic sludge from each site
were used as an inoculum in 125-ml serum bottles filled
with 50 ml of minimal broth (MB) each. The composition
of MB medium was as described by [16].
The batch cultures in which TCE biodegradation was
observed were used in the experiment to isolate bacteria.
The TCE-dechlorinating bacteria were isolated on solid
minimal broth (MB) by streaking 10- and 100-fold dilution
of the liquid enrichment cultures. Bacteria were grown
under anaerobic conditions at 25°C for 21 days in desiccator jars; oxygen was eliminated by using an Anaerocult IS
bag (Merck). During the incubation the bacteria was continuously exposed to TCE vapour. The purity of the isolates
was confirmed by sequencing plating. The isolates were
characterized by taxonomy, morphology, Gram reaction,
temperature, pH, and salinity ranges of growth, motility
and production of H2S, and sporulation according to standards procedures [17]. Physiological/ biochemical tests
based on the API identification systems were performed,
and the identification compared with „Bergey’s Manual of
Determination Bacteriology”.
TCE biodegradation

Isolated bacterial strains were characterized for their
ability to degrade TCE. Three different media: MB medi-

um [16] methanogenic-specific medium [5], and fermenter-specific medium [4] were used to evaluate TCE biodegradation by pure cultures under anaerobic conditions.
Bioremediation model called „interspecies hydrogen
transfer” in halorespiration was also applied in this study
[18].
Microcosms were set up utilising 125 mL serum bottles filled with 75 mL of specific medium and 200 µL of
bacterial suspension as inoculum. Headspaces of the bottles were flushed with deoxygenated N2 and then four µl
of TCE was added to microcosms using a glass microsyringe (Hamilton Co, # 701) to obtain the final concentration of 117 mg/L. All bottles were incubated in the dark
on a rotary shaker (100-rpm) at 25°C for 3 months. During the time of experiment, concentrations of TCE and its
derivatives were determined every two weeks. In the case
of the experiment in which “interspecies hydrogen transfer” bioremediation model was used pure cultures of
isolated bacteria were mixed with whey from a local
creamery as a source of lactic acid fermenters and hydrogen. The study was performed to investigate the effects of
two microbial communities, i.e., lactic-acid fermenters
from whey and isolated bacterial strains from sewage
sludge samples on TCE anaerobic degradation. Both
organisms involved in “interspecies hydrogen transfer”
benefit from the co-metabolism process. The hydrogenutilizing bacteria gain a high-energy electron donor, and
for the fermenters, the removal of hydrogen allows additional fermentation to remain energetically favorable [18].
The concentrations of TCE and daughter products
were monitored by drawing 250 µl gas from the headspace. Gas from the headspace was taken by means of a
gas-tight syringe and then manually injected into the Gas
Chromatography / Flame ionisation detector (GC/FID) as
previously described [14, 19].
RESULTS AND DISCUSSION
Sewage sludge samples were selected as bacteria inoculum that under certain conditions might be capable of
complete anaerobic dechlorination of TCE to DCE, VC,
and on to ethane. A total of 50 colonies were randomly
collected from the sewage sludge samples. However, only
21 bacterial strains were identified based on facultatively
anaerobic or microaerophilic bacteria growth. Most of the
characterized bacteria belonged to the Gram-negative
aerobic/microaerophilic or facultatively anaerobic rods
and cocci according to Bergey’s Manual of Systematic
Bacteriology. Most of the bacteria were able to grow
using oxygen as a terminal electron acceptor. For most
bacteria, optimum pH for growth lied between 6.5 and
7.5, and with temperature ranging from 10-45°C (mesophilic), with optimal growth at 30 - 37°C. Some of them
were able to grow in lower temperatures between 4 and
10°C. One common feature of the isolated bacteria was
their gliding motility on solid surfaces.
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Bacteria from the genera Aeromonas, Pseudomonas,
Chryseomonas and Alcaligenes were identified in examined
samples. For the genus Aeromonas two species were found:
A. salmonicida (2 isolates) and A. hydrophila (5 isolates).
Usually they were motile with H2S production. They were
facultatively anaerobic, having both a respiratory and
fermentative type of metabolism. Optimal temperature for
their growth was in the range of 22 - 28oC. Results of
their oxidase test were positive but negative for urease.
They reduced nitrates, and used glucose, arabinose, mannose and citrate as carbon source.
In the genus Pseudomonas, three species Ps. cepacia
(4 isolates) Ps. fluorescens (1 isolate) and Ps. pseudomalei (1 isolate) were identified. Pseudomonas species had
strictly respiratory type of metabolism, with oxygen as the
terminal electron acceptor but in some cases nitrate could
be used as an alternate electron acceptor allowing anaerobic metabolism. They were able to assimilate various
substrates (glucose, mannose, mannitol, and citrate) as a
source of carbon. Some differences occurred only in Nacetylo-glucosamine and arabinose assimilation. None of
the Pseudomonas isolates were able to ferment glucose and
produce urease. All strains were oxidase-positive. Pseudomonas cepacia produced β-galactosidase but not urease.
Seven species of Chryseomonas luteola were isolated. Some of them were motile with H2S production. They
grew at the temperature range between 4 - 45oC. Oxidase
and urease tests were negative.
The genus Alcaligenes was represented only by Alcaligenes xylosoxidans. It was obligate aerobic possessing
a strictly respiratory type of metabolism with oxygen as
the terminal electron acceptor but some subspecies were
capable of anaerobic respiration in the presence of nitrate
or nitrite. Optimum temperature for growth was between
20 - 37oC. Colonies on nutrient agar were non-pigmented.
Oxidase and catalase tests were positive. Motility occurred with H2S production. It was chemoorganotrophic,
using a variety of organic acids and amino acids as carbon
sources.
All individual strains isolated from sewage sludge
samples were unable to dechlorinate TCE in pure cultures
and under tested conditions. Results from the experiment,
in which “interspecies hydrogen transfer” bioremediation
model was used, are presented in Figures 1-3. The mixed
cultures (isolated bacteria + lactic-acid fermenters) had
the potential to dechlorinate TCE via reductive dechlorination. TCE reductive dechlorination led to DCE isomers,
e.g., cis-1,2-DCE and 1,1-DCE. All isolated bacterial
strains (21) degraded TCE under these conditions but
TCE-dechlorinating capability was greatest for six cultures, named: II-4 bis, II-9, III-2, III-7, III-9, III-11 and
21-species incubated together called “Mix”. The bacterial
strains active in TCE dechlorination belonged to the species: Pseudomonas fluorescens, Chryseomonas luteola,
Alcaligenes xylosoxidans, Pseudomonas cepacia, Chryseomonas sp., and Aeromonas salmonicida.

The investigation showed dechlorination of TCE to
DCE without subsequent dechlorination to VC and ethene
under described conditions. The results shown on Fig. 2
reveal that the concentrations of DCE isomers remained
nearly constant at the steady-state concentration after
80 days of the incubation period. Only for two bacterial
strains: Pseudomonas cepacia and Alcaligenes xylosoxidans concentrations of DCE isomers showed sustained
increase even after 80 days of the incubation time. Isolated
bacteria dechlorinated TCE to cis-1,2-dichloroethene and
1,1-dichloroethene. In many cases, 1,1-DCE was the main
byproduct of the reaction, and its concentrations were much
higher than cis-1,2-DCE (Fig. 1). The main end products
formed and described so far, were cis and trans- 1,2-DCE.
Biogenic formation of 1,1-DCE was previously proposed
by several authors [8, 20, 21] but no proof of the reaction
was published. In reductive dechlorination cis-DCE is the
precursor of 1,1-DCE and trans-DCE [22]. However,
other authors [23, 24] suggest that the formation of 1,1DCE from TCE may have been caused by an abiotic reaction mediated by sulfides present in the medium. The
formation of 1,1-DCE can be considered as abiotic reaction mediated by the microbial release of sulfide by decreasing the redox potential [24]. No other DCE isomers
were formed abiotically. Then, redox potential of dechlorination reaction could be one of the parameters responsible for the direction of the pathway. Low redox potential
of the environment is known to be the driving force for
anaerobic dechlorination of chlorinated hydrocarbons [7].
High degradation rates were observed to correspond
with low redox potential [25]. In this study, correlated
changes between cis-1,2-DCE and 1,1-DCE concentrations were also observed (Table 1). These differences in
concentrations of both intermediates were probably related to TCE and cis-1,2-DCE dechlorination rates and
changes in incubation conditions. However, cis-1,2-DCE
was the main by-product only in the reactions performed
by two bacterial strains, Chryseomonas luteola and Aeromonas salmonicida. The concentrations of cis-1,2-DCE,
after 80 days of the experiment time, were 2 µM and 7 µM
in the reactions performed by Chryseomonas luteola and
Aeromonas salmonicida, respectively. Trans-1,2-DCE
was not observed in this experiment. Thus, facultative
anaerobic bacteria may also be involved in the reductive
dechlorination of TCE to DCE isomers, whereas further
dechlorination could proceed under different growth environments (aerobic conditions, pH, redox potential, etc.) or
exposure to different microorganisms.
Another factor that should be taken into account to
explain these results is the high concentration of TCE that
could be inhibitory to microbial activity. Then, TCE toxicity could reduce the capacity of the consortium to degrade TCE [26]. The problem of toxicity could be solved
by repeatedly feeding with small amounts of the halogenated compounds or to use a two-liquid-phase system in
which the halogenated compound is mainly dissolved in a
water-immiscible organic phase such as hexadecane. The
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two-liquid-phase system allows addition of large amounts
of the halogenated compound to a batch culture. The
concentration in the water phase can be kept below the

toxicity level. This technique guarantees continuous and
sufficient supply of halogenated compound to the water
phase previously described [22].
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FIGURE 1
TCE biodegradation by isolated bacterial strains in co-metabolic process with lactic-acid fermenters.
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FIGURE 2
TCE biodegradation for 6 isolated bacterial strains used in co-metabolic process
with lactic-acid fermenter bacteria. DCE isomers: cis-1,2-DCE and 1,1-DCE.
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FIGURE 3
Removal of TCE during the experiment period.

