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REUSE OF URBAN WASTEWATER AND SEWAGE
SLUDGE IN THE MEDITERRANEAN COUNTRIES:
CASE STUDIES FROM GREECE AND TURKEY
Ioannis K. Kalavrouziotis1* and Idil Arslan-Alaton2
1

2

University of Ioannina, Department of Environmental and Natural Resources Management, G. Seferi 2, Agrinion, Greece
Istanbul Technical University, Civil Engineering Faculty, Environmental Engineering Department, Maslak, 34469, Istanbul, Turkey

ABSTRACT

INTRODUCTION

KEYWORDS: water reuse, urban wastewater, irrigation, forest
species, Mediterranean countries, Greece, Turkey.

Treated Wastewater Reuse in Irrigation

Currently, many countries, especially those located in
the Mediterranean, are confronted with significant water
shortage problems as a result of water supply insufficiency
and unsuitability. It is anticipated that these problems will
be further exacerbated in the forthcoming decades due to
the projected increase in the world population (Figure 1),
and the anticipated increase in the water consumption per
capita associated with such an increase [2]. In conjunction
with the extremely limited fresh water supplies on our
planet, these phenomena make the development of monitoring and water use control systems imperative [3].
Estimated World Population Increase
10

POPULATION
(MILLIONS)

The present paper reviews water reuse applications
around the world, particularly focuses on reuse practices
in the Mediterranean countries, and also describes experimental and real case studies on the use of biologically
treated wastewater and sewage sludge in Greek and Turkish forest areas. From the reviewed examples, it is evident
that the safe reuse of treated urban wastewater (for different purposes depending on the priorities of the country) is
not only a priority task in those countries facing serious
water scarcity problems, but is also being practiced in
many industrialized countries for many years. Pilot-scale
studies carried out in Greece on various plant species indicated that critical parameters, such as crop tolerance and
absorption capacity for different heavy metals, differ from
plant to plant and also depend on the metal concentration
as well as the relative ratio of the heavy metals to each
other. On the other hand, some preliminary intentions in
Turkey regarding the reuse of biologically treated
wastewater originating from Turkish urban wastewater
treatment plants for forest land irrigation were also
demonstrated in the present paper. The detailed data inventory devoted to the search for related case studies in
other Mediterranean countries and around the world revealed that the proposed methodology of treated
wastewater reuse in reforestation could be further developed in the nearest future, positively contributing to the
protection of the environment as well restoration of the
landscape and of public areas.

8
6
4
2
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1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060
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FIGURE 1 - Estimated world population increase [1].

Increasing water demand in the Mediterranean countries is driven by a number of variables, such as climatic
conditions (mild winters, hot and dry summers), agricultural
activities, tourism and industrial use. Also improvements in
the standard of living, exploitation of underground water
reservoirs and the tremendously fluctuating, unevenly distributed precipitation owing to climatic variations further
aggravate the current situation. Often, the rather limited
rainfall and water scarcity are a function of the contour
profile of the land, and characteristic of arid climates.
A variety of different, long-term strategies may be applied to alleviate the problem of water scarcity. Among
them is the transfer of water from areas of water overa-
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bundance to areas deficient in water, cloud-seeding towards the production of artificial rain and snow, and seawater pumping and desalinization techniques in order to
remove the salt and improve water quality. Some of these
strategies, however, may be very difficult to realize either
because of technical or purely economic constrains [2].
Increased quantities of water may be drawn from the underground water table for irrigation and for industrial and
domestic uses provided that a series of chemical as well
as bacteriological parameters are studied, particularly the
parameters electrical conductivity (EC) and the sodium absorption ratio (SAR).
Surface runoff water is another potential source of
additional new supplies of water for a variety of uses.
Full utilization of such waters, however, is predicated
upon efficient planning, proper storage, and distribution
of such water to the areas of use.
Another yet means of securing significant quantities of
water is the reuse of municipal wastewater being generated by the urban wastewater treatment plants (WWTP) of
urban sewage treatment works. Such effluents can potentially be used for irrigation, in groundwater recharging, for
industrial and domestic purposes and in air-conditioning
provided that they firstly are subjected to the appropriate
degree of treatment depending on the intended use in order
to avoid any potential danger to human health, and towards the protection of the environment in general.
The safe reuse of appropriately treated municipal wastewater could help to reduce the deficit between the water
demand and the water supply currently available. Reuse of
treated municipal wastewater is mainly helpful in the
achievement of one basic objective; the wastewater effluents are utilized as a source of water with many significant
benefits, such as eliminating their discharge into natural
receptors (lakes, rivers, creeks, the sea) and, thus, avoiding the pollution of surface as well as underground water
reservoirs [4]. The basic premise of such a policy must be
that municipal wastewaters may be used for whatever purpose according to demand as long as they have previously
been subjected to the appropriate level of treatment and
have met the quality standards requisite of such reuse purposes [5].
The Reuse of Municipal Wastewater
and Sewage Sludge in Forestry

There are a variety of reuse alternatives available depending on the demand for water and the ultimate quality
of treated wastewater. Treated municipal wastewater may
be used for the following purposes [2, 6]:
a) Irrigation of agricultural lands,
b) Landscape and recreational area irrigation,
c) Underground aquifer recharge,
d) Industrial processes,
e) Protection and restoration of marginal areas,

f) Firefighting in urban centers, and
g) Various indoor applications within urban complexes
The optimum selection of areas appropriate for the application of municipal wastewater is predicated upon the
satisfaction of the appropriate geotechnical criteria. Included
in these criteria are the climate and the meteorological conditions prevalent in the area, such as temperature, level of
precipitation, frequency and intensity of rainfall, and the
rate of evaporation and transpiration; geological and hydrological characteristics, such as altitude, terrain profile, sloping, nature of rock formations, rate of percolation and citing of surface water concentration and soil characteristics,
such as the mechanical properties of the soil, its conductivity, structural elements, humidity and porosity, cation reactivity, organic content, pH, as well as total nitrogen and
phosphorus concentrations [7].
A significant number of countries are currently exploring the potential of municipal wastewater reuse, and their
numbers have increased drastically during the past decade.
The use of municipal wastewater for irrigation has become
more widely practiced not only in countries with a water
deficit, such as those of the Mediterranean, in the Middle
East and in Latin America, but also even in countries with
more temperate climates and water reserves, such as Japan, Australia, Canada, Northern China, Belgium, England
and Germany. The significance of wastewater quality and
degree of treatment has already been recognized universally. The method and extent of their use, however, vary
according to the infrastructure and the local socio-economic
conditions prevalent from country to country [4, 8, 9].
Table 1 summarizes municipal wastewater reuse practices
in the irrigation of forested areas in various parts of the
world, other than the Mediterranean countries.
REUSE OF MUNICIPAL WASTEWATER
AND SLUDGE ON FOREST SPECIES
IN MEDITERRANEAN COUNTRIES
The uneven distribution of precipitation in the Mediterranean region requires the construction of costly facilities for the storage and conservation of water and its use
in meeting water needs, especially during the summer
months. Also contributing to the lack of water, in the coastal
areas in particular, where the problem is more acute, is the
harsh relief of the landscape. In such areas, research-study
is imperative towards the reclamation and reuse of municipal wastewater since the success of such undertaking will
lead to a reduction of the pollution brought about by the
discharge of such waters into the environment, and significant quantities of water could be obtained for a variety of
uses, and, lastly greater yet quantities of clean, potable
water could be saved.
Today, in the area of the Mediterranean, the need for
water for irrigation is extremely high given the fact that
currently only 30% of the area is irrigated. The use, there-
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TABLE 1. Reports of the reuse of municipal wastewater and sludge from biological
treatment plants on forest species in countries other than those of the Mediterranean Region.
Area of Reuse

Forest Species Used

Method of Application and Results

Experiment at the University of Michigan, USA campus consisting of 14
groupings organized in rows with plant
wire of 1.5×2.1 m. The first group
served as the control and was irrigated
with ordinary water while the remaining
was irrigated with wastewater.

Prunus serotica,
Junglans nigra,
Populus deltoides,
Quercus rubra,
Fraxinus americana,
Liriodedron tulipefera,
Pinus sylvestris,
Picea abies,
Picea glauca

In the areas Horsham, Merbein, Mildura
and Robinvale of Australia, 1-year old
saplings were planted and irrigated with
municipal wastewater. The plant
connector was 1.5 x 3 m.

Eucalyptus botryoides,
Eucalyptus camaldulensis,
Eucalyptus globulus Labill, Eucalyptus
glandis,
Eucalyptus saligna,
Eucalyptus robusta,
Eucalyptus muellerana,
Eucalyptus maculata Hook, Casuarina
cunninghamiana,
Pinus elliottii Engelm,
Araucaria cunninghamii

In an experimental plot of land, in the
Neepi area of India, a variety of forest
plant species were planted in groupings
under five experimental conditions:
municipal wastewater, wastewater
diluted with water in 1:1 ratio,
wastewater from oxidation tanks, sludge
from primary treatment and regular
water as control.
In forested suburban areas of large
cities, such as Peking, Shanghai, and
Taiwan, China, a specific quantity of
sludge from biological treatment plants
was mixed with the (surface) topsoil
where species of forest plants grew.

Tectona grandis,
Bambusa sp,
Leucaena leucocephala,
Gmelina arborea,
Ciselpinnae ciperia

In an area, 4 km north of the city of
Holinguole, inner Mongolia, the growth
of forest plants irrigated with
wastewater was studied.
In the area near the Futian swamp in
China, in a nursery, under conditions
similar to those of the natural environment, 15 plants were planted and for one
year irrigated with municipal
wastewater and with water enriched
with concentrations of metals and total
organic loads 5 to 10 times greater than
ordinary.
In the vicinity of the University of New
Hampshire, USA, 12 25x25 m plots
were enriched with sludge from a
biological treatment plant with a
concentration of total N of 200-800
kg/ha. The plants used were those
endemic in the area. Three of the 12
plots were used as controls.
In the area of St. Martin Parish of
Louisiana, USA, two test lots which for
years had been irrigated with municipal
wastewater from the city of Beaux
bridge, were selected for sampling. Core
samples were taken from the trees of the
two areas and analyzed.
In southern Sweden, reclaimed water,
sludge, and trickling filter liquids were
used on a poplar plantation for purposes
of comparison with traditional methods
of cultivation.

Larix principis rupprechetii Mayr.,
Pinus sylvestris var. Mongolica Litv,
Populus xoeichenesis

The survival of the saplings was not affected by the reclaimed water.
Reduced rates of mortality were observed among Populus deltoides,
Fraxinus americana, and Picea glauca while Picea abies, Prunus serotica,
Junglans nigra, and Liriodedron tulipefera mortality rates increased. Pinus
sylvestris was not affected by the irrigation. The irrigation resulted in
significant growth of Populus deltoides, Fraxinus americana, Pinus
sylvestris, Liriodedron tulipefera, and Junglans nigra. The height and the
diameter of Prunus serotica and Quercus rubra were reduced. The plants
Populus deltoides and Fraxinus americana exhibited excellent response to
the reclaimed water. The plants irrigated with reclaimed water had higher
concentrations of nutrients in their tissues than the controls. Populus
deltoides was judged the best plant for all the variables studied.
The results showed high mortality rates for Eucalyptus muellerana,
Araucaria cunninghamii, and Pinus elliottii Engelm. in the area of Mildura.
Low survival rates were also observed for Eucalyptus saligna. The growth
rates were 50 cm/yr for Pinus elliottii Engelm., Araucaria cunninghamii
and Eucalyptus muellerana, and 1 cm/yr for Eucalyptus robusta. The height
of the plants was greatest in the Mildura area, followed by that in the
Horsham and Merbein areas. The growth rate in the area of Robinvale was
greater than that of the Horsham area and equal to that of Merbein. Eucalyptus saligna exhibited problems due to salinity. Pinus elliottii Engelm.,
Araucaria cunninghamii, and Eucalyptus muellerana were found to be
unsuitable for irrigation with municipal wastewater, while most suitable
were Eucalyptus glandis, Eucalyptus globulus Labill, Eucalyptus camaldulensis, Eucalyptus saligna, Eucalyptus botryoides and Casuarina cunninghamiana.
Leucaena leucocephala experienced significant growth with sludge, while
both Leucaena leucocephala and Ciselpinnae ciperia exhibited significant
growth with municipal wastewater. Ciselpinnae ciperia showed the same
growth as that with control water under all other conditions, except for
sludge under which the growth was less than that under control. Tectona
grandis showed significant growth with diluted sludge, as did Gmelina
arborea with wastewater, which, however, was not statistically significant.
With sludge, the plants had significantly more number of leaves. In general,
the use of wastewater and sludge had no significant additional effects.
One year later, the diameter and the height of Pinus sp., Populus sp. and
Paulownia sp. had increased 1.092-1.412 times compared to the controls
which had increased 1.056-1.206 times. One and one-half year later, the
increase was proportional to the quantity of sludge used. Total N, P, organic
matter and reactivity of the soil showed much higher values compared to
those of the soil where no sludge was used. Significantly improved were
also the density, the porosity, the composition, and the water retention
capacity of the soil.
The plots where wastewater from primary treatment was used were found to
be inferior. The mean growth increases recorded for Populus xoeichenesis
and Larix principis rupprechetii Mayr. were 0.5-1.2 m and 0.1-0.2 m,
respectively.
The addition of municipal wastewater increased the concentrations of heavy
metals in the soil, but did not result in complete saturation. The plants
exhibited high concentrations of heavy metals in their trunks varying
according to the conditions of the experiment. The highest proportion of the
metals was found in the roots of the plants. The metal concentration in the
plants, in order, was Zn>Ni>Cd>Pb. Metal concentrations were greater in
the plants than in the soil. The low pH increased the solubility of the metals
and contributed to their absorption by the plants.

In an area of marginal soil in eastern
Montreal, Canada an experiment was
carried out on four 30x33m parcels of
land planted with Salix sp. in 5 rows of
20 plants each. The top soil was en-

Acer sacharrinum L.,
Fraxinus pennsylvanica Marsh,
Salix discolor Muhl.

Populus sp,
Pinus sp,
Αrborvitae sp.,
Paulownia sp.,
Robinia pseudoacacia,
Paeonia suffruticosa

Kandelia candel
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Fagus grandifolia L.

The results showed that the plots where small quantities of sludge were
used had lower concentrations of NH3-N than the control. Significant
increase of N in the leaves occurred during the first growing season, but not
during the second. The sludge significantly increased the quantity of N in
the top 15 cm of the soil.

[16]

Taxodium distichum

The results of the study, and the analysis of the samples, showed that the
mean annual growth of the trees irrigated with wastewater was greater than
that of the controls. The increase in diameter with age was slightly, and the
mean surface area of the perimeter also increased slightly. In general,
irrigation with reclaimed municipal wastewater had positive effects,
although the excess of water overall tended to affect negatively the growth
of Taxodium distichum.
The use of water quantity greater than 20 mm/d resulted in the tripling of
the growth, with water from secondary treatment exhibiting greater growth
effect than that of primary treatment water. Application of 6 mm/d of water
satisfied the nutrient demands of the plants completely with the exception
of K. No negative effects on the plants were observed with the application
of 20 tons of sludge/ha. The application must take place in the spring for
perennials and after harvest for annuals.
The results showed that the survival rates of Acer sacharrinum L. and
Fraxinus pennsylvanica were 96 and 99 % respectively. For Salix sp., the
survival rate was 70% for the first year, reduced to 57 % during the second
year. During the second year, the height of Acer sacharrinum L. increased
by 35 % and that of Fraxinus pennsylvanica by 33 %, while the diameter of
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Salix sp.
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The results showed that Salix viminalis L. experienced greater growth than
Salix discolor Muhl. The addition of the sludge led to a significant increase
in the diameter of the plants as well as high concentrations of N. The
addition of the sludge to the sandy soil did not contribute as much to the
growth of the plants, as it did in clayish soil. Most productive species was
that of Salix viminalis L. Lower productivity occurred in the plots without
the use of sludge.
The results indicated higher concentrations of N, Ca, Mg and Na in the
locations where the sludge existed within the first 10 cm of the soil. P
concentrations increased also. The concentration of K increased greatly.
The concentration of Mg increased at first, but decreased subsequently in
the needles of the plants, since there seemed to exist a strong correlation
between Mg concentration and the quantity of sludge applied. In general, a
correlation between the sludge added and the concentration of the various
chemicals in the needles of the pines was noted.

[20]

Eucalyptus camaldulensis,
Populus sp.,
Robinia sp.

The samplings exhibited very good growth, in general, except for those
destroyed by low temperatures. The trees later experienced good height and
diameter increases. Small differences were recorded both in height and in
the diameter among the trees. In general, the model used, correctly predicted the values actually recorded.

[22]

Salix viminalis L.,
Salix dasyclados

The results showed that the growth of the new sprouts was greater near the
sprinklers of irrigation than that of the sprouts more away from them. In the
area of Kagerod, very little difference was observed in the dry weight of the
sprouts near the sprinklers and that of sprouts away from the sprinklers. In
general, the application of reclaimed wastewater had more of a positive
effect on sprout growth along the length of the rows than across their width.
The sprouts within 1-2 m of the sprinklers grew at a rate four times greater
(faster) than those 5 m or further away from them.

[23]

Populus euramericana,
Populus robusta,
Populus sp.

The results showed that the growth of the trees was big and fast. Wood
production was just about the same with the control. The growth of the trees
irrigated with wastewater was 4-7 times bigger than the control.

[24]

Salix viminalis

The plants in the lysimeters with clay showed greater growth than those
with sand; as a result, wood production was doubled in the lysimeters with
clay. Higher concentrations of NH3-N were observed in the lysimeters with
clay. Organic carbon concentrations were nearly the same as those of
nitrogen. The plants were not harmed by the high concentrations of N and
NH3. Wood production was greater in the plots with the added nutrients
than in those where municipal wastewater was used. With sand, however,
the exact opposite was the case.

[25]

Pinus radiate

The results showed that there was a significant growth in the diameter and
basal area and volume, and a lesser but still significant response in height
growth. For volume and branch diameter, the response to the sludge over
the control treatment was highly significant. Both sludge treatments
produced significantly larger branches than the control treatment. Mortality
was negligible. The trees with the sludge treatment had the same growth
with the control in a smaller period of time. Land application of sludge can
significantly increase the economic returns.

[26]

fore, of municipal wastewater would “replace”, to some
extent, the use of fertilizers, would increase the quantity of
water available for agriculture, and could, finally, eliminate
the need for the costly tertiary treatment of wastewater.
Figure 2 shows the quantity of available water in the countries of the Mediterranean until 2025.
Currently, as a result of the significant clean water deficiencies which they have experienced, one after the other,
the countries of the Mediterranean are adopting the reuse
of municipal wastewater for the irrigation of forested areas,
plantations, landscaping, golf courses, parks, hotel spaces
and green zones [8, 28, 29]. Wastewater reuse practices in
some Mediterranean countries are given below, followed
with some more specific experiences and case studies of the
application of urban wastewater and sewage sludge in Greek
and Turkish forest areas.
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Sludge from a biological treatment
plant, in the amount of 20 t/ha, was
applied on groves of Pinus sylvestris
trees, 50-60 years old, at four different
locations (Brosarp, Jadraas, Vindeln and
Jukkasjarvi) in Sweden, followed by a
study of the concentration of different
macroelements before and after the
application of the sludge in the soil and
the plants.
In the area of Ojinaga, Chihuahua,
Mexico, saplings were planted with
fencing 2x2 m in groups of seven rows
and were irrigated with municipal
wastewater 1-1.36 times more than the
quantity required by the controls.
In the areas of Bromolla and Kagerod,
Sweden, suckers were planted in rows
0.75-1.5 m apart and at a distance of
0.5-0.6m between plants within each
row. In Bromolla, water from tertiary
treatment was used for irrigation, while
in Kagerod the wastewater used came
from the local biological treatment
plant.
In an area, 3 km south of the city of
Guyla in south Hungary, a plantation
was established and was irrigated with
municipal wastewater.
In the area of Upsala, Sweden plants
were planted in eight lysimeters, of
which one pair was irrigated with
municipal wastewater, while the other
two pairs were irrigated with water
containing the same concentration of
nitrogen as that of the treated
wastewater. Halves of the lysimeters
contained clay and sand.
In the area at Rabbit Island near Nelson
city, New Zealand, treated municipal
sludge was applied in the 1000 ha
plantation. The plots consisted of an
untreated control, sludge with 300 kg/ha
N and sludge with 600 kg/ha N.

the two plants increased by 93 and 100 %, respectively. The height of Salix
sp. increased by 86 %. N and P concentrations in the leaves of the plants
were proportional to the concentrations in the sludge added to the soil. The
addition of small quantities of sludge had positive effects, while larger
quantities were detrimental to the plants.

Available water quantity

riched with wood chips and with
constantly increasing N content sludge
from biological treatment sewage plants.
The height of the plants was monitored
and soil, and plant tissues samples were
taken and analyzed.
In the area of Upper-Saint Laurent,
south Quebec, Canada, plants were
planted in three locations, two clayish
and one sandy, enriched with varying
quantities of sludge from biological
treatment sewage plants.
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Mediterranean Countries

FIGURE 2 - Quantity of available water given
for some Mediterranean countries until 2025 [27].
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Algeria

In Algeria, the volume of municipal wastewater in 1985
was approximately 660 Mm3 projected to reach 1,500 Mm3
by 2010 from 15 treatment plants. Initially it is anticipated
that 2000 ha, of which 7.5 ha to be allocated to experimental cultivations, will be thus irrigated. To date, no
clear guide-lines for the use of wastewater have been developed in Algeria [30, 31]. The Algerian laws prohibit the
reuse of raw wastewater, treated wastewater for the irrigation of raw eaten crops, but it is allowed in the production
of fodder crops and trees. The Algerian authorities have
initiated a program that enables the rehabilitation of 28
treatment stations, the construction of new wastewater
treatment stations and wastewater stabilization ponds. For
the success of the program, an efficient follow up and periodic evaluation is necessary to safeguard the water resources and the environment from negative impacts of
pollution.

the relatively low cost of obtaining the wastewater in conjunction with the scarcity of clean water are the impetus
leading to its greater and greater use [8, 30, 37]. Figure 3
given below illustrates the uses of municipal wastewater
in Israel.
Wastewater Uses In Israel

Irrigation

28%
42%

Underground Water
Recharge
Other Uses
30%

FIGURE 3 - Wastewater use in Israel [30].

Egypt

Libya

The reuse of municipal wastewater in Egypt constitutes an alternative method in the search for new sources
of water, since its estimated volume is thought to be about
4930 million m3/year, with 22 wastewater treatment plants,
and about 150 under construction, originating mainly from
major cities, such as Cairo and Alexandria. The total capacity of the treatment plants is about 1.752 billion m3/yr [32].
Irrigation with municipal wastewater has been known and
practiced in Egypt since 1900. Today, the area so irrigated
approaches 4500 ha. The country, however, has not developed standards for the use of wastewater, a fact which
has caused many health problems for its citizens. Nonetheless, efforts are currently made towards the use of municipal wastewater in the cultivation of forest plants [8,
30]. Dissemination of information, among the authorities for
wastewater reuse, is very limited in Egypt, thus increasing
awareness, regarding water quality management issues
[33, 34].

In Libya, the use of municipal wastewater began in
1971. Today, in the area of Hadba El Khadra, 5 km away
from Tripoli, 230 ha with forest plant species are irrigated
towards the containment of sand dunes and as windbreakers [30].

Morocco

Morocco is an arid, semi-barren country. The volume of
collected municipal wastewater was estimated at 380 Mm3/
year in 1998, 500 Mm3/year in 2000, and was expected to
reach 700 Mm3/year by 2020. 58% of the wastewater is
dumped (eliminated) into the sea and 42% into rivers.
Treated wastewater is considered as a new source of water,
but its contribution to the national water balance will not
exceed in the nearby feature around 4 % [35]. A certain
amount is employed in the irrigation of golf courses and
agriculture, but not in the cultivation of forest plants. As
yet, Morocco has not adopted specific regulations for the
reuse of municipal wastewater and applies those of the
World Health Organization instead [8, 30, 31, 36].
Israel

In Israel, where 92% of the wastewater is collected,
specific criteria have been adopted for its use. Despite
certain concerns and concerning about the environment,

Tunisia

The 24 biological municipal wastewater treatment plants
in Tunisia produced 95 Mm3 of water in 1991, 147 Mm3 in
1996, and it is projected that in 2011 the volume will have
reached 210 Mm3. The volume of reclaimed wastewater is
expected to reach 290 Mm3 in the year 2020. Then, the
amount of reclaimed wastewater will be 18 % of the available groundwater resources and could be used for the irrigation of areas where excessive groundwater mining is
causing salt-water intrusion in the aquifers [38]. The area
under wastewater irrigation which originally had been
6600 ha, had, at that time, been projected to have reached
20000 ha by 2000. The municipal wastewater is used in
the irrigation of fruit trees and, in various other areas, in the
irrigation of golf courses, hotel gardens and green areas
(roadsides and airports). In Tunisia, 1989 legislation established the rules for the use of municipal wastewater requiring the monitoring of the physical and chemical parameters
of the quality of the water monthly, of trace element concentrations every six months, and microbiological loads biweekly. The law also forbade the direct animal grazing on
lands irrigated with municipal wastewater [8, 30, 39, 40].
France

France has a wet climate and a well-distributed hydrological network through which the efficient utilization of
water is achieved rendering the reclamation of effluents
not absolutely necessary. Nonetheless, the use of
wastewater is rather widespread in many parts of the
country, mainly in the south. Since 1991, the public health
authorities in France have issued guidelines relative to the
proper use of such water taking into consideration the
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particular conditions of an area and the restrictions necessary for the protection of health. In general, these do not
deviate significantly from those of WHO [30, 41]. In
February 1996, the Association of Water Supply and
Sewerage Practitioners published technical recommendations about the waste-water treatment necessary to ensure
compliance with the French guidelines. A review of
these guidelines is being considered [42]. Few projects
with wastewater reuse have been carried out up to now.
The projects cover more than 3,000 ha of land, with a
variety of applications, namely irrigation of crops, tree
plantation and forests, grasslands and golf courses. The
recent development of treatment processes could open
the door to recycling for domestic purposes (cleaning,
toilet flushing, etc.).
Portugal

Until 1974, the reuse of reclaimed municipal
wastewater was essentially non-existent in Portugal. The
process was started in 1992, and by 2000, the volume of
the re-claimed water from secondary treatment had
reached 580 Mm3, enough to satisfy 10 % of the needs of
irrigation of cultivations and golf courses in arid areas,
such as those of Faro, Beja, Evora, Setubal, Santarem and
Lisboa, in the absence, however, of any provisions for
water storage, which, had it been the case, could have secured enough water for the irrigation of 35,000 to 100,000
ha. The main purpose of secondary treatment wastewater
reuse in Portugal is irrigation of agricultural fields, although a growing interest for irrigation of golf courses is
being shown. A large WWTP near Lisbon plans to irrigate
1,000 ha with tertiary treated wastewater [43]. Much research, and many studies concerned with reclaimed municipal wastewater have been carried out in the country.
These concluded that, whereas wastewater irrigation was
appropriate for well-drained soils and for products tolerant to alkalinity, it was not so for sensitive ones [8, 30].
Spain

In Spain, municipal wastewaters are used in landscape
irrigation, in the restoration of wetlands, firefighting, and,
generally, for road washing. The future use of effluent
wastewater is projected to reach 70 Mm3/y. In the area of
Costa Brava (Portbou, Colera, Port de la Selva and Cadaques), wastewater has been treated to secondary level
until recently and tertiary level after the necessary improvements of the facilities and supplied for landscape
irrigation, firefighting, boat cleaning, street cleaning [44]
and vineyard plantations [45]. Significant effort is also
directed towards the use of sludge. Asano et al. [2] have
applied the method of continuous extraction of Al, Cd,
Co, Cu, Cr, Fe, Mn, Hg, Mo, Ni, Pb, Ti, and Zn on sludge
samples collected from five municipal treatment plants. In
the study, four different samples of sludge were used:
Sludge from primary treatment, Sludge from secondary
treatment, completely dry sludge, and Sludge-soil. The results showed that secondary treatment sludge exhibited the
highest concentrations of nitrogen and phosphorus. Man-

ganese concentrations varied between 90 mg/kg and
364 mg/kg, while those for Cu fluctuated from 131 mg/kg
to 406 mg/kg. In no case, metal concentrations exceeded
those allowed by law for the discharge of sludge on soils
with a pH less than 7. As to the toxicity of the metals, owing to their extremely low concentrations, Cd, Co, Mo,
Ni, and Ti were deemed as safe [30, 46-49].
Italy

In Italy, the total volume of municipal wastewater is
about 2400 Mm3/yr. The use of municipal wastewater for
agricultural as well as forest plant irrigation is a wide
spread practice already in Italy. In Emilia Romagna, reuse
of treated wastewater has been carried out where over
450,000 m3/yr of treated effluents are used for the irrigation of more than 250 ha of land. Lubello et al. [40] have
reported the use of municipal wastewater in the cultivation of forest plants in the area of Pistoia in central Italy.
In carrying out the research, one-year old saplings of Cupressus sempervirens, Juniperus horizontalis, Myrtus communis, Arbutus unedo, Spiraea japonica, and Weigelia
florida were used. One hundred of each species, for a total
of 600 all together, were planted in plastic pots of 3-L capacity. Irrigation was carried out with water from drilled
wells and municipal wastewater. The results indicated that
municipal wastewater can be reused without any restrictions in the irrigation of forest plantations. With the
exception of Arbutus unedo, the nutrient content of both the
municipal wastewater and the enriched well water was
sufficient to maintain good plant growth. The Spiraea
japonica plants reacted similarly under all experimental
conditions. Juniperus horizontalis and Myrtus communis
displayed differences in the growth of the root system only
in plants irrigated with municipal wastewater. Cupressus
sempervirens and Weigelia florida plants showed no significant differences in root or sprig growth under the
different experimental handlings. The sprig to root proportion was significantly greater in the plants irrigated
with nutrient-nriched water for all species, except for
those of Weigelia florida. Without a doubt, municipal
wastewater should be considered as an important source
of nutrients for plants, such as those of the Juniperus,
Myrtus and Cupressus genera grown in pots, especially in
forest cultivations, to significant economic and environmental benefit [47,50]. In many parts of Italy, particularly
in the south, it has become even more difficult to meet the
water demand. Wastewater reuse could represent a viable
solution of this serious problem and an important role in
controlling the pollution of water-bodies [51].
Malta

The water deficit in Malta is acute with a mean annual
precipitation of less than 500 mm. Ever since 1884, attempts
have been made towards the exploitation of municipal
wastewater so as to preserve greater quantities of clean
water for other uses. The present yield of 12,800 m3/d is
expected to reach 25600 m3/d, when the expansion of the
treatment facilities is completed. The use of municipal
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wastewater in the irrigation of forest plant species, however, has not been realized [47, 52].
Cyprus

The total supply of treated wastewater effluents produced and reused in Cyprus is 3.5 million m3/year, a significant alternative source of water, projected to reach 89 million m3/year in 2005, while, when all of the facilities
are finally completed, the annual flow should exceed
11 million m3/year. Twelve other secondary treatment plants
produce treated wastewater for other uses, except for
irrigation [53]. The government has launched a program
of implementation of new sewerage, wastewater treatment
and reuse of treated wastewater in Limassol, Larnaca and
Ayia Napa-Paralimni at the southern coast. It is expected
that by the year 2012, the volume of treated wastewater
will reach 30 Mm3 and become available for use [53].
Hence, water obtained and reused is of exceptionally high
quality and its characteristics such as to satisfy even the
strictest of criteria of safety in its reuse [47, 54, 55].
EXPERIENCE OF GREECE:
REUSE OF MUNICIPAL WASTEWATER AND
SEWAGE SLUDGE IN THE REFORESTATION
The volume of available water in Greece is 14.34 billion m3. Greece suffers seriously from lack of water every
40-45 years, and from periodical cycles of water shortages
every 5-7 years. 40% of the total land area of Greece is
being irrigated [43].
On an annual basis, the total water demand for cultivation is 55 million m3. This means that for Greece the reuse
of municipal wastewater following secondary treatment has
become indispensable for irrigation, for the fact that, after
appropriate treatment, municipal wastewater may be applied on productive as well as on marginal soils [56].
Kalavrouziotis and Drakatos [57] studied the capacity
of certain Mediterranean forest plants to absorb heavy metals from reused wastewater from sewage treatment plants.
The plants used in the study were Myoporum sp., Nerium
oleander, and Gernium sp. One year old plants were grown
under greenhouse conditions. The pots were filled with soil
from the area, and irrigated with water enriched artificially
with Cu, Mn, and Zn. The results showed that Myoporum
sp. had the highest concentration of Cu, Mn, and Zn in the
leaves without displaying any signs of toxicity. The plants
had higher concentration of the metals in their roots than
their leaves. The plants exhibited exceptional endurance to
irrigation with water enriched with heavy metals, with the
exception of Nerium oleander which showed signs of leaf
toxicity [57].
Drakatos et al. [58] explored the ability of Mediterranean plants to absorb Mn2+ when irrigated with reused
wastewater, the comparative absorption of Mn2+ and Fe2+,
as well as their endurance to the high concentrations of
Mn2+ contained in the water used for their irrigation. The
plants used in the experiment were Nerium oleander and

Geranium sp. The plants were grown under ordinary greenhouse conditions, in burlap bags filled with ordinary soil
from the area where the experiment was carried out. The
first grouping was irrigated with wastewater from secondary treatment, the second with ordinary water, and
the third with water which had been artificially enriched
with Mn2+ [58]. The results showed low concentrations of
the metals in the leaves and the roots of Nerium oleander,
Geranium sp. and Myoporum sp. irrigated with reused water. Irrigation with water artificially enriched with Mn2+
resulted in the significant lowering of the respective concentration of Fe2+ in the leaves. At the 500 ppm concentration of Mn2+, Mn:Fe ratios were 1:2.43, 1:1.63, and
1:0.84 for the groupings, respectively, while at 1000 ppm
Mn2+ concentration the respective ratios (Mn:Fe) were
1:1.75, 1:2.45 and 1:0.92. The roots of all three plant
groupings absorbed heavy metals. In the soil, the antagonistic activity between Fe and Mn was apparent [58, 59].
The synergistic behavior between Cu and Zn in the three
forest plants previously referred was also studied [59].
Kalavrouziotis et al. [7] investigated the feasibility of
wastewater reuse and sludge from secondary sewage treatment plants in the cultivation of forest plant species. The
forest plant species used in the study were Pinus brutia of
Greek origin, and Pinus maritima from Corsica. The study
was carried out in an area of 28 acres near the University
of Patras-Greece, in the year 1991, and continued for three
years. Planting was done in the spring of 1991 and consisted
of four experimental plots (Plot 1: sludge and irrigation
with reclaimed wastewater; Plot 2: irrigation with reused
water without sludge; Plot 3: sludge and irrigation with ordinary water; Plot 4: irrigation with ordinary water). Altogether, 1213 plants were used in 8 experimental plots [7,
60].
The results indicated that Pinus brutia experienced low
mortality rates, but no statistically significant differences
were noted among the various conditions of the experiment. The highest mortality was observed in the plot where
sludge and ordinary water were used. Pinus maritima exhibited high mortality rated which were associated with the
use of sludge. The smallest increase in height was recorded
with sludge and reused wastewater, while the greatest increase took place in the plots where only sludge was applied, or only reused wastewater was used in the irrigation
of the plants. The use of sludge or reused wastewater only
resulted in greater plant height, even when compared with
plant height in plots where ordinary wastewater was used
for irrigation. Statistically significant differences in growth
(increase) were found among the 2nd, 3rd, and 4th Plot. Reforestation with Pinus brutia was proven to be successful.
This plant turned out to be an exceptional choice for the
use of sludge and reclaimed wastewater. The growth of
Pinus brutia was satisfactory, as the use of neither sludge
nor reused wastewater affected its normal growth. The
presence of sludge delayed growth of Pinus maritima [7].
In the same WWTP of the University of Patras, the
growth as well as the thermal and acoustic behavior of trunk
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woodchips of the Eucalyptus sp. were studied [61]. Samples of pieces of wood from different heights of the trunk
were tested for their resistance to stretching, compression,
and striking as well as their thermal capacity when irrigated with ordinary water. The study demonstrated differences in wood sample behavior relative to the above properties as well as in height increase of Eucalyptus sp. when
the plants were irrigated with treated wastewater and sludge
from the WWTP of the University of Patras compared to
irrigation with ordinary water only [62]. The application
of Fuzzy logic gives answers to the complex questions of
the reuse of municipal wastewater on forest plant species
[58].
On the basis of their research in Skalani of the Irakleion Area on the Island of Crete-Greece, Tzanakakis et al.
[63] reported the effects of municipal wastewater on a
variety of forest plant species. In this study, 1-year old sapling of Eucalyptus camaldulensis, Acacia cyanophylus, and
Populus nigra were replanted in October, 2000. Plants of
Arundo donax were also planted in February, 2001. The
plants were then irrigated, beginning in June 2001, with
treated municipal wastewater. The Populus nigra plants
showed the greatest growth in height and those of Acacia
cyanophylus the greatest increase in diameter. The greatest
production of biomass was that of the Acacia plants, followed by that of Arundo donax, while the smaller was that
of Eucalyptus sp. and of Populus nigra [63].
Mavrogianopoulos and Kyritsis [64] used, in the Area
of Metamorphosis in Attica, municipal wastewater for the
irrigation of forest plants aimed at studying plant characteristics and their responses to the experimental conditions of the study, as well as the establishment of new
methods in the development of species resistant to fire. The
research was carried out 20 km north of the center of
Athens, namely at two locations; in the first area, 600
saplings of Eucalyptus sp. were planted, one half of the
species Eucalyptus camaldulensis and the other half of the
species Eucalyptus tereticornis. In the second location,
120 Pittosporum tobira, 120 Nerium oleander, 120 Forsythia sp., 120 Buddleia variabilis, and 120 Medicago
sativa plants were planted. The experiment consisted of
three manipulations; the first was carried out without irrigation after the plants had established themselves, in the
second, the plants were irrigated with ordinary water, and
in the third, with treated municipal wastewater.
The results indicated that until the month September
there were no differences in the biomass from Eucalyptus
among the different manipulations (plots). The increase
was 348.3 g dry mass/m2 in Eucalyptus camaldulensis and
250.7 g dry mass/m2 for Eucalyptus tereticornis. Significant differences in height were observed between plants
which were irrigated and those without irrigation, as well
as between plants irrigated with ordinary water and those
irrigated with municipal wastewater. Plants irrigated with
municipal wastewater experienced the greatest increase in
height. Significant differences in the growth of the other

plants were also observed. The increase was 2.3 g/m 2 in
Forsythia sp., 5.34 g/m2 in Medicago arborea, 6.93 g/m2
in Buddleia variabilis, and 13.71 g/m2 in Nerium oleander
per unit dry weight. One year later, the increase in height
and diameter of the plants did not differ significantly. The
plants irrigated with municipal wastewater showed the
greatest increase in diameter. For Buddleia variabilis, there
was a significant difference in the increase of the diameter
between plants which were irrigated and those not irrigated,
as well as between plants which were irrigated with ordinary water and those irrigated with municipal wastewater.
With Forsythia sp., no significant differences in growth
among the plants under the various conditions of the experiment were found. With Medicago arborea and Nerium
oleander, there were differences between plants irrigated
with municipal wastewater and those not under irrigation,
but not with those irrigated with ordinary water. In general,
the growth of plants irrigated with municipal wastewater
was greater, owing perhaps to the beneficial effect of the
nutrients present in such water [65].
Manios et al. [66] reported on the possibility of the potential use of the sludge from biological sewage treatment
plants as a substratum in applications of reused wastewater
with high heavy metal content, and, owing to the absorptivity of such substratum, in the cultivation of plants, such as
Typha latifolia, commonly used mainly in wetlands. In
this study, carried out on the island of Crete, sludge was
mixed with straw at a 1:1 volumetric ratio. The final mixture used to fill the pots consisted of such sludge, peat
(25% v/v) and perlite (25% v/v). The use of peat and perlite
was deemed to be necessary in order to avoid potential
toxic effects, since it is well-known that substrates with
greater than 50% organic content are toxic to plants.
Typha latifilia saplings, 10-20 cm in height, were planted.
Of these, 30 were selected and planted, one per plot, and
allowed a period of six weeks to adjust themselves. The
plants were divided into five groups of six plants each.
Groups A, B, C and D were irrigated with a solution rich
in heavy metals, and group M with ordinary water as control sample. The pots of each group were irrigated with 1 L
water bearing an increasing concentration of heavy metals
for each subsequent group, every two weeks. In all, five
irrigations accomplished with heavy metal-containing water
were carried out. Analysis of the results indicated that the
metal concentration increased in every pot and every group,
except from group M, in which it was identical with that
originally present in the substratum. The mean concentrations of Cu, Ni and Zn in the leaves, in the roots, and in
the substratum, at the end of the study, were higher in
groups A, B, C and D than in group M. For groups C and
D, the difference was statistically significant (5%). Absorption rates for Cu, Ni and Zn were high and continued
to increase with increasing concentrations in the solutions
used for irrigation (groups A-D). Zn in groups B and C,
and Cu in group D displayed absorption rates greater than
100 % [66].
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Kalavrouziotis and Drakatos [67] studied the behavior
of Eucalyptus sp., Pinus maritima, Pinus pinea, and Nerium
oleander, which were irrigated with treated municipal wastewater in fields near the biological treatment plant of Corfu,
Greece. The purpose of the study was to explore the feasibility of the establishment of forest plant species near Corfu
WWTP, so as to restore the area environmentally by means
of reused wastewater irrigation, securing the environmental
protection of the coastal areas of Corfu, Greece at the same
time [67].
CASE STUDIES FROM TURKEY: REUSE OF
TREATED MUNICIPAL WASTEWATER FOR
IRRIGATION OF FORESTED AREAS
According to recent information of the World’s Wildlife Federation regarding the present state of water potential and consumption in Turkey [68], the country has already lost 1.3 million ha of its wetlands within the last 40
years. In order to categorize a country as “water-rich”, the
annual water capacity per person has to exceed 10,000 m3.
Considering the fact that this value is 2,020 m3 for Iraque,
3,000 m3 in the average for Asia, but only 1,430 m3 for
Turkey, Turkey cannot be categorized as a water-rich country. Moreover, according to the recent studies conducted
by WHO, Turkey is going to be classified among the
countries facing serious water shortage problems in the
next decade [69]. Water shortage has already started in the
capital city of Turkey (i.e. in Ankara) recently due to extremely hot and dry summer as well as mild winter periods experienced in the last two years. Other greater metropolitan areas of the country (such as Istanbul, Izmir) are
also confronted with the same problem in the nearest future. As such, water reuse will become a priority task in
Turkey.
Based on the nationwide data inventory accomplished
in the years 2003 and 2006 within the scope of an EUfunded MEDA-Water project [70], there are currently 131
urban wastewater treatment plants in operation, out of
which 41 are located in settlements with less than 10,000
inhabitants and 28 in settlements with more than 100,000
inhabitants [72]. Among the 131 treatment plants, 51 apply
preliminary (physical) treatment, 73 operate secondary (biological) treatment units, and only 7 treatment plants practice tertiary treatment for advanced nitrogen and phosphorus removal. Actually, only 55% of the total Turkish population is being served by the state-owned sewage treatment works [72].
The 9th National Development Plan established for
the period 2007-2013 [73], on the other hand, states that,
according to the statistical information gathered from 1911
municipalities out of the total number of 3225, 80% of the
population benefits from sewer systems, 47% is provided
with wastewater treatment, whereas 93% of the total population is supplied with drinking water, but only 42% is being

served by drinking water treatment facilities. The development plan also stipulates that EU legislations will be adopted
and applied, reliable and integrated information systems
will be established and tracking, auditing and reporting
infrastructure will be further developed.
In order to meet the requirements of the Urban
Wastewater Treatment Directive 91/271/EEC, the national
waste-water directive for discharge of urban wastewater to
the municipal sewage system has been recently published
as an amended by-law on urban wastewater treatment in
2006 [74]. This legislation covers the discharge of urban
wastewater to receiving water-bodies; design, construction and collection of municipal sewage with special
emphasis on treatment principles that have to be applied
according to the population equivalencies and sensitivity
of the receiving water body [74]. Additionally, time
frames have been allocated to construct and operate
wastewater treatment plants and sewer collectors, as well
as to meet the requirements of the amended law on population equivalencies (PE’s) changing between less than
2,000 to more than 100,000 PE. Moreover, the national
directive sets discharge limit values together with percent
treatment efficiencies that have to be considered for secondary as well as tertiary treatment of urban wastewater.
The country’s municipalities are obliged to satisfy the limit
values indicated for different discharge parameters (25
mg/L for biochemical oxygen demand (BOD5), 125 mg/L
for chemical oxygen de-mand (COD), and 35 to 60 mg/L
total suspended solids (TSS), depending on the PE’s), or
the treatment efficiencies being 70-90% for the parameter
BOD5, 75% for COD, and 90% or 70%, respectively, for
TSS, depending on the PE [74].
Although the Turkish legislation on wastewater reuse
for irrigation has been established in early 1991 [75], there
is no major improvement in its realization since then. In
Turkey, the WHO reuse standards have been directly
adopted, except the limits for the intestinal nematodes
and the residual chlorine. Concerning the microbiological
standards, the Turkish regulation has only the fecal coliform parameter and, thus, it seems to be insufficient and
needs to be revised in terms of health aspects. The most important criteria for evaluation of the suitability of treated
wastewater for irrigation use are public health aspects, salinity (especially significant in arid regions), heavy metals
and harmful organic substances. In addition to irrigation
standards, regulations include best practices for
wastewater treatment and irrigation techniques regarding
crops and areas to be irrigated.
Only few and rather unofficial case studies exist in
small communities where domestic wastewater is used for
irrigation of forest areas, gardens and parks. There are actually only three reported case studies available where biologically treated municipal effluent is used for irrigation of
several crops (Ankara WWTP), cereals (Konya WWTP)
and the “Southern Anatolia Project” a comprehensive,
regional project that is going to be realized within the next

633

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

30 years with the major purpose of providing more irrigation water for the agricultural activities in Southeastern
Anatolia [76].
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TABLE 2 - Turkish water quality classes and criteria set for irrigation [75].