TABLE 1
Simple linear correlations of concentrations changes for two byproducts: cis-1,2-DCE and 1,1-DCE produced during TCE biodegradation.

R2

Strains
Pseudomonas fluorescens (II-4bis)
Chryseomonas luteola (II-9)
Alcaligenes xylosoxidans (III-2)
Pseudomonas cepacia (III-7)
Chryseomonas sp. (III-9)
Aeromonas salmonicida (III-11)
MIX (21 bacterial strains)

cis-1,2-DCE
1,1-DCE
cis-1,2-DCE
1,1-DCE
cis-1,2-DCE
1,1-DCE
cis-1,2-DCE
1,1-DCE
cis-1,2-DCE
1,1-DCE
cis-1,2-DCE
1,1-DCE
cis-1,2-DCE
1,1-DCE

0,8968
0,9551
0,9037
0,9489
0,9877
0,9936
0,9446
0,9640
0,9654
0,9750
0,9151
0,9530
0,9655
0,9620
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Equation
y= 0,396x + 1,2403
y= 3,2882x + 2,203
y= 0,6317x + 15,493
y= 1,0368x - 2,6255
y= 2,3902x + 3,8886
y= 5,5653x - 5,7571
y= 0,7128x + 2,1283
y= 4,5837x + 5,8143
y= 0,7486x – 1,6
y= 8,0086x – 28,64
y= 4,7102x – 12,913
y= 1,4156x – 8,4294
y= 0,5621x + 0,4374
y= 4,7298x – 1,5486
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The results found in this research indicate that facultative bacteria could be applied in remediation of environments contaminated with chlorinated ethens but further researches should be taken to improve conditions of
dechlorination pathway. The role of facultative bacteria in
TCE dehalogenation has probably not been fully understood since strictly anaerobic bacteria such as fermenters,
acetogens, sulfate reducers, and methanogens were originally implicated in reductive dehalogenation of TCE.
Facultative bacteria in anaerobic microsites may be for
certain reductive dechlorination of TCE [27]. In this project up to 40% of the TCE was reduced over an 80-day
period (Fig. 3). In the environment the remaining TCE
could be degraded anaerobically/ aerobically or through
co-metabolic processes. Such transformation does reduce
the environmental hazard because, unlike PCE and TCE,
cDCE is believed to be non-carcinogenic and has a higher
U.S. EPA drinking water maximum contaminant level
(75µg/L for cis-1,2-DCE versus 5µg/L for PCE and TCE).
In addition, cDCE can be readily mineralized through
aerobic cometabolism process [27].
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SUMMARY
The acquisition of detailed information of the chemical characteristics of groundwater is a direct approach to
the understanding the interaction of water with the environment and contributes to develop and implement efficient resource management policies. Within this sense a
characteristic case study is presented that concerns the
investigation of chemical characteristics of groundwater
in the Kalamaria plain, Halkidiki peninsula, Greece. Descriptive statistics and correlation matrices were applied to
a large dataset of groundwater samples in order to appreciate the hydrochemical processes of the groundwater mainly
in the low plains (i.e. the coastal part) of the study area.
The main physicochemical processes observed are dissolution, ion exchange, salinisation and mineral precipitation.
The presence of an extended carbonate formation in the
north-west and the appearance of magnesite in the north
lead to high concentrations of Ca and Mg in the groundwaters of the study area. Therefore the principal water
type is Ca-Mg-HCO3. In parts of the coastal area a Na-Cl
composition reveals local seawater intrusion. Intense
agricultural activities in the lower part of the study explain
the elevated nitrate concentrations in many places. These
findings are quite important in the process of developing
the groundwater resource and, eventually, in providing
domestic and agricultural water of good quality.

KEYWORDS:
Groundwater, hydrochemistry, nitrate contamination, Greece.

INTRODUCTION
The management of soil and water chemical quality
can be defined as the application of existing knowledge to
prevent or reduce their contamination. Particularly in agricultural areas soil and water are subject to contamination
by many compounds, which are used either to enhance or
to protect agricultural production, like heavy metals, crop

nutrients and pesticides. The use of such compounds leads
to severe consequences on the quantity of soil and water,
which depend both on the applied quantities and on the
processes that take place within the soil-groundwater system. Most of the times, these processes are rather complex
and lead to implications that are difficult to quantify.
Hence any attempt, which adds to clarifying processes and
interactions, is a valuable contribution in assessing such a
complicated environmental behavior.
First of all, groundwater quality depends on the hydrogeological characteristics of the water-bearing formation.
Such a relationship can be revealed by mathematical expressions, graphs or maps. The association of the groundwater composition to the lithology and chemical composition of the soil can be also illustrated by graphs of some
of the tabulated analyses. Current human activities play an
additional important role to groundwater composition
through direct actions of contamination, such as fertilisation of agricultural soils, and indirect consequences of
water development, such as seawater intrusion in coastal
aquifers. Hence water protection policies should be based
on an integrated consideration of the chemical, physical,
hydrological and biological aspects of water behavior.
Last but not least, the way in which solutes are taken up,
precipitated and, finally, found in groundwater are influenced also by many environmental factors, like climate
and biochemical effects associated with life cycles of
plants and animals, at both the microscopic and macroscopic levels.
Fundamental elements, used in the determination of
groundwater quality, are normally obtained through chemical analysis of water samples in proper laboratories or by
in-situ tests. Data resulted from the chemical analyses
may be next grouped and evaluated by means of descriptive statistics, as well as by ion correlations and temporal/spatial variations [1,2]. During the last decades a lot
of research work has been focused upon investigating the
chemical characteristics of groundwater either in the lab
[3, 4] or in the field [5-9]. Chemical studies of groundwater have been also combined with hydrogeological inves-
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tigations [10, 11] and/or assisted by improved monitoring
systems [12-14].
Insight into the specific processes of groundwater
chemistry can be enhanced by applying various methods
that follow field surveys, like statistical analyses [8, 11,
15], analyses of temporal and/or spatial variations [1618], numerical simulations [5, 19-22] and applications of
GIS [23-25]
Most of the above cited work has been focused upon
the study of fate and transport nitrates in groundwater, a
subject that was also the main target of the project out of
which the survey and its consequent analysis are presented
herein. Thus, the present study concerns a combined field
and desk analysis of all factors that influence the chemical
characteristics of groundwater, and, mainly, the implica-

tions of an intensive fertilization, for the sake of agricultural development of a typical rural area in Greece.
MATERIALS AND METHODS
The study area

Groundwater, as a resource, plays an important role
to many rural areas, like the one presented herein. As a
consequence, understanding the groundwater characteristics is crucial for the groundwater management in the
study area. Such a target-oriented research was conducted
in Northern Greece and concerned an area in Halkidiki
peninsula known as Kalamaria plain (Figure 1). Kalamaria plain is located in the western part of Halkidiki
peninsula, southeast of the city of Thessaloniki.
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FIGURE 1
Locality map of the study area.
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FIGURE 2
Geological sketch map of the western part of Chalkidiki Peninsula (after the geological map of Greece).

The study area covers approximately 250 km2, with a
mean soil elevation of 250m (above the sea level), a mean
soil slope of 5% and a total coastal length equal to 15.5 km.
Almost 72% of the area shown in Figure 1 is at present
used as agricultural land, whereas 20% is woodland and the
remaining 8% accounts for urban and touristic development. The hydrographic network is dense draining directly
to the sea, while the most exploited part of the local
groundwater resources is confined to three adjacent coastal
phreatic aquifers.

gene sediments consist of alternated beds of sandstones,
conglomerates, marls, limestones, marly limestones, sands,
and red to brick red clays. Based on the data of oil prospecting boreholes carried out by DEP (Public Oil Company), the typical stratigraphic column for the western part
of Halkidiki consists of 1000-1200m Neogene sediments.
The quaternary deposits are recent non-consolidated deposits (sands, grits and clays), mainly of alluvial origin, deriving from the Neogene formations with a thickness ranging
from a few meters to 30m. Finally, recent coastal deposits
occur along the coast and consist of sand and silts.

Geology

The western part of Halkidiki peninsula belongs to the
Axios tectonic zone and is a part of the Axios-Thermaikos
basin. Axios zone is divided into three sub-zones and the
western part of Halkidiki peninsula is included in the eastern zone, named Peonia (Figure 2). Axios zone is build up
of Mesozoic metamorphic rocks (epigneisses, metadiabase,
schists, phyllites, quartzites and marbles), ophiolites with
gabbro intrusions, granitoids, limestones, sandstones and
conglomerates. The Mesozoic rocks are covered by Paleogene (Eocene-Oligocene) and Neogene marine and brackish
sedimentary rocks with a total thickness of 3500 to 4000m.
In Kalamaria plain Neogene sediments have a significant extension as well as the quaternary deposits. The Neo-

Water balance

The average monthly temperature for the study area
ranges from +6.6 oC in January to +25.5 oC in July. The
mean annual precipitation is 490mm, with its maximum
occuring in November or December. These climatic data
are 1976-2001 averages. Figure 3 represents the distribution of the monthly averages of temperature and precipitation in the study area.
Because of the undulating terrain, with little regional
relief, and the intense agricultural activities, the surface
runoff from the study area is only a small fraction of the
annual precipitation. Using empirical methods the surface
runoff was estimated as a 15% of the annual precipitation.
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On the other hand, the annual recharge of groundwater,
estimated from the local water balance, is about 6.5% of
the annual precipitation, without taking into account the
infiltration from the adjacent limestone (Figure 1). The
contribution of the infiltrated water from the limestone
area to groundwater reserves is very important and has
been estimated as high as 40% of the annual precipitation
[26, 27].
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FIGURE 3
Mean monthly temperature and precipitation for 1976-2001.

Runoff occurs mostly during the time of intensive
precipitation and drains locally into the closed depressions which appear mainly in the southern part of the
catchment. These depressions span a large range of sizes
in the coastal area, where they create three shallow phreatic aquifers consisting of quaternary alluvial deposits,
which comprise mainly layers of sand and gravel with
small pebbles in some parts [5, 28].
Groundwater sampling survey

During the period of study 116 wells were sampled
for chemical analysis. The parameters that were measured
or recorded in situ were alkalinity, electrical conductivity,
pH and temperature. Electrical conductivity, pH and temperature were measured using portable EC and pH apparatuses of type WTW, while Cl and HCO3 were estimated
in the laboratory using standard methods of analytical
chemistry [1]. The values of NH4, NO2, Fe2 and PO4 were
estimated using spectrophotometer double searchlight
equipment (type: Perkin-Elmer Mod λ3). Metals were
analysed using an atomic emission spectrometer equipment (type: Perkin-Elmer Model 372). Finally, nitrate
values were measured in situ with a portable Eijkelkamptype equipment (Marckoquant 10020) and verified using
analytical methods in the laboratory.
The water sampling survey took place during a fiveyear period (1990-1995) by utilising the above mentioned
set of wells (pumping from various depths). Most of these
wells are located in the coastal area, i.e. within the three
shallow phreatic aquifers (Figure 1). The rest lie in the
border area and are more or less deeper than these of the

coastal area. Out of the 116 sampled wells 102 are irrigation wells and only 14 of them are used for the supply of
drinking water to the area population.

RESULTS AND DISCUSSION
Statistical analysis

Statistics of the chemical analyses of all samples from
the study area are summarized in Table 1. The chemical
composition of groundwater varies over a wide range of
types and this is an indication that local groundwater is
not uniform, but differs considerably in salinity and ionic
composition. Relevant analyses showed that physicochemical processes, like dissolution, precipitation and ion
exchange, take place extensively within the groundwater
system.
Water temperature is a dynamic and helpful tracer for
understanding the hydrochemical data. The temperature
of water in the shallow wells varies between 15 oC and
18oC, while in the deeper ones varies from 18 oC to 21.5 oC.
Values of pH increase or decrease marginally around the
neutral value (pH=7), the lower values appearing in the
western part of the study area. Electrical conductivity
varies significantly and so do the values of the total dissolved solids. Such a variation of EC and TDS is a typical
indicator of the time of water residence in the subsurface,
whereas the spatial distribution of these two parameters
characterises the rate of groundwater flow as well as its
replenishment. Low values of EC and TDS were found in
the water abstracted from deeper wells, except of those in
the western part in which TDS is greater than 1000 mg/l.
This is an evidence of either greater residence times, or
slow water replenishment, or both.
Calcium is a significant cation in groundwater and
varies between 33.6 and 201 mg/l across the whole study
area. The statistical distribution shows that in 88% of the
samples calcium concentration is less than the maximum
allowable limit of 100 mg/l. Elevated calcium concentrations were observed in the deep wells of the western part
of the study area. These high values are due mainly to the
dissolution of the carbonate formation in the upper west
side of the watershed (i.e. the limestone area). Magnesium
originates also from the carbonate formation and forms
dolomite (CaMg(CO3)2) and magnesite (MgCO3). The
magnesium concentrations vary from 34.2 to 164 mg/l and
in 96% of the analysed samples were greater than the
maximum allowable limit of 50mg/l. Magnesium is also a
significant cation in the area and occurs at about equal
frequencies in shallow and deep wells. Magnesite, apparently, does not usually precipitate directly from solution
and a considerable degree of supersaturation may be required before precipitation occurs. The dissolution of this
substance brings Mg into solution and the concentration
tends to increase along the flow path of groundwater until
a rather high Mg/Ca ratio is reached.
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TABLE 1
Univariate statistical overview of the groundwater samples (n=250). (values in mg/l unless otherwise indicated).

pH
EC(µs/cm)
Temp (oC)
Alkalinity oD
Alkalinity oF
TDS (sum)
Na
K
Ca
Mg
NH4
Fe2
Cl
HCO3
NO3
NO2
PO4
SO4

Mean
7.23
1417.46
16.7
18.9
33.9
1250
88.82
3.55
69.65
97.64
<0.001
0.34
141.33
572.28
67.11
<0.001
0.18
53.31

Std. dev.
0.265
440.58
2.8
16.94
30.24
350.12
62.26
2.75
30.12
34.07
0.96
90.76
90.24
49.75
0.163
74.68

Asymmetry
-0.257
1.050
--1.34
-1.34
1110
2.022
1.157
1.723
0.724
5.155
1.237
-0.047
2.644
1.625
2.880

Max
8
3340
21
60,7
106
1850
350.1
13.5
201
164
0.21
7.68
513.6
774.7
353.5
0.40
0.80
447.4

Min
6.6
582
15
18
28.4
545
10.3
0.7
33.6
34.2
<0.001
0
40.4
326
3.2
<0.001
<0.001
<0.001

Median
7.30
1380.0
16.8
23.4
41.8
1070
88.4
2.20
63.1
95.0
<0.001
0.016
134.8
568.6
57.1
<0.001
0.10
33.6

IQR
0.30
499.50
1.8
33
58
410.5
59.40
4.00
31.95
52.10
0.17
119.80
115.90
55.80
0.20
60.25

Std. dev.= Standard deviation
sum= summation
IQR=Inter-Quartile Range
TDS= Total Dissolved Solids
Boreholes depth varies between 5 to 240 m.

Only 7% of water samples exceed the maximum allowed limit (175mg/l) of the sodium concentration. These
high values of Na were found in shallow wells of the
coastal zone and are due to saltwater intrusion into the
local phreatic aquifers. Finally, only 1% of the samples
exceed the maximum limit for potassium concentration
(12mg/l). The low geochemical mobility of potassium is
an explanation for this finding.
Chloride concentrations vary from 40.4 to 513.6 mg/l
and in 20% of the analysed samples Cl exceeded the maximum allowable limit of 200mg/l. High Cl concentrations
were mainly observed in the shallow coastal aquifers, a
fact that arises from saltwater intrusion due to overpumping the phreatic coastal aquifers. On the other hand,
all Cl concentrations in the middle region of the coastal
area (i.e. in the region around Flogita village) are less than
120mg/l and that is mainly due to a significant local replenishment of groundwater and to the specific hydrogeological formation itself.
The dissolution of the bicarbonate formation by moving water is the cause of the presence of HCO3 in groundwater. Bicarbonate is a dominant anion in the groundwaters
of the whole study area, except of the coastal region near
the villages of Plagia and Dionisiou, where seawater intrusion occurs at its highest rates. Sulfate concentration varies
significantly between 0 and 447mg/l. High sulfate concentrations (>100mg/l) were observed mainly in shallow coastal
wells (<20m) and, presumably, they are caused by human
activities (i.e. intensive fertilisation) and by denitrification
reactions in the presence of organic matter [2, 20]. Moreover, seawater intrusion contributes to elevated SO4 concen-