Quality Criteria
EC25 (microhos at 25 oC) ×106
Sodium (Na, %)
Sodium Adsorption Ratio (SAR)
Residual Sodium Carbonate (RSC) in meq/L
or mg/L
Chloride (Cl-)
in meq/L or mg/L
Sulphate (SO42-)
in meq/L or mg/L
Total Salt Concentration (mg/L)
Boron Concentration
(mg/L)
Class of Irrigation Water *

NO3--N or NH4+-N (mg/L)
Fecal Coliform**
(CFU in 100 mL)
BOD5 (mg/L)
TSS (mg/L)
pH
Temperature (oC)

Class I
(Perfect)
0-250
<20
<10
>1.25
<66
0-4
0-142
0-4
0-192
0-175

Quality Classes of Irrigation Water
Class II
Class III
Class IV
(Satisfactory)
(Usable)
(Usable with
care)
250-750
750-2,000
2,000-3,000
20-40
40-60
60-80
10-18
18-26
>26
1.25-2.5
>2.5
66-133
>133
4-7
7-12
12-20
142-249
249-426
426-710
4-7
7-12
12-20
192-336
336-575
575-960
175-525
525-1,400
1,400-2,100

0-0.5
C1 S1

0.5-1.12
C1 S2 ,
C2 S2 , C2 S1

1.12-2.0
C1 S3 , C2 S3 ,
C3 S3 , C3 S2
C3 S1

0-5

5-10

0-2
0-25
20
6.5-8-5
30

2-20
25-50
30
6.5-8.5
30

Class V
(Improper/
harmful)
>3,000
>80

>20
>710
>20
>960
>2,000

10-30

>2.0
C1 S4 , C2 S4 ,
C3 S4 , C4 S4 ,
C4 S3 , C4 S2
C4 S1
30-50

-

>50

20-100
50-100
45
6.5-8.5
35

100-1,000
100-200
60
6.5-9
40

>1,000
>200
>100
<6 or >9
>40

* a separate diagram indicates the relationship between SAR and electrical conductivity; ** varies according to the type of plantation.

Regarding wastewater reuse in the irrigation of forest areas, data has been collected from urban wastewater treatment facilities in Turkish provinces during the years 2003
(November)-2006 (May) within the scope of an EU-funded
project and presented below. No information is available
about sewage sludge management at these plants.

Bitez Municipality provides municipal wastewater treatment
within the boundaries of the municipality for 30,000 capita in summer and 5,100 capita in the winter months. Since
the start-up of its operation, 85% and 70% of treated
wastewater is being used as irrigation water, respectively, in
summer and winter.

Golturkbuku WWTP (located in Bodrum, province Mugla)

TABLE 3 - Quality of biologically treated wastewater from Golturkbuku (Bodrum) WWTP in the Province Mugla, Turkey [77].

The biological treatment plant of Golturkbuku Municipality provides domestic wastewater treatment for 17,000
capita in summer and 4,500 capita in winter. The capacity of
the treatment plant increases in summer months to 2,000 m3/
d and decreases in winter months to only 300 m 3/d. The
effluent has been applied for the irrigation of forest area
since its first establishment, but is also being used for the
irrigation of different crops (fruits and vegetables) in the
same area. Table 3 presents the water quality of the biologically treated wastewater.
Since its first establishment, an average forest area of
15 m2 is being regularly irrigated. For the establishment
of the irrigation system, a 3 km-long (Ø 110 mm) pipeline
has been constructed and two pumps have been bought. It
has recently been reported that forest trees are growing
noticeably fast, due to treated effluent application.
Bitez WWTP (located in Bodrum, province Mugla)

The biological treatment plant has been constructed in
1998 by the Bank of Provinces, and has been operated by
Bitez Municipality since 1999. The treatment plant of the

Parameter
pH
COD (mg/L)
BOD5 (mg/L)
TSS (mg/L)
TKN (mg/L)
NH4-N (mg/L)
TP (mg/L)
Conductivity (µS)
SAR
SO42- (mg/L)
Cl- (mg/L)
Fecal Coliform (CFU/100 mL)
Boron (mg/L)
*non-detectable.

Value
6.8
63
-*
15
3.9
-*
8
2,500
65
125
690
300
0.5

Since the start-up period of the plant, the effluent has
been applied to 3,000 m2 forest area in the drier summer
months. The biologically treated effluent (Table 4) is being
pumped to the location where it is used for irrigation. An
irrigation pipeline network has been constructed in 1998.
According to information provided by representatives of the
treatment facility, the effluent used for irrigation of grassy
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lawn and flowers by means of sprinklers resulted in dry and
pale crop products. Therefore, it has been decided to switch
to a more effective irrigation system, like the trickling type
irrigation.
TABLE 4 - Quality of biologically treated wastewater from Bitez WWTP in the Province Mugla, Turkey [77].
Parameter
pH
COD (mg/L)
BOD5 (mg/L)
TSS (mg/L)
TKN (mg/L)
NH4-N (mg/L)
TP (mg/L)
Conductivity (µS)
SAR
SO42- (mg/L)
Cl- (mg/L)
Fecal Coliform (CFU/100 mL)
Boron (mg/L)
*non-detectable.

Value
7.7
170
-*
50
1.5
-*
0.5
13,000
169
684
3,740
9,600
0.7

plants actually satisfies the irrigation quality criteria given
in the national regulation, particularly in terms of the parameters SAR and Fecal Coliform. This is attributable to
the following reasons: seawater intrusion from the wells
operated along the Aegean coast (affecting effluent quality at Golturkbuku and Bitez WWTP) is often encountered,
as well as the fact that, at most WWTPs in Turkey, the
disinfection units do not operate efficiently; they are either
not used due to operational and/or economical problems,
or they do not exist at all. The two WWTPs located in
Mugla province have indeed a chlorination unit, but disinfection is not practiced properly. On the other hand, no
separate disinfection chamber has been reported for Afyon
WWTP. In conclusion, more effective, advanced treatment
methods (such as ozonation, UV-C irradiation for disinfection, ultrafiltration coupled with reverse osmosis membrane
processes for desalination) have to be implemented to comply with the irrigation criteria of the country.
CONCLUSIONS

Afyon WWTP (located in the Province Afyon)

The biological treatment plant has been constructed in
1995 by the Bank of Provinces. The treatment plant of
Afyon Municipality provides municipal wastewater treatment within the boundaries of the municipality for 150,000
capita in summer and winter months. The capacity of the
treatment facility is 24,500 m3/d, but it operates at 20,000
m3/d. Table 5 shows the final quality of the biologically
treated wastewater.
TABLE 5 - Quality of biologically treated wastewater
from Afyon WWTP in the Province Afyon, Turkey [77].
Parameter
pH
COD (mg/L)
BOD5 (mg/L)
TSS (mg/L)
TKN (mg/L)
NH4-N (mg/L)
TP (mg/L)
Conductivity (µS)
SAR
SO42- (mg/L)
Cl- (mg/L)

Value
7.8
130
-*
30
22.2
-*
3.4
1,650
42
145
202

Fecal Coliform (CFU/100 mL)
Boron (mg/L)

43,200
0.4

Today, the reuse of treated municipal wastewater for
land irrigation constitutes a practical method of disposal
which is expected to contribute decisively to the handling
and minimization of environmental problems arising from
the disposal of wastewater effluents on land and into
aquatic systems. The control of all of parameters associated with the disposal of such effluents on land, e.g. the
detailed assessment of specific meteorological, geological,
soil and microbiological factors, will enable the safe reuse
of treated municipal wastewater on urban and as well as
marginal soils.
The complete reuse of treated municipal wastewater
and the safe disposal of sewage sludge will contribute significantly to the chronic water scarcity problem and accelerate the reforestation in Mediterranean countries, including Greece and Turkey. The application of sludge and
sewage onto appropriate forest species will enable longterm environmental protection, creating a new water source
in significant quantities for the irrigation of forested areas
at the same time.

*non-detectable.

Since the start-up period of the plant, the effluent has
been applied to 1000 m 2 forest area where acacia and
oleaster trees are grown in the summer and winter months.
The dried sludge is distributed to the farmers as fertilizer.
It has been observed that the trees in the garden got much
thicker after use of the dried sludge cake.
Upon comparison of the biologically treated effluent
quality of the three WWTPs and the national irrigation
water quality criteria (WPCR Technical Bulletin, 1991)
given in Table 2, it is evident that none of the treatment

For instance, Greece is one of the Mediterranean
countries that have successfully practiced, at least experimentally, the reuse potential of treated municipal
wastewater effluents and sludge for reforestation purposes. In the case of Turkey, although regulations devoted to
the use of wastewater for irrigation purposes were already
established in 1991, no real-scale application of treated
urban wastewater for agricultural land irrigation has yet
been envisioned. For the time being, Turkey’s priority
issue is still to complete its infrastructure and renovate
present plants to treat municipal wastewater.
In the present paper, the use of sewage sludge and
wastewater originating from biological treatment plants
for the irrigation of forested areas on a variety of plant
species has been reviewed and evaluated. Several pilot-
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scale studies demonstrating the applicability of sewage
sludge on forest land were presented for Greece. In the
studies reported for Turkish WWTP where biologically
treated effluent is being applied on forest land, the treated
effluents were not suitable to be used for irrigation, mainly
due to the inappropriate disinfection practices. Although
most of Turkish urban treatment plants bear disinfection
units, they are not efficiently operated or not operated at all
to minimize their running costs. Even though the plants
operate efficiently in terms of the conventional polluting
parameters, they do not comply with most of the reuse/
irrigation criteria. This is mainly because the conventional
parameters considered in the urban wastewater discharge
standards (namely COD, BOD5 and TSS) are different from
those set for irrigation water quality. For example, no Fecal
Coliform parameter exists in the urban effluent standards,
thus, it is not controlled in the final discharges. In such
cases, it may be necessary to modify soil profiles by excavating and rearranging the affected land. Care must be
taken during irrigation practices with the higher SAR values; proper dilution of reused wastewater containing high
SAR values with fresh water prior to its application for
irrigation purposes might be an alternative and safe option.
In conclusion, it is clear that the reuse of biologically
treated municipal wastewater and sludge from the WWTPs
in the Mediterranean countries should be applied systematically in the nearest future, for the fact that it will increase forest areas and simultaneously ensure new water
sources in an attempt to contribute to the sustainable environmental protection.
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ABSTRACT
Deposited airborne pollen grains in the atmosphere of
Fethiye were investigated in 2003 and 2004 with using a
Durham sampler. Weekly deposited pollen grains in per cm2
were calculated. During two years, a total of 14,228 pollen grains/cm2 were counted, which belong to 41 taxa. Of
these, 22 of them belong to arboreal plants (AP), 19 to nonarboreal plants (NAP) and unidentified pollen grains were
recorded. In 2003, 6,519 pollen grains and in 2004, 7,709
pollen grains were counted. Of all the pollen grains 89.62 %
were AP, 9.63 % were NAP, and 0.75 % were unidentified. According to our results, it can be reported that pollen
season durations and total percentages of the most frequent
pollen grains in Fethiye were; 7th-37th week for Pinus spp.
(42.46 %), 50 th -29 th week for Cupressaceae/Taxaceae
(25.11 %), 12th-20th week for Morus spp. (9.29 %), 9th44th week for Gramineae (4.25 %), 17th-29th week for Olea
spp. (3.20 %), 10th-23rd week for Platanus spp. (2.93 %),
12th-25th week for Quercus spp. (2.34 %), 9th-23rd week
for Fraxinus spp. (1.07 %). 32.58% of the pollen sum was
recorded in May. The season of maximum pollen fall was
from March to May, with a prevalence of arboreal pollen
grains.

KEYWORDS: Pollen, airborne pollen grains, pollen calendar,
Fethiye, Mugla, Turkey.

cal responses [1]. Airborne pollen grains produced by
anemogame plant species are significant organic bioaerosols. During the pollen season sensitive individuals show
symptoms caused by pollinosis. Determination of pollen
type and concentrations of pollen grains will be useful for
patients complaining from the pollen allergy.
The type and duration of the pollen season of the different pollen sources vary from country to country, depending on the climate and on the vegetation [2]. For this reason,
pollen calendars have been prepared in many cities in the
world such as London [3], Lublin [4], Ostrowiec Swietokrzyski [5], Chile [6], Murcia [7], Porto [8], Cagliari
[9], Zagreb, Ivanic Grad, Samobor [10], Thessaloniki
[11], Bursa [12], Sakarya [13] and Izmir [14]. However,
actual knowledge about the dominating pollen grains in
each locality may be useful for allergologists. According
to studies in the Mediterranean region most common
pollen grains can be listed as Betula spp., Corylus spp.,
Ambrosia spp., Urticaceae in Zagreb, Croatia [15]; Cupressaceae, Pinaceae, Urticaceae, Anacardiaceae, Oleaceae
and Polygonaceae in Cagliari, Italy [9]; Cupressaceae,
Gramineae, Hamamelidaceae, Pinaceae, Urticaceae,
Quercus spp., Acer spp., Myrtaceae., Caryophyllaceae,
Oleaceae, Betulaceae and Plantago spp. in Porto region,
Portugal [8] and Cupressaceae, Quercus spp, Urticaceae,
Oleaceae, Pinaceae, Poaceae, Platanaceae, Corylus spp.,
Chenopodiaceae and Populus spp. in Thessaloniki,
Greece [11].
The goal of the present study is to present the results
of two years (2003-2004) investigation on airborne pollen
incidence in the Fethiye atmosphere, their percentage values, pollen season periods and to prepare a preliminary
pollen calendar for this region.

INTRODUCTION
Bioaerosols may cause a range of health effects in
humans and animals, depending on the predominant components present and their concentrations. Such effects include mucus membrane irritation, chronic bronchitis, allergic rhinitis and asthma, extrinsic allergic alveolitis (hypersensivity pneumonitis), inhalation fever, humidifier fever
or organic dust toxic syndrome and effects on immunologi-

Area Description

Fethiye, known as Telmessos in the antique period, is
the most important city of Lycia; one of the oldest Anatolian Civilisations; at the western borderline with Caria. It
is situated at 36o 37.2’ N, 29o 0.60’ E in South-Western
part of Turkey, on the coast of Aegean Sea. Fethiye is a
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famous tourism center located in the hillsides of the mountain Mendos and Babadag (Mount Cragus), which are quite
rich in endemics, and part of the Tourus mountain chains,
and surrounds the bay that has given its name to the city;
there are many invaluable historical sites, ruins, ancient
cities in and around of Fethiye.
The study area shows a thermo-mediterranean climate
and is phytogeographically characterized by Mediterranean
elements like Arbutus andrachne L., Asparagus acutifolius
L., Ceratonia siliqua L., Cistus creticus L., Cistus
salviifolius L., Daphne gnidioides Jaub. et Spach, Erica
manipuliflora Salisb., Euphorbia dendroides L., Fumana
arabica L., Genista acanthoclada DC., Helichrysum stoechas (L.) Moench, Laurus nobilis L., Myrtus communis
L., Nerium oleander L., Olea europea L. var. sylvestris
(Miller) Lehr., Phlomis bourgaei Boiss., Phlomis lycia D.
Don, Phillyrea latifolia L., Pistacia lentiscus L., Pistacia
terebinthus L., Platanus orientalis L., Quercus aucheri
Jaub. et Spach, Quercus coccifera L., Salvia fruticosa Miller, Sarcopoterium spinosum (L.) Spach, Satureja thymbra L., Spartium junceum L., Styrax officinalis L., Thymbra spicata L., Vitex agnus-castus L.. On the slopes of
Mount Mendos and Mount Babadag; Pinus brutia Ten.
forest formation and Cedrus libani A. Rich. forests can
be seen and Juniperus excelsa Bieb. and Juniperus foetidissima Willd. dominate at higher altitudes [16]. Also,
the forests of Liquidambar orientalis, which is almost
endemic to South-west Anatolia, a Tertiary relic, especially widely spread around the Gunluk cove in Fethiye.

MATERIAL AND METHODS
In this study, from January 2003 to December 2004,
Durham sampler was used for the gravimetric studies on
the airborne pollen trapping, which placed on at a height
of 12 m above the ground level. Slides placed in the
Durham sampler were changed weekly. Before exposure,
the slides were covered with glycerine jelly mixed with
basic fuchsine [17] and counting conducted on a 22X22
mm area of the slide which was extrapolated to 1 cm2.
The pollen was counted at a magnification of X400 and
11 stripes were examined longitudinally. The pollen
grains, which could not identify, were considered as unidentified types. The number of pollen grains was expressed as grains per cm2 of microscope cover glass.
Average values were used for preparing pollen calendar.
The beginning and the end of the pollen seasons of each
taxon were evaluated according to first and last encountered pollen grains on the slides.

RESULTS
In the atmosphere of Fethiye, a total of 14,228 pollen
grains per cm2 belonging to 41 taxa recognized, were
counted during a period of two years; 6,519 pollen/cm2 in

2003 and 7,709 pollen/cm2 in 2004. Of the 41 taxa, 22 were
of arboreal and 19 of non-arboreal plants. Of the pollen
grains, 12,751 (89.63 %) were found as arboreal, 1,370
(9.63%) as non-arboreal, and 107 (0.75%) as unidentified
(Table 1). During the study period maximum amounts of
pollen grains were recorded in May and the seasonal variation in arboreal and non-arboreal pollen grains are given
in Figure 1.
The predominant pollen types of arboreal plants in the
atmosphere of Fethiye were Pinus spp. (42.46 %), Cupressaceae/ Taxaceae (25.11 %), Morus spp. (9.29 %), Olea spp.
(3.20 %), Platanus spp. (2.93 %), Quercus spp. (2.34 %),
Fraxinus spp. (1.07 %). They represent 86.41 % of the
pollen sum. Main pollen producers of non-arboreal plant
taxa were Gramineae and forms 4.25 % of all (Tab. 2).
Some plant genera and families take a place, which encountered to have more than 1 % of the total pollen content, and monthly variations of them were shown in Table 2.
The types of pollen grains presented in the atmosphere of
Fethiye were shown in the form of a pollen calendar (Fig. 2)
which based on the average values of the pollen counts
made in the two years period of 2003–2004.
Pinus spp.: Pollen grains of this genus constituted of
42.46 % of the total in the atmosphere of Fethiye (Tab. 2).
A relatively long pollen season started in the second week
of February, maximum between the 12th-20th and 22nd24th weeks of the year and ended in second week of September (Fig. 2). The total number in 2003 was 3,138 and
2,903 in 2004 (Tab. 1). The highest value was in May with
19.65 % of the total number of pollen grains (Tab. 2).
Cupressaceae/Taxaceae: Pollen grains of this group
formed 25,11 % of the total pollen grains in the atmosphere (Tab. 2). Pollen season started in the third week of
December (50th week), maximum in the 8th-11th and 17th 18th weeks and ended in third week of July (29th week)
(Fig. 2). The total number in 2003 was 1,342 and 2,230 in
2004 (Tab. 1). The highest value was in February and
March with 10.47 % and 10.86 % of the total (Tab. 2)
Morus spp.: Pollen grains of this genus consisted of
9,29 % of the total pollen count in the atmosphere of
Fethiye (Tab. 2).The pollen season was relatively short,
continued from the third week of March, maximum in
fourth week of March, first and second week of April and
ended in third week of May (Fig. 2). The total number in
2003 was 375 and 947 in 2004 with an increase (Tab. 1).
The highest value was in April with 5.20 % of the total
number of pollen grains (Tab. 2).
Gramineae: Pollen grains of this family formed 4.25 %
of the total pollen grains in the atmosphere of Fethiye
(Tab. 2). Pollen season started in the last week of February (9th week), maximum in the first week of May (18th
week) and ended in the first week of November (Fig. 2).
The total number in 2003 was 277 and 327 in 2004 (Tab. 1).
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The highest value was in May with 2.00 % of the total
(Tab. 2).
TABLE 1 - Pollen taxa found in the atmosphere of Fethiye and annual totals of weekly pollen counts.
2003

2004

Total

Percent

ARBOREAL PLANTS
Pinus
Cupressaceae/Taxaceae
Morus
Olea
Platanus
Quercus
Fraxinus
Populus
Pistacia
Cedrus
Acer
Oleaceae
Liquidambar
Ulmus
Eucalyptus
Alnus
Juglans
Rosaceae
Ericaceae
Salix
Tilia
Acacia
Total
Percent
NON-ARBOREAL PLANTS
Gramineae
Compositae
Mercurialis
Plantago
Urticaceae
Chenopod./Amarathaceae
Leguminosae
Cyperaceae
Zea mays
Juncaceae
Scrophulariaceae
Umbelliferae
Caryophyllaceae
Xanthium
Taraxacum
Rumex
Artemisia
Campanulaceae
Labiatae
Total
Percent
Unidentified
TOTAL
PERCENT

3138
1342
375
205
360
153
31
36
39
13
21
5
7
6
13
7
9
7
4
5
3
1
5780
40.62

2903
2230
947
251
57
179
122
44
37
55
23
27
21
21
11
12
7
7
9
5
2
1
6971
49.00

6041
3572
1322
456
417
332
153
80
76
68
44
32
28
27
24
19
16
14
13
10
5
2
12751
89.62

42.46
25.11
9.29
3.20
2.93
2.34
1.07
0.56
0.53
0.48
0.31
0.22
0.20
0.19
0.17
0.13
0.11
0.10
0.09
0.07
0.04
0.01
89.62

277
13
65
61
57
64
22
22
22
10
14
12
8
7
5
6
5
3
4
677
4.76
62
6519
45.82

327
119
48
44
31
3
36
14
14
8
5
5
7
9
7
4
3
6
3
693
4.87
45
7709
54.18

604
132
113
105
88
67
58
36
36
18
19
17
15
16
12
10
8
9
7
1370
9.63
107
14228
100.00

4.25
0.92
0.79
0.74
0.62
0.47
0.40
0.25
0.25
0.13
0.13
0.12
0.11
0.11
0.09
0.07
0.06
0.06
0.05
9.63
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FIGURE 1 - Average monthly variation of Arboreal (AP) and Non-arboreal (NAP) pollen
grains in Fethiye-Mugla; monthly medium values from January 2003 to December 2004.
TABLE 2 - Plant taxa that encountered more than 1% of the total deposited pollen content in the
atmosphere of Fethiye during the two years of 2003 and 2004, and their monthly medium percentages

Pinus
Cupres./Tax.
Morus
Olea
Platanus
Quercus
Fraxinus
Gramineae
Total
Others
Unidentified
TOTAL

JAN.

FEB.

MAR.

APR.

MAY

JUN.

JUL.

AUG.

SEP.

OCT.

NOV.

DEC.

TOTAL

0.32
-

4.91
10.86
3.98

14.48
0.58
5.20

0.39
0.12
0.06
0.46
1.03
0.72
0.05

-

-

0.60
1.24
0.70
0.54
23.35
1.98
0.18

2.84
0.24
0.70
0.06
0.08
0.01
0.78
4.71
1.19
0.11

0.04
-

0.05
0.06
0.22
0.06
20.15
0.79
0.05

19.65
2.49
0.11
2.44
2.22
0.96
0.13
2.00
30.00
2.37
0.22

0.13
-

0.32
0.12
0.01

0.02
10.47
0.01
0.01
10.51
0.30
0.04

0.18
0.31
0.21
0.03

0.13
0.17
0.51
0.02

0.09
0.09
0.27
0.04

0.01
0.01
0.07
0.01

0.02
0.02
0.06
-

42.46
25.11
9.29
3.20
2.93
2.34
1.07
4.25
90.66
8.59
0.75

0.46

10.84

20.99

25.50

32.58

6.01

1.80

0.55

0.70

0.40

0.09

0.08

100.00

-

-

-

Olea spp.: Pollen grains of this genus composed of
3.20 % of the total pollen amount (Tab. 2). A quite short
pollen season started in the last week of April (17th week),
maximum in the 18th and 22nd weeks and ended in the
third week of July (Fig. 2). The total number of pollen
grains in 2003 was 205 and 251 in 2004 (Tab. 1). The
highest value was in May with 2.44 % of the total number
of pollen grains (Tab. 2).
Platanus spp.: Pollen grains of this genus consisted
of 2.93 % of the total pollen grains in the atmosphere
(Tab. 2). Pollen season started in the first week of March
(10th week), maximum in the last week of April (17th week)
and lasted in the first week of June (23rd week) (Fig. 2).
The total number in 2003 was 360 and 57 in 2004 (Tab. 1).
The highest value was in May with 2.22 % of the total
number of pollen grains (Tab. 2).
Quercus spp.: Pollen grains of this genus constituted
of 2.34 % of the total pollen count in the atmosphere of
Fethiye (Tab. 2). Pollen season started in the third week
of March (12nd week), maximum in the 16th week and
ended in the third week of June (25th week) (Fig. 2). The
total number in 2003 was 153 and 179 in 2004 (Tab. 1).
The highest value was in April with 1.24 % of the total
number of pollen grains (Tab. 2).

-

-

-

-

Fraxinus spp.: Pollen grains of this genus formed
1.07 % of the total pollen grains in the atmosphere (Tab. 2).
Pollen season started in the last week of February (9th
week), maximum in the 16th week and ended in the first
week of June (23rd week) (Fig. 2). The total number in
2003 was 31 and 122 in 2004 (Tab. 1). The highest value
was in April with 0.70 % of the total number of pollen
grains (Tab. 2).
DISCUSSION
In our study, there was an increase in number of pollen grains from February to May. We conclude that it was
a result of pollen season of arboreal plant taxa which produce a great deal of pollen grains, such as Cupressaceae/
Taxaceae, Pinus spp. Morus spp. and Quercus spp.. The
number of pollen grains in the atmosphere of Fethiye
reached its highest level in May with Pinus spp. pollen
grains greatest contribution. Also, pine was recorded as
the most frequent pollen during the period of investigation
and it was the result of high pollen production of this taxa
and wide-spread pine forests in the study area and its surroundings. Looking up to dominated pollen grains, these
data show similarity with the vegetation of the area. Also
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some plant taxa (Olea spp. and Morus spp.) were recorded
in high levels, probably owing to the plantations.
When comparing the pollen data obtained during the
two years study, a total of 5,780 arboreal pollen grains/cm2
(40.62 %) were counted in 2003 and this amount was
6,971 pollen/cm2 (49.0 %) in the year 2004. (According to
other studies carried out in Europe, arboreal pollen types
were also dominant in other regions: Cagliari 87 % [9],
Ascoli Piceno 55 %) and Perugia 71 % [18], Izmir 84.05–
87.32 % [14], Burdur 76.51 % [19], Isparta 71 % [20], Sakarya 69.45 % [13]. Pollen amount began to decrease afterwards beginning of June. In summer, generally nonarboreal plants were seen in the atmosphere such as
Gramineae, Amaranthaceae/ Chenopodiaceae and Plantago spp. along with Pinus spp. pollen grains. Pollen grains
belonging to non-arboreal plants were counted with the
percentages of 4.76 % in 2003 and 4.87 % in 2004. We
recorded a quite low pollen amount in autumn, from August to November. In December, the number of pollen
grains in the atmosphere was very low but some plant
taxa, such as Alnus spp., Cupressaceae/Taxaceae and Ericaceae started to their pollination. Thus, pollen grains were
recorded in Fethiye atmosphere in all months of the year.
Pollen seasons, pollen grain concentrations and taxa
identified, can be seen in the pollen calendar (Fig. 2), which
was prepared from average values of two years of pollen
counts. Eight plant taxa represented more than 1 % of the
pollen sum and three taxa (Pinus spp., Cupressaceae/ Taxaceae, Morus spp.) more than 5 %. Pine was the most frequent pollen (42.46 %) in the study region, and showed
similarity with the data obtained in other studies in the
Mediterranean region like in Burdur (28.13 %) [19], Usak
(29.67%) [21], Lugo (12.3%) [22] and Thessaloniki (8.9%)
[11]. But lower level in Zagreb (0.61 %) [15] and in the
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FIGURE 2 – Pollen calendar of Fethiye-Mugla (weekly medium values from January 2003 to December 2004)
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northern neighbour city, Izmir, a higher pine pollen level
(57-57.3 %) was reported [14]. Cupressaceae/Taxaceae
pollen grains were detected nearly during the whole year
except autumn. In Turkey, Cupressaceae/Taxaceae (or
Cupressaceae- Cupressus type) pollen grains were recorded dominant at all localities [20, 23, 24], also in Italy [9]
and Greece [11] from the Mediterranean region. Morus
spp. pollen grains were mostly identified within the Moraceae family in other studies except in Bursa [12] and Izmir
[14] with lower levels.

[8]

Abreu, I., Ribeiro, H. and Cunha, M. (2003) An aeropalynological study of the Porto region (Portugal). Aerobiologia 19, 235–
241.

[9]

Ballero, M. and Maxia A. (2003) Pollen spectrum variations
in the atmosphere of Cagliari, Italy. Aerobiologia 19, 251–
259.

Most of the dominating pollen grains recognized in the
Fethiye atmosphere were reported as important allergens
in other studies around the world. However, pollen grains
belonging to the Pinaceae family present no risk for sensitive individuals [25-27]. We recorded high levels of important allergenic pollen grains such as Cupressaceae/
Taxaceae [28], Morus spp. [27, 29], Olea spp. [30], Platanus spp. [31], Quercus spp., Fraxinus spp. [27], and
Plantago spp. [32]. Grass pollen is an important factor in
pollinosis in many parts of the world and grass-induced
pollinosis is the most common pollen allergy in the Mediterranean area [33, 34].

[11] Gioulekas, D., Balafoutis, C., Damialis, A., Papakosta, D.,
Gioulekas, G. and Patakas, D. (2004) Fifteen-year records of
airborne allergenic pollen and meteorological parameters in
Thessaloniki, Greece. Int. J. Biometeorol 48, 128–136.

In conclusion, in the atmosphere of Fethiye-Mugla
the pollen grains reached their maximum concentration in
May, and March-May term is a risky for sensitive individuals, who are complaining about pollen allergy. However, it can be reported that allergenic pollen grains displays minimum activity during the tourism season. Thus,
the pollen calendar for the region presented in this paper
may be useful for visitors of the city for timing and may
be useful for allergologists to establish an exact diagnosis.

[10] Peternel, R., Čulig, J., Mitić, B., Hrga, I. and Vukuśić, I.
(2005) Airborne pollen spectra at three sites in inland Croatia, 2003. Bot. Bull. Acad. Sin., 46, 53–59.

[12] Bicakci, A., Tatlidil, S., Sapan, N., Malyer, H. and Canitez,
Y. (2003) Airborne Pollen Grains in Bursa, Turkey, 1999–
2000. Ann Agric Environ Med 10, 31–36.
[13] Bicakci, A. (2006) Analysis of airborne pollen fall in Sakarya, Turkey. Biologia 61 (4), 457–461.
[14] Güvensen, A. and Öztürk, M. (2003) Airborne Pollen Calendar of Izmir-Turkey. Ann. Agric. Environ. Med. 10, 37–44.
[15] Peternel, R., Čulig, J., Mitić, B., Vukušić, I. and Šostar, Z.
(2003) Analysis of airborne pollen concentrations in Zagreb,
Croatia, 2002. Ann. Agric. Environ. Med. 10, 107–112.
[16] Tuzlacı, E. (2002) Baba Dağı (Muğla) Florası ve Fethiye
yöresinde halkın yararlandığı bitkiler hakkında bir ön
araştırma. In: Baser, K.H.C. and Kırımer, N. (Eds.): 14.
Bitkisel İlaç Hammaddeleri Toplantısı, Bildiriler, 417–426.
Eskişehir.
[17] Charpin, J. and Surinyach, R. (1974) Atlas of European allergenic pollen. Sandoz Editions, Paris, 9–18.
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ABSTRACT
Cr(VI) trophic transfer was analyzed in a primary and
a secondary consumer: Daphnia magna and Cnesterodon
decemmaculatus. Three static experimental assays were
carried out using two sublethal Cr(VI) concentrations (100
and 300 µg Cr(VI)/L), and a control (without added Cr).
The Bioconcentration Factor was calculated for D. magna
and the D. magna-C. decemmaculatus system. The results
showed a significant toxic effect of Cr(VI) on D. magna
when bioaccumulated from water, and on C. decemmaculatus when incorporated by the trophic tansfer. The obtained
results constitute a great contribution to the knowledge of
Cr(VI) trophic transfer, and provide a valid tool for biomonitoring studies.

The zooplankton community is markedly affected by
effluent disposal with high chromium content [12]. Numerous studies register the importance of zooplankton as a
resource for fish fauna, mainly in the Paraná – Río de la
Plata area [13-17]. Cr(VI) accumulation by zooplanktonic
organisms can pass to fish by the trophic web through the
biomagnification process.
The objectives of this study were to determine the effect of different sublethal Cr(VI) concentrations on the
cladoceran D. magna and the poecilid C. decemmaculatus
via trophic transfer in laboratory studies, to determine
Cr(VI) bioconcentration factors in D. magna and the analyzed trophic relationship.

KEYWORDS: Bioaccumulation, trophic transfer, chromium VI,
Daphnia magna, Cnesterodon decemmaculatus.

INTRODUCTION
Heavy metals are xenobiotics of very high impact in
aquatic ecosystems. They can affect organisms by being
dissolved, adsorbed to particles, or introduced into trophic
chains [1]. Their ions enter the cells using the same mechanisms as other physiologically important cations [2, 3].
Among heavy metals, Cr is very important [4-6], since
all its chemical forms are probably carcinogenic [5, 7]. Although Cr is scarce in natural systems [8], the lower basin
of the Salado River, one of the most important basins in
Argentina, is highly polluted, as a consequence of the disposal of effluents of galvanoplasties and tanneries which
use chromium as leather-tanning agent. Chromium is also
used in stainless steel production, as well as manufacture
of glass, pigments, fungicides and batteries [9-11].

MATERIALS AND METHODS
Static assays were carried out at the National Institute
of Limnology (CONICET, UNL), following the technique
proposed by Kungolos and Aoyama [18]. Preliminary tests
for the determination of sublethal concentrations were carried out with D. magna.
Fish were acclimated for 72 h at constant temperature
(25 ± 1 °C) and 14:10-h photoperiod. Afterwards, they
were transferred to 5-L glass containers with dechlorinated
and oxygenated tap water, without feeding. Seven-eight fish
(3.6 ± 0.6 cm total length) were placed in each container.
Simultaneously, a stock culture was fed with a commercial
pellet until 24 h before the beginning of the assay.
Specimens of D. magna were cultured in 50-mL glass
containers at constant temperature (25 ± 1 °C) in an artificial culture medium (0.13 g K 2SO 4; 1.12 g CaCl2; 1 g
NaHCO3 in 5 L distilled water), renewed every 48 h. The
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use of an artificial medium reduces the possibility of forming chelates with the organic matter present in natural media. Specimens were daily fed ad libitum with a Chlorella
sp. concentrate (absorbance 1.5 at 650 nm).

in water. The bioaccumulation factor was calculated according to Walker [4] to know if Cr passed from a trophic level
to the following one. Bioaccumulation Factor (BAF):
C1/C2, where C1 = Cr concentration in the organism; C2 =
Cr concentration in food.

Ten D. magna individuals were daily taken from the
stock culture for each specimen of C. decemmaculatus that
would be used in bioassays. Controls (without Cr(VI)) as
well as 100 and 300 µg Cr(VI)/L were incorporated
into 50-mL artificial medium. Cr(VI) was incorporated
as K6Cr3O7. After 48 h, specimens of D. magna were used
to daily feed the fish during the 13-day assay.

One-way ANOVA was carried out to determine possible significant differences in mortality of C. decemmaculatus between treatments (ANOVA p<0.05). A posteriori
Tukey test was done to determine significant differences
between treatments. Levene test showed that used variables
registered a normal distribution [21].

After each experiment, specimens of C. decemmaculatus were taken out and oven-dried until constant weight.
Dry weight of each specimen was registered with an Ohaus
analytical balance (detection limit: 0.001 g). Digestion was
carried out according to Environmental Protection Agency
[19]. Cr concentration was analyzed with a Perkin Elmer
Analyst 800 atomic absorption spectrophotometer (detection limit: 5 µg/g).

RESULTS
Physicochemical parameters of water measured during
the experiment were dissolved oxygen: 6.5 (±0.3) mg/L;
conductivity: 1.749 (±35) µS/cm; pH: 6.3 (±0.1); and alkalinity: 546 (± 34) mg/L CO3Ca.
Figure 1 shows mortality of C. decemmaculatus fed
with D. magna exposed to concentrations of 100 and 300 µg
Cr(VI)/L, being lower in the control than in both concentrations (ANOVA, p= 0.0064). In contrast, no significant
differences were found between both concentrations
(ANOVA, p= 0.926).

The main physicochemical parameters of water (dissolved oxygen (mg/L), conductivity (µS/cm), pH, and alkalinity (mg/L CO3Ca)) were measured with a Horiba U 10
multiparametric monitoring equipment.
The same concentrations were used for the determination of Cr levels accumulated by D. magna. The mean mass
obtained (15.5 mg wet weight) was digested and analyzed
with the techniques mentioned before.

Due to the scarce biomass of D. magna obtained in
each of the replicates, a pool was done to obtain enough
biomass to carry out spectrophotometric determinations.
Thus, there was only one value for each one of the treatments and the control. Cr(VI) concentrations found in D.
magna were 21.0 and 15.5 µg/g dry weight for 100 and
300 µg Cr(VI)/L levels, respectively, while it was not
detected in the control.

The bioconcentration factor for D. magna was calculated according to Walker [4] and Spacie and Hamelink.
[20]: Bioconcentration Factor (BCF): C1/C2, where C1 =
Cr concentration in the organism; C2 = Cr concentration
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FIGURE 1 - Mortality (%) of C. decemmaculatus in the control and both analyzed concentrations (100 and 300 µg Cr /L).
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The bioconcentration factor (BCF) obtained was 0.21
for the lowest Cr concentration and 0.05 for the highest
one. D. magna concentrated four times more Cr(VI) in the
lower concentration.

The obtained bioaccumulation factor indicated a slight
biomagnification process. This process is very important
to predict the possibility of heavy metal trophic transfer in
more complex webs.

Cr values registered in C. decemmaculatus were 20.13
(± 5.47), 27.71 (± 9.04) and 6.04 (± 5.0) µg Cr(VI)/g for
the higher and lower concentrations, and the control, respectively. Significant differences were registered between
the control and both Cr(VI) concentrations (ANOVA, p=
0.018), but not between both concentrations (ANOVA, p=
0.411).

The great number of possible trophic interactions, as
well as the impact of other biotic and abiotic factors on
toxicity, bioavailability, and distribution of heavy metals
have been widely studied [3, 5, 28, 29, 33]. These studies
would indicate that Cr effects on natural systems could be
very variable depending on the prevailing conditions, the
organisms, and their relationships. Although laboratory
assays under controlled conditions are very important to
know the mechanisms of action of toxics on organisms and
their impact on trophic webs, they are limited to extrapolate or generalize the obtained results to the natural environment [34]. Walker [4] points out that these analyses
allow to reach a certain degree of knowledge on the effect
of bioaccumulation and its consequences in natural systems, particularly on human health and ecosystem integrity.

Bioaccumulation factors (BAF) found were 1.32 and
1.29 for 100 and 300 µg Cr(VI)/L, respectively.

DISCUSSION
The results of this study showed the high toxicity of
Cr(VI) for micro-crustaceans and fish, as was previously
registered by other authors [2, 9, 10, 12, 18, 22-26].
Cr(VI) values detected in D. magna samples show the
incorporation of this metal from water. However, when D.
magna was subjected to the higher Cr level, it registered
the lowest Cr value, which could be mainly attributed to
complex detoxification mechanisms [27]. Cladocerans were
fed with Chlorella sp., as suggested by some authors that
consider that the effect of feeding in heavy metal incorporation is important to avoid underestimation of metal bioavailability [23, 28-31].
The bioconcentration factor obtained for D. magna
was four times higher in the lowest concentration used.
Both factors were similar to those found in previous studies: 0.12 and 0.28 for D. magna subjected to concentrations
of 280 and 350 µg Cr(VI)/L [24]. Background studies on
bioconcentration of Cr and other heavy metals for aquatic
organisms are very scarce [but see 18]. In Argentina, the
first studies analyzing Cr concentration in different taxonomic groups were Parma et al. [32] and Gagneten et al.
[10, 34]. These authors also obtained higher Cr values in
organisms subjected to lower experimental concentrations. This behaviour would be indicating the existence of
a threshold value for different groups of organisms, above
which Cr incorporation is not proportional to the exposed
concentration.