trations in shallow, less than 20m deep, wells [1]. This
was, indeed, verified by the fact that SO4 increases in the
eastern part of the study area where seawater intrusion is
high. Phosphate concentrations fluctuated at low levels,
while the estimated values for the bivalent iron vary between 0 and 7.68mg/l, with 25% of the analysed samples
exceeding the maximum limit of 0.2 mg/l.
A widespread nitrate contamination, as the apparent
result of intensive fertilisation, was one of the most significant findings of the hydrochemical analysis. Nitrate
concentrations vary from 3.2 to 353 mg/l. In almost all of
the shallow wells (with depths less than 20 m) the values of
nitrate concentrations were above the maximum allowed
limit of 50mg/l. Specific statistical analyses on nitrate
data revealed that there is no apparent temporal or spatial
variation, either horizontal or vertical [5, 27, 28]. More
specifically, the spatial independence of nitrate values
appears at lag distances greater than 10m. On the other
hand, a non parametric Spearman’s regression analysis
showed that nitrate concentrations in medium to lowdepth wells (depth<50m) do not relate to the corresponding well depths [9, 28].
Ionic relations are very useful for many purposes, like
the comparison of chemical compositions of groundwater,
the description of contamination sources and the study of
specific physicochemical reactions occurring along the
groundwater flow. The Mg/Ca ratio is high in all water
samples originating from the shallow wells and varies
from 1.06 to 6.97. This fact is indicative of the intensive
dissolution of magnesite from the rain water and its consequent leaching to groundwater. On the other hand, in
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water samples from deeper wells (depth >20m), located in
the eastern part of the study area, the Mg/Ca ratio varies
between 0.30 and 1.40. Mg/Ca values less than 0.70 reveal the dominant role of calcium compounds that are
formed by the dissolution of the limestone formation. The
ratio Ca+Mg/K+Na provides clear evidence of seawater
intrusion (when its values are less than 1) or of a continuing supply of fresh water (for values greater than 1). The
variation of this ratio in the majority of water samples (i.e.
excluding few coastal wells) was from 1.39 to 13.46.
Correlation matrices

Possible relationships between two or more physicochemical parameters were examined using the Pearson’s
correlation matrices. Table 2 is a representation of the correlation matrix for all measured physicochemical parameters, as it provides both the values of the correlation coefficients (r) and their estimated levels of significance (p).
High correlation was found between EC, Na, Cl, Ca,
and K (r>0.7). These relationships identify the element’s
contribution to groundwater salinity. Moderate correlations
(0.5<r<0.7) between EC and all Mg, HCO3, NO3, and SO4,
between Mg and HCO3 and between Ca and Cl indicate
that these ions tend to increase in concentration as the salinity of water increases. The lack of correlation between Mg
and Ca leads to the conclusion that the observed high concentration of Mg is due to the dissolution of MgCO3. This
argument is enhanced by the moderate correlation between
Mg and HCO3. At the other hand the observed high values

of Ca are due to the dissolution of water moving through
the carbonate formation.
Finally, all major exchangeable ions Na-K, Na-Ca, NaMg, Na-SO3, Ca-SO4 and Na-SO4 correlate positively.
Negative correlations rest at low levels (r>-0.50), except of
the expected high negative correlation of Ca-pH and K-pH.
Water types

The composition of groundwater in the study area was
examined by means of a series of Piper diagrams. As mentioned before, the three alluvial aquifers located in the
southern part of the study area are the main focus of the
present study. Piper diagrams shown in Figures 4, 5 and 6
reveal the composition of waters originating from the shallow wells of the three alluvial aquifers, as shown in Figure 1. In the majority of the shallow wells (>70%) of the
eastern and central aquifers dominates the Mg-HCO3 watertype (Figures 4 and 6), while waters in the rest of wells
(<30%) could not be classified in specific water types.
The water in the shallow wells of the western aquifer is
completely Mg-HCO3 in composition (Figure 5). As shown
in Figure 7, which summarizes the chemistry of water from
deep wells (>50m) in all three aquifers, the water is in
general Ca-Mg-HCO3 in composition. A more detailed
analysis, not shown in Figure 7, indicates that there is no
apparent prevalence of a particular water type in the central
and western aquifers, while a clear Mg-HCO3 composition
is found in the eastern one.

TABLE 2
Pearson’s correlation matrices (n=138).

pH
-0.045
p=0.600
Na
-0.134
p=0.118
K
-0.458
p=0.000
Ca
-0.516
p=0.000
Mg
0.438
p=0.000
Fe2
-0.102
p=0.238
CL
-0.163
p=0.057
HCO3 0.143
p=0.095
NO3 -0.082
p=0.342
PO4 -0.173
p=0.043
SO4
0.205
p=0.016

EC

Na

K

Ca

Mg

Fe2

0.798
p=0.000
0.365
p=0.000
0.419
p=0.000
0.495
p=0.000
-0.132
p=0.125
0.911
p=0.000
0.485
p=0.000
0.498
p=0.000
0.065
p=0.453
0.570
p=0.000

0.287
p=0.001
0.254
p=0.003
0.059
p=0.493
-0.033
p=0.701
0.857
p=0.000
0.215
p=0.012
0.314
p=0.000
0.053
p=0.536
0.405
p=0.000

0.738
p=0.000
-0.150
p=0.079
0.114
p=0.186
0.475
p=0.000
0.101
p=0.239
0.090
p=0.298
0.469
p=0.000
0.042
p=0.629

-0.134
p=0.119
0.186
p=0.029
0.490
p=0.000
0.125
p=0.145
0.190
p=0.026
0.321
p=0.000
0.147
p=0.086

-0.286
p=0.001
0.205
p=0.016
0.556
p=0.000
0.382
p=0.000
-0.105
p=0.220
0.655
p=0.000

-0.050
p=0.563
-0.065
p=0.449
-0.156
p=0.069
0.047
p=0.588
-0.148
p=0.084

CL

HCO3

NO3

PO4

EC
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0.245
p=0.004
0.335
0.059
p=0.000 p=0.495
0.158
-0.114
0.185
p=0.065 p=0.186 p=0.030
0.404
0.174
0.279
-0.055
p=0.000 p=0.042 p=0.001 p=0.527

© by PSP Volume 13 – No 11a. 2004

Fresenius Environmental Bulletin

FIGURE 4
Piper diagram of the groundwater of shallow wells at the eastern part (Dionisiou village area).

FIGURE 5
Piper diagram of the groundwater of shallow wells at the western part (Flogita village area).
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FIGURE 6
Piper diagram of the groundwater of shallow wells at the central part (N. Plagia village area).

FIGURE 7
Piper diagram of the groundwater of deep wells in the study area.
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The study area is a typical agricultural one. Hence, it
requires abundant water suitable for irrigation. Soil scientists use the sodium adsorption ratio (SAR) of water as a
measure of the exchangeable sodium ratio, to estimate the
suitability of irrigation water [29]. By applying the estimated values for SAR and EC to the specific diagram of
US Salinity Lab, the irrigation water of the study area was
classified as follows. Local groundwater presents a high
risk of salinity, as the sodium adsorption ratio fluctuates
at low values, except of a few shallow coastal wells where
the risk of Na concentration is moderate.

CONCLUSIONS
The chemical characteristics of groundwater, which is
the sole source of irrigation water in Kalamaria plain,
were investigated through an extensive survey and a detailed statistical analysis. The hydrochemical dataset was
analysed by means of various statistical methods and
provided a clear insight into the regional factors and the
processes occurring within the aquifer systems. The principal processes, which are the driving forces for changes
in the groundwater composition, are the following.
At the western upper zone of the study area an extensive carbonate formation (limestone) is present, through
which rainwater dissolves carbonate mineral and is
charged with Ca as it enters the subterranean water bearing formations. This carbonate formation accounts for
most of the groundwater recharge of the local aquifers, a
fact that has been verified by the observed high Ca concentration. Water of a predominantly Ca-Mg-HCO3 type
was found in both shallow and deep wells. This is because
bicarbonate is the major anion in the groundwaters of the
study area, exceeding 50% of the total anion sum in many
samples and magnesium is the dominant cation with almost the same percentage of the total cation sum.
Seawater intrusion, resulting from overpumping the
coastal aquifers and a local low replenishment of groundwater lead to a Na-Cl type water along a narrow zone of
the coastal area. Observed elevated SO4 concentrations in
samples from shallow coastal wells are also due to seawater intrusion. Finally, the most significant finding of
the survey was the fact that the intensive fertilisation in
the southern part of the study area is the principal cause of
a severe nitrate contamination of the shallow phreatic
aquifers.
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EVALUATING NON-POINT SOURCE POLLUTION USING G.I.S.
Panagiotis Anastasiadis
Technological Educational Institute of Serres, Terma Magnisias, 62124 Serres, Greece

SUMMARY
In Greece the input nitrogen to surface waters and
groundwater from non-point sources is a major environmental problem. About 70-90% of the total discharge of
nitrogen on groundwater is caused by leaching from agricultural areas. Nitrate concentration in groundwater resources has increased significantly in Greece during the
last decades. The use of models, which describe the mass
transport of nitrogen and it’s transformation in the soil
and groundwater, in the assessment of groundwater vulnerability has become a well established methodology.
The representation of vulnerability can be designed with
maps and GIS implementation. Different countries in
Europe and the USA use different methods to estimate
groundwater vulnerability. These methods produce different vulnerability maps which are not comparable as the
key parameter and criteria underlying the elaboration of
the each method, are not the same. Vulnerability assessment should be periodically updated on the basis of new
knowledge and data. The objective of much research is to
quantify the contribution of leaching of nitrogen and to
develop decision-support systems for national and regional authorities. In this paper is represented an attempt to
apply a modified method of DRASTIC model for the
detection of groundwater vulnerability, the attenuation
and retardation factors and leaching index, in assessing
the leaching potential in an agricultural area near Strimonas river in prefecture of Serres, Greece.

KEYWORDS:
Groundwater, non-point sources, nitrate, vulnerability, G.I.S.

INTRODUCTION
Groundwater is the main source of drinking and irrigating water in Northern Greece, which is an area of intensive agricultural land use. The problem of groundwater
pollution from nitrate is very serious in the European
Community. There are evidences that 87% of the agricultural areas have nitrate contamination in groundwater
above 25% mg/l and 22% above 50 mg/l [1]. In the USA
about 6.4% of tested wells contained nitrate concentration

higher than 50 mg/l [2]. Parker et al. [3] reported that current estimates of the average leaching of the nitrate under
arable land are equivalent to about 25% of applied nitrogen.
Nitrate in soil and groundwater coming from point and
non-point sources through the runoff and leaching water.
Prevention is the most suitable management tool in the
protection of groundwater quality because in situ remediation of nitrates is not effective. The detection of groundwater vulnerability to nitrate pollution is an approach solution.
The potential of nitrates to leach to groundwater depends
on the soil composition, geological material of unsaturated
zone, aquifer characteristics, meteorological conditions, the
depth of the water table, the recharge rate and the geochemical characteristics that influence the potential of transformations.
The potential for groundwater contamination depends
upon the natural attenuation that may take place between
the sources of pollution and the aquifer system. During
infiltration through soils and transport in aquifers many
contaminants may be naturally attenuated. It should be
noted that not all subsurfaces environments have equally
effective purifying capacities. Several hydrogeologically
based susceptibility-ranking systems have been developed
as aids for the evaluation for the capacity of the subsurface environment to attenuate pollutants. This classification
can be used as rapid and sheep tools for preliminary screening related to differing land use choices, fertilizers application rates, monitoring needs and specify the groundwater
protection scenario.
Groundwater vulnerability to nitrate contamination
can be defined as the tendency for nitrate to reach a specified position in the groundwater system after introduction
at some location above the upper aquifer [4]. It should be
noted that all groundwater is vulnerable to nitrate contamination because vulnerability is a relative indication of
where contaminant is likely to occur. The uses of models,
which either describe the mass transport of nitrogen and
its transformations in the groundwater [5] or describe the
transport of nitrate to aquifer [6-8].
Methods for predicting groundwater vulnerability can
be considered in three classes [4]:
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a) overlay and index methods that combine specific
physical characteristics affecting vulnerability
b) process based methods consisting of mathematical
models that approximate the behavior of substances in
the subsurface environment, and
c) statistical methods that draw associations with areas
where contamination is occurred.
The representation of vulnerability of groundwater
can be designed with maps and GIS implementation [9].
Simple indices which can be used in assessing the leaching potential are DRASTIC method [10] the Attenuation
Factors [11] and the Leaching Index [12]. Different countries in Europe and the USA use different methods to estimate the groundwater vulnerability. Vulnerability mapping
techniques typically lead to either numerical indices for
classifications of geographical areas relative to their susceptibility to groundwater pollution. The primary technical
issue addressed in vulnerability mapping is the groundwater transport and fate of potential pollution chemicals such
as nitrates [13]. Ten vulnerability-mapping techniques summarized and compared by Canter 1997 [14]. In the Flanders
area Belgium the Minister for Water and Environmental
has established groundwater vulnerability maps [15]. The
Soil Survey of England and Wales and the British Geological Survey have developed maps to investigate the vulnerability of the Stafford Triassic sandstone aquifer to nitrate
pollution [13].
In this paper, the DRASTIC method presented and applied for evaluating the potential for groundwater nitrate
pollution in a specific agricultural area near Strimonas
River in prefecture of Serres, Northern Greece (Figure 1).
The method determines the nitrate leaching below the root
zone and under certain environmental conditions.

NITRATE LEACHING ON FIELD SCALE
Transport and transformations of nitrogen components in agriculture soils are complex. On plot and field
scale processes can be described in deterministic models.
Numerous studies have attempted to quantify rates of Nleaching and denitrification in relation to variables on
different scales [16].
Annual average nitrate leaching from agricultural
soils can be calculated as:
LE=NM+NF+AD-PU-DE-VO-AC
where, LE is the leaching of N to groundwater (Kg N/
ha/year), NM is N-input of mineral fertilizer, NF is the Ninput of farm manure, AD is the atmospheric deposition,
PU is the plant uptake of nitrogen, DE is the denitrification
of nitrate, VO is the volatilization of ammonia, and AC is
the accumulation of organic-N in the soil. In Figure 2 a
flowchart of calculating nitrate leaching on field scale is
given.
The N-input surplus is transported in the soil and partially transformed in gaseous and organic N-compounds.
The remaining nitrate leaches to groundwater. The major`
loss of gaseous N to the atmosphere is caused to denitrification (reduction of nitrate to N2O and N2 under anoxic
conditions). Denitrification capacity is controlled by the
input of nitrate and soil properties.
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FIGURE 2 - Nitrate leaching on field scale.
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FIGURE 1 - Locality map of the study area.

The most significant factors typically used to evaluate
the degree of protection of soil against nitrate pollution
are texture, thickness, permeability, pH, organic matter in
soil, soil cation exchange capacity, and soil acid neutraliz-
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A numerical rating scheme, called DRASTIC, has
been developed for evaluating the potential for groundwater pollution in given areas based on their hydrogeological
setting [10]. The DRASTIC index is the most widely used
method for assessing the vulnerability of groundwater
pollution. This rating scheme is based on seven (7) factors. The scientists also established relative importance
weights and a point rating scale for each factor. The acronym DRASTIC is derived from the seven factors which
are the following:
D = Depth to groundwater
R = Recharge rate (net)
A = Aquifer media
S = Soil media
T = Topography (slope)
I = Impact of the vadose zone (unsaturated zone)
C = Conductivity (hydraulic) of the aquifer
For a given area being evaluated, each factor is rated
on a scale of 1 to 10 that indicates the relative pollution
potential of the given factor for that area. Once all factors
have been assigned a rating, each rating is multiplied by
the assigned weight, and the resultant numbers are
summed as follows:

method uses subjective scoring as the weighing factors
may be identifying the representation of the relative importance in nature but this has no physical basis. The
other is that for the identification of vulnerable areas it
does not consider the interactions between the chemicals
and physical environment.
AN APPLICATION OF DRASTIC METHOD
For the detection of groundwater vulnerability the
DRASTIC model is modified [10, 17]. Soil and geological
data, a digital elevation model and meteorological data are
used for this. The net recharge is computed only for arable
land as the study area is. The mean net recharge is used
over a period from 1966-2002 (Figure 3). The agriculture
study is almost flat with a mean elevation 20m above sea
level. The depth of the groundwater is regionalized using
the depths of shallow irrigating boreholes. The hydraulic
conductivity is derived using tabular information including
soil type, the bulk density and pumping tests. The nitrogen
impact calculated using the available fertilizer data from
the local agronomy office. In older to determine an index of
potential vulnerability inputs are classified into ten (10)
classes (Table 1) and weighted with a factor according
table 2. The vectorized data are transformed into a grid of
100x100 m. The spatial overlay is realized with a wellproven commercial geographical information system.
70

where, r index indicate the rate for the area being evaluated and w index indicate the importance weight for the
factor. Weights from 1 to 5 determine the relative importance of the factors with respect to each other and ratings are obtained from appropriate tables for each factor.
DRASTIC indexes have two main shortcomings as a
tool for identification of vulnerable areas for leaching
nitrates and pesticides from the soil [12]. The DRASTIC
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FIGURE 3 - Mean monthly temperature
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TABLE 1 - Classification scheme.
Input parameter
Net recharge
(mm)
Depth to water
table (m)
Topography
(slope %)
Soil
Hydraulic conductivity (cm/d)
Nitrogen impact
(kg/ha)

1

2
200
300
30
50
16
18

<200
>50
>18
Clay
0
10
<70

10
20
70
90

3
4
300
325
325
350
25
20
30
25
14
12
16
14
Loamy clay
20
30
30
40
90
110
110
130
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Class
5
350
375
15
20
10
12
Loam
40
50
130
150

6
375
400
10
15
8
10
50
60
150
170

7
8
400
425
425
450
6
4
10
6
6
4
8
6
Sandy loamy
66
70
70
80
170
190
190
210

9
450
500
2
4
2
4

10
>500
0
2
0
2
Sand

80
90
210
230

>90
>230

T	
  (oC)

ing capacity. The composition of soils in unsaturated zone,
the depth of water table, the recharge rate and environmental factors influencing the potential of biodegradation and
specify the nitrate leaching to groundwater. The rate and
the importance of each factor differ in space and time and
are affected the properties of pollutants themselves.
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TABLE 2 - Weighting and calculation of leaching index.
Parameters
Depth to groundwater (D)
Net recharge (R)
Soils (S)
Topography (T)
Hydraulic conductivity ( C)
Nitrogen excess

Weighting
*3
*4
*5
*1
*2
*5

N
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No Calculation
FIGURE 4 - Potential nitrate leaching.