CONCLUSION
The obtained Cr bioconcentration factor indicates that
D. magna enriched Cr from water, thus introducing this
metal in the studied trophic relationship. Cr accumulation
in C. decemmaculatus from D. magna showed the importance of the trophic way demonstrated by the increase
in mortality.
The results of this study constitute a great contribution
to knowledge of Cr(VI) trophic transfer, and provide a
valid tool for biomonitoring studies. We propose to analyze
the effects of low levels of Cr and other metals on other
trophic relationships to complement this study, and to contribute to the knowledge of their impact on the trophic
webs of South American continental aquatic ecosystems.
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Significant differences in Cr concentration were found
for C. decemmaculatus. This result would be indicating that
ingestion of contaminated D. magna was the main reason
for Cr(VI) incorporation. Moreover, values were higher than
those registered for D. magna. This effect would indicate
that Cr was adsorbed by cladocerans, and accumulated by
C. decemmaculatus. Consequently, significant differences
in mortality between the control and both treatments confirm that Cr was toxic to fish, decreasing their survival
capacity, which was lower at the highest concentration used.
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ABSTRACT
Reversed anoxic/anaerobic/aerobic process (reversed
AAO) for removing nitrogen and phosphorus was developed in the middle of the nineties, last century. This paper
mainly investigates the running effects, parameters and influence factors of reversed AAO process for treating municipal wastewater in the second-stage project of the
Songjiang wastewater treatment plant (China) on full-scale.
The nearly two-year operating results showed that
CODCr, BOD5, SS, NH3-N and TN had good treatment
efficiencies, the removal loading rates of TN and NH3N were 0.022 kg TN.kgMLSS -1. d -1 and 0.026 kg
NH 3 -N.kg MLSS-1.d-1, respectively. However, PO4-P and
TP removal rates were not high. Therefore, a simple improving measure was proposed to get higher TP removal rates. The operating results showed that reversed
AAO process was feasible to remove nitrogen and phosphorus for newly-con-structed wastewater treatment plants
and upgrading existing wastewater biological treatment
plants, which had low N and P removal rates.

KEYWORDS: nitrification, denitrification, phosphorus removal,
reversed AAO process, municipal wastewater

INTRODUCTION
Nitrogen and phosphorus in municipal wastewater are
main factors that cause the eutrophication of receiving water-bodies. Biological nitrification, denitrification and phosphorus removal processes are economical and feasible ways
to control the quality of discharges. The main biological
technologies for nitrogen and phosphorous removal are:
the AAO processes series, oxidation ditch processes and
sequencing batch reactor processes (SBR). The metabolism
of different bacterial species in removing N and P needs
anoxic, anaerobic and aerobic conditions. In AAO and oxidation ditches processes, such conditions are realized by
mixing, aerating and mixed liquor suspended solids

(MLSS) recycle. The SBR process is a time-sequencing
anoxic-anaerobic-aerobic AAO process. In China, AAO
processes are widely used in many wastewater treatment
facilities. Conventional AAO processes, beneath a lot of advantages, have two disadvantages: 1) there are two return
systems with a total return rate of 300% or more, and 2)
some of excess sludge pumped from the secondary clarifier
does not pass through anaerobic, anoxic and aerobic stages,
which may reduce the total phosphorus (TP) removing efficiency. Qasim and Udomsinrot [1] has observed the operating per-formances of bench-scale test treating semicomposite wastewater by integrating internal and external
recycle into one single external recycle. The return sludge
was pumped directly into the inlet of aeration tank. After
that measure the removal efficiencies of TN and TP were
excellent. Further studies on removing N and P of municipal wastewater by reversed sequence of anoxic, anaerobic
and aerobic stages of AAO process with only an external
return system showed that the TP removing efficiency
was improved to some degree and TN removing efficiency was similar with that of a conventional AAO
process [2]. Other studies [3] showed that a good phosphorus removal efficiency was not only a function of the
degree of phosphorus released and the amount of PHB
assimilated by PAOs, but also the retention time and the
redox potential at anaerobic stage, respectively. Reversed
AAO process for biological TN and TP removal was developed at the end of the nineties of last century [4-6]. Its
main characteristics are that the sequences for biological
nutrients removing are anoxic, anaerobic and aerobic stages;
there is only one external return system and comparatively
high concentration of mixed liquid suspended solid (MLSS)
in the biological reactor. Bench- and pilot-scale studies
on reversed AAO process for treating different municipal
wastewater indicated that the aeration tank could operate
stably with good TN and TP removing efficiencies when
closing the internal nitrate-rich recycle system and increasing the external return sludge ratio to 100-200%. As
a positive effect of this measure, the energy consumption
was decreased. For existing wastewater treatment plants
(WWTPs) without the function of nitrogen and phosphorus
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removal, the reversed AAO process was a simple possibility for upgrading [6, 7]. Full-scale tests showed that the
reversed AAO process had the possibility of utilizing in
new-constructed WWTPs [8].

primarily SS. The designed specific surface volume load
was 1.5 m3.m-2.h-1 and hydraulic retention time (HRT) was
2 h.

In this paper, the performance evaluation of the second-stage project of the Songjiang WWTP (China),
which was designed and operated by the early conception
of reversed AAO process in the end of the nineties last
century, was conducted through nearly two-year running
data.

Two rectangle-shaped aeration tanks were used to biologically remove organic matters, nitrogen and phosphorus:
Each tank had an effective length of 52 m, a width of 39 m,
a depth of 6 m, and the total designed HRT was 12 h. Each
tank had three trains in series, of which the first train was
divided into 4 compartments (see Fig. 1). The initial three
compartments were installed with mixers; the last compartment was supplied with a fine bubble aeration system
(disks). The design ratio of HRT in anoxic and anaerobic
stages to HRT in aerobic stage was 1:3. The designed
MLSS concentration in the aeration tanks was 4.0 g.L-1
and the influent organic loading was 0.10 kg BOD5.kg
MLSS-1.d-1. The external recycling system was used to return nitrate-rich liquor-sludge mixture from secondary clarifier into the inlet of the aeration tank, where the designed
maximum recycling ratio was 200 %.

MATERIALS AND METHODS
Songjiang WWTP, situated in south-west Shanghai,
included two projects established in the middle eighties and
the end of the nineties of last century, respectively. The
firststage project was built to remove BOD5 and SS with
the treatment capacity of 18,000 m3.d-1. In order to remove
TN and TP, the reversed AAO process was adopted for
the second-stage project with a designed treatment capacity of 50,000 m3.d-1. The anaerobic mesophilic digestion
process was used to stabilize all the sludge. The flowchart
of the second-stage project was described in literature [9].
The influent of Songjiang WWTP includes about 80%
of domestic wastewater and 20% of industrial wastewater:
The former is collected mostly from separated sewer system of Songjiang new district, and only a few black-water
comes from the old towns, whereas the latter comes from
nearby enterprises. The mean concentrations of CODCr,
BOD5, TKN and TN were higher than those of conventionally separated sewer systems. Since the excess sludges
of the two projects were pumped into the inlet, the influent suspended solid concentration (SS) was also high.
Main design and operation parameters of the secondstage project are presented as follows:
Primary sedimentation tank

Two cycloidal tanks, each with a diameter of 35 m and
a height of 4 m, were established in parallel to precipitate

Aeration tank

Secondary clarifier

Four cycloidal radial-flow settlement tanks in parallel
were used to separate the treated water and activated
sludge. Each had a diameter of 35 m and a depth of 4 m.
The designed specific surface loading and HRT were 0.76
m3.m-2.h-1 and 4 h, respectively.
The second-stage project was put into operation in
early 2001. Normally, the inflow was within a range of
38,000-52,000 m3.d-1, and the annual average was 43,00045,000 m 3 .d -1 . Because the influent concentrations of
CODCr, BOD5, SS, TN and TP were higher than the designed values, the actual average BOD5 influent loading
of the plant was 0.114 kgBOD5.kg MLSS-1.d-1. During the
running period, short-time primary sedimentation was
adopted in order to pump more nutrients into the aeration
tanks to remove N and P. The concentration of MLSS in
the aeration tank exceeded 4.5 g.L-1 frequently, since a lot
of solids were carried into it. The actual aerating ratio of
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agitator
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FIGURE 1 - Flow-chart of the biological reactor.
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air versus inflow wastewater was 7.5:1 to 8:1. The dissolved oxygen concentration (DO) at the outlet of the aeration tanks was about 3.0 mg/L. The recycle ratio was 100150% normally, and averaged 120% where the solid retention time (SRT) was 12-15 days.
RESULTS
The continual operation data of 23 months of the project were investigated by weekly average data, except one
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the design values. To control the effluent qualities during
the running period, MLSS in the aeration tank was increased to more than 4.5g.L-1. According to Figure 2, it
could be found that the effluent CODCr was lower than 60
mg.L-1; the average value was 56.2 ± 9.7 mg.L-1. The influent BOD 5 concentration varied from 162.6 to 591.9
mg.L-1, with an average of 307.5 ± 97.4 mg.L-1. After treatment, the effluent BOD5 was always lower than 15.0 mg/L
with an average of 10.2 ± 4.3 mg.L-1. The total average
removal rates of CODCr and BOD5 were 93.9 and 96.7 %,
respectively. Though MLSS values in the biological treatment tanks were much higher than that of conventional
activated sludge processes, sludge-bulking has hardly been
observed for the recent three years. Usually, the SVI of
the activated sludge varied from 74.3 to 124.2 ml.g-1, and
ratio VSS/SS was maintained in the range of 60-70%.
The influent SS concentration fluctuated in the range
of 257.1-1,499.4 mg.L-1 (averaged 626.1 ± 264.9 mg.L-1).
After short-time primary sedimentation, about 50 % of SS
were removed; however, a lot of SS were flowed into the
aeration tank, so the high reachable MLSS concentration
and good function of settlement could be explained. The
final effluent SS concentration was less than 15 mg/L,
with an average of 11.9 ± 3.6 mg.L-1 (see Fig. 3).
Nitrogen and phosphorus removal

The concentration ranges of the influent NH3-N and TN
were 23.6-47.7 mg.L-1 and 44.9-138.2 mg.L-1 (averagely
31.3 ± 4.7 mg.L-1 and 78.2 ± 18.8 mg.L-1), respectively,
which were higher than those of wastewater from separate
sewer systems in eastern China. Approximately 60% of the
influent TN was organic nitrogen. It could be seen from
Fig. 4, that the effluent NH3-N and TN levels were usually below 10 and 21 mg.L -1 (averaged 3.14 ± 2.6 and
18.9±3.1 mg.L-1), respectively. In average, 90.0 % of NH3N and 75.8 % of TN were removed at an external recycle
rate of 100-150 %. According to Fig. 5, the effluent TKN,
with an annual average of 8.2 ± 3.8 mg.L-1, was very low.
It seemed that the removing efficiency of TKN was seldomly influenced by seasons and influent peak loading rate.
There were some fluctuations of removing effects between
NH3-N and TN at different seasons. In summer, the effluent TN was normally lower than 18 mg/L; in winter and
early spring, it varied from 18 mg.L-1 to 25 mg.L-1; whereas
the effluent NH3-N was seldomly influenced by temperatures. This is possibly due to short HRT in anoxic stage and
much longer HRT in aerobic stages. The volume loading
rate of influent TN was 0.08 - 0.24 kg.m -3.d-1 (average
0.14 kg TN.m -3.d-1), which was higher than that of other
WWTPs nearby. The annual mean removing loading
rate was 0.11 kg TN.m -3 .d -1 , equivalent to 0.022 kg
TN.kgMLSS-1.d-1. Taking into account that the organic
nitrogen was degraded into NH 3-N, the virtual average
biological nitrification rate was 0.026 kg NH 3 -N.kg
MLSS-1.d-1, with a maximum value of 0.033 kg NH3-N/kg
MLSS.d-1. It was interesting that the actually obtained TN
removal rate was 15-20 % higher than the theoretical one,
which implied simultaneous nitrification and denitrifica-

tion parallel in aeration stages. It is shown by Fig. 6, that
the influent NO3-N was lower than 2.0 mg.L-1. The range
of the effluent NO3-N was 6.0 - 14 mg.L-1, with an average
of 10.8 ± 2.5 mg.L-1.
Ortho-phosphate (PO4-P) was monitored as routine index to know the change of effluent and influent phosphorus
in many Chinese wastewater treatment plants. It is
demonstrated by Fig. 7 that the removing efficiency of
PO4-P was not high. The concentration of influent PO4-P
varied from 1.51 mg.L-1 to 11.5 mg.L-1 (average 5.56±2.42
mg.L-1), with an average concentration of 3.17 ± 1.56
mg.L-1, the effluent PO4-P was at a comparatively higher
level. At the same time, intermittent analysis of TP implied
that its removing rate was also not high. However, Qinghe
Wastewater Treatment Plant, situated in Beijing, which
began to operate at the end of 2002, had a treatment
capacity of 200,000 m3.d-1 and reversed AAO process for
removal of N and P, of which the concentration of influent TN and PO4-P were similar to those of Songjiang
WWTP. According to the test results by the Beijing environmental monitoring center in May 2003, the effluent
TN and PO 4-P values were 14.6-19.5 mg.L-1 and 0.110.18 mg.L -1, re-spectively. The reasons for low phosphorus removal rate of second-stage projects of Songjiang
WWTP were as follows: the HRT for anoxic and anaerobic stages was too short; removed phosphorus in residual
sludge and supernatants of anaerobic digestion facilities
reentered into the treatment plant without any measures of
chemical phosphorus removal.
DISCUSSION
Ratio of HRT in anoxic and
anaerobic stages to HRT in aerobic stage

As mentioned previously, the second-stage project has
achieved high removing efficiencies of NH3-N, BOD5 and
TN, and low ones of PO4-P and TP. One of the main reasons was the unsuitable ratio of HRT in anoxic and anaerobic stages to that of aerobic stage. To reversed AAO
process, there was no obvious time definition of anoxic
stage and anaerobic stage. Since the mixtures of return
sludge and mixed liquor from secondary clarifier were
pumped into the inlet of the anoxic and anaerobic compartments, NO3-N was utilized firstly as electronic acceptor for anoxic respiration by denitrifying bacteria. Phosphorus uptaking or releasing by PAOs during this time was
up to the amount of influent-available organic materials.
After NO3-N was consumed up, the anoxic and anaerobic
compartments converted automatically into anaerobic stage.
If the total HRT for anoxic and anaerobic stages was not
long enough to remove NO3-N, or insufficient anaerobic
time left for PAOs, the TP removing rate would be impaired. In this project, the designed HRT of anoxic and
anaerobic stage was only 3 h, whereas the HRT of aerobic
stage was 9 h. Not only BOD5 but also NH3-N was degraded to a very low concentration. According to our previous studies, the optimized ratios of HRT in anoxic and
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anaerobic stage to that of aerobic stage were 1:1 or 1:1.25
for reversed AAO process. So in this project, the total HRT
of anoxic and anaerobic stages should be 5.4-6.0 h for good
biological phosphorus removal rate. To improve TP removal efficiency, a simple measure could be adopted by
installing mixers instead of aerators at the last compartment
of the first train and in the initial half part of the second
train. Thus, total HRT of anoxic and anaerobic stage would
add to 6 h.
Influence of NO3-N on TP removal

The sum of NO3-N returned to the inlet of the anoxic
and anaerobic compartments was the key parameter affecting the distribution of anoxic stage and anaerobic stage.
The recycling ratio and the concentration of NO3-N were
two additional main factors controlling the returning amount
of NO3-N. When the total HRT of anoxic and anaerobic
stages was certain, the time for anoxic stage would be prolonged and that of the anaerobic stage shortened by increasing return ratio and NO3-N concentration of recycling mixed liquors, which was helpful to remove TN. On
the contrary, the case was changed by lowering return ratio
and NO3-N concentration, which was helpful to remove TP.
To keep the balance of high denitrification efficiency
and TP removing rate, an alternative was to maintain higher
MLSS in the aeration tank, in which simultaneous nitrification and denitrification could coexist in aerobic stage. If
a portion of NO3-N was removed in aerobic compartment,
it was possible to reduce recycling ratio of mixture to the
inlet of the anoxic and anaerobic compartments without
decreasing TN removing efficiency. In second-stage project of Songjiang WWTP, the concentration of MLSS could
usually maintain 4.7 g.L-1 in aeration tank averagely, the
mean removal rate of TN by simultaneous nitrification
and denitrification was 15.4 %, that was 20% of total
removed nitrogen. In the first-stage project of Songjiang
WWTP, with MLSS concentration of 5.5 g.L-1 in the aeration tanks, 25-30 % of total nitrogen was removed by simultaneous nitrification and denitrification, so the actual
recycling rate of the second-stage project was not more
than 150%, and lower than that of conventional AAO process. Therefore, good TN removing efficiency and low
return concentration of NO3-N (in average 10.8 mg.L-1)
were achieved. In a word, the return ratio and the sum of
NO3-N could be reduced to a reasonable level by forming
simultaneous nitrification and denitrification in the aerobic stage, which enabled to shorten the time for denitrification and prolong the time for anaerobic stage.
Carbon nutrients of reversed AAO process

Carbon nutrients were directly involved in TN and TP
removing efficiencies to all biological nitrogen and phosphorus removing processes, as is the case of reversed AAO
process. To effectively remove N and P, the ratios of
BOD 5/TN and BOD5/TP should be more than 3 and 25,
respectively. If the influent carbon nutrients were sufficient,
similar removal efficiencies would be achieved by both
reversed AAO and conventional AAO processes. If influ-

ent carbon sources were insufficient, to solve the contradiction of competitive utilization of carbon nutrients by
denitrifying bacteria and PAOs, it was essential to add more
nutrients into the biological reactor by short-time primary
sedimentation or by-passing primary clarifier, which was
also helpful to increase the concentration of MLSS in aeration tank. A third way was two-point or multi-point inflow
from primary clarifier to the inlet of the anoxic compartment and that of the anaerobic compartment separately.
It could be found through the second-stage project, carbon nutrients were sufficient to remove TN and TP, because the ratios of COD Cr/TN, BOD 5/TN and BOD 5/TP
were 11.7, 4.0 and 28.5, respectively, the HRT in anoxic
and anaerobic stages is short, and supernatants from sludge
anaerobic digestion tanks pumped back into the inlet of the
WWTP without any steps to remove phosphorus, PO4-P
and TP removal efficiencies were not good.
CONCLUSIONS
The second-stage project in Songjiang WWTP, adopted
by reversed AAO process, was running with the following
parameters: 4.7g.L-1 of average MLSS, 100-150 % of external return ratio, 0.114 kg BOD5.kg MLSS-1.h-1 of influent sludge loading rate, 12 h of total HRT in biological
reactor, and stable operation with good removal efficiencies of CODCr, BOD5 and SS were achieved. The removal
loading rates of TN and NH3-N were 0.022 kg TN.kg
MLSS-1.d-1 and 0.026 kg NH3-N.kg MLSS-1.d-1, respectively. The mean removal rate of PO4-P was only 43.0 %,
and the removal rate of TP remained not high too. It was
necessary to lengthen the HRT of anoxic and anaerobic
stages to 5.4-6 h, and further chemical treatment to remove
phosphorus from supernatants of sludges anaerobic digestion.
High MLSS concentration in the aeration tank was
helpful for simultaneous nitrification and denitrification,
which could lower the recycling ratio and prolong the time
of anaerobic stage.
Reversed AAO process is suitable to newly constructed
wastewater treatment plants and for upgrading of existing
ones to remove N and P.
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EFFECT OF SOLUBLE EXTRACELLULAR
POLYMERIC SUBSTANCES (SOLUBLE EPS)
ON ACTIVATED SLUDGE DEWATERABILITY
Hongwu Wang, Deli Wu, Jinhong Fan and Luming Ma*
State Key Laboratory of Pollution Control and Resources Reuse, National Engineering
Research Center for Urban Pollution Control, Tongji University, Shanghai 200092, China

ABSTRACT
Microbial extracellular polymeric substances (EPS)
are the major components of the sludge floc matrix and
would have large influence on the dewaterability of activated sludge (AS). In this study, laboratory experiments
were conducted to investigate the effects of EPS on AS
dewaterablity with an emphasis on the importance of soluble extracellular polymeric substances (soluble EPS). Sequencing batch reactors (SBRs) fed on a synthetic
wastewater were operated at different sludge retention
times (SRT) of 5, 10 and 20 days. The results demonstrated that the amount of soluble EPS of the sludge generally
increased with the decrease of SRT from 20 to 5 days. A
longer modified capillary suction time (CSTmod), as a reflection of poor-er dewaterability, was associated with a larger
amount of soluble EPS. The components content of soluble EPS also had a significant positive correlation with
CSTmod. However, no significant correlation could be
established be-tween the CSTmod and the amount of total
EPS. EPS in excess could lead to more bound water contained in floc, weaken cell attachment and deteriorate the
floc structure, resulting in poor particle size distribution
and dewaterability.
KEYWORDS: Activated sludge, extracellular polymeric substances
(EPS), dewaterability, wastewater treatment.

INTRODUCTION
The activated sludge (AS) process is the most common
biological process used in wastewater treatment. However,
a great amount of excess sludge that could cause environmental pollution is generated. Dewatering can greatly reduce the volume of sludge requiring handling and disposal,
which is a necessary process for disposal options, such as
incineration. Worldwide, sludge production is increasing
markedly as a result of extended sewerage and advanced
wastewater treatment. Sludge dewatering is, therefore, an
important part of wastewater treatment. Knowledge con-

cerning the factors that influence sludge dewaterability
becomes more and more important.
Microbial extracellular polymeric substances (EPS) are
present in varying quantities in AS, occurring both as a
highly hydrated capsule surrounding the bacterial cell wall
and loose in solution as slimy polymers [1]. Li and
Ganczarczyk [2] found that EPS form the third biggest
component in an AS floc after the cells and water. They
could act as glue and serve to bind cells together to form
flocs. They are thought to be of considerable importance
in the dewatering of AS [2-7]. Forster [5] found that EPS
are highly hydrated and able to bind a large volume of
water, which is a significant economical drawback, considering the energy required for dewatering, and the millions of tons of sludge that have to be dewatered every
year. The influence of EPS on dewatering has been investigated in various studies. Kang et al. [8] found that EPS,
extracted from one AS and then added to another AS, has
a detrimental effect on the dewatering process for the
latter. According to Houghton et al. [9], however, there
appears to be a level of EPS at which the sludge should be
easiest to dewater. Increasing relatively low levels of EPS
can aid sludge dewaterability by improving the ability of
sludge flocculation [6]. This reduces the number of small
particles present in the sludge, a factor that has been
shown previously to make a sludge easier to dewater [10].
Once optimum sludge flocculation has been attained,
further increases in EPS become detrimental to sludge
dewater-ability. It is envisaged that this is due to the highly hydrated nature of the EPS retaining water within the
sludge matrix, which counteracts the benefit of flocculation. The water in the EPS will shield many of the potential binding sites which could otherwise bridge the macromolecules by electrostatic interactions, hydrogen bonds
and London dispersion forces [11]. In a word, the exact
effects of EPS on dewaterability are still unclear today.
Bacteria in AS suspension and floc matrix likely have
a dynamic double-layer EPS structure, soluble EPS diffused
from tightly bound EPS surrounding the bacteria [12]. The
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soluble EPS, instead of the tightly one which has been
well addressed in many previous studies, in AS flocs may
function as the primary surface for cell attachment and
should, therefore, be more important to dewaterability. In
this study, the production of both tightly bound and soluble EPS and their effects on sludge dewaterability at different sludge retention times (SRT) were investigated using
laboratory-scale sequencing batch reactors (SBRs).
MATERIALS AND METHODS
Synthetic wastewater

A synthetic wastewater containing starch, urea, potassium phosphate and inorganic salts was used in this study.
Carbon, nitrogen and phosphate sources were from starch,
urea and potassium phosphate, respectively. The ratio of
chemical oxygen demand (COD):N:P in the synthetic
wastewater was kept at 100:5:1. Some kinds of inorganic
salts were dosed into the reactors to provide micronutrients for microbial growth: CaSO 4 ·2H 2 O (0.43 mg/L);
FeSO 4 ·7H 2 O (2.49 mg/L); MgSO 4 ·7H 2 O (5.07 mg/L);
Na2MoO4·2H2O (1.26 mg/L); MnSO4·4H2O (0.31 mg/L);
CuSO 4 (0.25 mg/L); ZnSO 4 ·7H 2 O (0.44 mg/L); NaCl
(0.25 mg/L); CoCl2·6H2O (0.41 mg/L).
Activated sludge culture

The experimental system was composed of three parallel SBRs situated on a jar-test paddle-mixing device
(Phipps & Bird). Each reactor of 2 L contained a sludge
suspension of 1.6 L. The reactors were inoculated with the
AS collected from a full-scale domestic sewage treatment
works, Stanley STW. Aeration was conducted through
porous stone air diffusers. All reactors were operated with
24-h cycles, consisting of five stages: fill (0.5 h), aeration
(18 h), settle (2 h), draw (1 h), and idle (2.5 h). Sludge
suspension in the reactors had an operational temperature
of 20-22 °C and a pH of 6.5-7.5. By varying the ratio of
daily sludge wastage for different reactors, three different
sludge retention times (5, 10 and 20 days) resulted. Sludge
concentrations in all reactors, however, were maintained
at a similar level of around 2000 mg/L in MLSS by adjusting the strength of feeding substrates.
SBRs could reach the steady state after 3 times of respective SRTs. During the stationary operation, the fluctuations in major daily monitoring parameters, such as MLSS,
sludge volume index (SVI) and effluent COD, were less
than 20% for a week or so. By the end of a reaction phase
before substrate feeding, sludge samples were collected
from the reactors for EPS analysis and dewaterability
characterization. In addition, actual AS samples from
Stanley STW were obtained and analyzed for comparison.
Extraction and analysis of extracellular polymeric substances

Activated sludge sample was centrifuged at 6,000 g
for 5 min (5810R, Eppendorf). The pellet was re-suspended
in 0.85% sodium chloride solution together with several

glass beans added. The sample was then sonicated for
2 min, shaken horizontally for 10 min, sonicated again for
2 min, and followed by centrifugation at 8,000 g for 10 min.
The organic matter contained in the filtered supernatant was
defined as the soluble EPS. The remained pellet in the centrifuge tube after extracting soluble EPS was re-suspended
in 0.85% sodium chloride solution, sonicated for 2 min and
heated at 80 °C for 30 min. The supernatant, bound EPS,
was separated using a high-speed centrifugation at 12,000 g
for 20 min [13], and was then filtered by 0.2-µm acetate
cellulose membrane. Total EPS was the sum of soluble and
bound EPS. Both soluble and bound EPS were measured
for total organic carbon (TOC) by a TOC analyzer (5000A,
Shimadzu) as well as the polysaccharides and proteins using
anthrone method and Lowry method, respectively [14].
Characterization of sludge dewaterability

The dewaterability of the sludge was quantified by the
filterability index, for which the modified capillary suction
time (CSTmod) was used [15]:
CSTmod = (CST-CSTf)/(µf/w*SS%)
where CSTmod is the modified CST, CST is the measured CST of 5 ml sludge sample, CSTf is the CST of the
CST of the filtrate, µf/w is the viscosity of filtrate relative
to water, and SS% is the fraction (% w/w) of solids in the
sludge. The viscosity of liquid was measured using a rotational viscometer (Fungilab Visco-Star-L).

FIGURE 1 - µImage system for measuring particle size distribution.
Particle size distributions (PSD) and Zeta potencial

The µImage system was developed for characterization of particle distribution of AS. The system (Fig. 1) consisted of a flocculator, a CCD camera (Watec) with lighting,
and an image acquisition and analysis system (AnalySIS® 3.1). 10 ml sludge was put into the flocculator and
diluted to 100 ml. The particle suspension in the flocculator was forced by the compeller to flow continuously
through the recirculation line. The CCD camera with a 4×
microscopic lens and a resolution of 768× 576 was placed
facing the flow-through cuvette to record the projected
images of particles in the suspension. Front-lighting was
provided by a cold light source on the opposite side of the
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cuvette. The image system could take 10-15 digital photos
per min for the PSD determination. The photo images were
analyzed for particle counting and sizing in terms of the
average diameters.

The extracted EPS amounts in different studies represent
typically up to approx. 15% of MLSS [16], to which the
results of this study were comparable.
Particle size distribution of sludge flocs

ζ-potential of AS single floc was measured using a ζpotential analyzer (Delsa 440SX, Coulter).

Figure 3 shows the particle size distribution of sludge
flocs at different SRTs. The flocs with average diameters
less than 10 µm dominated at a SRT of 5 days, about
54.5% of the total amount of flocs, however, 28.7% and
33.0%, respectively, at SRTs of 10 and 20 days. The flocs
with average diameters from 10~50 µm represented 45.4%
of the total amount of sludge flocs at a SRT of 20 days,
which was higher than that at 10 and 5 days. Flocs with
average diameters more than 50 µm was only 13.2% of the
total amount of sludge flocs at a SRT of 5 days, but 32.7
and 21.6% at SRTs of 10 and 20 days, respectively. The
results are comparable to Eriksson’s study [18] indicating
that it was easy for sludge at short SRTs to grow dispersly
and form more small flocs.

RESULTS AND DISCUSSION
Production and Composition of EPS

Fig. 2a shows the total amount (TOC) of soluble EPS
and its main components (polysaccharides and proteins)
found within the floc matrix of different sludges. The
total amount of soluble EPS was in the range of 0.66~1.69
mg/ gMLSS. The total amount, the polysaccharide content and protein content of soluble EPS decreased with an
increase in the SRT from 5 day to 10 day to 20 day.

Particle size
distribution (%)

The total amount of bound EPS fluctuated in the range
of 58.2~65.8 mg TOC/g MLSS, and was independent of
the SRT (Fig. 2b). The polysaccharide content in bound
EPS decreased with an increase in the SRTs, and protein
content was higher at SRT of 10 d than that at 5 or 20 d.
As demonstrated in previous studies [3, 16, 17], except
for the sludge at a SRT of 5 d, proteins of other reactors
were found in higher concentrations than polysaccharides.
According to the t results of soluble and bound EPS,
the total amounts of EPS of the sludge at SRTs of 5, 10
and 20 days were 59.9 mg TOC/g MLSS, 66.6 mg TOC/g
MLSS and 60.4 mg TOC/g MLSS, which was 12.0, 13.3
and 12.1% of sludge mixed liquor suspended solids (MLSS).
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FIGURE 2 - The production of EPS: amount and main component contents of (a) soluble EPS, (b) bound EPS.
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Influence of the total amount and
space composition of EPS on dewaterability

other than the bound EPS, likely functioned as the primary surface for cell attachment and floc formation. Thus,
they appeared to play a more important role than the bound
EPS in the process of bioflocculation, and then influence
particle size distribution, sludge surface properties and dewaterability.

The ratio of soluble EPS over bound EPS could represent the space composition of EPS. Experimental data
from this study indicated a positive correlation between the
ratio of soluble/bound EPS composition of EPS and the
CSTmod, but no significant relationship between the total
amount of EPS and CSTmod (Fig. 4a and b). It is indicated
that the space composition of EPS is the more important
factor that influences the sludge dewaterability.

Influence of the soluble EPS on dewaterability

Experimental data indicated a positive correlation between the amount of soluble EPS and CSTmod (Fig. 5),
which was similar to that between the ratio of soluble EPS/
bound EPS and CST mod. CSTmod increased with soluble

Compared with the soluble EPS, the amount of tightly
bound EPS was much higher. However, the soluble EPS,
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FIGURE 4 - Effects of EPS on dewaterability: (a) effects of the total amount of EPS, (b) effects of the space composition of EPS.
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FIGURE 5 - Effects of the total amount of soluble EPS on dewaterability.
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TABLE 1 - The results of LB measurement and Zeta potential of AS particles*
Sludge type
Average amount of soluble EPS (TOC mg/g MLSS)
Average polysaccharide content of soluble EPS (mg/g MLSS)
Average protein content of soluble EPS (mg/gMLSS)
Average viscosity of soluble EPS relative to water 20° C
Average zeta potential of floc mV
* six experiments
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FIGURE 6 - Effects of the main components of soluble EPS on dewaterability.

EPS. The soluble EPS was the key factor on dewaterability compared with the bound EPS. Though the total amount
of soluble EPS was about 1~6% of the total EPS content,
it had considerable influences on the sludge surface properties, such as surface rough, zeta potential, bound water etc.
According to the structure of EPS, soluble EPS diffused in the outer layer being very loose, containing much
water, mobility, small density and large volume [19]. Increasing the amount of soluble EPS could lead to a more
interstitial-bound water contained in sludge, a larger volume of flocs reducing the sludge compressibility [20]. Moreover, increasing the amount of soluble EPS could lead to
an increase of the matrix viscosity (Table 1) and make
solid-liquid separation more difficult. Besides, the zeta
potential value increased with the amount of soluble EPS,

which could cause more strong electrostatic interactions, a
reduction of the bioflocculation and more small flocs
(Fig. 3). Therefore, larger amounts of soluble EPS could
make CSTmod longer and dewaterability poorer.
The main components of soluble EPS are polysaccharides and proteins. The relationship between the component of soluble EPS and the CSTmod could be obtained from
Fig. 6. The CSTmod increased with the content of both polysaccharides and proteins. Polysaccharides and proteins are
high-molecular weight substances, hydrophilic, with higher
viscosity, and their increased levels may cause higher bond
water content, producing highly porous sludge flocs with
a lower density. Such a sludge structure feature would result
in poor sludge dewaterability [12].
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[11] Flemming, H.-C., Wingender, J., Mayer, C., Körstgens, V. and

CONCLUSIONS
The amount of soluble EPS of AS generally increased
with SRT decreasing from 20 to 5 days. The presence of
abundant soluble EPS had a negative effect on sludge
dewaterability. The CSTmod increased with the amount of
soluble EPS. No correlation, however, could be established between the CSTmod of sludge and the amount of
total EPS. Excess soluble EPS could bind abundant water,
weaken cell attachment and deteriorate the floc structure,
resulting in poor dewaterability.
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ABSTRACT

INTRODUCTION

Today, most geodetic networks established in landslide
areas are being measured by differential Global Positioning System (GPS) measurements. Accuracy of differential
GPS measurements now is capable of detecting real time
displacements of geodetic control points in a landslide area.
Nevertheless, producing optimal baseline configuration and
optimal baseline weights in designing stage are necessary
pre-requisites for an accurate geodetic GPS landslide monitoring network. GPS landslide monitoring networks should
ensure the homogeneity and isotropy conditions, with regard to accuracy. Homogenous and isotropic geodetic networks ensured by criterion matrices, are established in landslide areas, and lead to minimize the coordinate errors in all
directions in the same proportion. It is vital to provide applicable and reliable optimization results in the design stage of
geodetic GPS networks for landslide investigations by
forming a criterion matrix that leads to homogenous and
isotropic networks. Analytical optimization methods are
known as Second Order Design (SOD) strategies. In this
study, an application of SOD, Direct Approximation of
the Inverse Criterion Matrix, referred to as the U, m
approximation method was applied to a landslide tracking network in Maçka County in the province of Trabzon
in the north-east of Turkey. The results of U,m approximation method were compared and analyzed with respect
to the approximation quality of the criterion matrix. The
results of the study showed that U,m approximation method is capable of reaching the target of a homogenous and
isotropic geodetic GPS network. U,m approximation
method produced not only the optimal weights of baselines, but also the optimal baseline configuration of the
network. In conclusion, U,m approximation method is
appropriate for optimization of geodetic GPS network,
established in landslide areas. Also, the criterion matrix,
that is willing to be reached as the result of the optimization,
should provide the conditions of homogeneity and isotropy, with regard to accuracy of point coordinates. Thus,
even minute deformation rates can be determined statistically significant by utilizing the optimum GPS network
configuration.
KEYWORDS: Differential GPS, optimization, second order design, U,m approximation method, landslide.

Optimization problem is usually classified into different orders [1]. To fulfill the demands of homogeneity and
isotropy conditions in all directions for a network, with
respect to accuracy, Second Order Design (SOD), which is
defined as the problem of finding the observational weight
matrix from the configuration of the network, is applicable.
The SOD problem has become rather popular in geodesy
after its initial treatment by Grafarend [1, 2]. Since then,
many new algorithms have been developed with simulated
examples and real applications, where Taylor-Karmanstructured [3-5] criterion matrices are used. Cross [6],
Schaffrin [7] and Schmitt [8] have discussed SOD for terrestrial geodetic networks in terms of achieving maximum
accuracy and minimum cost. Generally, three basic kinds
of approximation methods are used in the SOD procedure.
These are the direct approximation of the criterion matrix
(direct-HR), iterative approximation of the criterion matrix
(iterative-HR), and direct approximation of the inverse
criterion matrix (U,m) [2, 9]. Analytical methods used to
realize optimization that serves to approach the criterion
matrix are sequential least squares, linear and non-linear
programming [1-4, 7, 10-14].
For the SOD problem of GPS networks with baseline
vector adjustment model, there are more observations (the
elements of coordinates’ criterion matrix) than the unknown weights of baseline components, which makes the
classical estimators, developed earlier by Grafarend [1],
Schaffrin [15, 16] and Schmitt [17, 18], applicable.
In recent years, with the improvements in GPS technology, optimization strategies and solution methods, it is
essential to create new optimization methods to establish
accurate and reliable geodetic GPS networks. Conceptually, GPS surveying is similar to conventional resection, in
which distances are measured with an electronic distance
meter instrument from an unknown station to several control points [19-21].
The main objectives of this paper are:
(a) To constitute a criterion matrix for GPS networks
designed for Kutlugün land-slide area. Thus, GPS network
will ensure maximum homogeneity and isotropy conditions.
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(b) To optimize GPS network using this criterion matrix and U,m approximation method.
(c) To compare the optimization results in terms of
approximation quality.
(d) To determine optimal baseline configuration and
optimal baseline weight distribution of a geodetic GPS landslide monitoring network that ensures maximum homogeneity and isotropy conditions at the end of the optimization
procedure.
Landslides are one of the most important natural disasters in Turkey, especially in the northeast of the Black
Sea Region. Steep mountainous terrain, complex geology
and high precipitation in the region all combine to make
this region particularly susceptible to landslide activities.
Kutlugün landslide is only one of the landslide activities
that have occurred in this region. Active Kutlugün landslide
damaged Trabzon-Maçka Highway and Water Pipe Line
supplying drinking water to Trabzon city. Besides, a lot of
houses were affected during slow sliding. To prevent possible damages, a retaining wall was constructed at the toe
of the landslide area. However, it was not strong enough to
stop the mass movement. Thus, it was deemed necessary to
monitor the landslide to help reduce the damages that could
possibly be caused by it. After the establishment of the geodetic network pillars by taking the geology of the area into
account, an optimization procedure was applied. Optimization of the GPS network ensures to monitor the landslide precisely by minimizing the errors of the estimated
coordinates [22].
Obtaining an optimal baseline configuration and optimal baseline weights in the designing stage are necessary
pre-requisites for an accurate geodetic GPS landslide monitoring network. GPS landslide monitoring networks should
ensure the homogeneity and isotropy conditions with regard to accuracy. Homogenous and isotropic geodetic network which is constructed in a landslide area leads to minimize the coordinate errors in all directions in the same
proportions.

The landslide has occurred over weathered and esitebasalt and pyroclastics rocks in the study area. Clayey
materials have been developed due to weathering. Weathering has been facilitated due to the contact of water and
air with weathered and esite-basalt having low strength. The
materials that include plastic clayey levels have originated
with weathering tuffite interbedded and esite-basalt and
pyroclastics. Porosity of this mass has increased due to
mechanical failure and weathering. Water content has increased because of porosity which, in turn, facilitated the
movement [22].
The region receives an average annual precipitation of
over 1000 mm, and average annual temperature is 14.5 oC.
Precipitation intensity formed high water table in soil material having aquifer property by including water and increased pore-water pressure. It was determined that causative factors for Kutlugün landslides were changes of surroundings depending on groundwater and high decomposition in soil material.
By taking the geology of the area and sky visibility into
account, the network was constructed that covers the whole
region and its surroundings, and consists of 14 points, four
of which (2, 8, 10, 13) are in solid ground. The other points
(1, 3, 4, 5, 6, 7, 9, 11, 12, 14) were placed into moving
material (Figure 2).
In order to monitor the deformations in the landslide
area, 6 GPS campaigns were carried out so far (November
2000, February 2001, May 2001, August 2001, November
2001, February 2002). Static GPS survey method was used
in these GPS campaigns. The session lengths for the GPS
campaigns were 40 min.

MATERIALS AND METHODS
Materials

To examine the success of the U,m approximation
method, SOD was carried out for monitoring landslides.
A GPS deformation network has been situated in Kutlugun Village, Maçka County in the province of Trabzon in
the north-east of Turkey (Figure 1).

FIGURE 1 - Location map of the study area [22].

The slopes in bow and horseshoe shapes, holes and
flat places in the collapse regions and small hills in expanding areas indicated landslides in the study area. Crownheel distance is 750 m, sitting region is 250 m, collapse
region is 350 m and probable heel region is 200 m in the
landslide area. Depth of landslide material is 50-60 m in the
collapse region, 60-70 m in the expanding region, and 1520 m in the heel region [23].

Before the optimization of the GPS network, the locations of the pillars (geodetic control points) were determined
by a thorough investigation of the geology of the landslide
area. In 1999, geomorphologic structure of the study area
was also investigated to determine the current border of
landslide, and a geomorphology map of the study area was
prepared by scientists of Karadeniz Technical University,
Department of Geology and Geophysics (Figure 2) [22].
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FIGURE 2 - Geology and geomorphology map of the study area [22].