The index of potential leaching cannot be calculated
for each location because of the lack of input data. The
distribution of the index (Figure 4) shows lower contamination risks near the river, as the sands dominate and lens
of clay where the contamination risk increased and we
can find the highest potential nitrogen impact.

CONCLUSIONS AND DISCUSSION
The described model allows very easily to set different topics in a context. This is necessary condition for
performing a screening. This classification and the
weighting can be adaptable to other regions if the results
verified by monitoring data from existing boreholes. Using the results we find out areas of potential critical loads
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and facilitates us to take more detailed steps, such as to
design and establish a monitoring net and undertaking
more detailed catchment referenced modeling. Vulnerability assessment should be periodically updated on the
basis of new knowledge and data.

[9]

The procedure of the potential to groundwater contamination by nitrates is based on different evaluated indices.
According to the nitrate Directive of EC [1] the member
states should identify waters affected by pollution and
waters which could be affected by nitrate pollution and
should designate as vulnerable zones all known areas of
land which drain into the waters and which contribute to
pollution. The DRASTIC approach or modification of this
suggested to be selected for the elaboration of the European Community groundwater vulnerability maps. The
DRASTIC index includes parameters related only to hydrological setting. The contaminant is flushed into ground-water
by recharge and that the contaminant has the mobility of
water, give the impression that the system describes that the
vulnerability to water recharge without considering phenomena such sorption and degradation These approach are more
efficient in the assessment of vulnerability of ground-water
to nitrate contamination.

[10] L. Aller, T. Bennett, J.H. Lehr, R.J. Petty, and G. Hackett
(1987) “DRASTIC”: A Standardized System for Evaluating
Groundwater Pollution Potential Using Hydrogeological Setting”, EPA 600/2-87-035, 1987, U.S. Environmental Protection Agency, Ada, Oklahoma.

K.C.S. Navular and B.A. Engel (2000) Predicting special distributions of vulnerability of Indiana State aquifer systems to
nitrate leaching using a GIS. Dep. of Agricultural and Biological Engineering, Purdue University Indiana USA
(http://www.negia.ucsb.edu/cont/papers/navural_kumary/mypaper.html)

[11] P. Rao, A. Hornsby and R. Jessup (1985) Indices for making
the potential for pesticide contamination of groundwater.
Proceeding of Soil and Crop Science Society of Florida, 44,
1-8.
[12] Y.J. Meeks and J. Deen (1990) Evaluating groundwater vulnerability to pesticides. Journal of Water Resources. Planning
and Management, ASCE 116, 693-707.
[13] A.D. Canter, R.C. Palmer and R.A. Monkhouse (1987) Mapping the vulnerability of groundwater pollution from agricultural practice, particularly with respect to nitrate. In Vulnerability of Soil and Groundwater to Pollutants, Van Duijvenbooden, W., & Van Waegeningh H.G. Eds., Proceeding and
Information No 38 International Conference, National Institute of Health and Environmental Hygiene, The Hague, The
Netherlands, 333-342.
[14] W.L. Canter (1997) Nitrates in Groundwater. CRC Press Inc.,
Lewis Publishers
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SUMMARY
Solid Phase Micro-Extraction (SPME) is a simple and
efficient methodology for extraction and concentration of
aqueous or gaseous samples. Previous studies have shown
that this method is well-adapted to the measurement of
polycyclic aromatic hydrocarbons (PAHs) in gaseous effluents. The aim of this work was to define the detection limits
for volatile PAHs, such as naphthalene, in order to test the
validity of this method for environmental air monitoring.
As generating gaseous standards of semi-volatile compounds at very low levels is very difficult, the experiments
were carried out on a particular dilution bench. The detection limit of naphthalene was estimated to be 6 ng.m-3.

KEYWORDS: naphthalene, gaseous PAHs, detection limits,
dilution bench, gaseous standards.

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are organic
compounds formed during combustion of coal, fuels and
wood. They are produced in large quantity by forest fires,
but have also anthropic sources from industrial combustions.
Atmospheric PAHs have drawn public attention because of
their effects on health, even in low concentrations [1]. Indeed, some are probably toxic, mutagenic and carcinogenic.
PAHs belong to the semi-volatile organic compounds class
characterized by an equilibrium between gaseous and particular phases [2-6]. For analysing purposes, particulate
PAHs can be trapped on filters, but the gaseous phase is
more difficult to analyse, because the environmental concentrations are very low (from 0 to 15 ng.m-3) and the adsorbent resins classically used for trapping generate an
important loss of pressure in both high and low volume
samplers.

extraction, concentration and introduction of the sample
into the analyser in a single step and has been described in
detail in several research works [9-12]. This method was
initially used to sample the aqueous phase. Recently this
technology was used to sample the gaseous phase, notably
using head space method, which allows to characterize
the fragrance of a flower, for example. The laboratory
GRECA focuses on the analysis and reactivity of volatile
organic compounds (VOCs) and has already carried out
several analytical studies using SPME technique for anthropic and biogenic VOCs and PAHs [7-9]. However, in
these studies PAHs at high concentration levels in effluents were measured. Indeed, even when equilibrium between the fibre and the matrix is reached, SPME devices
only trap a very low portion of molecules present in the
air. That is the reason why SPME is generally not used in
low concentrations. Actually we used SPME technology
in polar environment to identify some local pollution
sources (article in progress). Despite the low concentrations registered, SPME permitted to identify snow mobiles as the major pollution source. However, this analysis
was not quantitative.
The aim of this work was to determine the detection
limits of this technique for a volatile PAH, naphthalene,
and its suitability for environmental air monitoring. Tests
were carried out using a dynamic gas generator, which
makes it possible to produce a PAH-vapour flow at constant concentrations simulating atmospheric concentrations.

MATERIALS AND METHODS
Standard preparation and samples (Fig.1). Naphthalene
was used as surrogate PAH to test the method because:

SPME sampling technique is both rapid and simple to
use [6]. It is a solvent-free method, which groups sampling,
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• it shows a high vapour pressure and is, therefore,
more easily produced in the dynamic gas generator.
Indeed, acenaphthene and acenaphthylene were also
tested, but they necessitated higher temperatures (difficult to obtain) to evaporate in significant quantities;
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• it is the most concentrated PAH in the atmospheric
gaseous phase [1-3].
The gas generator used is shown in Figure 1 and was
described in detail in a previous paper (Temine et al. [14]).
It is made of two parts, the permeation bench [14] and the
gas dilution system. The permeation chamber is a glass
vessel thermostated at 63 °C and equipped with inlet and
outlet, allowing a flow of pure nitrogen to pass through. It
contains the permeation cell filled with crystals of naphthalene and sealed with a PTFE semi-porous membrane
allowing the vapours produced by naphthalene sublimation
to leave the permeation cell in a steady flow. To obtain a
stable concentration of naphthalene at the chamber outlet,
the flux of the carrier gas and the sublimation rate (controlled by the temperature) have to be accurately controlled.
The concentrations of naphthalene at the outlet of the generation bench were determined by knowledging the nitrogen air flux and the quantity of solid naphthalene lost in
the permeation cell. This loss is measured periodically
(every 2 days) using a highly sensitive mass balance (Cahn
1000 vacuum electro-balance system, maximum weight of
100 g and accuracy of ±0.01 mg).
Because of the inertia of the generation device, the
various concentrations used during the experiments were
obtained by dilution of the generated naphthalene flux at
the outlet of the permeation bench rather than by changing the temperature of sublimation or the nitrogen flux
flowing through the permeation chamber. The dilution
was ensured by a flow of nitrogen controlled by a flow
meter. A mixing chamber (59 °C) filled with glass marbles completed the system. The samplings were carried
out in a flask allowing the introduction of the SPME fibre.
In this chamber the PAH vapour concentration is stable
and was known to be within 5% of uncertainty (Temine et