Methods

is used to realize a direct approximation of the inverse
criterion matrix. In Eq. (1), P is nxn unknown weight matrix of observations, where n is the number of GPS base-

Direct approximation of the inverse
criterion matrix (U,m approximation method)

Following a proposal by Schaffrin [24], the basic
equation for the SOD:
+

AT PA = Q xx

(1)

lines’ vector components, Q xx is the criterion matrix of
size uxu where u is the number of unknown coordinates,
A is the design matrix of size nxu constituted from the
observational plan and = shows inconsistent equality. In
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Eq. (1), to include the singular as well as the regular criterion matrices, the inverse of the criterion matrix is written
as a pseudo-inverse [8]. For GPS networks, the design
matrix ( A ) in Eq. (1), is constituted according to all possible baselines and criterion matrix ( Q xx ), which is formed
according to the demanded accuracy criteria from the network.
Eq. (1) can be solved using the U,m approximation
method which is not much affected by the inconsistencies
of the criterion matrix and is able to produce rather good
solutions when comparing direct-HR and iterative-HR
approximation methods [15, 24]. The linear equation
system of U,m approximation method is as follows:

( AT  AΤ ) p = q + r

(2)

In the preceding equation, where  is the notation of
the Khatri-Rao product, q is the vectorised criterion matrix of size u2xl, p = diag (P) is a vector of size nxl composed of the diagonal elements of P, q = vec( Q ), is the
vectorised Q matrix, and r is the inconsistency vector.
Unknown weights of observations ( p ) are calculated as
subject to the condition Ω = r T r ⇒ min , by applying least
squares method to Eq. (2) as follows:

p = (U T U )+ U T q

C xx

⎡ ΔX 2
⎢ 2
0
0 ⎤
⎢ s
= ⎡ϕ m ( s )
ΔX ΔY
⎢ 0
⎥
ϕ m (s)
0 ⎥ + [ϕ l ( s ) − ϕ m ( s )]⎢ 2
⎢
⎢ s
⎢⎣ 0
0
ϕ m ( s)⎥⎦
⎢ ΔX ΔZ
⎢ 2
⎢⎣ s

(3)

where

U = AT  AT

been shown that the variance-covariance matrix belonging
to the estimated coordinates of an ideal network in the
sense of homogeneity and isotropy necessarily possesses
the famous TK-structure. A TK-structured criterion matrix can be constructed when the accuracy criteria of the
network are required to meet homogeneity and isotropy
conditions.
The TK-structured criterion matrix should provide absolute error ellipsoids, which are plotted illustrations that
show the limits of three-dimensional point position errors
defined by three major axes, and three-rotation angles are
to be spherical (isotropy). Besides, absolute and relative

(4)
2

which is the reduced coefficient matrix of size u xn . The
baselines, of which weights are found out to be negative
or very close to zero, should be removed from the observational plan, since these baselines do not serve the objective function (criterion matrix). This procedure is continued until all the observation weights are found out to be
positive.
Constructing the criterion matrix and correlation function

The criterion matrix can be defined as an ideal artificial covariance matrix of the estimated point coordinates
that ensures all required accuracy conditions from a geodetic network. In the design stage of geodetic networks,
criterion matrices can be chosen as global objective functions that represent all the accuracy criteria of the network.
The criterion matrices consist of correlation functions dependent on the distances between the network points. For
points Pi and Pj with the distance ( s )
s = ri − rj = ( X i − X j )2 + (Yi − Y j )2 + (Zi − Z j )2

[

]

where, ri and r j , are the vectors of points

i and j , re-

1/ 2

(5)

spectively, due to an Earth Centered Earth Fixed (ECEF)
Cartesian Coordinate system. The general expression for the
sub-matrix of cross-covariances between Pi and Pj with-in
the Taylor-Karman (TK)-structured criterion matrix is

ΔX ΔY
s2
ΔY 2
s2
ΔY ΔZ
s2

where ΔX = Xi-Xj, ΔY = Yi-Yj, and ΔZ = Zi-Zj, are the
baseline vector lengths between the points i and j, ϕ m (s)
denotes the transversal or cross correlation function, and
ϕ l (s ) the longitudinal correlation function [2-5, 8]. It has

U is

ΔX ΔZ ⎤
⎥
s 2 ⎥
ΔY ΔZ ⎥
s 2 ⎥
ΔZ 2 ⎥
⎥
s 2 ⎥⎦

(6)

error ellipsoids are to be equally sized (homogeneity), and
relative error ellipsoids are to be defined by the longitudinal and transversal correlation functions.
The longitudinal and cross correlation functions that
are the elements of TK-structured criterion matrix can be
formed by modified Bessel functions of the second kind
[9, 10]. The modified Bessel functions of the second kind
are as follows:
K n ( s) =

∞

1
n− 1
( s ) n ∫ e − Sx ( x 2 − 1) 2 dx
1 2
1
(n − )!
2

π

(7)

and are generally used for optimization solutions as correlation functions [14, 15]. In Eq. (7), n is the degree of function. The plots of zero and first degree-modified Bessel
functions of the second kind, obtained by choosing the
degrees n = 0 and 1, are shown in Figure 3.

670

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

used for the network. In order to constitute a complete
isotropy TK-structured criterion matrix, the correlation
function can be obtained by the arithmetic means of
ϕ m (s) and ϕ l (s) with the following equation:

ϕ (s) =

ϕ m (s) + ϕ l ( s)
2

=

s
s
K1 ( )
d
d

Figure 4 shows the changes of ϕ (s ) ,

(10)

ϕ m (s) and

ϕ l (s) due to the various values of d and s.

FIGURE 3 - The Modified Bessel functions
of the second kind ( K n (S ) ) for n = 1 and 2.

The longitudinal and cross correlation functions,
which are formed as a function of the modified Bessel
function of the second kind, are

The values of correlation functions decrease and converge to zero when the distance between two points increases. The criterion matrix is not only an ideal cofactor
matrix of estimated coordinates, but also has to be compatible with the real precision criteria of the measurements to be applicable. Experiences with GPS measurements have shown that accuracies of the horizontal components of the baseline vectors ( ΔX , ΔY ) are more or less
equal, while the accuracy of the vertical component,
( ΔZ ), is approximately two or more times lower [6]. The
following weights can be adopted: pΔX = pΔY = 1 and

ϕ l ( s) =

− 4d 2
s
4d
s
2s
s
+ 2K 0 ( ) +
K1 ( ) +
K1 ( )
d
s
d
d
d
s2

(8)

pΔZ =

ϕ m ( s) =

4d 2
s
4d
s
− 2K 0 ( ) −
K1 ( )
d
S
d
s2

(9)

weights reflect the cofactor matrix of estimated coordinates ( Q xx ) in different proportions, dependent on the

where K 0 is the zero-degree and K1 is the first-degree
modified Bessel function of the second kind, and d denotes the characteristic distance that represents the distances between points for overall network. According to
Schmitt [8], d should be smaller than the minimum distance between any two arbitrary points of the network,
whereas Wimmer [25] recommends the maximum distance
(or diameter) of the network as an upper bound for 10d. In
this study, the minimum distance between two arbitrary
points was found to be suited to the correlation function
⎡

ΔX 2
ΔXΔY
(ϕl ( s) − ϕm ( s)) 2
s2
s
ΔXΔY
ΔY 2
(ϕl ( s) − ϕm ( s)) 2
ϕm ( s) + (ϕl ( s) − ϕm ( s)) 2
s
s
ΔXΔZ
ΔYΔZ
(ϕl ( s) − ϕm ( s)) 2
(ϕl ( s ) − ϕm ( s)) 2
s
s

C ij = C ji = ⎢ϕm (s) + (ϕl (s) − ϕm (s))
⎢
⎢
⎢
⎢
⎢
⎢⎣

1 , where k = 2. These relationships of the baseline
k2

observational plan. By investigating the observational
plan, parameter k can be selected in [1.5, 2.0] intervals
[6]. The expression for the sub-matrix of cross-covariances between points i and j within the TK-structured
criterion matrix of GPS networks is equal to:

⎡ C ii C ij ⎤
C( xx ) ij = ⎢
⎥
⎣C ji C jj ⎦
where Cij= Cji and Cii= Cjj are:

ΔXΔZ
s2
ΔYΔZ
(ϕl ( s) − ϕm ( s)) 2
s

⎤
⎥
⎥
⎥
⎥
ΔZ 2 ⎥
2
k (ϕm ( s) + (ϕl ( s) − ϕm ( s)) 2 )⎥
s ⎥⎦

(11)

(ϕl ( s) − ϕm ( s))

C ii = C jj = ⎡⎢1

0 0 ⎤
0
1
0 ⎥⎥
⎢
2
⎣⎢0 0 k ⎦⎥

(12)

(13)

If the desired accuracy from the network is required to
ensure the homogeneity and isotropy conditions for all network points, the complete isotropy condition of TK- struc-

tured criterion matrix of GPS networks is constituted as
follows:

s
s
⎤
1
0
0
K1
0
0
⎥
d
d
⎢
⎥
s
s
⎢ 0
⎥
1
0
0
K1
0
d
d
⎢
⎥
s ⎥
⎢
2
2 s
0
k
0
0
k ( K 1 )⎥
⎢ 0
d
d
⎢ s
⎥
s
⎢ K 1
⎥
0
0
1
0
0
d
⎢ d
⎥
s
s
⎢
⎥
K1
0
0
1
0
⎢ 0
⎥
d
d
⎢
⎥
s
s
2
2
⎢ 0
⎥
0
k ( K1 )
0
0
k
d
d
⎣
⎦
⎡

C xx = ⎢

(14)
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d=1 km and S=[0,20] km

d=2 km and S=[0,20] km

d=5 km and S=[0,20] km

d=20 km and S=[0,20] km

d=1 km and S=[0,100] km

FIGURE 4 -

ϕ (S ) , ϕm (S ) , ϕl (S )

d=50 km and S=[0,100] km

values with respect to characteristic distances ( d ) and baseline vector lengths (S).

To compare the criterion matrix with the datum- dependent variance-covariance matrix of the estimated coordinates, which is constructed with respect to the observational plan, the criterion matrix has to be transformed
into the same datum as the variance-covariance matrix of
the estimated coordinates. As to carry out a datum-free
optimization procedure, the transformed criterion matrix

( Q xx ) has to be positive semi-definite like the covariance
matrix of the observational plan [5, 26-31].
Optimization of observations for second order design

Substituting the GPS design matrix ( A ), the diagonal
weight matrix of baseline vector ( P ) and the pseudo-inverse of the criterion matrix ( Q +xx ) in Eq. (1) yields:
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0
a 21 a31  a n1 ⎤ ⎡ p ΔX1 0
⎢ 0 p
⎥
0
a 22 a32  a n 2 ⎥ ⎢
ΔY1
⎢
0 p ΔZ1
a 23 a33  a n3 ⎥. 0
⎥ ⎢


    ⎥ ⎢ 
⎢
0
0
a 2u a3u  a nu ⎥⎦ ⎣ 0

⎡ a11
⎢a
⎢ 12
⎢a13
⎢
⎢ 
⎢⎣a1u







0 ⎤ ⎡ a11
0 ⎥⎥ ⎢a 21
⎢
0 ⎥. ⎢a31
⎥ ⎢
0 ⎥ ⎢ 
p ΔZ n / 3 ⎥⎦ ⎢⎣a n1

a12 a13  a1u ⎤ ⎡ p11
a 22 a 23  a 2u ⎥⎥ ⎢⎢ p 21
a32 a33  a3u ⎥ = ⎢ p31
⎥ ⎢
    ⎥ ⎢ 
a n 2 a n3  a nu ⎥⎦ ⎢⎣ pu1

p12 p13  p1u ⎤
p 22 p 23  p 2u ⎥⎥
p32 p33  p3u ⎥
⎥
    ⎥
pu 2 pu 3  puu ⎥⎦

(15)

PΔX i , PΔYi and PΔZ i are the weights of vector
components for the baseline i . Eq. (15) can be expressed
where

as follows:
a11a11 pΔX1 + a21a21 pΔY1 + a31a31 pΔZ1 +  + an1an1 pΔZn / 3

=

p11

a12 a11 pΔX1 + a22 a21 pΔY1 + a32 a31 pΔZ1 +  + an 2 an1 pΔZn / 3
a13a11 pΔX1 + a23a21 pΔY1 + a33a31 pΔZ1 +  + an3an1 pΔZn / 3

=
=

p12
p13

=

p1u





a1u a11 pΔX1 + a2u a21 pΔY1 + a3u a31 pΔZ1 +  + anu an1 pΔZn / 3



(16)

a11a1u pΔX1 + a21a2u pΔY1 + a31a3u pΔZ1 +  + an1anu pΔZn / 3

=

pu1

a12 a1u pΔX1 + a22 a2u pΔY1 + a32 a3u pΔZ1 +  + an 2 anu pΔZn / 3
a13a1u pΔX1 + a23a2u pΔY1 + a33a3u pΔZ1 +  + an3anu pΔZn / 3

=
=

pu 2
pu 3





a1u a1u pΔX1 + a2u a2u pΔY1 + a3u a3u pΔZ1 +  + anu anu pΔZn / 3

=

puu

Eq. (16) consists of u 2 linear equations, where u is
the number of unknown coordinates. In order to show the
linear equation system given in Eq. (16) in matrix form,

[

T

AT = a1

| a2

T

T

| a3

|  | an

T

AT

and

+

Q xx matrices are partitioned into row vectors as

follows:

]

(17)

+

Q xx = [ p1 | p2 | p3 |  | pu ]
The linear Eq. (16) can be expressed by the Kronecker products of vectors

[a

a iT and pi as:

]

T
1

⊗ a1T | a 2T ⊗ a 2T | a 3T ⊗ a 3T |  | a nT ⊗ a nT p = [ p1 | p2 | p3 |  | pu ]

(18)

where vector p is

[

p = pΔX 1
T

pΔY1

pΔZ1

pΔX 2  pΔX n / 3 pΔY n / 3 pΔZ n / 3

The linear equation system given in Eq. (18) can be
expressed as:
T

T

( A  A ) p = q
The weights of baselines
ing Eq. (20).

(20)

p can be obtained by solv-

(19)

r = vec(D)

where r T r is a global measure for the approximation
quality of optimization (global test value). Another global
measure for the approximation quality of optimization is
the largest Eigen-value of matrix B which is calculated as:
+

B = ( AT PA) + Q xx

Approximation quality

The quality of the approximation of an inconsistent design can be expressed by the difference between the cofactor matrix that is constituted from observational plan and
the given criterion matrix as follows:
D = ( A T PA) + − Q xx

]

(21)

(22)

The largest Eigen-value of matrix B has to approach
the value 1, after removing the baselines that have negative weights. If TK-structured criterion matrices, having the
properties homogeneity and isotropy, are used, it is usual to
demonstrate the local approximation quality by comparing postulated (computed from criterion matrix) and effective (computed from cofactor matrix of observational plan)
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error ellipsoids in a plot. If this is carried out for point
error ellipsoids, such a plot refers the elements only to the
approximation in the main diagonal and in parts of the
secondary diagonal. Similar plots for the relative error
ellipsoids between all the points of a network, in principle,
give complete information [1, 13, 32].
RESULTS AND DISCUSSION

relationships between network points. Due to this fact, to
investigate the goodness of representation of the relative
error relationships between network points derived from
the longitudinal and cross correlation functions, relative
error ellipsoids were calculated from the criterion matrix.
Relative error ellipsoids must have the same appearance
and size for the whole network, and the axes orientations
of relative error ellipsoids must show the weak parts of a
network, with regard to accuracy.

Constituting criterion matrix for the network

In order to determine the baseline vector components
to be used for construction of the criterion matrix, calculation of the points’ coordinates in World Geodetic System
1984 (WGS84) datum was necessary. The baseline vectors were calculated before the optimization of the network by subtracting points’ coordinates from each other.
Universal Transverse Mercator (UTM) Projection coordinates were read from the map of the study area. Then
these projection coordinates were transformed to WGS84
coordinates by seven parameter similarity transformation.
The baseline vector components ( ΔX, ΔY, ΔZ)WGS84 were
derived from these coordinates by subtracting them between each other. The scale of the Universal Transverse
Mercator (UTM) Projection map used in the application
was 1000. The accuracy of the coordinates that were
derived from the map is ± 0.2 m. The accuracy of map
readings does not affect the quality of the optimization,
since the parameters of the criterion matrix were derived
using the ratio of the baseline vectors and their components as seen in Eq. (6).
The criterion matrix was formed based on Eq. (11)
using proposed longitudinal and cross correlation functions in Eqs. (8) and (9). Since the compatibility of the
criterion matrix with the effective covariance matrix is the
necessary prerequisite to be provided for the second-order
optimization procedure, various characteristic distances (d =
smax, d = smin, d = 0.5 smin, d = 0.2 smin), which are the
variables of correlation functions, were applied to the criterion matrix. When the characteristic distance was considered as the minimum distance between two arbitrary points
(d = smin) of the network, the criterion matrix was suited
best to the effective covariance matrix. Finally, the value
of d was chosen as smin. In the second stage, datum transformation was applied to the TK-structured criterion matrix to fix the datum of the criterion matrix with the network. The eigenvalues and semi-axes of point error ellipsoids, computed from the datum-dependent criterion matrix, are summarized in Table 1.
The postulated vertical semi-axes ( C H ) of the point error ellipsoids obtained, were approximately two times
greater than the postulated horizontal semi-axes ( AH and
BH ). This situation of point error propagation stated in
Eq. (13), with the variable k , is suitable for GPS networks. Point error ellipsoids do not represent relative error

TABLE 1 - Eigenvalues and semi-axes of point
error ellipsoids computed from the criterion matrix (Cxx).
Semi-axes of point error
ellipsoids (cm)

Eigenvalues
Points
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14

λX

λY

λZ

0.900
0.774
0.718
0.841
0.613
0.625
0.648
0.680
0:583
0.639
0.702
0.769
0.858
0.693

0.928
0.795
0.750
1.026
0.661
0.685
0.665
0.842
0.682
0.729
0.757
0.917
0.938
0.806

3.270
3.476
2.603
3.578
2.276
2.369
2.607
2.811
2.216
2.720
3.051
3.609
3.122
2.712

AH
(cm)
0.95
0.88
0.85
0.92
0.78
0.79
0.81
0.82
0.76
0.80
0.84
0.88
0.93
0.83

BH

(cm)
0.96
0.89
0.87
1.01
0.81
0.83
0.82
0.92
0.83
0.85
0.87
0.96
0.97
0.90

CH

(cm)
1.81
1.86
1.61
1.89
1.51
1.54
1.61
1.68
1.49
1.65
1.75
1.90
1.77
1.65

Applying the U,m approximation
method to the criterion matrix

In order to apply the U,m approximation method to
the criterion matrix, firstly the design matrix ( A ) was
formed by taking all possible baselines into account and
the criterion matrix ( C xx ) based on Eq. (11). Afterwards,
the weights of the GPS baseline vector components were
computed from Eq. (20) using least-squares. Finally, the
baselines, found to be of negative weight, were eliminated
from the observational plan, since the baselines of those
weights that are negative or close to zero do not have any
connection with the desired precision criteria for the network. Following the third iteration, the U,m approximation method did not produce any negative or close to zero
weights, and so the optimization procedure was finalized
with the remaining baselines and their optimal weights.
Since the quality of the approximation of an inconsistent
design, can be expressed by the difference between the cofactor matrix that is constituted from the observational plan
and the given criterion matrix, for each iteration the global
test value given in Eq. (21) and the maximum eigenvalue
of matrix B given in Eq. (22) were examined (Table 2).
The global test value ( r T r ) and the maximum eigenvalue of matrix B ( λ max ) derived from the first iteration
(observational plan) were found to be 0.265 and 1.020,
respectively. These results show that the effective cofactor matrix derived from the U,m approximation method
was found to be compatible with the criterion matrix.

674

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

TABLE 2 - Approximation quality values of the U,m approximation method for each iteration.
First
iteration

Second
iteration

Third
iteration

Forth
iteration

91*3=273

43*3=129

36*3=108

34*3=102

r)

0.265

3.833

4.047

4.115

Maximum lambda value of matrix B ( λ max )

1.020

2.232

2.743

2.746

48*3=144

7*3=21

2*3=6

0*0=0

The number of baselines input
for the optimization
Global test value ( r

T

The number of baselines decided to be eliminated
from observational plan

TABLE 3 - Eigenvalues and semi-axes of point error ellipsoids computed
from the covariance matrix produced by the U,m approximation method.
First observational plan

Third observational plan

Semi-axes of point error

Eigenvalues

ellipsoids (cm)

Points

BH

BH

(cm)

(cm)

(cm)

3.481

0.92

0.95

1.87

P1

3.628

0.88

0.88

1.90

P2

0.680

2.785

0.82

0.82

1.67

1.003

3.724

0.91

1.00

1.93

0.506

0.561

2.022

0.71

0.75

0.658

0.705

2.457

0.81

0.84

P7

0.664

0.719

2.611

0.82

P8

0.755

0.806

2.939

P9

0.556

0.687

2.007

P10

0.687

0.703

P11

0.811

0.916

P12

0.777

P13

1.005

P14

0.780

λY

λZ

P1

0.846

0.900

P2

0.769

0.773

P3

0.671

P4

0.829

P5
P6

ellipsoids (cm)

Points

AH

λX

Semi-axes of point error

Eigenvalues

AH

BH

CH

(cm)

(cm)

(cm)

3.734

1.00

1.02

1.93

3.686

0.87

0.90

1.92

0.707

2.847

0.83

0.84

1.69

1.140

4.281

0.96

1.07

2.07

0.475

0.551

1.898

0.69

0.74

1.38

0.714

0.729

2.525

0.84

0.85

1.59

P7

0.652

0.702

2.620

0.81

0.84

1.62

1.71

P8

0.772

0.850

3.047

0.88

0.92

1.75

1.42

P9

0.547

0.685

2.033

0.74

0.83

1.43

0.84

1.68

P10

0.710

0.729

3.176

0.84

0.85

1.78

0.96

1.76

P11

0.810

0.912

3.115

0.90

0.96

1.76

0.88

0.92

1.90

P12

0.843

0.888

3.539

0.92

0.94

1.88

1.00

1.02

1.92

P13

1.063

1.143

4.041

1.03

1.07

2.01

0.88

0.93

1.84

P14

0.936

1.104

4.017

0.97

1.05

2.00

λX

λY

λZ

0.991

1.037

0.760

0.810

P3

0.690

P4

0.927

1.42

P5

1.57

P6

0.85

1.62

0.87

0.90

0.75

0.83

2.824

0.83

3.097

0.90

0.843

3.592

1.041

3.681

0.856

3.393

In the first iteration, 48 of 91 baseline weights were
found to be negative. In the second iteration, seven, and in
the third iteration, two baseline weights were obtained as
negative. These baselines were eliminated iteratively from
the observational plans. At the end of the fourth iteration,
all the weights of the baselines were obtained positive.
Thus, optimization procedure was decided to be complete.
In order to compare the first and final effective precisions of the network, eigenvalues and semi-axes of point
error ellipsoids were computed from covariance matrices,
which were produced by U,m approximation method from
the first and third observational plan (Table 3).
The losses of point position precisions were not so
great after the elimination of a total of 57 baselines from

the first observational plan that consists of all the possible
baselines. In Figure 5, it can be seen that the sizes and
orientations of the effective points and relative error ellipsoids of the optimized geodetic network are compatible
and overlap with the postulated ones. Thus, it can be stated
that the covariance matrix computed from the U,m approximation method was obtained to be compatible with
the Taylor Karman-structured criterion matrix.
Depending on the optimal GPS network (Figure 5),
deformation measurements were done. After the process
of different campaigns, deformation rates were produced.
The significances of the deformation rates were statistically tested. The deformation vectors on the vertical and
horizontal directions are given in Figure 6.
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FIGURE 5 - Effective and postulated point and relative error ellipsoids of the optimal GPS network in the landslide area.

As seen in Figure 6, for the points 2, 8, 10 and 13,
constructed on the solid ground, any significant movement was not found out. However, the points 1, 3, 4, 5, 6,
7, 9, 11, 12 and 14 showed statistically significant deformation rates. Since the optimum network configuration

was utilized in the GPS campaigns, even minute deformation rates occurring in the points 6, 11, 12 and 14 can
be determined as statistically significant.
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baselines by reducing the baselines which did not conform to the desired precision criteria.
In conclusion, U,m approximation method is appropriate for optimization of geodetic GPS network, established
in landslide areas. Also, the criterion matrix, that is willing
to be reached as the result of the optimization, should provide the conditions of homogeneity and isotropy, with
regard to accuracy of point coordinates. Thus, even minute
deformation rates can be determined as statistically significant, by utilizing the optimum GPS network configuration.

ACKNOWLEDGEMENTS
The authors are grateful to the Karadeniz Technical
University Research Fund for financial support. The authors would also like to thank the editor and the reviewers
of this paper for their constructive and valuable comments.

REFERENCES
[1]

Grafarend E. W. (1974) Optimization of geodetic networks.
Boll. Geod. Sci. Affini 33, 351-406.

[2]

Grafarend, E. (1975) Second Order Design of Geodetic Nets.
ZfV, No.4 /1975, 158-168.

[3]

Grafarend, E. (1970) Die Genauigkeit eines Punktes im
mehrdimensionalen Euklidischen Raum, DGK, C153, München.

[4]

Grafarend, E. (1972) Genauigkeitsmasse geodätischer Netze.
DGK, A73, München.

[5]

Baarda, W. (1973) S-transformations and criterion matrices.
Netherlands Geodetic Commission, Publications on Geodesy,
New Series Vol. 5, No. 1, Delft.

[6]

Cross, P.A. (1985) Numerical methods in network design.
Optimization and Design of Geodetic Networks, Grafarend
and Sanso, eds, Springer-Verlag, Berlin, 132-168.

[7]

Schaffrin, B. (1985) Aspects of network design, optimization
and design of geodetic networks. 585-588, Edited by E. W.
Grafarend and F. Sanso, Springer – Verlag, Berlin, Heidelberg, Newyork, Tokyo.

[8]

Schmitt, G. (1980) Second order design of free distance networks considering different types of criterion matrices. Bull.
Geod. 54, 531-543.

[9]

Schmitt, G. (1985) Second order design. In: E. W. Grafarend
and F. Sanso (Eds.) Optimization and design of geodetic
networks. Springer-Verlag, Berlin Heidelberg, New York,
Tokyo, 74 - 120

FIGURE 6 – Deformation rates in Kutlugün landslide area.

CONCLUSIONS
For landslide monitoring studies, geodetic networks
should have the ability of detecting even minute displacements. In order to achieve this aim, optimization in designing stage seems to have vital importance for eliminating the reflection of measurement errors to estimated coordinates.
GPS landslide monitoring networks should ensure the
homogeneity and isotropy conditions with regard to accuracy. Homogenous and isotropic geodetic network which is
established in a landslide area should minimize the coordinate errors in all directions at the same proportion.
Direct Approximation of the Inverse Criterion Matrix,
referred to as the U,m approximation method, was applied
to a landslide GPS network in Maçka County in the province of Trabzon in the north-east of Turkey. The results of
U,m approximation method were compared and analyzed
with respect to the approximation quality of the criterion
matrix. The results of the study showed that U,m approximation method is capable of reaching the target of a homogenous and isotropic geodetic GPS network.
In the optimization procedure using the U,m approximation method, not only the optimal weights of baseline
vector components were calculated, but also the optimal

677

[10] Gerasimenko, M. D. (1997) First order design of the deformation networks with the minimal number of geodetic points
and their optimal allocation. Far Eastern Mathematical Reports, 4, 86-94.

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

[11] Grafarend, E. and Harland, P. (1973) Optimal Design of Geodetic Nets. I, DGK, A73, München
[12] Grafarend, E. (2006) Linear and Nonlinear Models, Fixed Effects, Random Effect, and Mixed Models, Walter de Gruyter.
Berlin, New York.
[13] Koch, K. R. (1982) Optimization of the configuration of geodetic networks. Deutsche Geodatische Kommission, B, 258/III,
82-89, München.
[14] Seemkooei, A. A. (2001) Comparison of reliability and geometrical strength criteria in geodetic networks. J Geodesy 75:
227-233.
[15] Schaffrin, B. (1981) Some Proposals Concerning the Diagonal Second Order Design of Geodetic Networks. Manuscripta
Geodaetica, Vol. 6 (1981) 303-326.

[29] Marinkovic, Grafarend and Reubelt, (2003) Space gravity
spectroscopy: the benefits of Taylor-Karman structured criterion matrices. Advances in Geosciences (2003) 1, 113-120.
[30] Schaffrin, B. and Grafarend, E. (1982) Kriterion-Matrizen IIzweidimensionale homogene und isotrope geodätische Netze.
ZfV, 5/1982, 183-193.
[31] Teunissen, P. J. G. (1985) Quality control in geodetic networks. In: E. W. Grafarend and F. Sanso (Eds.) Optimization
and design of geodetic networks. Springer-Verlag, Berlin
Heidelberg, New York, Tokyo, 526-547.
[32] Bill, R. (1994) Eine Strategie zur Ausgleichung und Analyse
von Verdichtungsnetzen. DGK Reihe C, Heft, Nr.295; page
54, München.

[16] Schaffrin, B., Grafarend, E. and Schmitt, G. (1977) Kanonisches Design geodätischer Netze I. manuscripta geodaetica,
Vol. 2 (1977) 263-306.
[17] Schmitt, G. (1979) Experience with the Second-Order Design
Problem in Theoretical and Practical Geodetic Networks. in
“Optimization of Design and Computation of Control Networks, eds. J. Halmos and J. Somogyi, Budapest, 179-206.
[18] Schmitt, G. (1979) Zur Numerik der Gewichtsoptimierung in
geodätischen Netzen. DGK, C256, München.
[19] Dare, P. (1995) Design of GPS networks: operational procedures. Phd. Thesis, University of East London, School of
Surveying, London.
[20] Even-Tzur, G. (2001) GPS vector configuration design for
monitoring deformation network in the north of Israel. The
10th FIG International Symposium on Deformation Measurements, Orange, California, USA, 154-163.
[21] Wolf, P. R., Ghilani, C. D. (1997) Adjustment computation:
statistics and least squares ın surveying and GIS. John Wiley
& Sons, New York 235-250.
[22] Yalçınkaya, M. and Bayrak, T. (2005) Forming a Dynamic
Deformation Model for Landslides with a Comparison of
Static and Kinematic Models. Natural Hazards, 34, 91-110.
[23] Yalçınkaya, M. and Bayrak, T. (2003) A Dynamic Model for
Monitoring Landslides with Emphasis on Underground Water in Trabzon Province. North Eastern Turkey, Journal of
Surveying Engineering, 129 (3), 115-124.
[24] Schaffrin, B. (1983) On some recent modifications regarding
the optimal design of geodetic networks. Geodesy 79, 43-56.
[25] Wimmer, H. (1982) Ein Beitrag zur Gewichtsoptimierung
geodatischer Netze. Publ. DGK C-269, München.
[26] Ayan, T. (1981) Optimization of geodetic networks. Thesis
of Assoc. Prof., İ.T.U. Civil Engineering Faculty, İstanbul.
[27] Even-Tzur, G. and Papo, H. (1996) Optimization of GPS networks by linear programming. Survey Review, 33, 537–545.
[28] Kuang, S. L. (1992) A new approach to the optimal second order design of geodetic networks. Survey Review, 31, 279-288.

678

Received: July 17, 2007
Revised: October 05, 2007
Accepted: November 16, 2007

CORRESPONDING AUTHOR
Kamil Teke
Institute of Geodesy and Geophysics
Vienna University of Technology
Gusshausstr. 27-29/128
1040 Wien
AUSTRIA
Phone: +43-1-58801-12862

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

Fax: +43-1-58801-12896
E-mail: kteke@mars.hg.tuwien.ac.at
FEB/ Vol 17/ No 6/ 2008 – pages 664 – 675

679

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

THE IMPACT OF GOLF COURSE MANAGEMENT ON
CONCENTRATIONS OF NUTRIENTS IN THE SOIL SOLUTION
Maja Podgornik1, Marc Pastor2 and Marina Pintar3*
1

University of Primorska, Science and Research Center of Koper, Garibaldijeva 1, 6000 Koper
Pastoral Social Caritas, Diócesis de la Verapaz, 1ra Avenida 1-31 zone, 3 AV Cobán, Guatemala
3
University of Ljubljana, Biotechnical Faculty, Agronomy Department, Jamnikarjeva 101, 1000 Ljubljana
2

ABSTRACT

activity has been spreading rapidly across the five continents [1]. In Slove-

Golf tourism in Slovenia has recently gained in popularity, and the number of golf courses has grown rapidly.
Turfgrass from golf courses requires large amounts of
fertilizer for proper growth. An intensive use of fertilizers
to maintain golf courses may result in nutrient loading to
groundwater. Field experiments were carried out to estimate the impact of golf courses on soil solution nutrients
level. The purpose of the study was also to examine how
various land-uses (including pasture, crop field, forest, golf
green and fairway) could affect the dynamics of nutrients
in soil solution. The results of these experiments showed
that the potential for nutrient leaching markedly differs
between land-use systems. Surprisingly, nitrate concentration in percolating water of forest areas was higher (Lipica
max. 173.5 mg/L; Bled max. 98.9 mg/L) than on the golf
courses (Lipica max. 70.6 mg NO3-/L; Bled max. 90.2 mg
NO3-/L).

KEY WORDS:
nitrate, phosphorus leaching, agriculture, forest, golf course.

INTRODUCTION
Over recent years, the world became more aware of the
impacts from mankind on environment. Due to this awareness, the common agriculture policy made special efforts
to reduce and prevent groundwater pollution. Groundwater
is immensely important for public water supply in urban
and rural areas of Slovenia. Excessive applications of fertilizers frequently pollute groundwater supplies. Besides
agricultural practices, golf courses can be a potential nonpoint source of groundwater contamination. Clearly,
groundwater pollution from nitrate and other nutrients is
often related to intensively managed golf courses [1]. In
recent years, golf tourism has gained in popularity, and the
number of golf courses has grown rapidly. This human

nia, golf course development typically replaces agriculture
or native lands with intensively managed turfgrass.
Golf courses must be intensively managed in order to
provide acceptable playing conditions for the present player
demand. Maintenance of a high-quality turfgrass on golf
greens requires large amounts of fertilizer inputs [2], which
may, coupled with a daily irrigation and the high soil porosity, result in nutrient loading to nearby streams and lakes
[3, 4].
Phosphorus is a fairly immobile element in the soil,
and it moves less rapidly in the soil than nitrogen. Phosphorus is retained as an insoluble inorganic compound and
adsorbed by soil surface particles. Soil organic matter and
sub-soil iron oxides fix phosphorus in a way that it does
not leach [5]. Sometimes, an important phosphorus leaching can occur when there are certain combinations of landuse practices (excessive fertilization), soil properties (i.e.,
sandy subsoil, high organic matter and preferential flow
paths), and particular climate conditions (i.e precipitation,
evapotranspiration) [6].
Nitrogen is more soluble than phosphorus, and it is
thought to move at higher extent in soil. Any nitrogen in
the soil that is available to crops is likely to be present as
nitrate itself, or as ammonium, which microbes in the soil
convert to nitrate. Nitrate is completely soluble in water; in
the presence of all the cations is likely to be in the soil
solution. Nitrate is not absorbed and can be washed out of
the soil by percolating water [7]. Nitrate leaching is a complex function of land-use, crop system, soil type, climate
topography, hydrology, animal density and nutrient management [8].
The primary objective of this research was to investigate the nitrate concentration in soil solution and the
amount of phosphorus in soils, to assess how different
land-uses could affect the dynamics of soil nutrients. The
second objective of the study was to monitor two golf
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courses in Slovenia to observe the effects of golf management practices on the soil and soil solution nutrient levels,
in order to estimate the impacts of golf courses on soil environment and nutrient leaching.
MATERIALS AND METHODS
An intensive monitoring study was performed on two
golf courses in Slovenia, from December 2005 to December 2006. The first golf course is located at Lipica (Table 1),
in the typical Karst countryside with a Mediterranean climate. The parkland Lipica is situated at the north of Triest. The second golf course is located at Bled (Table 1),
located in the north-western part of Slovenia at the foot of
the Julian Alps with a subalpine climate. The choice of the
locations was based on the different climate and soil conditions.
During the study period, precipitation was regularly
measured on both plots (Lipica and Bled) using the meteorological station of Godnje, 13 km away from Lipica,
and the meteorological station of Lesce, 4.5 km away from
Bled. The amounts of monthly rainfall and average monthly
temperature for the study period are shown in Figure 1.
The year of study was relatively dry on both locations. The
average rainfalls (1024 mm – Godnje and 947 mm - Lesce)

were much lower than the historic averages (1420 mm for
Lipica and 1400 mm for Beld). The average monthly temperature ranges from 1.5 ºC (January) to 19.8 ºC (July) at
Godnje and - 2.2 ºC (January) to 18.1 ºC (July) at Lesce.
During the observation period, we monitored the concentration of nitrate (NO3-) in soil water, and the concentration of phosphorus (P2O5) in the soils of different landuses (golf green, golf fairway, forest, pasture and arable
land). Water samples for nitrate analysis were obtained from
suction cup samplers. Suction cup samplers were installed
to collect percolated water. A suction cup sampler consists
of a porous ceramic cup fixed on the bottom of an empty
PVC (vinyl polychloride) tube. The tube was introduced
into the soil in order to collect the soil solution.
After drilling suitable holes, each cup was vertically installed into soil at 40 cm depth. To minimise the risk of
preferential flow and to assure that the soil water sampler
fitted well within the substrate, soil slurry was made (mixture of the material from the lower subsoil layer and water), and put back into hole before inserting the suction
cup. The upper part of space between pipe and wall was
filled with powder of the upper subsoil layer. Three suction cup samplers were placed together randomly in each

TABLE 1 - Characteristics of the golf courses Lipica and Bled.
Latitude
45°45'19"
45°22'02"

Longitude
13°50'55"
13°56'19"

Height above sea level
320 m
510 m
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9
27
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40 ha
100 ha
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FIGURE 1 - Monthly precipitation (mm) and average monthly temperatures (ºC) in 2006 on both studied sites.
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different land-use of the study area to obtain an average
value of the three samples. Every suction cup sampler on
the golf course was hidden by the grass in order to avoid
visual disturbance of golf players. Soil water from suction
cup samplers were sampled at intervals of two weeks. Soil
solution samples were obtained by applying a suction of
0.4 bar using a vacuum hand pump. The samples were
collected in plastic bottles, adequately labeled and stored
at -16 °C until they were analyzed. Water samples from

every replication of each land-use were analyzed in the
laboratory to assess nitrate rates, using standard spectrophotometric method [9].
In order to assess the quantity of phosphorus in the
soil, fresh soil samples were collected every two weeks.
The soil samples were taken randomly from topsoil (10 cm
deep) of the five land-uses (golf green, golf fairway, forest, pasture and arable land) of every location. The same
sampling depth was used for all the treatments.

TABLE 2 - Nutrient use rates for the golf courses Lipica and Bled.

Lipica

Bled

Land use

Area

Period of
application

Application
frequency

Green

2 ha

twice a month

Fairway

12 ha

Pasture
Green

91 ha
1.5 ha

February –
October
April –
October
October
April –
October

Fairway

35 ha

Arable
land

1 ha

April
August
October
March
April

Nitrogen
Annual total
Annual
application
application rate
(kg)
(kg/ha)
155
77.5

Phosphorus
Annual total
Annual
application
application rate
(kg)
(kg/ha)
35
17.5

twice a year

507

42.25

340

28.3

once a year
Three times
during growing
season
Three times
during growing
season
twice a year

64
375

0.7
250

45
75

0.5
50

2800

80

2.450

70

76

76

68

68

TABLE 3 - Details of irrigation treatments on the golf courses Lipica and Bled.

Green

Lipica
Bled
Lipica
Bled

Fairway

Application frequency

Period of application

twice a day
twice a week
once a day
twice a week

April to October
June to September
April to October
June to September

Annual total
application (m3)
30.000
10.500
15.000
19.500

Annual application rate
(m3/ha)
15.000
7.000
1.250
557

TABLE 4 - Soil characteristics on locations of the golf courses Lipica and Bled.

Lipica

Location

Land use

Horizon Depth
cm

Green

P2

Fairway

P1
Apg
C(B)
P1

Pasture

Bled

Forest
Green

Ah
P1
P2
Fairway
A1
B1
Arable land Ap
B1
BG
Forest
A1
B1

C/N
ratio

Soil
Texture

Total
N%

Total
C (%)

0-9

Organic
matter
(%)
3.2

11.3

0.17

0-9
9-16
16-26
0-16

4.2
6.9
6.2
15.6

11.8
13.0
12.8
11.2

0-10
0-5
5-28
0-7
7-17
0-20
20-30
30-38
0-4
4-28

23.1
4.4
0.6
7.7
4.8
5.3
3.4
3.6
13.4
6.6

14.9
19.2
15.0
10.7
11.7
11.7
10.5
8.1
14.4
11.5

sand
loam
slit clay
slit clay
slit clay
slit clay
loam
slit loam
sand
sand
slit loam
loam
loam
loam
loam
slit loam
slit loam
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1.7

Hydraulic
conductivity
(m/day)
7.62

Plant
available
water (mm)
5.35

Soil
porosity
(%)
44.15

Soil
pH
6.6

0.21
0.31
0.28
0.81

2.7
4.1
3.8
11.2

0.67
0.17
0.90
0.37

11.13
7.42
8.78
9.25

56.83
59.90
57.64
60.05

6.9
7.0
6.8
6.8

0.93
0.13
0.02
0.42
0.24
0.28
0.19
0.26
0.54
0.33

13.1
2.5
0.3
4.5
2.8
3.1
2.0
2.1
7.8
3.8

89.86
22.46
41.04
3.54
8.99
3.63
0.91
0.86
27.91
15.25

4.71
1.12
2.61
8.32
7.64
8.78
9.55
2.79
5.6
10.6

70.31
47.45
56.07
43.50
56.07
72.80
73.22
65.80
76.15
72.15

6.5
5.7
7.1
6.9
7.3
6.8
7.0
7.2
6.0
6.0
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Because of practical reasons, the analyses were not performed immediately after soil collection. The soil samples
were frozen before analysis. Soil phosphorus concentration
was determined in each soil sample by the ammonium –
lactate (AL) extraction method proposed by Vajnberger
[10], and molybdenum blue method according to
Hoffmann [11].
The golf courses operated from March to November
when the majority of the fertilizers were applied. Different fertilization practices were used on the different landuse sites. Nutrient application schedules during the study
period are displayed in Table 2. They were obtained from
farmers for the agricultural land and from green keepers for
the golf courses.
Different irrigation scheduling methods were used for
each of the two golf courses. Table 3 shows the irrigation
for the golf courses of Lipica and Bled. The total amount
of irrigation water applied on the golf greens of Lipica was
30.000 m3, while that applied to the golf greens of Bled
was 10.500 m3.
Also, the standard soil characteristics were determined
for every sampling point. This included a laboratory analysis of the soil physical and chemical properties for each soil
layer (horizon). All samples of each soil layer were analyzed in order to assess the organic matter rate (%), the C/N
ratio, the soil texture, the total carbon and nitrogen (%), the

hydraulic conductivity (m/day), the plant available water
(mm), and the soil porosity (%). Soil properties of different sampling points are summarized in Table 4.
RESULTS AND DISCUSSION
Nitrate

The analyses of percolating soil water samples collected
from the forest areas in Lipica and Bled showed much
higher values of nitrate than the golf courses. The value of
nitrate concentration in percolating water (Figure 2) from
the forest of Lipica ranged between 0.2-173.5 mg/L, while
that in percolating water from the golf courses ranged
between 0.4-70.6 (green; 0.4–60.9 mg NO3-/L, fairway;
0.4–70.6 mg NO3-/L).
The best explanation of the results could be in mineralization of organic residues to nitrogen (N). According to
our research, the content of soil organic matter was higher
in forest areas (Lipica 23.1 %, Bled 13.4 %) than in golf
courses (Lipica 3.2 %, Bled 4.4 %). The mature forest
soils probably contained significant amounts of organic
residues, which are rich in nutrients, particularly N. However, all N is not fully taken up by plants. A large proportion is incorporated into the soil organic matter. Considerable amounts of soil organic N are mineralized and taken
up by plants or leached [12].

200

150

100

sampling data
Green

Fairway

Forest

Pasture

FIGURE 2 - Nitrate concentration (NO3-/L) in soil water samples from the golf courses of Lipica.
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Compared with Lipica, the occurrence of lower concentrations of nitrate (1.84 – 98.2 mg NO3-/L) in the
leachates from the forest areas of Bled (Figure 3) was
probably due to acidic media (pH 6.0) in the uppermost
soil layer. This could be generated by predominant coniferous forests in the study area. The acidic environment is
unfavourable for the activity of nitrifying bacteria which
slowly reduce the production of nitrates. Nitrification rates
in agricultural soils decrease when pH rates are below 6.0,
and become negligible below pH 4.5 [13]. Nitrate concentration in soil water collected from the greens of Lipica
(average value 11.1 mg NO3-/L) were lower than that measured on the pasture (average value 64.1 mg NO 3-/L).
Leachates from the green areas probably reflected the high
uptake efficiency of turfgrass. Turfgrass was fertilized four
times during the growing season with relatively small
amounts of nitrogen (kg/ha), so the system was not overloaded and predisposed to leaching.
Some reports indicate that frequent additions of fertilizers and lower nutrient-retaining capacity of greens can
affect nitrate loss from turfgrass [1, 14]. For example [1],
high nitrate concentrations (45 mg/L) were measured in
the leachate from golf green, but the leachate from fairways contained 22.5 mg/L. Results of the above research
were similar to the measurement of the leachate from fairways of Lipica (23.2 mg NO3-/L) and Bled (20.4 mg NO3-/
L). The average value of nitrate in soil water from green
area was 11.1 mg NO3-/L for Lipica, and 24.5 mg NO3-/L
for Bled.

In order to estimate the quantity of nitrate leaching from
different land-uses, we made the comparison of the mass of
NO3- (kg/ha) leached below the root zone (Figure 4). The
total mass of NO3- was calculated as the product of the
mean nitrate concentration measured, multiplied by the
robustly estimated volume of drainage water. The amount
of drainage water for every sampling point was estimated
using the GLEAMS (Groundwater Loading Effects of
Agriculture Management Systems) model [15]. The highest
leaching loss for nitrate at Lipica was estimated for pasture (280.03 kg NO3-/ha/years), followed by golf fairway
(112.85 kg NO3-/ha/year), forest (100.55 kg NO3-/ha/year)
and golf green (85.59 kg NO3-/ha/year).
The average value of nitrate concentration measured
in leachate from golf green Bled (24.4 mg NO3-/L) was
very similar to average values measured in leachate from
fairway Bled (20.4 mg NO3-/L) (Figure 3). The total mass of
leached nitrate from fairway area was (91.45 kg NO3-/ ha/
year), small in comparison to that estimated for the golf
green area (171.70 kg NO3-/ha/year) (Figure 5). Value for
total leached nitrate from arable land Bled (27.94 kg NO3-/
ha/year) was lower than that estimated for forest area
(60.29 kg NO3-/ha/year). This could be explained as effective enforcement of the prescribed standard, for good underground and surface water chemical status, in agricultural land management practices.
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FIGURE 3 - Nitrate concentration (mg NO3-/L) in soil water samples from Bled.
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FIGURE 4 - Robustly estimated mass of nitrate leached (kg NO3-/ha) for every sampling point on the golf course Lipica.

sampling data
Green

Fairway

Forest

Arable land

FIGURE 5 - Robustly estimated mass of nitrate leached (kg NO3-/ha) for every sampling point on the golf course Bled.

The relationship between nitrate level from percolating water of the different land-uses and the sum of precipitation and irrigation was investigated. The results of the
study in Lipica clearly demonstrated that water applica-

tion had influence on the amount of nitrate in percolating
water (Figure 6). On the golf courses, where a large volume of water and fertilizers were applied, the concentration of leached nitrates was small (Lipica average value
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ferent pattern was observed in Bled (Figure 7), where no
noticeable differences, between nitrate concentrations from
the irrigated golf courses and other land-uses, were measured.
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-

nitrate concentration (mg NO3 /l)

for green is 13.25 mg NO3-/L and for fairway is 23.20 mg
NO3-/L), compared to the measures from other land-uses.
The best explanation of this fact is in the diluting effect of
applied water and of irrigation on nitrogen uptake. A dif-
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FIGURE 6 - Correlation between sum of precipitation and irrigation, and
nitrate concentration (mg NO3-/L) in soil water on the golf course Lipica in 2006.
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FIGURE 7 - Correlation between sum of precipitation and irrigation, and
nitrate concentration (mg NO3-/L) in soil water on the golf course Bled in 2006.

687

350

323

291

196

191

123

122

89

84

70

61

57

53

51

36

35

17

0

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

The highest nitrate concentration (214.7 mg NO3-/L)
was measured on Lipica grazed pasture, at the end of August. The average water nitrate level from the same site was
(64.1 mg NO3-/L). Two main reasons could explain this
high nitrate concentration from pasture percolating water.
At first, elevated amounts of nitrate which might came from
the applied stabile horse manure at the end of October 2005.
Secondly, the disposal of horse excreta, overgrazing and inappropriate livestock rotation during the past years [16].
Soil analysis results from initial conditions showed that total
nitrogen level and total carbon in the topsoil (0-16 cm) of
pasture were 0.9 % (i.e. relatively high) and 8.9 %, respectively.

Phosphorus

Various studies indicate that only a small amount of
grazing animal slurry can actually be removed from the
pasture; a large proportion of the N ingested can be returned
to the soil pasture system [12]. During grazing, herbage N
can be removed from the total area, while most of the N can
return to small areas in high concentrations [17]. Grazing
animals excrete 75-90% of the N consumed via biomass
[18]. The excretal N is mainly plant-available N, however,
it is often in excess for the local requirement of the pasture [19]. High measured values for total nitrogen (0.81 %),
organic matter (15.6 %), C/N ratio (11.2) and pH (6.8) increased the nitrogen mineralization on the pasture and,
consequently, the amount of nitrate in soil solution.

Soil phosphorus concentration from pasture soils of
Lipica showed a strong temporal variation (Figure 8). Higher concentrations of organic phosphorus occurred in spring
and autumn. The average concentration in pasture floor
(Lipica 48.4 mg P2O5/100 mg) was higher than on the corn
field (Bled 24.1 mg P2O5/100 mg), due to frequent applications of horse manure. The arable land (24 mg/100 mg)
in Bled contained much more P2O5 than fairway (9 mg/
100 mg), golf green (9 mg/100 mg), and forest (6 mg/
100 mg)). The average values for P2O 5 in Lipica varied
from the highest for pasture (48 mg /100 mg), followed by
golf green (17 mg/100 mg) and fairway (13 mg P2O 5/
100 mg), to the lowest for forest (7 mg/100 mg).

Soil phosphorus levels were higher in the topsoil of
the agricultural area (average value Lipica 48.4 mg P2O5/
100 mg; Bled 24.1 mg P2O5/100 mg) than of the golf greens
(average value Lipica 16.9 mg P2O5/100 mg; Bled 9.3 mg
P2O5/100 mg) (Figures 8 and 9). The differences in the concentrations of soil phosphorus between agricultural area
and golf course soils mainly originate from the accumulation of animal excrement and long-term inputs of high
phosphorus mineral and organic fertilizers to intensively
used agricultural areas. We assume that high application
rates of phosphorus fertilizers led to enrichment of soil
profiles and to a greater potential for phosphorus export.
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FIGURE 8 - Phosphorus concentration (mg P2O5/100 g) in soil samples from Lipica.
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FIGURE 9 - Phosphorus concentration (mg P2O5/100 g) in soil samples from Bled.

Long-term application of animal manures can have several effects on plant nutrient availability and losses in soil.
As described in Mozaffari and Sims [20], such applications
increase soil total available and soluble phosphorus levels in
the topsoil, reduce soil phosphorus adsorption capacity, and
increase the rates of organic phosphorus due to microbial
and enzyme activity. Manure phosphorus is also more mobile in soils than phosphorus from fertilizers [21]. The mobility of phosphorus from manure may be related to its
chemical forms because organic phosphorus is reported to
be more mobile than inorganic one [21]. However, the mobility of manure phosphorus could increase in soils due to
the increased microbiological activity induced by manure
application [21].
A great portion of the phosphorus applied to the golf
green is not taken up by turf grass. This could eventually
result in movement of the remaining P out of the root zone
into groundwater [22]. But the results of this study
demonstrated that golf greens contained a lower phosphorus concentration than agricultural topsoil. One possible
explanation for this result could be in the high frequency
of fertilization and low fertilizer application rates on
golf course.
CONCLUSIONS
The potential for nutrient-leaching markedly differed
between the land-use systems. The highest annual mass of
leached nitrate in Lipica was estimated for pasture area

(280 kg/ha), followed by fairway (113 kg/ha), forest (101 kg/
ha) and golf green (86 kg/ha). In the location Bled, the total
leaching loss of nitrate from golf green was (172 kg/ha),
followed by fairway (91 kg/ha), forest (60 kg/ha) and arable land (28 kg/ha). But the arable land (24 mg/100 mg)
in Bled contained much more P2O5 than fairway (9 mg/
100 mg), golf green (9 mg/100 mg), or forest (6 mg/
100 mg)). The average values for P2O5 concentration in
Lipica varied from the highest for pasture (48 mg /100 mg),
followed by golf green (17 mg/100 mg) and fairway (13 mg
P2O5/100 mg), to the lowest for forest (7 mg/100 mg).
The research has shown that, despite the high quantities of mineral fertilizers applied to the surface of the golf
green Lipica and the fairway of the golf course Bled, the
measured concentrations of easily accessible phosphorus
in the top soil horizon and the mass of NO3- (kg/ha) leached
below the root zone were low. From this can be concluded
that the maintenance of grassy surfaces on golf courses at
a top level is also possible in a sustainable manner. This
kind of management is less harmful for the environment,
and can reduce the rate of the nutrient-leaching from a
golf course. More investigations have to be done to estimate
more accurately the impacts of golf courses to groundwater
in Slovenia, and to assess the effects of management practises to water quality. The results of this research can serve
as a basis for prescription of good practice on golf courses.
The effectiveness of prescribed agricultural standards
was proven with the agricultural use of the soils, as we
ascertained in the research, despite intensive agricultural
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production, the value of total leached nitrate was lower
than that estimated for forest area. It would also be practical to consider establishing the standards for good practice limit values for phosphorus, as multi-annual application of phosphorus fertilizers decreases the capacity of the
soil to withhold nutrients, and increases the potential danger of phosphorus leaching into the underground water.
Organic and mineral fertilizers applied on agricultural
areas appear to be the primary factors affecting the dynamics of soil nutrients. Long-term applications of animal manure and grazing animal excrements are often a major component of sustainable agricultural systems. This has probably several effects on nutrient availability and losses. Our
investigation indicated that a better understanding of the
relationships between application of fertilizers and water
uptake by plants would lead to minimize the harmful environmental impacts on groundwater.
Excessive nitrate-leaching could also occur in a forest
ecosystem. In these areas, the leached nitrates do not come
directly from organic or mineral fertilizers, but from mineralization of nitrogen, which was incorporated into organic residues.
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TREATMENT OF LANDFILL LEACHATE
BY OZONATION, ULTRAFILTRATION, NANOFILTRATION AND MEMBRANE BIOREACTOR
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ABSTRACT
This paper reports on the results of landfill leachate
treatment with membrane bioreactor (MBR), ultrafiltration, nanofiltration and ozonation. Due to low biodegradability caused by the landfill age, treatment with MBR
reduced organic matter by only 23%. Ultrafiltration reduced
organic matter by up to 23%, depending on the membrane
pore size. Ozonation removed 56% of COD with an ozone
dose of 1.24 mg O3/mg COD, but results suggest even higher possible removal with higher ozone doses. Removal
of organic matter by ozonation was not complete, since
most ozonated organic molecules only changed their form,
while only 35% was completely removed from the leachate.
With nanofiltration applied as a single process, 91% removal efficiency was achieved and overall efficiency increased to 96% with further ozonation of nanofiltration
permeate.

KEYWORDS: leachate, ozonation, ultrafiltration, nanofiltration,
membrane bioreactor.

INTRODUCTION
The remarkable growth in economics and living
standards has accelerated the development of water and
wastewater purification technology. Everyday, a metropolitan municipality has to manage tons of solid waste
generated from residential and commercial sources containing a large quantity of non-degradable and toxic constituents including organic and inorganic substances.
Landfill leachate is a complex wastewater generated
during rainwater penetration through landfill, which varies considerably in both composition and volumetric flow.
The composition and concentration of contaminants are influenced by the type of wastes deposited, by hydro-geological factors, and mainly by the landfill itself [1], which
classified landfill leachate into three types: young, medium
and old according to different landfill ages (less than 1 year,

1-5 years, and more than 5 years, respectively). In general,
leachates generated from young acidogenic landfills are
characterized by high concentrations of organic and inorganic pollutants, and are usually suitable for biological treatment, while in older landfill leachates the prevailing contaminants are mostly not suitable for treatment by conventional biological processes due to their prior decomposition in the landfill itself. Even combining biological treatment with adsorption on activated carbon, or with the advanced oxidation with ozone or other oxidizing agents
often achieves only partial destruction. Stabilized leachates
from sanitary landfills are usually characterized by high
concentrations of recalcitrant matter (BOD 5/COD <0.1).
Since such contaminants are mostly not appropriate for
treatment by conventional biological processes, new regulations tend to limit the discharge of such complex wastes to
municipal sewers. It will not reach the purification needed
to fully reduce the negative impact of landfill leachate on
the environment [2].
Landfill leachate represents one of the most challenging effluents to be treated biologically [1]. Whilst nitrification is generally readily achievable, with >95% removal
of ammonia reported through the exclusive application of
biological techniques, COD removal is considerably more
challenging. Removal efficiency values range from over
90% to as low as 20%, according to leachate characteristics (origin and, more significantly, age), process type and
process operational facets. Treatment process schemes
generally comprise some combination of biological and
physical and/or chemical treatment, with key operational
determinants being organic loading rate and related hydraulic retention time (HRT). Leachate matrices can be
characterized conventionally with reference to BOD/COD
ratio, which normally lies within the range 0.05-0.8, and
is generally held to be an indicator of leachate age as well
as biodegradability. Leachate not only presents a challenge
with respect to biodegradability, but the mixed liquor generated from leachate is substantially less filterable than that
produced from sewage or other industrial effluents and,
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therefore, contributes more to membrane fouling in membrane processes [3].
Processes for landfill leachate treatment used today are
often combined techniques. They are designed as modular,
multistage units capable of coping with the changing
leachate contamination over the years. In most cases, the
plants’ first step is the biological process for ammonia,
COD and BOD5 removal. Several researches have investigated the efficiency of ozonation as a technique to treat
landfill leachates, since the oxidation power of ozone enhances the degradation of a number of organic compounds
found in leachate. Also, chemical oxidation using ozone
makes possible the transformation of recalcitrant compounds into biodegradable products, or even to CO2. On
the other hand, for complete degradation of pollutants by
ozonation, high doses are often required, rendering the
process economically unfeasible. Furthermore, there is a
concern that some intermediate oxidation products might
raise the toxicity of the leachate [4, 5].
Ultrafiltration (UF) membranes are used for many applications in wastewater and leachate treatment, and some
UF membranes with small pore sizes have also been used
to remove dissolved compounds with high molecular weight,
such as colloids, proteins, and carbohydrates. Usually, UF
solely is not capable of treating leachate sufficiently for discharge into natural water recipients, but it has been employed as a step in combined processes as a pretreatment
to reverse osmosis [6], or integrated with biological treatment as in a membrane bioreactor [7].
Nanofiltration (NF) displays separation characteristics
between UF and RO. Compared to RO, NF membranes
have a looser structure, enable higher fluxes and lower
operating pressures which makes them economically more
feasible, while unlikely the UF, they are able to reject small
organic molecules having molecular weights as low as
200-300 Da. The separation mechanism is explained in
term of steric and/or charge effects with sieving mechanism
responsible for rejection of uncharged solutes. NF technology has been widely used for the removal of natural organic matter in drinking water, as well as in pulp and paper
industry. So far, few studies mention the use of nanofiltration to treat landfill leachates [5, 7-9]. Membrane technology such as reverse osmosis is often used to remove nearly
all pollutants from landfill leachates, but concentrate stream
fate often presents a problem to be dealt with. Concentrate
can be dried and handled further as a solid toxic waste,
while some authors [2] proposed concentrate re-injection
into the landfill where the compounds of leachate may immobilize on the solid waste.
Membrane bioreactors which combine activated sludge
process and membrane separation have been used for
landfill leachate treatment in a number of western European countries since the early 1990s, though they are much
less common than conventional biotreatment technologies
[1]. Advantages of MBR over conventional activated sludge

technology comprise of better effluent quality, smaller
footprint, higher concentration of MLSS (mixed liquor
suspended solids), less excess sludge production and, generally, more stable process. Membrane separation is carried
out either with cross-flow filtration in side-stream MBRs,
or with submerged membranes which operate in dead-end
mode. The efficiency of contaminant removal with MBR
should be as a general rule better than with the conventional activated sludge process. It is due to the fact that
MBR has longer sludge age or sludge retention time, which
allows specialized microbial species capable of decomposing compounds with lower biodegradability to develop
within the mixed culture in sufficient number.
In other studies, coagulation/flocculation were often
used as a pre-treatment to other processes, or as a method of
treatment alone. In most cases, ferric salts were used and
treatment efficiency ranges from 50-55% removal of COD
[9] to 67% [10] or 72% [11]. Coagulation/flocculation has
been proposed mainly as a pre-treatment technique for
fresh leachates, or as a post-treatment technique for partially stabilized leachates.
The development of technologies for leachate treatment is far from closed, since leachate varies significantly
as a function of landfill’s age and the types of waste deposited. The aim of this work was, therefore, to evaluate
different methods of leachate treatment, efficiency of each
method and their combination and possibilities for application.
MATERIALS AND METHODS
Leachate sampling and analytical methods

Leachate was collected from the retention basin at the
Jakuševec, the main landfill of the city of Zagreb, Croatia,
which produces around 350,000 m3 of leachate per year.
The leachate samples were collected over a period of
9 months. Conducted analyses based on standard methods were: pH, conductivity, total dissolved solids, CODCr,
CODMn, BOD5, and TOC.
TABLE 1 - Composition of the leachate
from the Jakuševec landfill (Zagreb, Croatia).
Parameter
pH
Conductivity (µS/m)
COD (mg O2/L)
BOD5 (mg O2/L)
TOC (mg/L)
Average BOD5/COD
Average TOC/COD
Total nitrogen (mg/L)

Concentration
7.4-7.8
8000-10000
1400-2800
650-1300
570-1100
0.46
0.39
480-620

Membrane bioreactor treatment

The experiments were conducted on a pilot plant-MBR
with a hollow fibre membrane (Zenon ZeeWeeTM 10 hollow fibre membrane, 0.4 µm pore size, 0.92 m2 surface
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area) vertically submerged directly in the 40-L (useful volume) rectangular based (24x24x93 cm) bioreactor. The pilot
plant consisted of laboratory pumps for feed flow and permeate suction, a blower with a diffuser placed under the
membrane, and a pressure gauge. The membrane was bubbled, with a blower (3.4 m3 h-1 of air flow), which helped to
avoid fouling of the membrane through promoting shear
over its surface and produced a stable dissolved oxygen
concentration of 2-5 mg/L in the bioreactor. Membrane was
also backflushed with effluent for 10 sec every 9.75 min,
with a back-flush rate 1.5 times bigger than the effluent
flow rate, in order to remove deposits on the membrane
surface. The flow rate of feed water was 7 L h-1, which
gave a permeate flux of 7.6 L m-2 h-1 and 5.7 h HRT. The
bioreactor was inoculated with activated sludge from a fullsize leachate treatment plant on the landfill site, initially
with 9.8 g L-1 of mixed liquor suspended solids (MLSS)
in the bioreactor. During continuous duration of the experiment over 51 days on the landfill site, MLSS was slowly
increasing and reached 12.9 g/L at the end of the experiment.
Ultrafiltration

Ultrafiltration hollow fibre membranes Romicon PM
10, PM 50, GM 80 and PM 500 (molecular weight cutoffs: 10, 50, 80 and 100 kD, respectively) with 57 cm long
and 2 mm wide fibres in a 5-cm diameter pressure vessel
were used for ultrafiltration experiments. All the membranes were pre-cleaned with mild alkaline solution before
the experiments. Membranes were mounted on the pilot
plant equipped with a centrifugal pump which gave 2 bar of
feed water pressure in all experiments. Filtration was carried out in a cross flow mode with concentrate recirculation in the system, while the permeate was drained off the
system with a concentration factor of 2 at the end of the
experiment (i.e. the water recovery was 0.5).
Nanofiltration

Nanofiltration was performed on a pilot plant unit,
consisting of a membrane pressure vessel, centrifugal pump
and corresponding pipes, valves, pressure gouges and flow
meters. The membrane used in these experiments was an
NF 70 polyamide spiral wound membrane (Film Tec, Dow
Chemical USA). Water recovery was 0.7 with applied
transmembrane pressure of 17 bar. Nanofiltration pilot
plant was situated on the landfill location, where all filtration experiments were conducted, and the samples were
transported to the laboratory.
Ozonation

Ozone was generated from air oxygen by using an
ozone generator (Ozotech INC, Yerka), and was introduced
into the solution through a porous diffuser which produced
fine bubbles. The gas stream was fed to the bottom of the
tank/vessel. Ozonation was carried out with different ozone
doses achieved by altering either the volumes of leachate
ozonated (1.5 L and 50 L) or the duration of ozonation.
Three ozone doses were used: 0.035 mg O 3/mg COD,

0.17 mg O3/mg COD and 1.24 mg O3/mg COD. Kinetics
of ozone transfer to the aqueous phase was determined
with iodometric titration method.
RESULTS AND DISCUSSION
It is estimated that the main landfill of Croatian capital, Zagreb, produces several hundred cubic meters of
leachate daily [12]. The leachate contains a high concentration of various contaminants including inorganic constituents, such as heavy metals as well as organic macromolecules with low biodegradability. Previous investigation [13] showed that molecules with molecular weight
lower than 10 kDa dominate (>90%) among the organic
constituents of the leachate.
Leachate samples were collected from the artificial
pond of landfill site and analyzed in order to determine
the initial content of pollutants (COD), the colour, conductivity and the alkalinity. The pH value of these samples
was about 7.4-7.7, typically for rather high non- biodegradable organic content with a BOD5/COD ratio of 0.39. Since
the investigated landfill is still in intensive use while having
a history of more than 30 years of operation, it is rather
difficult to classify it. High BOD5/COD ratio is a consequence of intensive deposition of new wastes, while low
COD concentration, high concentration of nitrogen and pH
value above 7 reflects the landfill’s age and size.
An experiment was carried out during an extended
period in which several treatment techniques were employed in order to compare their efficiency in pollutants
removal. Technologies used were MBR, UF, NF, ozonation and their combinations.
Membrane Bioreactor (MBR)

Fig. 1 shows COD removal by MBR. The data reveal
that most of the organic matter could not be degraded by
the microbial culture in MBR. The average COD removal
was 23% and the effluent was clearly not suitable for discharge into natural water recipients. The poor degradation
of COD is not in concordance with 0.46 BOD5/COD ratio
of the raw leachate which indicated that nearly half of the
organics in the leachate were biodegradable. However, the
BOD was measured after five days according to the protocol while microorganism in the MBR had only an 8 h
HRT. Better removal efficiency may be expected by prolonging the HRT which would then increase the volume
of the bioreactor necessary for the treatment. It can also be
reported that pH did not vary significantly during the
treatment while the conductivity, which was rather high
in the raw leachate (8000-1000 µS/cm), was about 10%
lower in the effluent, indicating some removal of charged
molecules in the MBR.
Results from other studies of leachate treatment by
MBR also suggest that biological treatment may be unsuitable for most leachates, especially from older landfills,
and the MBR technology which is in many aspects supe-
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rior to conventional activated sludge treatment here does
not seem to add enough to the treatment efficiency to
justify its higher cost [14, 15]. In a review by AlvarezVazquez et al. [1], the MBR-based treatment schemes appear to achieve greater COD removal, a mean of around
80% across all installations, for less biotreatable leachates
(BOD/COD = 0.03-0.16), than conventional systems which
achieve COD removals of around 63% at feedwater BOD/
COD ratios of 0.21-0.3. Moreover, they do so at generally
lower HRTs, and thus, correspondingly, at higher loading
rates (1-3 kg COD m-3d-1 compared to less than 0.25 kg
COD m-3d-1 for conventional treatment).

the PM 10 membrane had the best performance (23% removal of COD) of all employed membranes, but, in general, COD removal by UF was rather poor. Removal efficiency decrease depended on membranes MWCO giving
23, 18, 14 and 7% removal rates for membranes PM 10,
PM 50, GM 80 and PM 500, respectively.

Ultrafiltration (UF)

As a general rule, it can be stated that UF cannot be
successfully used for leachate treatment alone but can play
an important role as a part of other treatments such as
MBR, or as a pretreatment for membrane processes with
smaller pores to prevent their fouling.

Silva et al. [4] experimented with UF membranes with
smaller pores and MWCOs to make fractions of the leachate.
In their study, the COD removal was 47% with 5 kDa
MWCO membranes, while 64% of the leachate’s colour
was removed. Ultrafiltration through the 50 kDa membrane
led to removal of 33% COD, but no colour was removed.

UF was done on different types of hollow-fibre membranes: PM 10, PM 50, GM 80 and PM 500, named after
their molecular weight cut-offs (MWCO) in kDa. Results
of those experiments are presented in Table 2. As expected,
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FIGURE 1 - COD in raw leachate and effluent from MBR.

TABLE 2 - COD in leachate treated by ultrafiltration.

Membrane
UF-10
UF-50
UF-80
UF-500

COD (mg/L)
Raw leachate
1400
1400
1400
1400

COD (mg/L)
Permeate
1082
1145
1200
1300
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FIGURE 2 - COD removal with ozonation for different ozone doses.
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FIGURE 3 - Kinetics of COD removal from leachate with ozonation (ozone dose 1.24 mg O3/mg COD).

Ozonation

Ozonation was performed on raw leachate with different ozone doses (Fig. 2). With a dose of 0.035 mg O3/mg
COD (32.5 mg O3/L), 227 mg of COD was removed,
which gives a COD removal of 20%. With a higher ozone

dose (271 mg O3/L or 0.17 mg O3/mg COD), 25% of
COD was removed and, finally, with an ozone dose of
1963 mg O3/L (1.24 mg O 3 /mg COD), a 56% removal
of COD was achieved. As can be seen from Fig. 2,
linear correlation between COD removal and ozone dose
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can be established with no asymptotic tendency of the
curve, which would suggest slowing down of degradation.
That leads to a conclusion that better removal is possible
with higher ozone doses.

difference in leachate composition. The cited papers worked
with stabilized, old leachates while in this work leachate
was characterized by much higher BOD/COD ratio which
probably made it easier to be oxidized with ozone.

COD removal rate with ozone, when ozone dose was
1.24 mg O3/mg COD, is shown in Fig. 3. COD decreased
rapidly in the first 10 h, but the decrease slowed down afterwards. This behaviour is probably caused by fast oxidation of more reactive substances in the first period and by
slowdown of the reaction as their concentration decreased.
The shape of the curve suggests that oxidation might not be
complete.

Ozonation alone might not be the most feasible solution for leachate treatment due to the cost of application of
high ozone doses necessary for oxidation. Therefore, in the
above cited works, ozonation was combined with pretreatment by coagulation, which gave better results.

Besides, organic matter in the leachate was measured as
bichromate COD (CODCr), but also as permanganate COD
(CODMn) and TOC, in order to make results more clearly.
For example, with the CODCr removal at 56%, the removal
of CODMn was measured at 60%, while removal of TOC
was only 35%. These values suggest that the removal of
organic matter was not complete and the organic molecules
in the leachate only changed their oxidation state, and ended
up as carboxylic acids, ketones and aldehydes due to their
oxidation with ozone, while only 35% of them were oxidized to gaseous products, such as CO2. TOC measurement,
therefore, better shows the actual removal of contaminants
because it can detect molecules that cannot be oxidized and
determined with permanganate or bichromate oxidation
method.
The pH of ozonated water increased by about 1.3 units
in all experiments. Since it has been reported previously that
pH does not influence removal of organic matter from
leachate with ozonation [11], no attempt was made here to
change the pH of the ozonated leachate solution. The increase of pH during ozonation was also reported by Wu et
al. [16], and assigned to stripping of carbon dioxide and
volatile fatty acids. It should be also noted that significant
decrease in electrical conductivity of the leachate (up to
30%) was observed, which would need more detailed study
to explain.
As for the removal efficiency reported by other researchers, Monje-Ramirez and Orta da Velasquez [10]
removed 33% of COD from stabilized leachate with
5000 mg/L of COD using an ozone dose of 1.7 mg O3/mg
COD. They also efficiently removed colour from the
leachate and observed an increase in the BOD of the
leachate after ozonation due to a transformation of recalcitrant organic matter into a more degradable form. Similar results were reported by Marttinen et al. [5] and Wu et
al. [16] who attributed rise in biodegradability to fractionation of organic matter in the leachate. Silva et al. [4]
achieved moderate levels of COD removal at rather high
doses (12% for 1.5 g O3/L), but good removal of 48% with
an ozone dose of 3 g O3/L for stabilized sanitary leachate.
When comparing the removal efficiency from cited papers with this study, it is obvious that COD removal
achieved in this study was much higher, when comparing
the applied ozone doses. This is probably caused by the

With regard to colour removal in this work, significant
decolourization was found to take place during ozonation,
turning leachate’s initial dark brown colour to light yellow
indicating organic matter transformation. This is similar with
the respective findings of other researchers. Ntampou et
al. [11] succeeded to remove 97% of colour from leachate
after a prolonged reaction time, while Wu et al. [16] removed 90% of the leachate colour. Colour reduction is
usually attributed to the direct attack of ozone on carboncarbon double bonds in the chromophoric groups, resulting in the formation of ‘‘bleached’’ products, such as aliphatic acids, ketones and aldehydes [17]. The absorbance at
254 nm can be directly related to the presence of aromatic
and unsaturated structures of organic substances, and it is
considered as an additional quality parameter of most wastewaters [18].
Nanofiltration (NF)

The treatment of leachate with NF was quite successful, with average removal efficiency of COD of more than
90% (Fig. 4). What is more, TOC removal by nanofiltration was also above 90%, which proves that organic matter was removed from the permeate, in contrast to the partial transformation achieved with ozonation.
Conductivity of the permeate was rather high (usually
around 1900 µS/cm), which was caused by the high conductivity of the leachate (7800 µS/cm) and also its composition, where sodium and potassium monovalent ions dominated over divalent cations. The nanofiltration membrane
exhibits a salt rejection, typical of charged membranes.
Divalent ions are better rejected than monovalent ions.
Since the NF membrane had a lower separation coefficient
for monovalent ions, the high electrical conductivity of permeate was expected.
In comparison with reverse osmosis, NF can be run at
lower pressures, thus decreasing operating costs for energy
consumption and possibly decreasing membrane fouling
rate. The other problem with the membrane processes,
which operate in cross-flow mode, is the fate of the produced concentrate stream, which is usually highly polluted.
In the case of landfill leachate, concentrate stream may be
re-injected into the landfill in order to immobilize pollutants on the landfill solids or alternatively, evaporated under vacuum and further disposed as a dangerous solid
waste [2, 19].
Marttinen et al. [5] studied organic matter and ammonia removal by nanofiltration with three types of low-
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strength leachates, and reported COD and DOC removals
ranging from 52% to 66%. They also succeeded to remove
up to 50% of ammonia from leachate by NF, and attributed
it to complexing ammonium ions with leachate components,
thus making the complex big enough to be retained by the
membrane. Trebuet et al. [20] have achieved 74-80% COD
removal in a pilot-scale nanofiltration experiment from
stabilised landfill leachate with BOD/COD <0.1, and the
majority of compounds of COD below 1000 Da. Average
COD removal over 90% for NF was also reported by
Peters [2].
Combining NF and ozone

To improve overall efficiency of pollutants removal,
NF was combined with ozonation. Experiments were carried out in two ways. In a first series of experiments, NF
permeate from a raw leachate nanofiltration was ozonated,
and, in a second set of experiments, raw leachate was firstly
ozonated and then filtrated through a nanofiltration mem-

brane. Comparison of the results achieved by different
techniques is presented in Table 3. Ozonation of NF permeate gave the best removal efficiency of 96%, which indicates suitability of ozone to oxidize small molecules that
have passed through nanofiltration. When the techniques
sequence (order of application) was reversed, overall efficiency dropped to 88%. It seems that fractionation of organic matter from the leachate generated smaller molecules which passed through the NF membrane more easily. From a technical point of view, ozonation of raw
leachate would eliminate most microorganisms and prevent their growth on the membrane surface. Also, the concentrate quality would be better when ozonation preceded
NF. However, if concentrate disposal can be solved by its
re-injection into the landfill, as explained above, and assuming that membrane fouling with leachate constituents
would be severe in any case, the better removal efficiency
should be the main factor of decision to apply NF before
ozonation.

3000
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COD(mgO2/L)

2000

1500

1000

500

0
12

16

64

68

71

Day
Raw leachate

NF permeate

FIGURE 4 - COD in raw leachate and NF permeate from raw leachate filtration.

TABLE 3 - COD removal efficiencies for different treatments.
Treatment
UF
MBR
O3 *
NF
MBR + NF
NF + O3**
O3**+ NF
MBR + O3**
* ozone dose 1.24 mg O3/mgCOD; **ozone dose 0.15 mg O3/mg COD

Average removal efficiency (%)
23
23
56
91
92
96
88
44
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Combining MBR with NF and ozone

Water from the MBR treatment was also post-treated
with NF and ozone as shown in Table 3. Organic matter,
not removed by MBR, was successfully separated from
MBR effluent by NF (more than 90%). However, the overall efficiency of combined processes was only slightly
better than the efficiency of NF employed alone (92% and
91%, respectively) and, therefore, does not justify the use
of combined processes. Similarly, the ozonation of MBR
effluent somewhat improved the removal efficiency of MBR
alone (from 23% to 44%), but the ozone dose was much
lower. With an increase of the ozone dose, efficiency would
surely rise as described above, but since MBR, at applied
conditions, did not add significantly to overall removal
efficiency, it seems more feasible to apply ozone alone.

[3]

Judd, S. (2006) The MBR book: principles and applications
of membrane bioreactors in water and wastewater treatment.
Elsevier Ltd., Oxford, UK

[4]

Silva, A.C., Dezotti, M. and Sant,Anna, Jr.G.L. (2004) Treatment and detoxification of a sanitary landfill leachate.
Chemosphere 55 (2), 207-214.

[5]

Marttinen, S.K., Kettunen, R.H., Sormunen, K.M., Soimasuo,
R.M. and Rintala, J.A. (2002) Screening of physical-chemical
methods for removal of organic material, nitrogen and toxicity
from low strength landfill leachates. Chemosphere 46, 851858.

[6]

Bohdziewicz, J., Bodzek, M. and Gorska, J. (2001) Application of pressure-driven membrane techniques to biological
treatment of landfill leachate. Process Biochem. 36(7), 641646.

[7]

Wintgens, T., Gallenkemper, M. and Melin, T. (2002) Endocrine disrupter removal from wastewater using membrane bioreactor and nanofiltration technology. Desalination 146,
387-391.

[8]

Rautenbach, R. and Mellis, R. (1994) Waste water treatment
by a combination of bioreactor and nanofiltration. Desalination 95, 171-188.

[9]

Trebuet, D., Schlumpf, J.P., Jaouen, P. and Quemeneuer, F.
(2001) Stabilized landfill leachate treatment by combined
physicochemical-nanofiltration processes. Wat.Res. 35(12),
2935-2942.

CONCLUSIONS
Among the used techniques for landfill leachate treatment, nanofiltration was the most effective in organic matter removal with 91% efficiency. Ozonation removed 56%
of COD with an ozone dose of 1.24 mg O 3/mg COD,
but results suggest even higher removal with higher
ozone doses. Removal of TOC by ozonation with 1.24
mg O3/mg COD was only 35%, which indicates that removal of organic matter by ozonation was not complete,
and that organic molecules present in the leachate only
changed their form due to the oxidation with ozone, while
only 35% was completely removed from the leachate.
Ultrafiltration was rather ineffective in leachate treatment
with 23% removal of COD for UF membrane with 10
kDa MWCO, while MBR treatment removed 23% of
COD indicating low bio-degradability of the organic
matter in the leachate.

[10] Monje-Ramirez, I. and Orta de Velasquez, M.T. (2004) Removal and transformation of recalcitrant organic matter from
stabilized saline landfill leachates by coagulation-ozonation
coupling processes. Wat. Res. 38 (9), 2359-2367.
[11] Ntampou, X., Zouboulis, A.I. and Samaras, P. (2006) Appropriate combination of physico-chemical methods (coagulation/flocculation and ozonation) for the efficient treatment of
landfill leachates. Chemosphere 62(5), 722-730.
[12] Nikolić, S. and Švel, B. (1999) Sanacija smetlišta Jakuševec i
zaštita podzemnih voda. In: 2. Hrvatska konferencija o
vadama, Hrvatske voda od Dunava do Jadrana, Zbornik radova 953-960
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QUANTIFYING THE EFFECT OF LANDUSE CHANGE ON OLIVE
TREE CULTIVATION IN THE VICINITY OF EDREMIT BETWEEN
1979 AND 2006 USING GIS AND RS TECHNIQUES
Recep Efe*, Abdullah Soykan, Süleyman Sönmez and İsa Cürebal
Department of Geography, Faculty of Arts and Sciences, University of Balikesir, 10145 Balikesir, Turkey

ABSTRACT
In Edremit region, located on the northwest of Turkey,
tourism activity, which has started in 1970’s, has caused
landuse changes. Because of the construction of secondary
houses and touristic facilities in the coastal zone, olive fields
had been replaced with buildings. From 1990’s, olive fields
have been reestablished in the slopes of Kaz Mountain on
the altitudes between 300-500 m in marginal lands. By comparison of Balikesir Province land map for 1979 and satellite images of Landsat ETM+ for 2006, transformed areas
for landuse were determined. According to this, 2482 hectares of olive cultivation land have been transformed into
residential areas and 116 hectares have been transformed to
barren lands and pastures. While the area covered by residential areas was 4720 hectares in 1979, it has arisen to
8185 hectares in 2006. 99.7 % of the land, which has been
transformed to other forms of landuses from the olive cultivation areas, is located within 0–200 m of coastal zone.
5610 hectares of olive fields, where ecologically olive best
grows, have been transformed to other forms of uses.
While the olive groves in the coastal zone, which had
been lost because of the transformation to residential areas,
were being reestablished, forests dominated by Red pines
(Pinus brutia) have been destructed. In these areas,
which were natural occurrence areas of Red pine and
ecologically not suitable for olive tree cultivation, 4133
hectares of forest area had been transformed to olive
groves over the past three decades.

KEYWORDS: Kaz mountains, land-use change, olive cultivation,
second houses, tourism development, marginal lands.

INTRODUCTION
The olive tree (Olea europaea L.) is one of the most
ancient domestic, cultivated plants characteristic of the
Mediterranean Basin [1]. The crop (O. europaea subsp.

europaea) has been of immense importance as the principal source of edible oil for the peoples of the Mediterranean region for many millennia [2-6].
Land-use is only one such aspect, but knowledge about
land-use and land-cover has become increasingly important
as the Nation plans to overcome the problems of haphazard, uncontrolled development, deteriorating environmental
quality, loss of prime agricultural lands, destruction of important natural properties, and loss of habitats [7, 8]. Landuse data are needed in the analysis of environmental processes and problems that must be understood if living
conditions and standards are to be improved, or maintained at current levels [9]. The results of a study demonstrate that in communities, where tourism plays an important role, olive tree cultivation is preserved and the
population is stable. The preservation of the agroecosystem is assured while the olive groves remain productive. Simultaneously, the landscape, which provides
specific attractions for tourism, is not altered [8, 10-14].
The modernization of agriculture and the development
of other economic sectors have prompted the abandonment
of cultivated areas, which are marginally productive. Specifically, olive groves in Edremit area are transformed into
settlements due to their location in accessible coastal zone
regions where secondary houses and tourism facilities are
increasing [15, 16]. The Kaz Mountains (Mt. Ida) have
limited possibilities of development, agricultural activities,
grazing, due to inaccessible landscape, except for their
national park where the growth of tourism is possible. The
objective of this study was to investigate the impact of
tourism activities and settlements on olive tree cultivation
and the human population of the Edremit and its environs.
Land-use change caused also change in density of settlements. Until the middle of the 20th century, the population
density of the region was very low. Then, it increased tremendously during the next 50 years. Nowadays, people
start to return but mainly using this region for second
homes, for vacations or weekends, and prices for houses
increased tremendously.
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FIGURE 1 - Study area.

This study examines evidence on the relationship between natural environment - human in terms of land-use
changes in the Edremit region of Turkey over three decades, using historical maps and contemporary satellite data.
Olive areas` change was analyzed with reference to elevation levels.

andrachne), large-leaved jasmine (Phillyrea latifolia) and
kermes oak (Quercus coccifera) are dominant plant species in the study area [20].

Description of the study area

Cartographic materials, satellite images and also field
studies and observations had significant contributions to
this study for determination of changes in the areas where
olive cultivation is done in the vicinity of Edremit. Land
assets maps belonged to 1979 [21, 22] and 1/25.000-scaled
topographical maps were used in order to determine the
land-use in 1979. For determination of landuse in 2006,
image of Landsat Enhanced Thematic Mapper Plus (ETM
+) had been considered as basis and the digital elevation
model with 100-m intervals had been made. To confirm the
landuse and observe the details closely, field studies were
carried out between November 2006 and August 2007.