al. [13]). Because this system operates under dynamic
conditions, that is to say under flux, the wall effects had
no impact on the gaseous concentrations. Moreover, there
was no impoverishment of the gas phase during the adsorption process on the fibre.
Apparatus and instrument parameters. The 100 µm
film thickness polydimethylsiloxane-coated fibres (PDMS
100 µm, obtained from Supelco, Canada Inc.) were conditioned at 260 °C under a helium stream for 1 hour. Fibre
blanks were run to ensure that no contaminants were in
the fibre coatings before its exposure to a given air sample. Blanks were also run between each sample. When a
contamination was detected, the fibre was reconditioned.
For trapping, the SPME fibre was introduced into the
measurement flask and exposed to the flux of standard
gas for 15 min, which was sufficient to reach the equilibrium between the solid (fibre) and the gaseous phases.
The fibre was then introduced into the injector of the
chromatograph (Trace GC ThermoFinnigan, ThermoQuest) for 10 min at 260 °C to desorb extracts thermally from the fibre coating [11, 12, 13]. Analytes were
separated with a 30 m*0.25 mm fused silica column with
a 0.25 µm RTx-5MS stationary phase. The GC temperature program was the following: initial oven temperature
80°C, then ramped to 240 °C at a rate of 20 °C/min, followed by a holding at 240 °C for 5 min. The GC was interfaced to a Polaris Q ion trap mass spectrometer (ThermoQuest) for mass spectrometric analysis. For each test,
we carried out a Full Scan and single ion recording (SIR),
focused on the specific naphthalene ion: m/z = 128 (± 1).
Figure 2 shows a chromatogram obtained with the corresponding mass spectrum and the naphthalene peak appears clearly.

T = 59 °C
T = 63 °C

FIGURE 1 - System used to generate the standards.
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RESULTS AND DISCUSSION
60
Generation of standards.

As described above, the loss
of mass was regularly checked by weighting the naphtha40 in the flask. Figure 3 shows a regular loss of
lene residue
naphthalene (average level 0.329 mg/h), which corresponds to20the volatilization rate. Knowing the volatilization rate, it was128.5
easy to generate different concentrations

of naphthalene by adjusting the dilution flux of nitrogen
and air. The scale of concentrations generated varied from
189 ng/m3 down to 3.6 ng/m3. Two sets of experiments
were carried out, the first covering highly concentrated
standards simulating industrial effluents and the second
low concentration levels (0 to 10 ng.m-3) corresponding to
atmospheric conditions.
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FIGURE 3 - Loss of mass of naphthalene.
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Detection of Naphthalene by SPME using a SIR mode
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FIGURE 4a - Detection of naphthalene by SPME using the SIR mode.

Detection of naphthalene using a SIR mode for low concentrations
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FIGURE 4b - Detection of naphthalene at low concentrations (0 to 10 ng/m3).

Figure 4a shows
the results obtained for the whole range of concentrations
tested (from 189 down to 3.6 ng.m-3). These results are
satisfactory because the correlation coefficient (R2) is
close to 1. Thus, it seems that SPME technique is efficient
to determine concentrations of gaseous naphthalene both
in emissions and the atmosphere. The most interesting
result of this graph was that no saturation effects on the
SPME fibre could be observed, even for the higher concentrations. Consequently, SPME is effective to analyse
volatile PAHs, such as naphthalene, in gaseous effluents
or in working atmosphere. This was confirmed by five
replicate tests carried out on four concentrations of gaseDetermination of the detection limit.

ous naphthalene standard (24, 38, 140 and 189 ng.m-3).
These tests have shown that for these high concentrations
the margin of errors was less than 5%.
In spite of the high correlation coefficient, a detailed
observation of the graph 4a shows a large scattering of the
low concentrations (from 3.6 to 10 ng.m-3). This is clearly
brought to light by zooming on these values (Figure 4b).
The large scattering of the GC-MS response does not
allow quantitative measurements of atmospheric concentrations, but allows determining the order of magnitude of
the concentrations.
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FIGURE 5a
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Indeed, as shown in Figure 5a, the intensity of the
peak corresponding to naphthalene (RT = 3.84) is twice
as high as the background, and clearly identified. Even
when the response is not quantitative, the fibre is sensitive
enough to detect the presence of naphthalene at low concentrations (7 ng.m-3). The poor quality of the quantitative
analysis seems to be due to a bad integration of the chromatographic peaks rather than a variability of the response of
the SPME fibre. Indeed, the observation of the chromatogram in Figure 5b shows that the background is in the same
order of magnitude as the signal of naphthalene (RT = 3.86)
for a concentration of 3.6 ng.m-3. In conclusion, we can say
that the SPME method is not efficient anymore to detect
the presence of naphthalene at this concentration. Thus, the
limit of SPME technique is not induced by the SPME fibre
itself, but rather by the analytical device and its improving
could reduce the detection limit of SPME.
Advanced tests confirmed that the detection of naphthalene by a SPME fibre is possible down to 5.7 ng/m3,
since the peaks show an intensity of at least twice the
background level and could be clearly identified. Under
this limiting value, it was too hard to distinguish naphthalene from the background noise.
CONCLUSIONS
The tests determined the detection and quantification
limits of gaseous naphthalene using SPME, coupled to a
GC/MS instrument. An accurate measurement of naphthalene was made for concentrations above 24 ng.m-3. Because
of its simplicity and accuracy, this method can be used for
emission measurements and the control of workshop atmospheres. The calibration and field measurement processes are described elsewhere [9]. Because atmospheric concentrations of naphthalene in polluted cities or close to
industrial sites are generally less than 15 ng.m-3, this sampling method is not recommended for environmental quantification. Below 24 ng.m-3, the SPME technique detects
naphthalene concentrations higher than 6 ng.m-3, but with
low accuracy. As this method (which has largely proved its
efficiency for direct measurements of pollutants in industrial effluents) detects naphthalene present above 6 ng.m-3, it
can be very useful for the control of working atmospheres,
since any concentration above usual values will be detected. This study must be continued for other PAHs in order
to confirm the results obtained for naphthalene. Indeed, as
they have the same adsorption profiles, they certainly will
have similar detection limits.
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ACUTE TOXICITY OF THE SYNTHETIC PYRETHROID
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SUMMARY
In Turkey, mirror carps (Cyprinus carpio) are artifically reared and introduced to freshwater reservoirs, when
they reached approx. 3-8 g body weight and a size range
of 5-10 cm. At the same time, deltamethrin is commonly
used for pest control in the agricultural fields surrounding
freshwater reservoirs. So the acute toxicity of this synthetic pyrethroid, contaminating aquatic ecosystems as a
potential toxic pollutant, was examined in this study.
Young mirror carps sized from 3.5 to 5.8 g in weight and
6.2 to 7.4 cm in length were selected for the static bioassay test. Their cumulative mortality and 24, 48, 72 and
96-h LC50 values were determined. In addition, the behavior of these young carps at each deltamethrin concentration was observed. Data were assessed using the “Probity” statistical method. The 24, 48, 72 and 96-h LC50 values (95% confidence limit) for young mirror carp were
estimated to be 9.41 (7.13-13.70), 4.47 (3.40-6.14), 2.37
(1.84-3.06) and 1.65 (1.32-2.07), respectively.

been summarized by Hill [15]. Acute toxicity data for
deltamethrin in fish have been published as a report of the
World Health Organization [16] and classified as highly
toxic to fish, being in the range of LC50<100 µg/L.
In Turkey, larvae of some commercial warm-water
fish species, such as mirror carps, are artificially reared in
the Fish Breeding Units of the General Directorate of
State Hydraulic Works and then introduced to freshwater
reservoirs, such as Natural Lakes and Dam Lakes, when
they have reached a size of approx. 5-10 cm in length.
Therefore, the present study has aimed to determine the
acute toxicity of deltamethrin, which is commonly used
for pest control in the agricultural fields around freshwater reservoirs, but especially toxic to young mirror carps
in a size just before introduced in these lakes.
MATERIALS AND METHODS

KEYWORDS: Pyrethroid, deltamethrin, acute toxicity, mirror carp
(Cyprinus carpio).