This study aims to determine the olive cultivation land
changes between 1979 and 2006 in the Edremit subregion
located in the northwest of Turkey, a part of the Aegean
Region occupying parts of western Turkey (Figure 1). The
study area itself covers 2040 square kilometers. Edremit
subregion is a basin surrounded with Kaz mt., Gürgen mt,
Eybek mt on the north, Şapçı on the east, as well as Belen
mt., Musluk mt., Şabla mt. and Yaylacıkdede mt. on the
south. The lower parts of the study area are delineated by
Aegean Sea [17]. The study area is located 455000 - 525000
east and 4340000 - 4395000 north (European Datum 1950 - UTM
Zone 35N) coordinates around the Gulf of Edremit, on the
northwest of Turkey (Figure 1). Edremit vicinity is composed of marginal olive agriculture-based areas with documented deforestation and agricultural extensification.
The climate of the region is predominantly Mediterranean which is distinguished by warm, dry summers and
mild, wet winters. Average annual precipitation ranges from
500 to 1200 mm on higher elevations. It is on the dry sub–
humid zone with 600 mm [18, 19].
The olive tree (Olea europaea), Red pine (Pinus
brutia), Turkish oak (Quercus cerris), Dyer’s oak (Quercus infectoria) and maquis elements, such as strawberry
tree (Arbutus unedo), eastern strawberry tree (Arbutus

MATERIALS AND METHODS

To this end, first of all, topographical maps from land
assets inventory maps of Province of Balıkesir have been
scanned to compute the environment. For overlapping and
processing the maps, ArcGIS Desktop v.9x was used. Mentioned maps were coordinated as UTM (European Datum –
UTM Zone 35N), a standard map projection. By using
ArcMap v9.2, layers were established by the method of
screen digitalization on the map which was coordinated by
considering olive groves and landuse which had interacted
with olive areas.
For the purpose of overlapping, previously coordinated
and prepared data with Landsat ETM + satellite image belonging to 2006, as well as ground control points (GCP’s)
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have been selected on topographical maps, and Root mean
square error – RMS error has been decreased below 1 pixel.
By the method of screen digitizing, olive groves and residential areas belonging to 2006 have been transformed to
layers from Landsat ETM + image.
By overlaying the data of both years, 1979 and 2006,
changes in olive areas have been determined primarily.
During this process, the transformations between olive cultivation areas and other forms of uses have been determined. Obtained data were calculated as hectares in prepared tables. To determine the distribution of changes occurring in olive cultivation areas according to the elevation
levels, data which have been obtained from digitalization
of topographical maps by using ArcScene v9.2 software,
were transformed to 100-m interval Digital Elevation Model
– DEM.
Data obtained by overlapping 1979 and 2006 data were
overlayed with digital elevation model, and, as the result of
this process, changes in the olive groves were determined
as areal according to the elevation levels. Obtained data,
by the end of this process, were worked up into tables by
calculating as hectares.
In the last stage of the study, data belonging to the
changes occurring in olive cultivation areas and data obtained in field studies were brought together and explained.
RESULTS AND DISCUSSION
Human activities in the Edremit basin have increased
substantially in the past three decades, causing significant
impacts on the agricultural land. Agriculture had been a
part of the study area economy until 1980s. Akçay, Güre,
Altınoluk and Ören are experiencing rapid population
growth that shows no signs of slowing. Between 1980
and 2006, population in the region doubled. The population increased from 46000 in 1980 to 93000 in 2000. The
population of the region now exceeds 97000 people. Population growth results in urbanization, which directly and
indirectly affects natural systems and landscape processes.
Already this growth has exacerbated the tension between
people and the environment.
The Edremit region has significant advantages and
opportunities for some agricultural enterprises including
access to reclaimed water (from rivers and ground), proximity to labor, markets and freight facilities and, for some
horticultural crops, favorable climatic and soil conditions
not found elsewhere in Turkey. The further loss of these
areas to residential and tourism development potentially
represents the loss of a valuable natural resource for Turkey. One of the most significant changes in landuse over
the past two decades has been an increase in the area occupied by tourism developments and secondary houses, often
with an associated loss of agricultural land.
For the past 28 years, the proportion of forests in the
study area has decreased by3925 ha. Olive area shifting

largely affected forests within the forest belt and areas located immediately above this belt. Changes in landuse were
largely related to a decline in olive cultivation and have
occurred along with population growth. As a result, olive
agriculture has been replaced by secondary houses and
tourism developments to meet growing demands.
During the 1970s and 1980s, the tangerine and olive were
the dominant crops in the region. From 1975 to present,
the Edremit subregion and its environs have witnessed a
shift from agriculture to tourism; tourists were attracted to
the coastal area but many farmers entirely de-pendent on
their agricultural production were forced to go away towards the slopes of Kaz Mountain. Tourism, however, is
only seasonal and the number of tourists at the area is relatively small to sustain the annual income of the local population.
Transformation of olive groves and other forms of
landuse between 1979-2006 in the vicinity of Edremit,
have shown a progress against olive cultivation both as
areal (horizontal and vertical) and ecologically. Therefore, the area of olive groves in 1979 was reduced from
62497 to 62450 ha in 2006 (Table 1a). Olive cultivation
areas de-creased by 0.08 % in that period, whereas especially residential areas and secondary housings increased
by 73.41 % in this period (Table 1b).
As the result of landuse change, especially in olive
groves in the vicinity, an area of 5610 hectares has been
transformed from olive groves into agricultural, residential and barren lands. In the transformed terrains, the percentage of agriculture (53.69 %) and residential and secondary housings (44.24 %) are quite high (Table 2). In the
transformations between olive groves and other landuse
forms in the vicinity of Edremit, significant elevation level,
as well as type of land-use percentage changes occurring,
are of particular interest. In this range, it was aimed to determine the distribution of land-use changes according to
the elevation levels, achieving them to the results summarized below.
According to the data from the areas which have been
transformed from olive groves to other forms of landuse,
such as agricultural, residential and barren lands, cover an
area of 5610 hectares, 8.97 % of total olive groves. All
destruction of olive groves took place between 0–300 m.
Within these transformed lands, the biggest change occurred in the zone of 0–100 m (73.80 %). The percentage
of the zone 101–200 m was 25.90 %, and least change
(0.3 %) occurred in the zone of 201–200 m (Tables 3a, b).
In the distribution of the areas transformed from olive
groves to residential areas and secondary housings within
the elevation levels, the elevation level 0–100 has a high
percentage of 97.86 % with 2429 hectares. It is seen that a
very big part of the olive groves were destroyed in the
coastal zone which is located between 0–100 m. The cause
of this is that the coastal zone is preferred for secondary
housings and tourism facilities.
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FIGURE 2 - Landuse in the vicinity of Edremit in 1979.

FIGURE 3 - Landuse in the vicinity of Edremit in 2006.
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FIGURE 4 - Landuse changes in the Edremit Subregion between 1979 and 2006.

TABLE 1a - Landuse changes in olive cultivation and settlements between
1979 (land registration data) and 2006 (Landsat ETM+ satellite image).
Year

Landuse

1979
62497
4720

Olive cultivation
Settlements

2006
62450
8185

Change
( ha )
— 47
3465

Rate
(%)
0.08
73.41

TABLE 1b - The lands transformed from other landuse types to settlements in 1979 – 2006.
1979
Olive
Forest
Agriculture
Barren or meadow
Total

2006
to Settlements

Area ( ha )
2482
97
564
322
3465

Rate ( % )
71.63
2.80
16.28
9.29
100.00

TABLE 2 - Landuse shifts from olive cultivation to other landuse types between “1979 and 2006”
1979
Olive to

2006
Agriculture
Settlements
Barren or meadow

Change ( ha )
3012
2482
116
5610

Total
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Rate ( % )
53.69
44.24
2.07
100.00
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TABLE 3a - The distribution of the landuse change from olive groves to
other landuse types between “1979 – 2006” according to Elevation Levels (ha).
1979
Olive to

2006
Agriculture
Settlements
Barren or meadow
Total
Rate ( % )

Area
( ha )
3012
2482
116
5610
100.00

ELEVATION LEVELS ( 100 m )
101-200
201-300
301-400
1341
9
53
59
8
1453
17
25.90
0.30
-

0-100
1662
2429
49
4140
73.80

401-500
-

TABLE 3b - The distribution of landuse change from olive groves to
other landuse types between “1979 – 2006” according to Elevation Levels (%).
1979
Olive to

2006
Agriculture
Settlements
Barren or meadow
Total ( % )

Rate
(% )
53.69
44.24
2.07
100.00

ELEVATION LEVELS (m)
101-200
201-300
301-400
44.52
0.30
2.14
0.00
50.86
6.90
-

0-100
55.18
97.86
42.24

401-500
-

FIGURE 5 - Shifts between olive cultivation and the other landuse types “1979-2006”.

At the area of 1662 ha transformed to other agricultural
areas, the olive was sold with low value in some periods
and olive trees were removed for alternative crops. The
possibility of transforming these places to residential and
touristic construction sites is high.

Between “1979–2006”, an area of 5563 ha had been
transformed from other landuse types to olive groves. Within the transformed land, the percentage of the areas which
had been transformed from forests to olive groves was
79.29 % in total (Table 4).
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According to the data from fields, which had been
transformed from forest, agricultural and barren lands to
olive groves, cover 5563 hectares. This change had occurred
between elevations of 0–500 m. Within the transformed
land, the biggest change occurred at elevation levels 101–
200 m (39.12 %) and 201–300 m (35.36 %). The least
change (2.01 %) occurred between 401–500 m (Tables
5a, b).

Within the fields transformed from other landuse types
to olive groves, lands which had been transformed from
forests to olive groves are significant by 4133 ha (74.29 %).
It is seen that changes show intensity in elevation levels of
100–200 m and 201–300 m within these transformed lands,
and percentage of lands transformed from forests to olive
groves is 4133 ha (74.93 %).

5000
4500

4140

CHANGE ( ha )

4000
3500
3000
2500
2000

1453

1500
1000
500

17

0

0

201-300

301-400

401-500

0
0-100

101-200

ELEVATIO N LEVELS ( m )
FIGURE 6 - The distribution of the landuse change from olive groves to
other landuse types between “1979 – 2006” according to the Elevation Levels (ha).

TABLE 4 - Landuse shifts from the other landuse types to olive cultivation between “1979 and
1979
Forest
Barren or meadow
Agriculture

2006

Area ( ha )
4133
1320
110
5563

to Olive
Total

2006”

Rate ( % )
74.29
23.73
1.98
100.00

TABLE 5a - The distribution of landuse change from other landuse types
to olive groves between “1979 – 2006” according to the Elevation Levels (ha).
1979
Forest
Barren or meadow
Agriculture
Total
Rate ( % )

2006
to Olive

Area
( ha )
4133
1320
110
5563
100.00

0-100
185
142
106
433
7.78

ELEVATION LEVELS ( 100 m )
101-200
201-300
301-400
1523
1574
756
649
393
119
4
2176
1967
875
39.12
35.36
15.73

401-500
95
17
112
2.01

TABLE 5b - The distribution of landuse change from the other landuse
types to olive groves between “1979 – 2006” according to the Elevation Levels (%).
1979
Forest
Barren or meadow
Agriculture
Total

2006
to Olive

Rate
(% )
74.29
23.73
1.98
100.00

0-100
4.48
10.76
96.36
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ELEVATION LEVELS (m)
101-200
201-300
301-400
36.85
38.08
18.29
49.17
29.77
9.02
3.64
-

401-500
2.30
1.29
-
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trees removed to obtain barren to build residential and
touristic facilities in the coastal zone between 0–100 m,
have been reestablished in regions away from the coast in
elevations of 100–500 m (Table 5). It is seen that olive
cultivation areas have been spread from the coastal zone
through the slopes of the Kaz Mountain (Figure 8), unfortunately causing economical losses. Firstly, the growth of
the olive tree is slow in elevations which are not suitable for
growing conditions, and yield is low. Secondly, newly
sowed seedlings need a long time to obtain full yield.

1967

CHANGE ( ha )

2000
1500
875
1000
500

433
112

0
0-100

CONCLUSIONS

101-200 201-300 301-400 401-500
ELEVATIO N LEVELS ( m )

There are concerns that insensitive housing and tourism developments will lead to:

FIGURE 7 - The distribution of landuse change
from other landuse types to olive groves between
“1979 – 2006” according to the Elevation Levels (ha).

With its specialties, the vicinity of Edremit has an attribute to be a representative field for the interaction and
competition between olive groves and other land-uses. Increase in population and secondary housings have caused
negative effects on the crop which has been cultivated in
natural environments. Between 1979–2006, because of landuse changes, 5610 hectares of olive groves in the coastal
zone have been destroyed and transformed to other landuses. In this time, the residential areas have increased by
3465 ha, from 4720 to 8185 ha (Table 1a), and 2482 ha
were taken from olive grove areas (Table 1b).

2006

• exacerbation of bushfire risks to housing and human
life;
• increasing degradation of soil and water quality;
• increased loss of biodiversity;
• increasing poorly planned settlements,

In the vicinity of Edremit, olive plantations shifted to
the marginal lands with severe limitations for productive
use, soil limitations, high variation in the elevation of the
terrain, and unfavorable ecological conditions. Edremit
region is an important tourism and recreation area and has
significant natural and cultural features. The agricultural
pattern of the region has changed and will further change
quite rapidly, in accordance to the demand for land and
summer houses.

30000

AREA ( ha )

• the further loss of native vegetation - the clearance of
maquis and red pine forests;

• filling the natural drainage pattern for infrastructure,
secondary houses and tourism developments.

40000
1979

• establishment and expanding of new olive groves on
the slopes of Kaz Mountains, on the marginal lands
over 300 m, not suitable for olive cultivation;

20000

10000
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HEPATIC METALLOTHIONEIN AND METAL (Zn, Cu AND Cd)
VARIABILITY IN RELATION TO REPRODUCTIVE CYCLE
OF Mullus barbatus AND Merluccius merluccius
FROM THE EASTERN ADRIATIC SEA
Vlatka Filipović Marijić* and Biserka Raspor
Ruđer Bošković Institute, Center for Marine and Environmental Research, Bijenička c. 54, P.O. Box 180, 10002 Zagreb, Croatia

ABSTRACT

INTRODUCTION

The present study compares metallothionein (MT)
and metal (Zn, Cu, Cd) variations in liver cytosol of feral
fish Mullus barbatus and Merluccius merluccius as a function of fish reproductive cycle. The fish were sampled in
the spawning (Merluccius merluccius, European hake), as
well as pre- and post-spawning period (Mullus barbatus, red
mullet) in the Eastern Adriatic Sea to observe inter-species
and natural physiological variations. In both species, average mass concentrations of essential metals (Cu and Zn) are
40 to 300 times higher than that of toxic Cd. Zinc represents the predominant metal in liver cytosol of both species. Metallothionein, Zn and Cu are significantly increased
in fish sampled before and during the spawning. Hepatic
MT, Zn and Cu levels of M. barbatus sampled before the
spawning are 2.2; 7.2; 1.7 times higher than in the period
after the spawning, respectively. Toxic Cd does not reflect
endogenous processes but is related to fish size. Metallothioneins are significantly positively correlated with Zn
(r2=0.71) in M. barbatus during pre-spawning season, while
toxic Cd is negatively correlated (r2=-0.72). Liver mass and
hepatosomatic index also show seasonal variability, with
statistically significantly higher levels in the pre-spawning
and spawning period. Hepatosomatic index amounts 2.353.78% before and during the spawning, and 1.35% after the
spawning. Moreover, during the spawning and pre-spawning season, MT and Zn follow the changes of hepatosomatic index in both species, indicating the period when
essential metal and MT levels are affected by fish physiology. For biomonitoring purposes, fish should be sampled during the post-spawning period in order to minimize
the influence of the reproductive cycle.

KEYWORDS: hepatic metallothioneins, Zn, Cu, Cd, fish reproductive cycle, Eastern Adriatic Sea.

Metallothioneins (MTs) represent initial markers of
metal-associated stress in the organism. Although studied
through years in the laboratory and field experiments, interspecies and tissue differences that involve dependence on
physiology and environmental conditions require thorough
mechanistic understanding of MT function. Generally, MTs
have a role in the regulation of essential metal homeostasis
(Zn, Cu) and detoxification of toxic metals (Cd, Hg, Ag)
by binding the free ions and, thereby, making them less
available for the interaction with sensitive biomolecules [1].
Additionally, MT response can be affected by season,
fish size, age, physiological status [2, 3] and even organic
alkylating reagents, free radicals and many hormones [4].
Therefore, the correct ecotoxicological use of MT as a biomarker requires the knowledge on physiology of analyzed
species and factors that can modulate MT response in field
conditions. The important aspect is to distinguish between
natural MT variations (caused by physiology or different
abiotic factors) and variations related to metal exposure
(induction) by considering basal MT levels [5].
The aim of the present study is to quantify natural MT
and metal variability affected by fish reproductive cycle.
Metallothionein and metals which induce MT synthesis (Zn,
Cu, Cd) were investigated and compared in liver cytosol,
since the stage of reproductive cycle has a significant effect
on hepatic MT and essential metals in fish [6-8]. Mullus
barbatus and Merluccius merluccius are selected as representatives of demersal species of the Eastern Adriatic
coastal zone, known by high abundance and economic
value in the whole Mediterranean [9, 10]. M. merluccius is
specific by broad spawning season in the Adriatic Sea, with
the spawning peaks from December to July [11]. Spawning period of M. barbatus in the Adriatic Sea lasts from
May to July. Both species become sexually mature after
the first or second year of life [11]. Since the dependence
of metal metabolism upon reproductive cycle of M. barbatus was already reported [7, 8], the present study com-
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pares MT, Zn, Cu and Cd levels in the pre- and postspawning period. M. merluccius is sampled during the
spawning season, due to the lack of literature data on MT
and metal variations associated with the reproductive
cycle of this species.
MATERIALS AND METHODS
Fish sampling

Native fish species were caught at 2 locations in the
Middle Adriatic Sea, Krka River Estuary and Kaštela Bay
(Fig. 1). Sampling of M. merluccius was carried out from
February to June, coinciding with the spawning season, and
of M. barbatus in April and October, coinciding with the
pre- and post-spawning season. The fish were caught by
means of a beach seine in Krka River Estuary (FebruaryJuly, 2001 – M. barbatus, M. merluccius) and with a trawl
in the Kaštela Bay (October, 2002 – M. barbatus). Although
captured at two different locations, similar environmental
conditions allowed us to make comparison of M. barbatus
in the pre- and post-spawning season. Metal concentrations
in coastal surface sediment of Krka River Estuary and
Kaštela Bay area are comparable for Zn (145/160 mg kg-1),

Cu (25/17 mg kg-1) and Cd (0.22/0.22 mg kg-1) [12]. Mercury, as a possible MT inducer, is increased in the area of
the Kaštela Bay located around the outlet of an ex-chloralkali plant (Kaštel Sućurac). The plant’s production was
terminated in 1990, but certain amount of Hg is still present in the sediment and represents the point source of Hg.
Seven years after the plant's closure, Hg gradient in seawater ranged from 450 to 14 ng l-1 as the distance from
the point source increases [13]. Raspor et al. [13] showed
that MT and Hg levels in the cytosol of mussel tissue do
not reflect Hg exposure. Since fish were sampled in the
Kaštela Bay at a location away from the Hg point source,
where Hg levels decrease to the levels found in unpolluted
marine areas, we can exclude the possible influence of Hg
on MT. Moreover, Miramand et al. [7] stated that metal
levels in fish liver are more related to reproductive cycle
than to the ambient levels in the marine environment.
Influence of temperature or salinity on hepatic MT levels
in M. barbatus is also not evident [14]. Even organic
compounds between two locations do not show significant
differences, as is re-ported for PCBs in sediment from
Šibenik (16.4 ng g-1 d.w.) and Split area (18.9 ng g-1 d.w.)
[15]. The data on PAHs in sediments of both sampled
areas are not available.

FIGURE 1 - Sampling locations of Mullus barbatus and Merluccius merluccius in the Eastern Adriatic Sea, Croatia.
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Specimens caught in Krka River Estuary and by
trawling in the Kaštela Bay were transported immediately
to the laboratory. Further processing included measurement
of the total length, body and liver mass, dissection of liver
for MT, metal (Zn, Cu, Cd) and total protein analysis.
Scales were taken dorsolaterally below the dorsal fin and
otoliths from the inner ear for age determination. Age was
determined under a stereo microscope (Carl Zeiss, Germany) by counting calcified rings as an annual increment in
scales and otoliths. The hepatosomatic index (%) was
calculated as (liver mass (g)/body mass (g))*100 [16], and
the Fulton’s condition factor (g cm-3) was calculated as
body mass (g)/total length (cm)3 [17].
Tissue preparation

Liver tissue was homogenised at 4 °C in 5 volumes of
buffer (pH=7.5 at 25 °C) using a Potter-Elverhjem glass
homogenizer (USA) with PTFE piston. The homogenising
buffer contained 100 mM Tris/Base (Merck, Germany),
1 mM DTT (Sigma, USA) and 150 mM KCl (Kemika,
Croatia). The homogenates were centrifuged in a Sorval
RC28S centrifuge (Du Pont) at 50,000xg for 2 h at 4 °C to
isolate the supernatant (S50) which corresponds to the cytosol. One part of the supernatant was stored at -80 °C for
total protein quantification. The other part was ten times
diluted with 0.9% NaCl, Suprapur (Merck, Germany), and
then heat-treated with the Dri Block (Techne, GB) at 85 °C
for 10 min. After the heat treatment, supernatants were
stored for 30 min. at 4 °C and then centrifuged at 10,000xg
for 15 min. at 4 °C. The resulting supernatants were stored
at -80 °C until MT and metal analysis.
Total proteins determination

Concentration of the total proteins was measured in
cytosolic liver fractions by Lowry [18]. Reagent A (copper
tartrate, Bio-Rad, USA) and Reagent B (Folin reagent, BioRad, USA) were added to 15 times diluted S50. After the
mixture turned blue, total proteins were measured on a
Varian spectrophotometer (DMS 80 Cary 4, USA) at
750 nm. Calibration was performed with five different concentrations (0.2-2 mg ml-1) of Bovine Serum Albumin
(Serva, Germany).
MT determination

MTs were determined in heat-treated supernatants by
differential pulse polarography using modified Brdička procedure on a µAutolab (Eco Chemie, The Netherlands). The
three-electrode system and the measuring conditions are
the same as already described [19]. The measuring solution
was kept at 7±0.1 °C by a Haake D8 laboratory water
circulator, and thoroughly deaerated with extra pure nitrogen. MTs were quantified from the calibration straight
line using MT I+II from rabbit liver, purity >95% (Ikzus,
Italy) as a calibrant, which is defined as an appropriate
standard for intra- and inter-laboratory comparison [20].
Metal determination

Metal analysis was performed on heat-treated S50 fractions. Metals were analyzed by a Varian Atomic Absorp-

tion Spectrometer (Spectra AA 220, USA) equipped with
an air/acetylene flame and a deuterium lamp for background
correction (Zn, wavelength = 213.9 nm; Cu, wavelength =
324.8 nm) and a graphite tube atomizator and argon atmosphere (Cd, wavelength = 228.8 nm). Details of Cd determination in heat-treated liver cytosols are reported by Dragun and Raspor [21]. Calibration was performed with the
appropriate dilutions of 1000 mg l-1 Zn, Cu and Cd (Merck,
Germany), respectively, in 0.9% NaCl.
Statistical analysis

All results are presented as means ± standard deviation
(S.D.). Statistical analysis was performed using STATISTICA® and SPSS 10.0 for Windows. Since the sample
size on two locations is unbalanced (Table 1), we performed both, nonparametric and parametric statistics. Relationship between MT and metal levels is analyzed by
Spearman (non-parametric) or Pearson (parametric) linear
analysis. Association among different parameters in two
seasons is observed by principal component analysis
(PCA), while differences between sampling seasons are
tested using t-test (in the case of normal distribution and
equal variance) or Mann-Whitney rank sum test.
RESULTS AND DISCUSSION
Biometric parameters of 2 demersal indicator fish species are presented in Table 1. Although all sampled populations comprise 1 to 4 years old specimens, total length, body
and liver mass are significantly higher in fish sampled in
the pre- and spawning season. That is also valid for hepatosomatic index which shows seasonal differences and
amounts 2.35-3.78 % in populations sampled in the preand spawning season, but only 1.35 % in the populations
sampled in the post-spawning season in the Adriatic Sea
(Table 1). Such results are comparable to the levels of
hepatosomatic index in female M. barbatus from the
Mediterranean near Monaco [7], which hepatosomatic
indexes amount 2.2-2.5% in the spawning season (MayJuly) and 1.5% out of the reproductive period. Our results
indicate that the spawning changes (hepatosomatic index,
liver mass) in representative fish of the Adriatic Sea are
also observed during the spawning of M. merluccius, and
even in the period before spawning (April) of M. barbatus.
MT and metal levels

When only M. barbatus populations are considered,
MT, Zn, Cu and Cd levels are statistically significantly
higher in Krka River Estuary specimens (sampled before
the spawning) than in Kaštela Bay specimens (sampled
after the spawning) (Table 2), the same like liver mass and
hepatosomatic index (Table 1). Since hepatic MT can reflect natural endogenous processes, usually involving essential metals Zn and Cu [22], associations between parameters related to fish sexual cycle were observed by multivariate analysis (PCA) (Table 3). In both seasons, 3 components were extracted explaining 92.2% in the pre-spawn-
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TABLE 1 - Main biometric parameters (mean ± S.D., (min.-max.)) of sampled fish species from the Eastern Adriatic Sea.
Fish species

Sampling
location

Sampling period

Total length
cm

Body mass
g

Condition index
(g cm -3)

Age
year

Liver mass
g

Hepatosomatic index
%

Merluccius
merluccius
n = 14

Krka River
Estuary

February-July, 2001
Spawning

27.1 ± 2.4
(23.2 – 32.4)

159.7 ± 58.7
(83.5 – 335)

(0.78 ± 0.09)x10-2
(0.65 – 0.98)

2.5 ± 0.9
(1 – 4)

6.39 ± 4.68
(1.59 – 21.1)

3.78 ± 1.39
(1.64 – 6.31)

Mullus barbatus
n=8

Krka River
Estuary

April, 2001
Pre-spawning

20.0 ± 2.1
(16.6 – 23.5)

97.1 ± 31.8
(49.5 – 144.7)

(1.18 ± 0.11)x10-2
(1.08 – 1.39)

2.0 ± 1.0
(1 – 4)

2.34 ± 1.25
(0.92 – 4.68)

2.35 ± 0.79
(1.79 – 4.21)

Mullus barbatus
n = 37

Kaštela Bay

October, 2002
Post-spawning

16.9 ± 1.7 **
(13.0 – 20.3)

55.7 ± 17.1 **
(23.7 – 85.8)

(1.12 ± 0.09)x10-2
(0.96 – 1.36)

2.0 ± 0.9
(1 – 4)

0.77 ± 0.32 **
(0.13 – 1.59)

1.35 ± 0.31 **
(0.34 – 1.98)

Statistically significant differences between M. barbatus from Krka River Estuary and Kaštela Bay at 0.05 (*) and 0.001 (**) levels are indicated

TABLE 2 - MT (µg mg-1 proteins), total proteins (mg ml-1 S50) and metal levels (Zn, Cu, Cd/ µg ml-1 S50)
(mean ± S.D., (min.-max.)) in the liver cytosol of sampled fish species from the Eastern Adriatic Sea.
Fish species

Sampling location

Merluccius merluccius
n = 14
Mullus barbatus
n=8
Mullus barbatus
n = 37

Krka River Estuary
Krka River Estuary
Kaštela Bay

Sampling period
February-July, 2001
Spawning
April, 2001
Pre-spawning
October, 2002
Post-spawning

MT
µg mg-1 proteins
15.2 ± 4.29
(7.57 – 22.9)
19.3 ± 14.8
(8.0 – 43.1)
8.89 ± 1.14 *
(7.11 – 11.7)

Total proteins
mg ml-1 S50
12.7 ± 1.84
(9.0 – 15.0)
12.4 ± 2.39
(10.0 – 17.0)
16.8 ± 2.22 **
(11.1 – 21.1)

Zn
µg ml-1 S50
1.44 ± 0.62
(0.68 – 2.93)
6.02 ± 7.71
(0.50 – 19.0)
0.84 ± 0.37 *
(0.28 – 2.3)

Cu
µg ml-1 S50
0.45 ± 0.1
(0.34 – 0.59)
0.64 ± 0.25
(0.35 – 0.97)
0.37 ± 0.1 **
(0.15 – 0.67)

Cd
µg ml-1 S50
0.01 ± 0.02
(0.002 – 0.08)
0.02 ± 0.01
(0.005 – 0.03)
0.008 ± 0.005*
(0.003 – 0.02)

Statistically significant difference between M. barbatus from Krka River Estuary and Kaštela Bay at 0.05 (*) and 0.001 (**) levels are indicated

TABLE 3 - Component matrix and percentage of variance explained by principal component analysis (PCA) for morphometry,
age, hepatosomatic and condition index, total proteins, MT and cytosolic metals in liver of Mullus barbatus sampled before
and after the spawning (highest association among parameters is indicated bold-underlined for each of the three components).

Total length (cm)
Body mass (g)
Age (years)
Liver mass (g)
Hepatosomatic index (%)
Condition index (g cm -3)
MT (µg mg-1 proteins)
Total proteins (mg ml-1 S50)
Zn (µg ml-1 S50)
Cu (µg ml-1 S50)
Cd (µg ml-1 S50)
Variance explained (%)

Pre-spawning period
Components
1
2
3
0.37
0.80
0.45
0.53
0.77
0.33
0.21
0.93
0.07
0.90
0.42
-0.10
0.92
-0.04
-0.35
0.95
-0.19
-0.16
0.77
-0.50
0.27
-0.20
0.76
0.11
0.71
-0.56
0.31
-0.64
-0.48
0.53
-0.58
0.75
-0.26
44.6
38.4
9.16
92.2

ing and 75.9% of variance in the post-spawning period.
The highest association in the pre-spawning period was
found for parameters related to endogenous changes during
reproductive period: MT, Zn, liver mass, hepatosomatic
and condition index (component one). Another component comprises biometric parameters, total proteins and
Cd, while Cu remains in the third component. In the period after the spawning, association between parameters
related to the reproductive cycle does not exist (Table 3).
First component comprises biometric parameters, and
Cd, the second component, involves Zn, Cu and total
proteins, while MT and hepatosomatic index remain in
the third component.

Post-spawning period
Components
1
2
3
0.93
-0.11
-0.27
0.89
-0.32
-0.29
0.89
-0.01
-0.24
0.78
-0.54
0.16
0.06
-0.43
0.67
-0.001
-0.68
-0.09
0.39
0.20
0.70
-0.14
0.54
-0.53
0.61
0.62
0.26
0.45
0.71
0.27
0.79
0.19
-0.09
40.2
21.0
14.7
75.9

Therefore, MT and essential metal Zn are mostly affected by natural physiological changes during fish sexual
cycle. Miramand et al. [7] found that Zn and Cu concentrations in liver tissue during the reproductive period are
1.6 times higher in comparison to non-reproductive period.
If Zn and Cu levels in the pre- and post-spawning period
of M. barbatus from the Adriatic Sea are compared, cytosolic Zn levels are 7.16 and that of Cu 1.7 times higher in
the pre-spawning season. As is seen from Table 2, some
specimens have extreme Zn levels in the pre-spawning
season, reflected as the high standard deviation. If these
extreme values are excluded, Zn amounts 1.21 ± 0.74 µg ml-1
S50, and comparison with post-spawning values gives 1.4
times higher cytosolic Zn levels in the pre-spawning sea-
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son, what is comparable to results of Miramand et al. [7].
Therefore, MT and metal levels are increased even in April,
in the period before the spawning. Comparison of MT
levels in M. barbatus sampled along the Mediterranean
coast in the spawning (May) and post-spawning (October)
season gives 2.8 times higher levels in May [8]. Similar
results with 2 times higher MTs in the spawning season
are reported for Mugil cephalus from Tyrrhenian Sea, Mediterranean [23]. Our data show 2.2 times higher MT values
in April, indicating that annual changes in MT and metabolism of essential metals in liver are closely related to
fish sexual cycle. Cadmium as toxic metal does not reflect
natural endogenous processes, but can be related to chronic
metal exposure. Since the environmental conditions are
similar between sampling locations and PCA showed Cd
relation to morphometric parameters (Table 3), changes in
Cd levels are related to differences in fish size. This explains higher Cd levels in fish sampled in the pre-spawning period (Table 2), characterized by higher morphometric parameters (Table 1). Our previous finding of hepatic
Cd accumulation in M. barabatus during fish growth supports such conclusion [3].

and MT levels (Fig. 2). Observed differences in hepatic
MT can be associated with an increased influx of Zn, in
relation to vitellogenesis [14]. Such extreme MT and Zn
values in individuals of M. barbatus and M. merluccius
from Krka River Estuary are followed by higher levels of
hepatoso-matic index (Figs. 2, 3). This is supported by
principal component analysis, resulting in high association
of MT, Zn and hepatosomatic index in the pre-spawning
season (Table 3). Moreover, M. merluccius shows continuous increase of MT and hepatosomatic index during the
spawning period, from February to July (Fig. 3). According
to evident increase of MT, Zn and hepatosomatic index,
even before the spawning, sampling in the postspawning period is recommended to be more appropriate
in order to avoid influence of enzymatic changes on MT
and metal levels.
MT and metal association

Principal component analysis resulted in high association between MT and Zn in M. barbatus in the pre-spawning period (Table 3), the same like linear correlation analysis (R2=0.71; Table 4). Hepatic MT and Zn correlation in
native fish is also reported by Hogstrand et al. [24] in Perca
fluviatilis and Hamza-Chaffai et al. [25] in Scorpaena porcus and Scorpaena scrofa. Although measured in natural
conditions, influenced by many exogenous factors, in all
populations MTs are better correlated with Zn than Cu. This
implies the existence of homeostatic mechanisms that involve MT and regulate Zn absorption, distribution, cellular
uptake and excretion [26], while the liver represents the
main site of Zn regulation [27]. Moreover, MT and Zn correlation is even higher in the pre- and spawning season, indicating that increased Zn levels in relation to vitellogenesis are followed by MT [14]. Besides Zn, Cu also represents an essential metal regulated by MT [28]. Fish regulate whole body Cu status using the liver as central compartment for controlling excretion and circulating Cu con-

MT /mg mg-1 proteins

Inter-species comparison shows that the average hepatic MT levels are higher in fish sampled in spawning and
pre-spawning period (15.2-19.3 µg mg-1 proteins) than in
fish sampled in the post-spawning period (8.89 µg mg-1
proteins) (Table 2). Increased MT levels in the spawning
season are also found in Salmo gairdneri [6], M. barbatus
[8] and Mugil cephalus [23]. Hepatic metal levels exhibit
high interspecies variability. Zinc represents the most abundant metal in all fish populations. The range of cytosolic
Cd mass concentrations is even 40-300 times lower than
of essential metals (Table 2). The highest metal levels
are found in M. barbatus sampled before the spawning,
but with high standard deviations, too (Table 2). Analysis
of individual fish specimens showed high variations of Zn
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FIGURE 2 - Individual values of hepatosomatic index (HSI), MT and Zn
in liver cytosol of Mullus barbatus, sampled in Krka River Estuary (April, 2001).
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FIGURE 3 - Individual values of hepatosomatic index (HSI), MT and Zn in liver
cytosol of Merluccius merluccius, sampled in Krka River Estuary (February/April/July, 2001).

TABLE 4 - Equations (y = MT; x = metals) of linear regression analysis between logarithmic values of
hepatic MT (µg mg-1 proteins) and cytosolic Zn, Cu, Cd (µg ml-1 S50) in fish species from the Eastern Adriatic Sea.
Fish species
Sampling location
Sampling period
Merluccius merluccius
February-July, 2001
Krka River Estuary
n = 14
Spawning
Mullus barbatus
April, 2001
Krka River Estuary
n=8
Pre-spawning
Mullus barbatus
October, 2002
Kaštela Bay
n = 37
Post-spawning
Correlation coefficients (R2) at 0.05 (*) and 0.01 (**) levels are indicated.

centrations [29]. Lower association of MT and Cu (Tables
3 and 4) indicates that Zn has the predominant influence
on basal MT levels, especially during the spawning.
Metallothionein and toxic Cd are statistically negatively
cor- related in M. barbatus in the pre-spawning season
(R 2=-0.72). Since Cd levels are related to fish size, but
are still too low to induce MT, Cd increase is not followed
by MT. Thus, the predominant role of MT is regulation of
essential metal homeostasis characterized by basal MT
varia-tions during teleost reproductive cycle. Natural
variability of MT, Zn and Cu, which are reported to follow endogenous fish processes [22], have to be considered to improve monitoring programmes. Our study provides valuable data for characterizing baseline MT levels
in two representative species of the Mediterranean Sea.
Moreover, Mullus species are recommended by Mediterranean Pollution Biomonitoring Programme (MEDPOL) [30]
as bioindicators for marine pollution trend monitoring. Our

MT / Zn
y = 0.49x + 1.1
R2 = 0.36 *
y = 0.43x + 1.0
R2 = 0.71 **
y = 0.16x + 1.0
R2 = 0.25 *

MT / Cu
y = -0.45x + 1.0
R2 = -0.15
y = 0.12x + 1.2
R2 = 0.03
y = 0.12x + 1.0
R2 = 0.04

MT / Cd
y = -0.03x + 1.2
R2 = 0.00004
y = -0.89x – 0.4
R2 = -0.72 **
y = 0.08x + 1.1
R2 = 0.10

findings should help to establish a baseline hepatic MT,
Zn and Cu levels of M. barbatus in the Adriatic Sea.
CONCLUSIONS
Metallothionein, Zn and Cu levels show natural variability affected by fish reproductive cycle. Pre- and spawning seasons are characterized by increased MT and, particularly, Zn levels, closely related to hepatosomatic index
in M. barbatus and M. merluccius from the Middle Adriatic Sea. Metallothioneins are 2.2 times and hepatosomatic
index, Zn and Cu around 1.5 times higher in M. barbatus
sampled before the spawning, clearly indicating physiological impact, even in the pre-spawning period. Evaluation
of the biomarkers response is more representative in the
post-spawning period, so we recommend to perform ecotoxicological studies after the spawning season to minimize
the influence of reproductive cycle.

715

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

Constitutive hepatic MT levels in M. barbatus and M.
merluccius are primarily involved in the essential metal
homeostasis. Zinc is the predominant metal in liver cytosol, while toxic metal Cd is negatively correlated with MT,
due to dependence on fish size and low Cd concentrations
which cannot induce MTs. Statistical analysis indicates to
a clear association of MT and Zn in populations sampled
in the (pre)spawning season. Hepatosomatic index, MT and
Zn, among all measured parameters, are selected as the
most dependent ones on fish reproductive cycle.
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A DISTRIBUTION MODEL OF HABITAT TYPES
ALONG THE RIVERS OF W. GREECE: A CASE-STUDY
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ABSTRACT
The flora and vegetation of nine rivers in W. Greece
(North-West Greece, Peloponnese) are studied, and habitat types along these rivers identified and recorded. Floristic composition of the plant communities of the rivers’
habitats is described. After comparison, combination and
processing of data, we have resulted in a theoretical model
of a river. In this model, the succession of river habitat
types along the three parts of the river (upper, middle and
lower watercourse) is presented, as this is expected to be
observed in an undisturbed river ecosystem.

KEYWORDS:
rivers, habitat types, plant communities, Natura 2000.

INTRODUCTION
Rivers are complex geomorhological systems and their
morphometry depends on the climate and runoff, the substrate type of their basin, underlying geology and topography of their watercourse, the extent of their drainage basins, and their age.
Rivers have three main actions: mass erosion,
transport of sediments and their deposition across their
watercourse [1]. Human activities (e.g. logging, fires,
grazing, agriculture, dams), the vegetation coverage of
rivers’ drainage basin and their runoff determine the quantity and type of sediments transported and deposited [2].
The Greek rivers transport a large amount of sediments as
a result of their torrential flow and the mountainous relief.
In rivers, three main parts are distinguished: the upper
watercourse or zone of erosion, middle watercourse or zone
of storage and transport, and lower watercourse or zone of
deposition [3].
The lower watercourse ends in the form of an estuary
(in a tidal regime), while, in most cases, rivers form a delta.
In a deltaic environment, depositional processes generally
play an important role, with interaction of fluvial and coastal

processes. The most important factors for the development
of a delta are the supply of sediments and the prevailing
of subsidence in the deposition area. The configuration of
a delta is controlled by several factors: morphology and
extent of the drainage basin, water regime, coastal processes and climatic conditions [1].
The riparian ecosystems deserve a particular attention.
However, during the last decades extended cultivation, overgrazing, illegal logging, river regulation and deforestation
have reduced riparian vegetation to very narrow linear
formations close to the river banks, a problem concerning
all Mediterranean countries [2, 4].
Despite their important ecological role, the riparian
ecosystems of Greece have not been studied sufficiently.
Though Kärpäti & Kärpäti [5] and Horvat et al. [6] have
greatly contributed to the research of the Balkan riparian
ecosystems, most research about the vegetation of Greek
rivers is mainly limited in river deltas. A characteristic
example is the study of Kalamas and Acherontas deltas [7].
During the last years, Greek rivers’ vegetation was also
studied within the frame of the Natura 2000 Project [8, 9].
Although the results of this study are very important, emphasis was given again mainly in the rivers deltas, and not
in their middle and upper parts.
In the present study, we attempt to enrich the abovementioned research with a theoretical distributional model
of the flora and vegetation of the rivers of Western Greece.
MATERIAL AND METHODS
Study areas

Nine rivers of west continental Greece were studied
(Fig. 1), five of which belong to north-western Greece
(Acheloos, Louros, Arachthos, Kalamas, Acherontas) and
four to Peloponnese (Pineios, Alfeios, Evrotas, Pamisos).
The rivers of western Greece are characterized by the
intermediate size of the drainage basin (700-5.500 km2) and
middle altitude (200-800 m) [10].
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The drainage basins of all studied rivers belong to the
sub-humid or humid bioclimatic zone with mild or cold
winters. Their bioclimate varies from weak Thermo-Mediterranean or weak Mid-Mediterranean to strong Mid-Mediterranean.

Plant nomenclature follows Flora Hellenica [11, 12]
and Flora Europaea [13, 14]. Life-form categories follow
Raunkiaer’s classification system [15], while the classification of the chorological types is in accordance with
Pignatti [16].

In the rivers of Peloponnese, the mean annual precipitation in their drainage basins is about 1000 mm. The drainage basins are dominated by limestones, schists and flysch.
In the rivers of north- western Greece, the mean annual
precipitation in their drainage basins varies from 1600 to
1700 mm. Limestones of various ages and flysch dominate
in these drainage areas.

To determine the phytosociological units, vegetation
samples were taken according to the Braun-Blanquet system (1964) and their exact position was recorded by mean
of GPS (Global Positioning System). Stands of apparently
uniform vegetation were selected visually. Floristic data
were recorded and then registered in a data base. For each
site, details of protection status, land-use, management etc.
were recorded using a standard form. Habitat types were
identified using the “Interpretation Manual of EU Habitat
Types” [17] and the “Mapping Technical Guide” [9].

Τhe rivers of western Greece flowing into the Ionian
sea, have greater tendency to form deltas than those flowing into the Aegean sea. Erosional and depositional processes in the drainage basins of western Greece are controlled by the mountainous relief and the high precipitation.

RESULTS
Flora

The vascular flora of the rivers of western continental
Greece consists of 295 taxa belonging to 76 families and
202 genera. One taxon belongs to Gymnospermae, four taxa
are Pteridophytes (1.36%) and 290 taxa are Spermatophytes
(98.30%), 207 taxa of which are Dicotyledones and 83 Monocotyledones. Families including a high number of taxa
are: Gramineae, Cyperaceae, Juncaceae (Monocotyledones) and Fabaceae, Umbelliferae, Chenopodiaceae, Labiate, Rosaceae, Poloygonaceae, Salicaceae, Ranunculaceae,
Plantaginaceae (Dicotyledones).
In the life-form spectrum of the studied rivers, hemicryptophytes show the highest percentage (35 %), followed by the therophytes (23 %) and geophytes (17 %).
The proportions of phanerophytes and chamaephytes are
16% and 5%, respectively. Hydrophytes’ percentage is only
4%, but a lot of the recorded plants (18.98 %) are also
characterized as wetland species, e.g. Salix alba, Clematis
flammula, Plantago major etc.

FIGURE 1 – Map of Greece showing the nine studied rivers.
Flora and Vegetation

The present study is based on plant collections and
field observations conducted by the authors, partly within
the frame of Νatura 2000 Vegetation and Habitat Identification and Mapping Project. Data about the habitat types,
the floristic composition of the plant communities, the
environmental conditions and the degree of disturbance of
the habitat types by various human activities were assembled for each river.
The three parts of the river course (upper, middle and
lower watercourse) were studied separately in order to
make clear the succession of riparian habitat types along
the watercourse.

The chorological spectrum shows that the Mediterranean element (Eurymediterraneanean, Stenomediterranean
and East-Mediterranean) is represented by a high percentage (40%). Widely distributed taxa are also represented by
a high percentage, like Cosmopolitan (15%), Mediterranean-Atlantic and Mediterranean–Turanian (10%), Paleotemperate (9%), Εurasiatic (9%), Circumboreal (7%) and
European (4%) elements. The other chorological groups
(European-Siberian, Paleosubtropic and cultivated elements) are represented in lower percentages (3%, 2%
and 1%, respectively).
Vegetation

Habitat types and plant communities of the three watercourse parts present enough similarities among the studied rivers. In north-western Greece, the highest number of
habitat types has been recorded from Kalamas and Acheloos rivers, followed by Acherontas and Louros rivers,
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while Arachthos presents the fewest habitat types. The absence of important (from an ecological point of view) habitat types from the riparian ecosystems of Arachthos is due
to the extended cultivation and logging in the river plain.
In the rivers of Peloponnese, most habitat types are present in Evrotas, Pineios and Alfeios rivers, and the less
habitat types in Pamisos river (Table 1).
After comparison of the studied rivers, we created a
theoretical model explaining the succession of river habi-

tat types along the three watercourse parts (upper, middle
and lower watercourse). A habitat type can be observed in
more than one watercourse parts of a river (Fig. 2). Moreover, a habitat type is characterized by different floristic
composition depending on the river part in which this
habitat type is presented. The different floristic composition
indicates differences in the soil (grain-size distribution,
salinity, soil humidity), the landscape geomorphology (altitude, slopes), the climate and other environmental factors.

TABLE 1 - Habitat types in the studied rivers.

Habitat type

NATURA 2000 code Dominant species

Annual vegetation
of drift lines

1210

Cakile maritima, Salsola Kalamas, Αcherontas,
kali, Matthiola tricuspida- Acheloos, Louros,
ta, Euphorbia peplis
Arachthos

Pamisos

Embryonic shifting dunes

2110

Elymus farctus, Eryngium
maritimum, Sporobolus
pungens

Kalamas, Αcherontas,
Acheloos, Louros,
Arachthos

Evrotas, Alfeios, Pineios

2120

Ammophila arenaria

Acheloos,
Louros, Arachthos

Evrotas, Alfeios,

Αcherontas

-

Αcherontas, Acheloos

-

Kalamas, Αcherontas

Evrotas

Shifting dunes along the
shoreline with Ammophila
arenaria
Dunes with Euphorbia
terracina
Dune juniper thickets
Mediterranean tall humid
herb grassland of the Molinio-Holoschoenion

North-West Greece

Peloponnese

225014

Euphorbia terracina,
Silene niceensis
Juniperus phoenicea

642010

Saccharum ravennae

Salicornia and other annuals
colonizing mud and sand

131012

Salicornia europea

Mediterranean and thermoAtlantic halophilous scrubs

142011

Sarcocornia fruticosa

–//–

142021

Mediterranean salt meadows
–//–
–//–

141012
141013
141014

Arthrocnemum
macrostachyum,
Halocnemum strobilaceum
Juncus acutus
Juncus maritimus
Juncus subulatus

Reed beds

72Α011

Phragmites australis

–//–
–//–
–//–

72Α016
72A030
72A034

Schoenoplectus lacustris
Bolboschoenus maritimus
Schoenoplectus littoralis

Thermo-Mediterranean
riparian galleries

92D012

Tamarix parviflora

92D014

Tamarix hampeana

92D017

Nerium oleander

Acheloos

-

92A011

Salix alba

Kalamas, Αcherontas,
Acheloos, Louros

Evrotas, Alfeios, Pineios, Pamisos

92A022

Fraxinus angustifolia

Acheloos, Louros

-

92C011

Platanus orientalis

Kalamas, Αcherontas,
Acheloos, Louros,
Arachtos

Pineios

–//–
–//–
Salix alba and Populus alba
galleries
Mediterranean riparian elm
forests
Oriental plane woods

222012

720

Kalamas, Αcherontas,
Acheloos, Louros,
Arachthos
Αcherontas, Acheloos,
Louros, Arachthos
Kalamas, Acheloos,
Louros, Arachthos
Kalamas, Acheloos
Αcherontas
Kalamas
Kalamas, Αcherontas,
Acheloos, Louros,
Arachthos
Kalamas, Αcherontas,
Kalamas
Kalamas
Kalamas, Αcherontas,
Acheloos, Louros,
Arachthos

Alfeios, Pineios
Alfeios
Evrotas, Pineios
Evrotas, Alfeios, Pineios, Pamisos
Evrotas, Pineios
Alfeios
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Succession of riparian habitat types along the
three watercourse parts and their floristic composition.
Lower watercourse

In the lower watercourse, thirteen habitat types have
been recorded (1310, 1420, 1210, 2110, 2120, 2220, 2250,
6420, 72Α0, 92D0, 1410, 92A0, 92C0). The lower watercourse was divided in five smaller zones: river-mouth and
zones 1-4 (Fig. 2).
This division depends on the salinity degree, and the
degree of saturation of soil with water. Rivermouths are
dominated by soils flooded permanently or for a long time.
These soils are highly saline, usually alkaline, with poor
drainage and aeration. Soil conditions are improved in the
higher zones. More fertile soils dominate progressively and
salinity is decreased. Zones 2, 3 and 4 have zero salinity.
The lower watercourse presents a high variety of habitat types. It is pointed out that different plant communities
of the same habitat type can be present in different sites
along the lower watercourse. A plant community can also
be repeated in two or more sites with different plant composition each time. In more detail:
I. Coastal sand dunes (Fig. 2)

Coastal dunes are formed in the rivers deltas. They are
created by the action of sea and wind. Material carried by
rivers is deposited through the interaction of coastal-parallel
currents, waves and wind blowing vertically to the coastline, thus forming dunes. According to the topography of
each site’s coast, different plant communities are established at different distances from the shore.
The sand dune habitat types found in the rivermouths
of the studied rivers are:
Annual vegetation of drift lines (1210): Drift lines
are formations of annual or representatives of annual and
perennial species, occupying accumulation of drift materials and gravel rich in nitrogenous organic matter. This
habitat type covers a fragmented zone along the coastal
area. It is characterized by the species Cakile maritima,
Salsola kali, Matthiola tricuspidata and Euphorbia peplis
which prevail forming the foredune front. This can be
seen as an ecotone between the beach and the rest of the
dune ecosystem (Cakiletea maritimae).
Embryonic shifting dunes (2110): Situated next to
the previous zone, they represent the first stage of a dune’s
build-up, constituted by ripples or raised sand surfaces of
the upper beach, or by seaward fringe at the foot of tall
dunes. Characteristic plants are: Elymus farctus (Agropyron junceum), Eryngium maritimum, Sporobolus pungens,
Cyperus capitatus, Pancratium maritimum, Otanthus maritimus, Medicago marina etc. This habitat type is represented by the Eryngio-Elymetum farcti association in most
of the studied rivers.
Shifting dunes along the shoreline with Ammophila
arenaria (white dunes, 2120): They are mobile dunes
forming the seaward cordon or cordons of dune systems

of the coast, and they represent the second stage of dune
succession. These formations belong to the Ammophilion
arenariae alliance and are characterized by the dominant
species Ammophila arenaria.
Dunes with Euphorbia terracina (2220): The habitat
type ‘Dunes with Euphorbia terracina’ occurs only at one
site, Acherontas delta, where the species Euphorbia terracina and Silene niceensis dominate. This habitat type is
classified under the Euphorbio-Silenetum nicaeensis association and belongs to the Crucianellion maritimae alliance.
Dune juniper thickets (2250): This vegetation unit
was found in the grey dunes of the Acherontas and
Acheloos deltas. Characteristic species are: Juniperus phoenicea, Pistacia lentiscus, Ephedra campylopoda, Myrtus
communis, Cistus creticus, Quercus coccifera etc.
II. Mediterranean tall humid herb
grassland of the Molinio-Holoschoenion (6420):

Mediterranean tall-herb and rush meadows are present
in rivermounths (Fig. 2), in well developed dunes with fresh
water pools.
In this habitat type, plant communities belong to the
alliance Molinio-Holoschoenion. Characteristic species are:
Schoenus nigricans, Saccharum ravennae, Scirpoides
holoschoenus, Juncus effusus, J. acutus, Plantago lanceolata, Dittrichia viscosa, Lathyrus neurolobus, Equisetum
ramosissimum, and Imperata cylindrica.
III. Salicornia and other annuals colonizing mud and sand
(Thero-Salicornietea, 1310)-Mediterranean and thermoAtlantic halophilous scrubs (Sarcocornetea fruticosi, 1420):

These formations are present in the sites of deltas influenced by seawater. Three associations are distinguished,
namely, Salicornietum europaeae (131012), Salicornietum
fruticosae (142011) and Arhrocnemetum glauci-Halocnemetum strobilacei (142021). Salinity is high in these sites
and species like Salicornia europaea, Sarcocornia fruticosa, Suaeda maritima, Arthrocnemum macrostachyum,
Artiplex portulacoides, Halimione portulacoides and Limonium sp. dominate.
IV. Mediterranean salt meadows (Juncetalia maritimi, 1410):

Mediterranean salt meadows are communities of
coastal salt meadows. These saltmarshes are formed in
deltaic plains, and in plain or light grade (<10 %) soils.
Mediterranean salt meadows are presented in humid alluvial soils (loamy-clay and sandy-clay soils). The differrent associations are shaped mainly depending on the
degree of salinity and the depth of the water [8, 9].
This habitat type characterizes saline and brackish
water and is developed at various places in the estuaries
(Fig. 2). It is represented by three associations: 141012,
141013, and 141014. Juncetum acuti (141012) is dominated by the species Juncus acutus, accompanied by Juncus maritimus, J. subulatus, J. effusus, J. bufonius, J. hel-
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dreichianus, Aeluropus littoralis, Puccinellia distans, Atriplex portulacoides, Aster tripolium, Arthrocnemum
macrostachyum, Limonium narbonense, L. graecum,
Inula crithmoides, Cotula coronopifolia, Sarcocornia
perennis, S. fruticosa, Atriplex hastata, Tamarix hampeana, and T. parviflora. Species of humid meadows and
reeds also participate in the floristic composition of Juncetum acuti: Plantago lanceolata, Rumex conglomeratus,
Oenanthe silaifolia, O. fistulosa, Phragmites australis,
Lolium perenne, Mentha pulegium, Lythrum junceum,
Plantago lanceolata, Cirsium arvense. Therophytes (e.g.
Euphorbia peplus) and lianes (e.g. Calystegia sepium,
Rubus ulmifolius) have been recorded as well.
Juncus maritimus is the dominant species in Juncetum
maritimi (141013). Other characteristic species are Juncus
acutus, J. subulatus, Aster tripolium, Atriplex portulacoides, Inula crithmoides, Limonium narbonense, Sarcocornia fruticosa, Salicornia europaea, Saccharum ravennae etc.
Association 141014 (Ass. Juncus subulatus) is present in biotopes which are inundated by brackish water up
to the end of the spring. Dominating species are Juncus
subulatus, J. acutus, Scirpus maritimus, Aeluropus littoralis, Sarcocornia fruticosa, Tamarix parviflora. Other
species are: Lythrum hyssopifolia, Eleocharis palustris,
Cressa cretica, Cynodon dactylon etc. [7]. Ass. Juncus subulatus is absent from Peloponnesian rivers.
V. Reed beds (72A0):

Reed beds are formations which consist of tall helophytes. They are developed in fresh as well as in brackish
waters, and in stagnant or slow running waters where the
water level is not constant. They also grow in wet soils
(water-saturated soils). Reeds are formed on low-gradient
banksides, in silty-loamy substrate [8, 9].
In rivermouths, this habitat type is represented by the
alliance 72A030 (Scirpion maritimi) which is characterized by the dominant species Bolboschoenus maritimus
(Scirpus maritimus). More characteristic taxa are Juncus
maritimus, J. acutus, Phragmites australis, Tamarix parviflora, Ranunculus bulbosus, and Zannichellia palustris.
Scirpion maritimi constitutes a brackish water indicator.
Alliance 72A030 is recorded only in river estuaries which
are directly influenced by marine water, and is absent from
higher zones.
Another plant community is 72Α011 (Phragmites australis comm.). The dominant species of this community is
Phragmites australis. Other characteristic taxa are Schoenoplectus lacustris, Typha angustifolia, T. latifolia, T.
domingensis, Apium nodiflorum, Arundo donax, Arum
italicum, Carex distachya, Rumex conglomeratus,
Epilobium hirsutum, Lythrum salicaria, Oenanthe fistulosa, Dittrichia viscosa, Iris pseudacorus, Juncus acutus,
and Vitex agnus-castus. Various aquatic plants (e.g. Nymphaea alba, Lemna minor) and lianes (e.g. Calystegia
sepium) participate in the floristic composition of Phrag-

mites australis comm., which is located in three lower
watercourse zones of the studied rivers. These zones are
rivermouth and zone 1, where 72A011 usually alternates
with Tamarix thickets, and zone 2 where 72A011 alternates with Salix communities (Fig. 2).
Fresh water and saline water are mixed in the estuaries. For this reason, halophilous species like Bolboschoenus maritimus, Juncus maritimus, Atriplex portulacoides,
Aster tripolium and various halophytes like Arthrocnemum
macrostachyum, Limonium narbonense, Inula crithmoides,
and Cotula coronopifolia are added to the florist composition of Phragmites australis comm., as shown in Table 2.
Tamarix parviflora is present in rivermouth and zone 1
sites, which are not flooded by water permanently. Finally,
the species Scirpoides holoschoenus, Avena sterilis,
Cyperus longus, Orchis palustris, Plantago lanceolata,
Saccharum ravennae, Sparganium erectum, Daucus carota, Dipsacus fullonum, Plantago major, Equisetum arvense, Lycopus europaeus, Rubus ulmifolius, R. sanctus Ceratophyllum demersum, Potamogeton natans, Alisma
plantago-aquatica and Sium erectum are also recorded in
zones 1 and 2.
Association 72A034 (Scirpetum littoralis) has been
recorded in sites of zone 1 (Fig. 2), which are adjacent to
Phragmites australis comm. Schoenoplectus littoralis is the
dominant species of Scirpetum littoralis. These sites are
characterized by more brackish soil conditions. Differential
species are Cyperus laevigatus, Typha latifolia and Juncus
subulatus.
Association 72Α016 (Scirpetum lacustris) is developed in small and shallow water basins of zone 1 (Fig. 2).
Schoenoplectus lacustris is the dominant species. Other
characteristic plants are Phragmites australis, Typha latifolia, T. angustifolia, Alisma plantago aquatica, Veronica
anagallis-aquatica, V. beccabunga, Lythrum salicaria,
and Butomus umbellatus.
VI. Thermo-Mediterranean riparian galleries
(Nerio-Tamaricetea, 92D0):

The 92D0 habitat type is represented by the association Tamaricetum parviflorae (92D012). Tamarix parviflora is the dominant species in this habitat type. Tamarisks grow in soils which are affected by brackish, saline or
fresh water. Tamaricetum parviflorae is located in three
zones of the lower watercourse: rivermouth, zone 1 (with
reeds) and zone 3 (with Salix sp. galleries) (Fig. 2). Other
characteristic species which participate in Tamaricetum
parviflorae floristic composition are Tamarix hampeana,
Phragmites australis, Dittrichia viscosa, Epilobium hirsutum, Orchis laxiflora, Rumex conglomeratus, Juncus acutus,
Carex flacca, and C. otrubae. Various halophytes are added
to 92D012 in estuaries: Juncus maritimus, J. bufonius, Limonium narbonense, Salicornia europaea, Arthrocnemum
macrostacyum, Atriplex hastata, A. portulacoides, Bolboschoenus maritimus, Aster tripolium, Inula crithmoides,
Cakile maritima etc. Nerium oleander is presented in
zones 2 and 3. It is remarkable that Fraxinus angustifolia,
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Upper watercourse
92A011

92C011

Middle watercourse

92D017

92A011

92C011

Lower watercourse
Zone 4
92A011

92C011
Ζone 3

92A011

92D012

92Α022

Ζone 2
72A011

92A011
Zone 1

72A011, 72A016,
72A034
72A0

92D012

Rivermouth
72A011, 72A030
92D012
1210

92A022

72A0
2110

2120

2220

141012, 141013,
141014
1410

2250

6420

Coastal
sand dunes

142011,142021
131012

1420

Salt meadows

FIGURE 2 - Succession of habitat types along the three watercourse parts of the studied rivers.

Salix alba, S. fragilis and Ulmus minor participate in
Tamaricetum parviflorae floristic composition in zone 3.
In Peloponnesian rivers, Tamaricetum parviflorae has
been recorded only in their rivermouths.
Tamarix hampeana comm. is another plant community
which is present in rivermouths of Peloponnesian rivers.
The dominant species is Tamarix hampeana.

VII. Salix alba and Populus alba galleries (92A0):

They are present in riparian forests of the Mediterranean basin, extending along the riparian localities with
humid, fertile soils. These sandy or sandy-loamy soils have
been formed by alluvial deposits [8, 9].
Salicetum albae (92A011) is presented in zones 2, 3
and 4 of the lower watercourse (Fig. 2). It is characterized
by the species Salix alba. The associations` composition
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does not vary significantly among the three zones. Other
characteristic species are Salix fragilis, S. amplexicaulis,
S. trianda, Alnus glutinosa, Ulmus minor, Populus alba, P.
tremula, Platanus orientalis, and Fraxinus angustifolia.
A lot of lianes are developed in Salicetum albae stands,
and they often make the forest impenetrable. Such species
are the following: Hedera helix, Vitis vinifera, Calystegia
sepium, Clematis flammula, C. vitalba, Humulus lupulus,
Periploca graeca, Tamus communis, and Smilax aspera.
Finally, other accompanying hygrophilous species are
widely distributed ones: Phragmites australis, Typha angustifolia, T. latifolia, Equisetum arvense, E. ramosissimum,

Ε. telmateia, Epilobium hirsutum, Oenanthe fistulosa,
Lolium perenne, Rumex conglomeratus, Arum italicum,
Angelica sylvestris, Brachypodium sylvaticum, Lycopus
europaeus, Plantago major, Arundo donax, Mentha
pulegium etc.
Mediterranean riparian elm forests are represented by
the community 92A022 (Fraxinus angustifolia comm.).
Fraxinus angustifolia is the characteristic species in the
community 92A022. This community was recorded in the
rivermouth of the Louros delta (Fig. 2). Other characteristic species are Ulmus minor, Crataegus monogyna, Arum
italicum, Alisma plantago-aquatica, Phragmites australis,

TABLE 2 - Floristic composition of Phragmites australis comm. in the three zones of the lower watercourse of the studied rivers.
72Α011

Species
Phragmites australis
Apium nodiflorum
Arundo donax
Calystegia sepium
Carex distachya
Epilobium hirsutum
Iris pseudacorus
Juncus acutus
Lemna minor
Lythrum salicaria
Nymphaea alba
Rumex conglomeratus
Typha angustifolia
Typha domingensis
Typha latifolia
Schoenoplectus lacustris
Rubus canescens
Tamarix parviflora
Verbena officinalis
Alisma plantago-aquatica
Ceratophyllum demersum
Potamogeton natans
Sium erectum
Daucus carota
Dipsacus fullonum
Plantago major
Salix fragilis
Arthrocnemum macrostachyum
Aster tripolium
Atriplex portulacoides
Avena sterilis
Bolboschoenus maritimus
Cotula coronopifolia
Cyperus longus
Dittrichia viscosa
Inula crithmoides
Juncus maritimus
Limonium narbonense
Lolium perenne
Oenanthe fistulosa
Orchis palustris
Periploca graeca
Plantago lanceolata
Ranunculus sardous
Rubus ulmifolius
Saccharum ravennae
Sparganium erectum

Rivermouth
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
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Zone 1
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Zone 2
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
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Juncus effusus, Carex flacca, Brachypodium sylvaticum,
Apium nodiflorum, Epilobium hirsutum, Myrtus communis, and Lythrum hyssopifolia.
Mediterranean riparian elm forests (92Α022) are also
present in zone 3 (Fig. 2) of the Acheloos lower watercourse. Οther characteristic species are Ulmus minor,
Laurus nobilis, Salix alba, Crataegus monogyna, Vitex
agnus-castus, Hedera helix, Clematis flammula, Rosa
sempervirens, Smilax asperα and Tamus communis.
VIII. Oriental plane woods (Plantanion orientalis, 92C0):

This habitat type is represented by the association
92C011 (Platanetum orientalis-balkanicum). Platanus orientalis gallery forests are reduced in the zone 4 (Fig. 2) colonizing poorly stabilized alluvial deposits with a gravel
substrate.
The dominant species is Platanus orientalis. The accompanying flora may include Salix alba, S. fragilis, S.
amplexicaulis, Alnus glutinosa, Arum italicum, Apium nodiflorum, Dipsacus fullonum, Carex pendula, Carex distans,
Epilobium angustifolium, Cirsium arvense, Rumex conglomeratus, Juncus articulatus, J. inflexus, Scirpoides
holoschoenus, Brachypodium sylvaticum, Pteridium aquilinum etc.
Middle watercourse

Platanus orientalis gallery forests (92C011) and Salix
alba galleries (92A011) dominate in the middle watercourse (Fig. 2). Salicetum albae (92A011) floristic composition does not differ, compared to the lower watercourse. The additional existence of the species Carex pendula, Tamarix smyrnensis, Vitex agnus-castus, Nerium
oleander, Mentha aquatica is notable.
On the contrary, new species are added to the Platanetum orientalis-balkanicum composition compared to the
lower watercourse e.g. Equisetum ramosissimum, E. arvense, Cyperus longus, Cynosurus echinatus, Oenanthe
fistulosa, and Veronica chamaedrys.
Nerium oleander community (92D017) is another plant
community which is present in the middle waterwourse
(Fig. 2), forming the zones with Nerium oleander. Other
characteristic species are Vitex agnus–castus, Equisetum
telmateia, E. ramosissimum, Agrostis stolonifera etc.

Less extended Salix alba galleries (92A011) are present in fine-grained deposits (lime sand-clays soils). The
species number of the association 92A011 is lower, with
regard to the anterior geomorphological units. Dominant
species are Salix alba, S. fragilis, S. elaeagnos, Platanus
orientalis, Vitex agnus-castus, and Tamarix smyrnensis
DISCUSSION AND CONCLUSION
Τhe riparian zone changes along the course of a river
system, from its headwaters to its mouth. The types of
riparian communities along a river are determined by the
geology, hydrology, and other physical processes [18].
The succession of the habitat types along the watercourse of the rivers of W. Greece is presented in a resulting distribution model, after their comparison.
The upper watercourse is extending in mountainous
regions, at high altitudes. The mean flow velocity is high
and the steep banks have narrow riparian zones. The high
flow velocity generates rapid erosion. In the riverbed and
banks, the geological substrate is characterized mainly by
stones, shingle and gravel [18, 19]. Thus, the development
of gallery forests with Platanus orientalis is enhanced in
the upper watercourse because of deposit of pebble and
gravel.
The middle watercourse is characterized by gentle
slopes at middle altitudes. The transport and the deposition of sediments are in a dynamic equilibrium, and sandy
deposits dominate in this unit [18], [19]. Thus, the Salix
alba galleries (92A011) are dominant in the middle watercourse.
The rivers estuaries present a variety of biotopes because fine-grained sediments (loamy, clayey and silty)
prevail, and the gradation of salinity in soil and water.
Thus, most habitat types are recorded in the lower watercourse.
The distribution model we developed can be modified
with new data, not only from the studied rivers, but also
from other Greek rivers. It can be used for comparison
with other Greek rivers, and especially as a tool for their
monitoring and management.
ACKNOWLEDGEMENTS

Upper watercourse

In the upper watercourse, Platanus orientalis gallery
forests (92C011) dominate. The transport and deposition
of coarse-grained sediments and the presence of wellaerated soils favour the Platanus orientalis growth.

We would like to thank Miss S. Spanou M.Sc. (Patras)
for her linguistic corrections and valuable comments to this
manuscript.

The floristic composition of Platanetum orientalisbalkanicum does not show significant differences, compared to the anterior watercourse part. Few new species
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ABSTRACT
Lake Aktaş is a small, shallow, and turbid soda lake located between Turkey and Georgia. During the survey, conductivity, pH, dissolved oxygen, turbidity, NO3-N, NH4-N,
TP, SRP, silicate, major anions (Cl-, SO4--, HCO-3, CO-3)
and cations (Ca++, Na+, Mg++, K+), total chlorophyll, phytoplankton, zooplankton and macrophytes were determined
in the lake. The phytoplankton of Lake Aktaş consists of
Cyanophyta, Chlorophyta, Euglenophyta, Bacillariophyta,
Cryptophyta, Dinophyta and Chrysophyta, whereas that of
zooplankton consists of Copepoda, Chladocera and Rotifera.

variety of saline and freshwater lakes including Köyceğiz,
Bafa, Acıgöl, Yarışlı, Van, Burdur, Salda, Aktaş saline
lakes, and Beyşehir, Eğirdir, Marmara freshwater lakes.
There are some publications about Lake Van, the biggest
soda lake, but no considerable study of Lake Aktaş exists.
Therefore, this study is the first to present a detailed limnological survey of physical, chemical and biological characteristics of the lake allowing to understand its limnological
properties and biological composition.

MATERIALS AND METHODS
KEYWORDS: Lake Aktaş, soda lake, water chemistry, pytoplankton and zooplankton diversity, limnology.

INTRODUCTION
Soda lakes and soda deserts are naturally occurring alkaline environments. They represent the most stable highpH environments on earth, where large amounts of carbonate minerals can generate pH values >11.5 [1]. In
analogy to modern soda lakes commonly associated with
volcanic regions, it is postulated that the ancient sea
had a high alkalinity/pH, but low Ca++ and Mg++ concentrations [2]. Because of the scarcity of Mg++ and Ca++ in the
water chemistry, the lakes become enriched in CO3-- and Cl-,
with pHs in the range 8 to >12 [1]. The largest soda lake
on earth is Lake Van, in Eastern Anatolia, located in a
very active volcanic region [3] like Lake Aktaş.
Soda lakes are often situated within inaccessible continental interiors, often hindering their detailed and systematic study. However, soda lakes in East African Rift
Valley have been studied well over many years [4, 5]. Microbial study of Central Asian soda lakes has also been
documented properly [6, 7].
Although soda lakes are geologically quite recent, these
environments are widely distributed, and Turkey contains a

Study site

As a result of tectonic activities, depression regions
were created during pliocene and filled by water [8]. Lake
Aktaş (also known as Lake Hozapin, Lake Karsak, Lake
Azap, Lake Kartsakhi) is a shallow tectonic lake on the high
plateau of the Turkish-Georgian border area, in the eastern part of Anatolia (410 12’N, 430 12’E). Sedimented formations lie on the bottom of the lake, which consist of claysand-gravel, but also gypsum-aged neocene and pliocene
[8]. The lake's total area is 2700 ha, and 1400 ha lie within
Turkey, including the twelve uninhabited and sparsely vegetated islands (Fig. 1). Because it is a transboundary lake,
sampling for limnological analyses has been done only on
the Turkish side. Altough the eastern part of Turkey consists of high mountains, the lake is surrounded by arable
fields and grazing land; there are a few small reedbeds
(Phragmites australis) along the lake shores. Altitude of
the lake is 1798 m, and its average and maximum depths
are 1.5 m and 3.5 m. The main inflow of the lake are rainfall and seasenol streams. The lake outflow is to River Kura
via the seasonol stream Ağagil on the north-western part
of the lake, but only in spring when levels are high some
years. Only three villages are located near the lake and,
being situated in a military zone, access to the area is highly
restricted. Therefore, human activities are limited in and
around the lake. Fishing is solely land-based. In 1995, it was
established that Aktaş is one of the three Turkish breeding
sites for White Pelican (Pelicanus onocratus), and one of
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(Leitz Diavert) at a magnification of X400 according to the
method described by Lund et al. [17]. Identification of suspected species was made using an Olympus Vanox research
microscope at X1000 magnification. For phyto-plankton
species identification, the principal relevant books and references were used [18-28].
For zooplankton sampling, plankton nets with 55 µm
mesh-size (Hydrobios, Kiel) were used. Samples were taken
vertically from 1-m depth to the surface. The zooplankton
samples were preserved in 4% buffered formaldehyde
solution. Samples were subsampled and, at least, 100 of the
commonest species were counted under a stereo microscope (Nicon Type 102) [29].

FIGURE 1 - Map of study area and location of sampling stations.

the seven breeding sites for Dalmatian Pelican (Pelicanus
crispus) [9]. The site further qualifies for the large number of Velvet Scoter (Melanitta fusca) and Ruddy Shelduck
(Tadorna ferruginia) [9]. A research group identified 50
different bird species on the lake, with a number of 2500
(Stanford University, unpublished data). Based on previous records from State Hydraulic Work Department, there
is no natural fish species. However, Cyprinus carpio have
been determined during the study in the lake. This species
might have been introduced to the lake, but there is no evidence to support this theory.
Sampling

Data have beeen collected during six sampling trips between July 2004 and June 2005, and samples monthly at
5 stations scattered over the lake on the Turkish side (Fig. 1).
Sampling could not be carried out because of severe weather
conditions during the winter when the lake was frozen from
November 2004 to the end of April 2005. At each sampling
station, temperature, dissolved oxygen, conductivity and pH
were measured in situ with portable meters (WTW Oxi
197i, WTW Cond 315i/SET, WTW pH 315i/SET), respectively. Transparency was measured using Secchi discs. Composite water samples for chemical, pigment and plankton
analyses were collected from 0-1 m depth using a hoose
pipe of 3 cm diameter, and stored in acid–washed 1-L Pyrex
bottles.
Soluble Reactive Phosphorus (SRP), total phosporus
(TP), CO3- and HCO3- alkalinity were determined according to Mackereth et al. [10]. Ammonium and nitrate nitrogen were determined according to Chaney and Morbach
[11]. Ca++ and Mg++ to Merck [12], chloride to Mohr [13],
sulfate to Rump and Krist [14], and CaCO3 to Harris [15].
Chlorophyll-a was extracted with acetone and concentration calculated from absorbance reading at 663 nm [16].
All water analyses were done within 24 hours of collection.
Phytoplankton samples were preserved with Lugol’s
solution immediately after sampling, and subsamples were
examined and enumerated with an inverted microscope

Submersed macrophytes` density was determined as
dry weight/m2 only once in July 2004, when they became
visible on the surface. The plants were collected from randomly selected areas, measuring 25 x 25 cm, sorted from
the debris, and dried to constant weight in an oven at about
70 oC. Their dry weight was then measured and the mean
m2 value extrapolated.
RESULTS AND DISCUSSION
Physico-chemical variables of the lake

The monthly temperature profiles in Lake Aktaş (Table 1) showed a minimum of 10.6 0C in May 2005, and a
maximum of 26 0C in August 2004. The dissolved oxygen
saturation of the upper and lower layers was 6.55 mg L-1
in June 2005, and 8.96 mg L-1 in August 2004, respectively (Table 1). Because of an efficient vertical mixing due to
the shallow nature of the lake, water column remained
well oxygenated at all times. Oxygen saturation was above
the saturation level in 2004, and close to saturation level
during sampling time of 2005. Oxygen deficiency was not
observed in the water column, in spite of the algal bloom
when the water temperatures were also high. The lake water
was generally alkaline with a high pH ranging between
9.15-9.65 (Table1). The highest and lowest pH values were
observed in August 2004 and June 2005, respectively. Electrical conductivity was generally high and varied between
850–971 µS cm-1, with almost no seasonal pattern. The highest conductivity was measured in October 2004, and the
lowest in May 2005. Secchi disk values ranged between
16.8 and 23.2 cm (Table 1), the highest value at the first
sampling date in July 2004. From then on, it gradually decreased to 16.8 cm until October 2004. Secchi depth showed
a slight increase in May 2005, and again decreased to
18.6 cm in June 2005.
Ammonium nitrogen had a maximum value (73.6 µg
L-1) in September 2004 and a minimum one (13.8 µg L-1)
in June 2005. The minimum and maximum concentrations
of nitrate nitrogen were 156 µg L-1 (August 2004) and
183 µg L-1 (September 2004), resp. (Table 1). Ortho-phosphate (SRP) values were not high, but never below 19.6 g
L-1, with a maximum of 26.5 µg L-1 in August 2004.
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TABLE 1 - Mean values and ranges of physico-chemical variables, and
chlorophyll a concentration determined at Lake Aktaş during the study period.
Temperature (0C)
Oxygen (mg L-1)
pH
Conductivity (µS cm-1)
Secchi depth (cm)
N-NO3 (µg L-1)
N-NH4 (µg L-1)
TP (µg L-1)
SRP (µg L-1)
SiO2 (µg L-1)
Cl (mg L-1)
SO4 (mg L-1)
HCO3 (mg L-1)
CO3 (mg L-1)
CaCO3 (mg L-1)
Na (mg L-1)
Mg (mg L-1)
Ca (mg L-1)
K (mg L-1)
Chlorophyll (mg L-1)

July 2004
17
(17-17)
8.41
(7.08-9.58)
9.56
(9.54-9.60)
910.8
(890-924)
23.2
(22-25)
161
(125-196)
45.2
(39.2-50.1)
62.8
(61.4-63.8)
21.3
(19.8-22.8)
12.5
(12.43-12.63)
76.82
(72.4-79.5)
24.58
(7.7-54.7)
317.2
(256.2-347.7)
63.6
(48-72)
260
(210-285)
163.7
(152.7-177.6)
22.32
(20.4-25.2)
14
(12-16)
12.5
(12.5-12.5)
0.144
(0.087-0.179)

August 2004
26
(26-26)
8.96
(7.91-10.41)
9.65
(9.63-9.70)
945.4
(941-950)
20.8
(20-22)
156
(123-192)
43.3
(35.9-52.1)
60.5
(59.3-61.8)
26.5
(25.2-28.9)
13.2
(13.09-13.47)
79.6
(76.3-81.7)
84.2
(64.3-142.6)
223.3
(195.2-256.2)
130.8
(114-144)
183
(160-210)
198.2
(192.3-207)
12
(10.8-16.8)
34
(30-36)
14.08
(14-14.4)
0.12
(0.104-0.162)

September 2004
20.5
(19-21)
8.46
(6.66-10)
9.50
(9.49-9.55)
935.2
(935-936)
19.2
(18-20)
183
(135-221)
73.6
(63.7-83.8)
64.3
(61.8-67)
23.4
(22-24.5)
13.9
(13.59-14.37)
101.2
(81.7-118.6)
65.36
(19.2-99.8)
293.27
(250.1-353.8)
52
(18-72)
245
(205-290)
161
(154.4-166.5)
24.32
(20.4-27.6)
14.4
(14-16)
32.8
(32.8-32.8)
0.025
(0.012-0.069)

Major anion concentrations showed a general trend of
HCO3->Cl->CO3 >SO4. Though HCO3- was predominant
at all times of the study, CO3- appeared to be co-dominant,
except in August and October 2004. SO 4 was the least
abundant anion, except in August and September 2004.
During the whole study period, HCO3- levels ranged between 223 (August 2004) and 317 (July 2004) mg L-1, and
sulphate was recorded between 10.94 mg L-1 in May 2005
and 84.2 mg L-1 in August 2004. Inorganic carbon mainly
was in the form of bicarbonate with a maximum of 317 mg
L-1. During the phytoplankton peak (mainly cyanobacteria), bicarbonate showed a slight decline in October 2004,
but soon returned to normal values. As major cation Na+
was predominant during the study period, followed by
Mg++, K+ and Ca+ were co-dominant cations in SeptemberOctober 2004 and August 2004, respectively. The general
trend of cations in summer months seemed to be Na+>
Mg++>Ca++>K +, but changed to Na+>K +>Mg++>Ca++ in
autumn months. The minimum and maximum concentrations were as follows: sodium, 127 and 198 mg L-1; magne-

October 2004
15.9
(15.5-16)
8.88
(8.5-9.33)
9.46
(9.43-9.50)
971
(965-975)
16.8
(16-18)
163
(101-234)
47.2
(33.5-48.6)
66.2
(64.9-67.8)
19.6
(18.3-20.4)
5.3
(5.22-5.47)
84.4
(76.7-95.9)
32.44
(11.5-55.7)
264.7
(250.1-286.7)
94.8
(90-102)
217
(195-235)
165.2
(161.9-169.3)
23.28
(20.4-25.2)
10.4
(8-12)
35.58
(34.3-35.9)
0.471
(0.301-0.787)

May 2005
10.6
(10-11)
6.85
(6.75-7.08)
9.20
(9.15-9.34)
849.8
(834-860)
20.8
(20-22)
148
(135-164)
27.5
(18.9-40.3)
69.6
(45.2-85.8)
21.6
(18.8-26)
3.6
(2.55-4.44)
67.02
(64.6-70.3)
10.94
(1.9-24)
281.8
(274.5-298.9)
40.8
(36-48)
231
(225-245)
113.2
(111.3-115)
22.8
(20.4-25.2)
19.6
(18-22)
11.22
(10.9-12.5)
0.058
(0.023-0.093)

June 2005
14
(14-14)
6.55
(6.33-6.83)
9.15
(9.13-9.20)
886
(863-967)
18.6
(18-20)
157
(154-160)
13.8
(12.2-16.6)
50.6
(48-54.4)
25.5
(19.1-34)
3.67
(3.58-3.73)
73.72
(71-75.3)
15.36
(3.8-37.4)
275.7
(256.2-298.9)
52.8
(48-54)
226
(210-245)
127
(121.4-132.5)
23.28
(21.6-25.2)
14.8
(12-20)
18.54
(18.3-18.7)
0.074
(0.046-0.139)

sium, 12 and 24.32 mg L-1; potassium, 11.22 and 35.58 mg
L-1; calcium, 10.4 and 34 mg L-1.
Planktonic community structure

Chlorophyll-a concentrations changed between 0.025
and 0.471 mg L-1 (Table 1) which indicates that the lake
has an eutrophic character. The phytoplankton community
of Lake Aktaş is composed of high numbers of cosmopolite, alkaliphil, saline, brackish and freshwater algal species.
A total of 107 taxa were identified in the phytoplankton.
These taxa included 51 chlorophytes (Chlorophyta), 24
euglenoids (Euglenophyta), 13 blue-green algae (Cyanobacteria), 10 diatoms (Bacillariophyta), 4 cryptophytes (Cryptophyta), 3 chrysophytes (Cryptophyta), and 2 dinoflagellates (Dinophyta). Cyanobacteria dominated the phytoplankton at all times, with 99.9% nearly making up the
total phytoplanktonic organisms (Fig. 2).
Cyanobacteria, mainly Lyngbya contorta, were
recorded at around 9 million cells per ml at the beginning
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of the survey and decreased in numbers until September
2004. From then on, the group showed the biggest increase and reached above 12 million cells per ml, followed
by a decrease until late spring of 2005, when it started to
increase again. Cyanobacteria were followed by a codominant group, but much less in numbers of Chlorophyta
(0.01-0.08%). Other algal groups were recorded less than
0.01% during the study period, and euglenoids were
recorded around 400-500 cells per ml in June and August 2004, but decreased to small numbers for the rest of
the study period, when cryptophytes were about 500 cells
per ml in samples of 2005 (Fig. 3).

Lyngbya contorta was the predominant cyanobacterium
with high abundance (99.88-99.97%) at all times. Anabaenopsis elenkinii and Aphanizomenon flos-aquae were
recorded from June 2004 to September 2004 and June 2004
to October 2004 with 0.01-0.02 and 0.01-0.12%, respectively. Other members of cyanobacteria never exceeded
0.01%. Chlorophyta members were recorded much less in
numbers, and only two species, Monoraphidium contortum
and Monoraphidium irregulare, were above 0.01% during
the study (Table 2).
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FIGURE 2 - Total number of phytoplankton and cyanobacteria determined during the study periods.
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TABLE 2 - Dominance values of plankton in Aktaş Lake and their diversity (only the most abundant phytoplankton taxa).