INTRODUCTION
The increasing use of synthetic pesticides is improving
worldwide pollution risks. Pesticides are toxic and designed to kill unwanted organisms, but applied to the land
they may be washed into surface waters and kill or, at least
adversely influence, the life of aquatic organisms [1, 2].
Because of their beneficial qualities, synthetic pyrethroids, such as deltamethrin, have attracted farmers and
health departments to use them in pest control. However,
these compounds are generally found to be highly toxic to
fish [3-7] and zooplankton communities [8-10]. Effects of
deltamethrin on nervous, respiratory, and hematological
systems in fishes are reported [11-14]. The environmental
fate and effects of synthetic pyrethroid insecticides have

In this study, a static acute toxicity bioassay was performed according to the standard method [17] to determine the 24, 48, 72 and 96-hr LC50 values of deltamethrin
(Roussel Uclaf, DECIS 2.5 EC) for young mirror carps
(weight 3.5-5.8 g, length 6.2-7.4 cm) obtained from the
Keban Fish Breeding Unit of DSI IX. Region Directorate.
They were brought to aquarium laboratory in Keban Professional School and acclimatized for 4 days under standard laboratory conditions. Fishes were fed with flour
pellets during adaptation. But they were not fed during the
last 24 h of adaptation and throughout the duration of the
test. Before starting the test period, all experimental aquaria
with 60 L capacity were cleaned and filled with 50 L of
dechlorinated tap water (temperature: 20.5 °C±0.5, pH:
8.4±0.04, dissolved oxygen: 7.2±0.5 mg/L, electrical conductivity: 227.25±10.35 µS/cm, alkalinity: 135-160 mg/L
and hardness: 180-200 mg/L as CaCO3). Seven different
concentrations (0.25, 0.5, 1, 2, 4, 8, 16 µg/L) of deltamethrin (DECIS, 2.5 EC) with three replicates were used in
the test series. Control units with three replicates were also
prepared. Exceeding aeration was applied to the aquaria for
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2 h in order to obtain a homogeneous concentration of the
toxic compound, and then 10 fish were transferred into
each aquarium. Mortality was assessed at 24, 48, 72 and
96 h after the start and dead animals were removed immediately. Behavioral changes of test animals were closely followed and recorded.

motionless on the aquarium bottom. Colour darkening
was observed on animals exposed to the two highest concentrations (8-16 µg/L). Similar behavioral responses
have been observed on guppies (Poecilia reticulata) exposed to various concentrations of synthetic pyrethroids,
deltamethrin and beta-cypermethrin [18, 19].

The results were expressed as mean±standard deviation or range values. All replicates were used for calculation of mean values. Statistical analysis was performed
with SPSS 10.1 computer program (SPSS Inc.). Duncan’s
multiple range test was employed for comparing mean
mortality values using a significant level of 0.05. The
LC50 and 95% confidence limits were calculated by a
probity computer program (AQUATOX).

The calculated 24, 48, 72 and 96-h LC50 values (95%
confidence limits) of water-soluble deltamethrin, using a
static bioassay system to young mirror carps were determined as 9.41 (7.13-13.70), 4.47 (3.40-6.14), 2.37 (1.843.06) and 1.65 (1.32-2.07) µg/L, respectively (Table 1).
The results show that water-soluble deltamethrin is indeed
highly toxic to young mirror carp, Cyprinus carpio. In
this study, the descriptions of toxicity were assigned
based on LC50 values, according to the guidelines given
by Kamrin [20] and WHO [16], and deltamethrin can be
classified as very highly toxic to young mirror carp, being
in the range of LC50 < 100 µg/L.

RESULTS AND DISCUSSION
The behavioral responses of the test animals were
observed at 1-10 h during the first day of exposure and
then every 12 h during the last three days of exposure.
Normal behavior was observed for animals of control and
0.25 µg/L concentration. First changes in behaviour were
observed 30 min after exposure to the two highest deltamethrin concentrations (8 and 16 µg/L). Animals exposed to 0.5 µg/L showed also normal behavior during
exposure period, but afterwards some abnormalities, such
as less general activity and loss of equilibrium, when
compared with the control group animals. Loss of equilibrium and hanging vertically in the water were observed at
all concentrations higher than 1.0 µg/L. At the two highest concentrations (8-16 µg/L) these relevant response
symptoms at high levels beginning 30 min after start of the
tests could be observed. The other abnormal behavioral
responses observed at all concentrations above 2 µg/L were
rapid gills movement, erratic swimming, swimming at the
water surface, air gulping from the water surface, or staying

The toxicity of this compound on experimental animals increased with increasing concentration and exposure time. There were significant differences between
LC50 values calculated for 24, 48, 72 and 96 hours
(P<0.05; Duncan’s multiple range test), except between
72 and 96 h (P>0.05). All animals exposed to 16 µg/L of
deltamethrin died at the end of 96-h exposure (Table 1).
Some pesticides used in agriculture are known to be
toxic to non-target aquatic biota [21-23], and deltamethrin
belongs to this group. Its toxic effects on various fish species have already been reported in some studies (Table 2).
In general, this toxic effect changes with respect to species and size of animals and the duration of exposure. The
results of the present study show that toxicity of deltamethrin to young mirror carps under such conditions is also
time-dependent. However, some other researches have
shown that exposure time is not significant to LC50 values
for fish [24, 25].

TABLE 1
Cumulative mortality and LC50 values with 95% confidence limits (in parentheses)
of water-soluble deltamethrin for young mirror carp (n = 30 in three replicates).

Concentrations
(µg/L)

Exposure Time (hours)
24

48

72

96

Control
0.25
0.50
1.00
2.00
4.00
8.00
16.00

2
10
13
19

3
12
18
18
23

2
7
18
22
21
29

3
9
21
24
27
30

LC50 values (µg/L) with
95 % confidence limits

9.41a
(7.13-13.70)

4.47b
(3.40-6.14)

2.37c
(1.84-3.06)

1.65c
(1.32-2.07)

Values in rows with different superscripts are significantly different (P < 0.05).
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TABLE 2
Toxicity studies for deltamethrin on various fish species.

Fish Size

Exposure
Time

LC50,
µg/L

Chemical
Description

Experiment
Type

Acute Toxicity
Rating*

Ref.

Ctenopharyngodon idella

17 g
72 mm

24 h
48 h
96 h

155.0
96.0
91.0

25 EC, DECIS

NR

HT
VHT
VHT

[26]

Cyprinodon macularius

4-5 cm

24 h
48 h

0.60
0.60

EC

Static

VHT
VHT

[24]

Cyprinus carpio

42 g

24 h
48 h
96 h

3.50
3.50
3.50

DECIS 2.5 EC

Static

VHT
VHT
VHT

[25]

Cyprinus carpio

NR

48 h
96 h

4.00
2.30

2.8 % EC,
Deltamethrin

NR

VHT
VHT

[27]

Cyprinus carpio

12 g
60 mm

24 h
48 h
96 h

91.0
89.0
78.0

25 EC, DECIS

NR

VHT
VHT
VHT

Esox lucius

65 mg
25 mm

24 h
48 h
96 h

44.0
30.0
23.0

25 EC, DECIS

NR

VHT
VHT
VHT

[26]

Gambusia affinis

4-5 cm

24 h
48 h

1.00
1.00

EC

Static

VHT
VHT

[24]

Oncorhynchus mykiss

5-6 cm

48 h
24 h

0.50
0.70

EC

Static

VHT
VHT

[24]

Oncorhynchus mykiss

2.6 g

24 h
48 h
96 h

2.50
2.30
2.30

DECIS 2.5 EC

Static

VHT
VHT
VHT

[25]

Tilapia mossambica

5-6 cm
5-6 cm

24 h
48 h

0.80
0.80

EC

Static

VHT
VHT

[24]

Tilapia nilotica

1.6 g
2.41 cm

24 h
48 h
96 h

16.0
15.0
14.5

EC, 2.5 % W/V,
Deltamethrin

Renewal

VHT
VHT
VHT

[28]

Clarias gariepinus

1.13 g
4.54 cm

24 h
48 h
72 h
96 h

39.03
40.01
40.01
40.01

K-Obiol:2.5WP,
Deltamethrin

Static

VHT
VHT
VHT
VHT

[29]

Poecilia reticulata

Adult

48 h

5.13

Technical
Deltamethrin

Static

VHT
VHT

[19]

Scientific Name

*Narrative descriptions of toxicity were assigned based on LC50 according to the guidelines of Kamrin, 1997 [20].
HT, Highly Toxic (LC50 = 100-1000 µg/L); VHT, Very Highly Toxic (LC50 <100 µg/L); NR, Not Reported; EC, Effective Concentration.
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In laboratory trials, the USDA National Agricultural
Pesticide Impact Assessment Program’s EXTOXNET
document [30] reports deltamethrin’s acute fish toxicity to
range between 1-10 µg/L, expressed as averaged LC50
value. Our results are in good agreement with this report.
Similar ranges of deltamethrin LC50 values for fish have
been reported by many researchers [19, 25, 27].
In conclusion, because of their beneficial qualities,
synthetic pyrethroids including deltamethrin have attracted farmers and health departments to use them in pest
control. But these compounds are found to be highly toxic
to fish and some other aquatic organisms. Therefore they
create serious problems for food webs in the aquatic ecosystems. The presented data, underlined by others from
the literature, show the hazardous potential of deltamethrin for fish. Future studies should be done to understand
the underlying mechanisms involved in ther long-term
toxicity profile of deltamethrin.
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