4
5

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

ZOOPLANKTON
COPEPODS
Nauplui
Cyclops spp.
Diaptomus spp.
CLADOCERANS
Daphnia cuculata.
Daphnia hyalina
Daphnia longispina
Daphnia pulex
Ceriodaphnia reticulata
Bosmina longirostris
Bosmina coregoni
ROTIFERS
Asplanchna priodonta
Brachionus angularis
Brachionus calciflorus
Brachionus urceolaris
Brachionus rubens
Euchlanis diliatata
Filinia longiseta var. limnetica
Filinia terminalis
Notholca labis
Polyarthra dolichoptera
Diversity index H’

August 2004

Dominance (%)
Sept. 2004
Oct. 2004

May 2005

June 2005

0.01
0.02
99.92

0.02
0.12
99.83

0.01
0.06
99.88

0.01
99.97

99.89

99.91

0.03

0.01

0.03

0.01

0.06

0.04

0.008

0.015

0.011

0.002

0.01
0.010

0.01
0.009

8.39
4.80
3.23

2.03
0.11
-

37.94
5.92
2.38

47.41
3.07
7.70

67.62
6.92
0.83

48.00
32.24
5.86

0.11
0.04
0.57
-

0.11
-

0.05
2.93
0.40
1.43

0.05
0.09
2.28
0.79

-

-
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24.92
17.04
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1.67
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0.08
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TABLE 3 - Distribution (%) of Aktaş Lake zooplankton groups, with respect to total zooplankton during study period.
Copepods
Cladocerans
Rotifers

July 2004
16.41
0.72
82.87

August 2004
2.14
0.11
97.75

September 2004
46.24
4.81
48.95

October 2004
58.18
3.21
38.61

May 2005
75.37
0.00
24.64

June 2005
86.10
0.00
13.90

TABLE 4 - Distribution (%) of Aktaş Lake phytoplankton groups, with respect to total phytoplankton during study period.
Cyanobacteria
Chlorophyta
Euglenophyta
Bacillariophyta
Cryptophyta
Dinophyta
Chrysophyta

July 2004
99.94
0.05
0.01
0
0
0
0

August 2004
99.97
0.02
0.01
0
0
0
0

September 2004
99.95
0.05
0
0
0
0
0

19 zooplankton taxa were recorded belonging to Copepods (3), Cladocerans (7) and Rotifers (10), except naupli larvae of all copepod stages varying between 2-86 %
of total zooplankton (Table 3). All zooplankton groups
followed the same pattern with varying numbers, except in
June 2005 when the copepods slightly increased while the
others decreased. Zooplankton showed a decreasing trend
from July to August 2004 (Fig. 4). From then on, all three
groups increased in numbers until September, when cladocerans and rotifers decreased to fewer than 80 organisms per L until May 2005, while copepods continued to
increase until October 2004. Only copepods showed a
slight increase in number from May to June 2005, where
rotifers were around 20 org L-1, and no cladocerans could
be recorded in the samples (Fig. 4).
Rotifers were the dominant group at the beginning of
the study with 611 org L-1, or 82.9% of total zooplankton,
and they remained to be dominant until September 2004,
but then were replaced by copepods until the end of the
study period. Brachianus angularis, Brachianus calciflorus, Filinia teminalis and Filinia longiseta var. limnetica
were the most abundant rotifers with percentages of 36,
25, 23 and 17, respectively, in the total zooplankton from
July 2004 to September 2004 (Table 3). From October
2004 onwards, copepods, mainly naupli larvae and Cyplops sp., dominated the zooplankton with 48-72 %. Cladocerans were detected in small numbers at all times and
they occupied 0-4.81% of the total zooplankton during
study period. Maximum cladoceran numbers were detected
in September 2004 with 28 organisms per L, but were not
detected in samples of 2005. Ceriodaphnia reticulata, Bosmina longirostris and Bosmina coregoni were the mostly
recorded cladocerans, respectively.
The Shannon-Wiener species diversity index, based
on number of individuals, ranged between 0.008-0.015 in
phytoplankton, and between 0.86-1.69 in zooplankton
(Table 2).
Submersed macrophyte densities were determined only
once in July 2004, with 23.49 g dry wt. m-2. On the other

October 2004
99.99
0.01
0
0
0
0
0

May 2005
99.91
0.08
0
0
0.01
0
0

June 2005
99.92
0.07
0
0
0.01
0
0

hand, Phragmites australis, Potomogeton trichoides and
Polygonium amphibium were identified as macrophytes
during the study.
Lake Aktaş is highly alkaline (pH 9.1-9.6), and is a
shallow soda lake. In soda lakes, carbonate or carbonate
complexes become the major anions in solution. The most
important contributing factor is a lack of alkaline earth
cations (Ca++ and Mg++) in the surrounding topography,
which essentially means an absence of rocks of sedimentary origin. Further circumstances include a shallow depression forming a close drainage basin with a high marginal
relief, having sufficient rainfall to sustain streams entering
the basin to produce a standing body of water [4]. Magnesium cations are the second-most abundant ones, and represent more than 25% cation equivalance in 17% of the
world`s lakes [30]. In Lake Aktaş, the predominant and codominant cations are Na and Mg++, respectively, similar to
the findings of Hamer [30].
In volcanic areas, alkaline hot springs have been reported with pH 9.5 [31], where alkalinity is probably generated by decomposition of silicates. In rift and volcanic
regions, closed lakes (with effluent and tributary rivers)
are often dominated by Na+, CO3-- and HCO3- ions; Cl- concentrations play a secondary role only [2]. The pH is high
in closed soda lakes with substantial salinities. The high
alkalinities cause Ca++ ions, effectively being removed as
CaCO3; but some lakes even yield dolomite and accordingly loose Mg++ [32, 33]. Lake Aktaş is situated in a very
active volcanic region in the eastern part of Anatolia. The
lake contains 183-260 mg L-1 carbonates compared to 67.02101.2 mg L-1 Cl-. Its pH is 9.15-9.65, with low Ca++ (10.419.6 mg L-1) and Mg++ (12-24.3 mg L-1) presence. Therefore, Ca++ in Aktaş Lake is likely to be removed as CaCO3
resulting in high concentrations of it. It is also well-known
that CaCO3 influences the metabolism of hard water lakes
by coprecipitation of inorganic nutrients, such as phosphorus [34]. This phenomenon is most likely to be taking place
in Aktaş which means that the phosphorus concentrations
of the lake water, especially towards the end of growth
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season, must be lowered to a minimum. However, the water
analysis revealed that this is not the case and the phosphorus levels never fell below 63 µg L-1, except in one case
(June 2005). Since there is no cosiderable external loading
of phosphorus from the surrounding land and a small inlet,
there must be some other source of phosphorus in the lake
water. Three villages around the lake breed geese for commercial purposes, and their total number sometimes reached
over 1000. Adding the wild waterfowls which either
permenantly or temporally stay during their migration,
this number could reach beyond 4000 (personal communication, Stanford University). Manny et al. [35] calculated
that over 6500 Canada geese (Branta canadensis) and
4200 ducks (mostly mallards, Anas platyrhynchos) added
280 kg nitrogen (N), and 88 kg P y–1 to Wintergreen
Lake in southwestern Michigan. Applying the same model
to Lake Aktaş, possibly more than 105 kg N and 33 kg
P are loaded to the lake annually, only on the Turkish side.
Considering the fact that the lake borders Georgia, it is
possible that some more amounts of nutrients are added to
the lake externally, being constantly mineralised and
rapidly recycled in the lake due to its morphological characteristics (shallow depth, temperature and wind effect).
This might explain the high P concentrations of the lake
water, despite its high levels of CaCO3 and cyanobacterial
blooms.
Based on chlorophyll-a values of lake Aktaş (mean
value 0.15 mg L-1) with the trophic classification of Wetzel [34], the lake is eutrophic. High chlorophyll a levels
have been also found in Lake Çernek [36], although it is a
shallow lagoon lake, since the pH values sometimes rise
above 9, producing alkalinity in the lake. Mean Secchi disc
transparency depth of Lake Aktaş was 19.9 cm, which also
puts the lake into hypereutrophic class. We believe that
continuous wind-mixing and sediment re-suspension also
contributed to the low transparency on the lake, as well as
the persistent cyanobacterial bloom.
One of the noticeable features of many soda lakes is
their color. The water may be variously shaded by green or
red because of massive blooms of microorganisms. This
coloring is a reflection of the very high primary productivities associated with these lakes. The photosynthetic primary productivity, mainly the result of the dense populations of cyanobacteria, presumably supports the rest of the
microbial community [1]. The color of Lake Aktaş is yellowish-green, given mainly by a significant amount of cyanobacteria in the lake (Fig. 2). Lyngbya contorta and other
cyanobacteria in Lake Aktaş are the dominant phytoplankton members, as in many of soda and saline lakes [37].
Dissolved oxygen concentrations remained well above
saturation level (>6.5 mg L-1) for most of the study period,
and could be attributed to the permanent atmospheric diffusion as a result of the lake`s large surface area and shallow depth as well as its high phytoplankton production.

As a consequence, anoxic conditions were never recorded
in the lake.
Laboratory investigations have revealed that elevated
pH influences sodium balance, respiration and filtration
rate of cladocerans [38, 39]. Some cladocerans can survive at pH 10.5-11 [40, 41], but some copepods [42] and
rotifer species [42] can also survive at high pHs. Whereas
cladocerans were found in small numbers, Aktaş rotifer and
copepod accounts were significant. The high abundance of
cyclopoid copepods (Cyclops sp.), and the low numbers
of calonoid copepods (Diaptomus sp.) are characteristics
for the waters increased eutrophication [43]. Both zooplankton composition and chlorophyll a production of Lake
Aktaş fit this profile, and its mean Shannon-Wiener diversities for phytoplankton and zooplankton were 0.009 and
1.36, respectively. Since there are no data available published about any other shallow Turkish soda lake, it is
impossible to make any comparisons with these values.
Common carps (Cyprinus carpio L) are well-known for
the impacts of their feeding activities on the aquatic habitat.
They have been likened to aquatic pigs [44] because of
their rooting around-habits in the hydrosoil for benthic invertebrates, as well as their direct consumption of aquatic
plant tissues [45]. Feeding effect of the common carp fries
could be responsible for the small amount of zooplankton
and less macrophyte density in Lake Aktaş.
CONCLUSION
The main problem of the lake is low transparency
(secchi depth about 19.9 cm). This is probably due to less
macrophyte density (23.49 g dry wt. m-2). Submersed macrophytes perform a key function in stabilizing freshwater
ecosystems [46-48]. There are many reasons to find less
macrophyte densities, such as cutting, grazing, dregging
the sediment, substances like pesticides or toxins in
wastewater effluents, and wind. Grazing effects on the
submersed plants formed by waterfowls (e.g. goose),
dregging sediments by alien species such as Cyprinus
carpio, and wind-driving waves [49-52] already play a
crucial role on the macrophytes decline in this lake.
Since there is no big settlement or industrial activity
around the lake, and arable lands are used only for grazing sheep and cows, these minimize the discharge of
pesticides, toxins or other chemicals to the lake. Therefore, there is not a serious eutrophication problem in the
lake at this stage. However, the Aktaş border post is to be
opened in order to improve trade and transport between
Turkey and Georgia. This could potentially disturb the
lake`s ecosystem, with increasing human impacts over the
lake, and especially birds might be badly affected by the
human traffic nearby the lake. Hence, the hunting effect
on Cyprinus carpio might be reduced with the decreasing
bird population and the demolishing of the lake ecoystem
might further increase.
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Lake Aktaş is one of the important breeding sites for
White and Dalmatian Pelican in Turkey. The lake is also
an important habitat for Velvet Scotter and Ruddy Shelduck
[9]. All four species are in the “Agreement on the Conservation of African-Eurasian Migratory Waterbirds (AEWA)”
[53]. Therefore, in 1995, Lake Aktaş was included in the
Important Bird Sites for Turkey. However, the lake should
be declared as a significantly protected area.
Further studies are needed to understand the reasons
of the turbidity in Lake Aktaş including paleolimnological
demonstrations. Then recovery programmes, such as fish
manipulation, or submersed macrophyte plantation, could
be conducted to improve visibility.
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APPENDIX 1 - List of phytoplankton species
recorded at Lake Aktaş during study period.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

CYANOBACTERIA
Anabaena circinalis
Anabaena spiroides
Anabaenopsis elenkinii
Aphanizomenon flos-aquae
Chroococcus minor
Gloeocapsa rupestris
Lyngbya contorta
Lyngbya vanderberghenii
Lyngbya sp.
Phormidium foveolarum
Phormidium tenue
Phormidium sp.
Spirulina maior
CHLOROPHYTA
Aktinastrum hantzschii
Ankistrodesmus falcatus
Ankistrodesmus fractus
Ankyra judaii
Botryococcus sudeticus
Characiochloris characioides
Chlamydomonas globosa
Chlamydomonas sp.
Chlorella vulgaris
Chlorolobion braunii
Closteriopsis acicularis
Closteriopsis longissima
Closterium verricosum
Coelastrum astroideum
Coenocystis obusta
Elekatothrix viridis
Gloeocystis major
Gloeocystis vesiculosa
Gloeocystis sp.
Kirchneriella contorta
Kirchneriella lunaris
Kirchneriella sp.
Koliella longiseta
Lagerheimia sp.

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
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Monoraphidium arcuatum
Monoraphidium contortum
Monoraphidium griffithii
Monoraphidium irregulare
Oocystis apiculata
Oocystis borgei
Oocystis natans
Oocystis pusilla
Pediastrum boryanum v. Cornutum
Pediastrum duplex
Quadrigula closterioides
Raphidocelis contorta
Scenedesmus arcuatus
Scenedesmus bijuga
Scenedesmus communis
Scenedesmus dimorphous
Scenedesmus falcatus
Scenedesmus obliquus
Scenedesmus opoliensis
Scenedesmus quadricauda
Schroederia robusta
Sphaerellopsis lefevrei
Tetraedron caudatum
Tetraedron minimum
Tetrastrum komarkeii
Tetrastrum triangulare
Zoochlorella parasitica
EUGLENOPHYTA
Euglena agilis
Euglena chlamydomorpha
Euglena elastica
Euglena gracilis
Euglena minuta
Euglena polymorpha
Euglena proxima
Euglena variabilis
Euglena sp.
Lepocinilis sp.
Phacus caudata
Phacus corculeum
Phacus granum
Phacus hamelii
Phacus longicauda
Phacus nordstedtii
Phacus sp.
Strobomonas sp.
Trachelomonas armata
Trachelomonas bulla
Trachelomonas caudata
Trachelomonas granulata
Trachelomonas subverrucosa
Trachelomonas sp.
BACILLARIOPHYTA
Cyclotella meneghiniana
Cyclotella sp.
Amphora ovalis
Fragilaria ulna
Gomphonema olivaceum
Gomphonema sp.
Nitzschia sp.
Stephanodiscus asrteae
Stephanodiscus hantzschii
Surirella ovata
CRYPTOPHYTA
Chroomonas acuta
Cryptomonas erosa
Cryptomonas ovata
Rhodomonas minuta
DINOPHYTA
Katodinium hypexanthum
Peridinium sp.
CHRYSOPHYTA
Epiphyxis anglica
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[10] Mackereth, F. J. H., Heron, F. and Talling, J. F. (1978) Water
analysis: some methods for limnologist. Freshwater Biological Association. Scientific Publication no. 36.

Epiphyxis sp.
Mallomonas multiunca

APPENDIX 2-List of zoopplankton species
recorded at Lake Aktaş during study period.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

[11] Chaney, A. L. and Morbach, E.P. (1962) Modified reagents
for the determination of urea and ammonia. Clinical Chemistry. 8: 130-132.

COPEPODS
Nauplui
Cyclops spp.
Diaptomus spp.
CLADOCERA
Daphnia cuculata
Daphnia hyalina
Daphnia longispina
Daphnia pulex
Ceriodaphnia reticulata
Bosmina longirostris
Bosmina coregoni
ROTIFERS
Asplanchna priodonta
Brachionus angularis
Brachionus calciflorus
Brachionus urceolaris
Brachionus rubens
Euchlanis diliatata
Filinia longiseta var. limnetica
Filinia terminalis
Notholca labis
Polyarthra dolichoptera

[12] Merck, E. (1986) Die Untersuchung von Wasser. 11th Edition, Darmstadt.
[13] Mohr, F. R. (1856) Die Bestimmung der Halogenidionen in
neutralen Lösungen löslicher Halogenide. In: G. Jander, H. J.
Jahr and H. Knoll (Ed.), maBanalyse. De Gruyter, 1969, Berlin, (pp. 224-226).
[14] Rump, H. H. and Krist, H. (1988) Laboratory manual for the
examination of water, wastwater and soil. VCH, Weinheim.
[15] Harris, D. C. (2003). Quantitative chemical analysis. 6th ed.,
W. H. Freeman, New York, pp. 259-267.
[16] Talling, J. F. and Driver, D. (1961) Some problems in the estimation of chlorophyll a in a phytoplankton. Proceedings of
a conference on a primary productivity measurment in Marine and Freshwaters. MS. Doty. University of Hawaii, US
Atomic Energy Commission Publication TID 7633.
[17] Lund, J.W.G., Kipling, C. and LeCren, D.E. (1958). The inverted microscope method of estimating algal numbers and
the statistical basis of estimations by counting. Hydrobiologia, 49: 143-170.
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ABSTRACT
A L9 orthogonal array design involving 3 factors
(C 6 H 12 O 6 , KNO 3 and NaH 2 PO 4 ) and 3 levels for each
(C 6H 12O 6: 0.2, 0.4 or 0.8 g/L; KNO 3: 0.4, 0.8 or 1.6 g/L ;
NaH2PO4: 0.05, 0.1 or 0.2 g/L), was used to study the effects of nutrients on dehydrogenase activity and polysaccharide content of substrate biofilms in the integrated vertical-flow constructed wetland (IVCW). Results showed that
C 6H 12O 6 and KNO 3 were the main factors for dehydrogenase activity and polysaccharide content of biofilms, respectively. The combinations of three nutrients at different
concentrations had different effects on dehydrogenase activity and polysaccharide content of biofilms. The optimal
combination for dehydrogenase activity was obtained by
locating the concentrations of C6H12O6, KNO3 and NaH2PO4
at 0.2, 0.8 and 0.05 g/L, and the optimal combination for
polysaccharide content was obtained by locating the concentrations of C6H12O6, KNO3 and NaH2PO4 at 0.2, 0.4 and
0.2 g/L, respectively. The corresponding maximum activity and polysaccharide content were 5.40 µg TF/g substrate/
12 h and 3454.6 µg/g substrate, respectively. These results
would provide the laboratory foundation for optimizing the
purification function of the wetland systems.

KEYWORDS: biofilms, nutrients, dehydrogenase activity, polysaccharide content, integrated vertical-flow constructed wetland

INTRODUCTION
Constructed wetlands have been successfully used for
sewage treatment, especially for small communities. The
system possesses the attributes of low-cost and low-maintenance and is capable of removing organic matter, nutrients and other pollutants simultaneously [1-3]. Since the
wetlands are filled with substrates, they provide surface area

for microbial growth. As the microorganisms attach on the
substrates, they form biofilms, which play an important
role in wastewater treatment [4, 5].
Biofilms were mainly composed of bacterial cells and
extracellular polymeric substances (EPS) [6]. Jahn and Nielsen [7] reported that cell biomass of biofilms was only a
minor fraction of the organic matter in biofilms, and 7098% of total organic carbon was found to be extracellular.
Ragusa et al. [8] pointed out that bacteria growing in biofilms produced EPS that help them attach to the surface,
bind together and protect them from the surrounding environment, and polysaccharide was the major component.
Thereby, polysaccharide contributed much to the biomass
of biofilms, and might impact the wetland treatment efficiency because the efficiency relied heavily on the appropriate accumulation of biomass.
Zhou et al. [9] found that enzyme activity of biofilms
amounted to 70% of the total enzyme activity of substrates in the integrated vertical-flow constructed wetland
(IVCW), and the dehydrogenase activity of biofilms was
even 10 times that of the substrates, which showed that
biofilms were the major component of the wetland microorganisms contributing more to their activity. Dehydrogenase activity had been described as respiratory potential
or electron transport system activity and was correlated
significantly with the removal of substrate loading, and the
removal efficiency of organic matter in wastewater could
be forecasted by means of the dehydrogenase activity of
biofilms [10].
Therefore, manipulating dehydrogenase activity and
polysaccharide content of biofilms may enable increases
in wetland treatment efficiency. The carbonous, nitrogenous and phosphorous nutrients are necessary for the
development of biofilms, and the composition and quantity of nutrients inflowing into a constructed wetland can
obviously affect the level of enzyme activity and biomass
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of biofilms. The purpose of this work was to investigate
the effects of C6H12O6, KNO3 and NaH2PO4 on dehydrogenase activity and polysaccharide content of substrate
biofilms in the IVCW system by means of the orthogonal
array design, and then provide a scientific basis to help
optimize the purification function of the wetland systems.
MATERIALS AND METHODS
Integrated vertical-flow constructed wetland

A twin-chamber (a down-flow chamber and an upflow chamber, indicating the direction of the passing water)
middle-scale plot system of IVCW, based on the design
given by Perfler et al. [11], was constructed beside the East
Lake, one of the eutrophic urban lakes in Wuhan City,
China. In the down-flow and up-flow chambers, the depths
of the substrates were 65 cm and 55 cm, and Canna indica and Acorus calamus were planted, respectively. The
influent of the IVCW system came from East Lake, passing a tank for primary precipitation. The hydraulic loading was 800 mm/d, and the hydraulic retention time was
5.3 h, intermittently loaded.
Sampling

The substrate biofilm samples were collected from five
representative sites of the IVCW system and combined to
a composite sample. All litter was removed and the samples were taken to the laboratory in sealed polypropylene
bags and stored at 4 °C.
Before the experiment, the spatial distributions of dehydrogenase activity, polysaccharide content and volatile
weight of biofilms in the IVCW system were examined in
order to obtain biofilm samples that contained high amounts
of microbial activity and biomass. The down-flow and upflow chambers were divided into three layers according to
the depth of the separate chamber, namely, surface 0-10 cm,
subsurface 10-30 cm and below 30 cm (30-55 cm for the
up-flow chamber and 30-65 cm for the down-flow chamber). The samples were collected as mentioned above.
Changes in dehydrogenase activity and
polysaccharide content of biofilms with time

At first, the mineral solution, consisting of salts in the
following concentrations (mg/L): MgSO4 10, CaCl2·2H2O
10, NaCl 10, FeCl3·6H2O 0.4, was prepared.
50 g of substrates in triplicates were weighed and cultured in 250-ml conical flasks with a 2:1 mineral solution:
substrate ratio. The flasks were mechanically agitated on a
shaker (25 °C, 120 rpm). Dehydrogenase activity and polysaccharide content of biofilms were measured each day, and
then plotted against sampling days. Finally, the day on
which the activity was stable, and the polysaccharide was
produced advantageously, was decided.
Experimental design

An orthogonal array design was used to evaluate the
effects of nutrients on dehydrogenase activity and polysac-

charide content of substrate biofilms in the IVCW system.
Three different factors (C6H12O6, KNO3 and NaH2PO4) and
three levels for each (C6H12O6: 0.2, 0.4 or 0.8 g/L; KNO3:
0.4, 0.8 or 1.6 g/L; NaH2PO4: 0.05, 0.1 or 0.2 g/L) were involved in the orthogonal array, and there were nine combinations of nutrients in total.
250-ml conical flasks with a 2:1 solution:substrate ratio (100 ml mineral solutions to 50 g of substrates) were
cultured at 25 °C on a shaker agitating at 120 r/min, and the
nutrients were added according to the orthogonal array
design. Dehydrogenase activity and polysaccharide content
of biofilms were measured on the day acquired previously.
Analytical methods

The volume of suspended solution of biofilms indicated
a significant relationship with the net weight of biofilms
(data not shown), and thus the volume could substitute for
the weight or concentration of biofilms and be used for
calculating quantificationally dehydrogenase activity and
polysaccharide content of biofilms.
The phenol sulphuric acid assay was used to quantify
polysaccharide of biofilms [12]. 1 ml diluted suspended
solution (1 in 10 dilution) and 1 ml 50 g/L phenol were
added into a glass tube with a stopper, then tubes were
vortexed for 30 s, 5 ml concentrated H2SO4 was added to
each tube, and the tubes were mixed again on a vortexer
for 10 s. The absorbance of the solution was measured at
490 nm when the tubes were cool. Polysaccharide content
was related to g of substrate, and glucose was used to construct the standard curve.
Dehydrogenase activity was determined by reduction
of triphenyl tetrazolium chloride (TTC) to triphenyl formazan (TF) [13]. Briefly, 2 ml suspended solutions, 2 ml
Tris-HCl buffer solution (pH 7.6), 2 ml 0.1 mol/L glucose, and 2 ml 0.5% w/v TTC were added to the tubes. The
mixture was then incubated for 12 h at 37 °C, stopped by
adding concentrated H2SO4, 5 ml acetone was then added,
the suspensions were centrifuged at 5,000 rpm for 5 min,
and the supernatant was assayed at 492 nm. Dehydrogenase
activity was calculated as µg TF produced per gram of
substrate per 12 h. A standard curve was prepared by using
Na2S (10%) as reducing agent to reduce TTC to TF (060 µg) and reading the absorbance at 492 nm.
RESULTS AND DISCUSSION
Spatial distributions of dehydrogenase activity,
polysaccharide content and volatile weight of biofilms

On the basis of the investigations carried out in the
IVCW system, it was established that the main part of
microbial activity and biomass was located within the top
10 cm in the down-flow chamber (Fig. 1). The wetland
system had been operated for several years, and the surface 0-5 cm substrates contained a lot of litter, therefore
in this study, the biofilm samples in the depth of 8-10 cm
in the down-flow chamber were collected to study the
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effects of nutrients on dehydrogenase activity and polysaccharide content of biofilms.
Changes in dehydrogenase activity
and polysaccharide content of biofilms with time

As shown in Fig. 2, on the first few days, the microorganisms in biofilms did not adapt to the new surround
ing environment, resulting in the fluctuations of dehydrogenase activity and polysaccharide content. Polysaccharide content of biofilms began to increase from day 5, and
kept stable on day 7. At the same time, the activity also

remained constant. As a result, the optimal experimental
time was day 7 from the start.
Moreover, it could be inferred that if different nutrients were added into the suspensions of biofilms, dehydrogenase activity and polysaccharide content of biofilms
would be impacted due to the altered surrounding environment. Hence, the orthogonal array design was further used
to evaluate the effects of C6H12O6, KNO3 and NaH2PO4 on
dehydrogenase activity and polysaccharide content of biofilms.
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FIGURE 1 - Spatial distributions of dehydrogenase activity (a), polysaccharide content (b) and volatile weight (c) of biofilms.
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FIGURE 2 - Changes in dehydrogenase activity
and polysaccharide content of biofilms with time.
Effects of nutrients on dehydrogenase
activity and polysaccharide content of biofilms

As shown in Table 1, dehydrogenase activity varied between 2.63-4.50 µg TF/g substrate/12 h, and polysaccharide content between 1100.4-3257.3µg/g substrate. The
largest dehydrogenase activity was found for treatment 3
and the lowest for treatment 9, while the largest polysaccharide content in treatment 7 and the lowest in treatment 8.
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Another condition (number 10) was set for comparing dehydrogenase activities and polysaccharide contents in the
flasks containing only mineral solution with that in the
flasks containing nutrients. From Table 1, not all the dehydrogenase activities and polysaccharide contents for the nine
combinations in the orthogonal array were higher than that
for number 10, which indicated that there existed the opti-
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TABLE 1 - Results of the orthogonal array design assay.
C6H12O6
(g/L)
0.2
0.2
0.2
0.4
0.4
0.4
0.8
0.8
0.8
0
4.09
3.82
3.14
0.95

Number
1
2
3
4
5
6
7
8
9
10*
Dehydrogenase activity
(µg TF/g substrate/12h)
Range

KNO3
(g/L)
0.4
0.8
1.6
0.4
0.8
1.6
0.4
0.8
1.6
0
3.64
3.76
3.64
0.12

NaH2PO4
(g/L)
0.05
0.1
0.2
0.1
0.2
0.05
0.2
0.05
0.1
0
3.91
3.25
3.88
0.66

Dehydrogenase activity
(µg TF/g substrate/12h)
4.24
3.52
4.50
3.61
4.06
3.79
3.08
3.70
2.63
3.34

Polysaccharide content
(µg/g substrate)
2901.6
2571.2
1164.7
2350.9
1963.2
1536.4
3257.3
1100.4
1183.0
1476.7

2212.5
2836.6
1846.1
1950.2
1878.3
2035.0
1846.9
1294.7
2128.4
Range
365.6
1541.9
282.3
*: The substrate biofilms were cultured only with the mineral solution.
Polysaccharide content
(µg/g substrate)

a

3000

factor A
factor B
factor C

4.0

factor A
factor B
factor C

b

Polysaccharide content
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(µg TF/g substrate/12h)

4.5

3.5

3.0

2.5

2500

2000

1500

1000
0

1

2

3

4

0

Level

1

2

3

4

Level

FIGURE 3 - Relations between the levels of the factors and dehydrogenase activity (a) and polysaccharide content (b) of biofilms.

mal combination of nutrients for dehydrogenase activity
and polysaccharide content of biofilms, respectively.
Comparison of the magnitude of range, the order of
crucial factors for dehydrogenase activity was C6H12O6 >
NaH2PO4 > KNO3, and that for polysaccharide content was
KNO3 > C6H12O6 > NaH2PO4. The effects of the various
nutrients on the biofilms were different, and C6H12O6 and
KNO3 were the main factors for dehydrogenase activity and
polysaccharide content of biofilms, respectively. Besides,
the effects of different combinations of three nutrients on
the biofilms were also different, and there were the optimal
combinations for dehydrogenase activity and polysaccharide content of biofilms, respectively.
According to Table 1, the relations between the levels
of the factors and dehydrogenase activity and polysaccharide content of biofilms could be obtained intuitively, as

shown in Fig. 3. From this graph, both dehydrogenase activity and polysaccharide content of biofilms decreased with
increasing concentration of C6H12O6. Namely, added carbon source was disadvantageous to improve the activity
and accumulate polysaccharide. However, Li et al. [14]
reported an increase in the amount of polysaccharide with
the increasing concentration of organic matter in the biofilter supplied with glucose as the carbon source, which was
not supported by the present study. Effects of the sole carbon source on biofilms differed from that of the combinations of carbon, nitrogen and phosphorus sources on biofilms. A probable explanation was that the composition and
metabolic ways of the microorganisms in biofilms were
different in different surrounding environments. On the
other hand, KNO3 and NaH2PO4 indicated similar effects on
dehydrogenase activity of biofilms, but opposite ones on
polysaccharide content of biofilms. For these two nutrients,
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their respective maximum activities were within the range
of concentrations studied. For KNO3, higher concentration
conduced to the increase of dehydrogenase activity, whereas
the activity started to decrease when the concentration of
KNO3 exceeded 0.8 g/L. As for NaH2PO4, the maximum
activity occurred when its concentration was 0.05 g/L. In
other words, the proper addition of nitrogen or phosphorus
sources was beneficial to improve the activity of biofilms.
Furthermore, polysaccharide content decreased orderly with
the increasing concentration of KNO3, but increased gradually with the increasing concentration of NaH2PO4. This
result showed that the addition of phosphorus source was
beneficial to accumulate polysaccharide. Polysaccharide
accumulation was related to cellular activity and amount
[12], and this result also verified the essential role that phosphorus played in cell growth and maintenance. To understand the variations of dehydrogenase activity and polysaccharide content of biofilms which different nutrients
brought out, the balance between availability of nutrients
must be considered. The functions that different nutrients
performed in biofilm growth were different because the
carbonous, nitrogenous and phosphorus nutrients involved
diverse metabolic ways, as well as synthesized and accumulated diverse metabolic products.
The optimal combination of each factor level was when
dehydrogenase activity and polysaccharide content of biofilms reached their respective largest values, namely 0.2 g/
L C6H12O6, 0.8 g/L KNO3, 0.05 g/L NaH2PO4 (Fig. 3a) and
0.2 g/L C6H12O6, 0.4 g/L KNO3, 0.2 g/L NaH2PO4 (Fig. 3b).
However, neither of them could meet the nine combinations
for orthogonal array design. According to the acquired optimal combinations for dehydrogenase activity and polysaccharide content, further trials were carried out, and the
corresponding dehydrogenase activity and polysaccharide
content were 5.40 µg TF/g substrate/12 h and 3454.6 µg/g
substrate, respectively, which were both higher than the
largest values obtained directly from the orthogonal array
design. The higher dehydrogenase activity and polysaccharide content of biofilms might be obtained at certain point
or area beyond limitative ranges, for instance, the maximum
activity was obtained under the condition that the concentration of C6H12O6 exceeded 0.2 g/L, KNO3 exceeded 0.8 g/
L, NaH2PO4 exceeded 0.05 g/L, and the concentrations of
all the three nutrients exceeded their respective maximum
values (C6H12O6 > 0.8 g/L, KNO3 > 1.6 g/L and NaH2PO4
> 0.2 g/L). However, in the light of practical factors, such
as the required wetland treatment efficiencies, economic
costs, safety and the long-term operation of wetland systems and so on, it was unadvisable to increase the concentration of nutrients excessively.

TF/g substrate/12 h, was obtained with 0.2 g/L C6H12O6,
0.8 g/L KNO3 and 0.05 g/L NaH2PO4 added, and the maximum polysaccharide content, 3454.6µg/g substrate, was
obtained with 0.2 g/L C6H12O6, 0.4 g/L KNO3 and 0.2
g/L NaH2PO4 added.
This study has implications for improving our ability
to take some measures to enhance the treatment efficiency
in constructed wetlands, and the optimization of dehydrogenase activity and polysaccharide content of biofilms may
be a new way. The desirability of this practice will depend
on the contaminants in the wastewater. In a wetland system, higher or lower levels of nutrient input could be obtained by altering the water chemistry of the inflowing
wastewater. For example, organic carbon could be added
into wetland treatment systems to provide a source of electrons for decomposition processes when nitrogen and phosphorus are present in excess, and carbon might become
more the limiting factor to the growth of biofilms. It also
would be beneficial to optimize dehydrogenase activity and
polysaccharide content of bioflims if the suitable ratio of
carbon:nitrogen:phosphorus is acquired by combining the
nutrient-rich and relatively nutrient-limited wastewater as
the compound influents. Further research is needed to demonstrate the variations of the diversity and amount of the
microorganisms in biofilms, and the relationships between
these variations and the activity and biomass of biofilms.
Such studies will be helpful for us to gain more information about the mechanisms of removing all kinds of
pollutants by biofilms, and further will be helpful to take
full advantage of biofilm processes in constructed wetlands.
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ABSTRACT
In this paper, both direct and indirect methods have
been applied to determine the initial inert soluble COD (SI)
of yeast wastewater under anaerobic biological conditions.
Indirect determination process consists of running two parallel batch reactors, one with the tested wastewater and the
other with glucose. The two parallel batch reactors start
with the same initial COD of 6500 mg/L (ST0) and continue
long enough to deplete the degradable substrate entirely.
The degradation rate of glucose is much faster than that of
the wastewater under the same conditions with COD reducing rates of 80% and 40%, respectively, in about 15 days.
The final soluble COD of glucose comes to a stable level of
about 340 mg/L after 30 days, and that of the wastewater
is 65 days of about 1240 mg/L, the SI fraction is 840 mg/L.
The ratio of the initial inert soluble COD to the initial soluble COD (SI/ST0) is 0.13. Direct experimental procedure
involves running two reactors fed with unfiltered
wastewater and filtered wastewater, respectively,
which lasts 70 days. The COD degradation curves of the
two reactors are similar. The COD values reduce linearly
during the first 15 days, and then the decomposing rates
become much slower and reach steady-state with COD
of 400 mg/L on the 30th day. It shows that the residual
COD cannot be removed, even with extended operation
time, and the SI/ST0 is 0.10. To strong industrial
wastewater, direct method overcomes the interference of
residual soluble inert microbial products (Sp), and the
results are closer to the real value.

KEYWORDS: Yeast wastewater, soluble microbial products, initial
inert soluble COD, residual COD.

INTRODUCTION
Yeast industry usually uses molasses as raw material,
and by-product of sugar industry. Molasses contain 45–
50% residual sugars, 15–20% non-sugar organic substances,

10–15% ash (minerals), and about 20% water [1]. During
yeast fermentation, the sugars contained in the molasses
are a source of carbon and energy. However, a major part of
the non-sugar substances in the molasses are not assimilable by the yeast, and are released unchanged to the processing wastewater. These compounds represent the principal waste from the yeast production process. In addition,
the chemicals added during fermentation (e.g. antifoams,
propionic acids, brine, etc.), yeast metabolites, and residual yeast cells are in the wastewater. Thus, yeast fermentation produces high-strength wastewaters containing high
concentrations of organic materials that cannot easily be
degraded by biological processes [2, 3]. A two-stage (anaerobic + aerobic) treatment system has been used in
order to treat this effluent efficiently. Most of the COD
reduction takes place during the anaerobic degradation.
However, the current technology is still not optimal as the
total treatment efficiency in terms of COD is only about
80% [1, 4]. In summary, even after multi-step biological
treatments, the effluents cannot meet the discharge standards.
Recently, there is an increasing concern that it is the
presence of both the inert COD fraction in the influent
wastewater and the soluble microbial products (SMP) produced during biological treatment that affect the quality of
effluents and overall organic matter removal in biological
treatment processes. The effect of inert COD fraction and
the SMP may be negligible in the treatment of low-strength
wastewaters. However, they may have relatively greater
significance in the treatment of medium- and high-strength
industrial wastewaters [5-8].
There are extensive studies on the determination of inert COD fractions in industrial wastewaters under aerobic
conditions [9-14]. However, very few have been reported
under anaerobic conditions, or for yeast wastewater [15, 16].
Since anaerobic biological treatment is the principal treatment unit for yeast industry wastewater, both the inert
COD fraction of wastewaters under anaerobic conditions
and the soluble microbial products produced within the
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anaerobic treatment systems should be further investigated.
In this work, both direct and indirect methods were
experimentally applied to determine the initial inert soluble COD of yeast mill wastewater under anaerobic conditions. The results can help us to understand the biodegradability of yeast wastewater and provide useful data for
the design of treatment plants.
MATERIALS AND METHODS
Nomenclature

CT0 Initial total COD (mg COD /L)
CT Total COD (mg COD /L)
ST0 Initial soluble COD (mg COD /L)
ST Total soluble COD (mg COD /L)
SS Readily biodegradable COD (mg COD /L)
XS Slowly biodegradable COD (mg COD /L)
SP Residual soluble inert microbial products (mg COD/L)
SR The residual soluble COD (mg COD /L), SR = SI + SP
XP Residual particulate inert microbial products
(mg COD /L)
SI Initial soluble inert COD (mg COD /L)
XI Initial particulate inert COD (mg COD /L)
YXP Ratio of particulate residual products/ biodegradable
COD
YSP Ratio of soluble residual products/ biodegradable COD
ΔCT Total COD removed (mg COD /L)
Wastewater characteristics

The wastewater samples were collected from the largest yeast producing plant in China, and the characteristics
are given in Table 1.

(ST0) having the same dilution. The reactors were seeded
with an amount of sludge (50 mg VSS/L) obtained from the
full-scale anaerobic treatment plant with the same
wastewater and acclimated to wastewater anaerobically at
laboratory conditions.
All reactors were placed in a water-bath to maintain a
temperature of 35 °C. Solutions were mixed with magnetic
stirrers. The COD: N: P ratio was maintained in the influent at 400: 5: 1, by adding urea and KH2PO4 in order to
supplement nitrogen and phosphorus. The pH of the feed
was adjusted by adding NaHCO3 to a level close to neutral
during the experiments. After setting up the reactors, aliquots removed from the mixed liquor of the reactors were
analyzed for total COD, soluble COD, alkalinity and pH
every day, or once in two days until the reactors reached
the plateau. It should be noted that the volatile fatty acids
(VFAs) must be determined in this time. Each experiment
was conducted twice. As previously mentioned, the initial
inert soluble COD was determined by the direct and indirect method, respectively.
Indirect method

Indirect method is relatively simpler in structure and
consists of running two parallel batch reactors started with
the same initial COD, one with the tested wastewater and
the other with glucose. The test was continued for a period
long enough to entirely deplete the degradable substrate so
that the COD level in the reactor operated with the
wastewater is reduced to a minimum residual concentration
(SR). In the glucose reactor, COD reaches a lower level of
Sp, as glucose contains no initial inert fraction. Consequently, the SI fraction in the wastewater can be calculated as
(SI)wastewater = (SI + Sp)wastewater - (Sp)glucose

TABLE 1 - Characterization of yeast wastewater used in this study.
Parameter
Total COD (CTO)
Soluble COD (STO)
Alkalinty (as CaCO3)
Total P
Total N
pH (units)

(1)

with the assumption that

Concentration (mg/L)
7800
6520
2330
26.7
1030
5.7

(Sp) wastewater ≈ (Sp) glucose

(2)

This assumption is reasonably valid as the two systems
have the same ST0. More detailed information about the
method can be found elsewhere [6, 14].
Direct method

Experimental set-up

Four 2-L cylindrical anaerobic batch reactors were applied in the experiment. The first two reactors (applied to
indirect method) were fed with wastewater (No.1 reactor,
ST0 = 6520 mg/L) and glucose solution (No.2 reactor, ST0 =
6580 mg/L), respectively, then were seeded with a small
amount of sludge (30 mg VSS/L) which had been acclimated to the mixture of 50% wastewater and 50% glucose
in similar batch reactors, operated on a fill and draw basis.
The other two reactors (applied to direct method) were
fed with raw and filtered yeast wastewater, namely, No. 3
fed with raw wastewater (CT0) diluted to have an initial
COD of 1472 mg/L, and No.4 with the filtered wastewater

An experimental method for the direct assessment of
the influent inert COD fractions in wastewaters has been
developed by Germirli and Orhon et al. [15, 17, 18]. The
experimental procedure which overcomes the interference
of Sp on the determination of initially inert COD, involves
running two aerobic batch reactors, one fed with the unfiltered wastewater, CT0 (reactor I), and the other with the
filtered wastewater, ST0 (reactor II). In order to get rid of
the interference of the residual COD release due to the biomass decay, seeding is performed with a minimum amount
of biomass, namely 10-50 mg/L VSS. The soluble and
total COD values of periodical samples from both reactors
are analyzed until all the biological activity is completely

746

© by PSP Volume 17 – No 6. 2008

Fresenius Environmental Bulletin

depleted, where the COD profiles reach a plateau and stay
unchanged. At the beginning of the experiment, total COD
of the reactor fed with the unfiltered wastewater is given
by:

CT1 = Sp1 + Xp1+ SI + XI

(5)

tioned method for running it under anaerobic conditions.
Basically, the same procedure is applicable to the anaerobic test with the specific consideration that anaerobic processes require an additional control parameter to establish and maintain a balance between acid- and methaneforming bacteria. The volatile fatty acids (VFAs) determination is widely used for this purpose. Besides, VFAs are
anaerobic systems` intermediate compounds [8, 20]. Therefore, in anaerobic application of the above methods, VFAs
must be considered while calculating SI (COD corresponding VFAs should be subtracted). In this context, alkalinity must be added for buffering the pH in the event that
there is an accumulation of VFAs and for CO2 equilibrium. NaHCO3 should be used for pH control, other details are given by Germirli et al. [15].

ST1 = Sp1 + SI

(6)

Analysis methods

CTO = SS1 + XS1 + SI + XI

(3)

whereas for the second reactor, soluble COD can be
expressed as follows:
STO =SS2 + XS2 + SI

(4)

At the end of the experiment, since all biological activity is entirely finished and all biodegradable substrate is
assumed to be consumed (SS = 0, XS = 0). Total COD and
soluble COD can be formulated as:

For the second reactor, which is fed with the filtered
wastewater, total and soluble COD values cover the following fractions:
CT2 = Sp2 + Xp2 + SI

(7)

ST2 = Sp2 + SI

(8)

This experimental procedure depends on the conception that the microbially produced particulate and soluble
COD, XP and SP, will be directly proportional to the influent biodegradable COD（ΔCT） [19].
Therefore, for the first reactor it is possible to express
Xp and Sp as
Xp1 = YXP ΔCT1

(9)

Sp1 = YSP ΔCT1

10)

On the other hand, for the second reactor the following expressions are valid:

VFA was determined according to He [21], other parameter analyses were performed according to the procedures described in Standard Methods [22]. Before soluble
COD was measured, wastewater samples were centrifuged
at 10,000 rpm, and filtrated by using 0.45-µm fiber filter
membranes.
RESULTS AND DISCUSSION
Indirect method

According to the indirect method, two batch reactors
were operated: No. 1 for filtered wastewater and No. 2 for
glucose solution. Data were collected for approximately
85 days. Fig. 1 shows a plot of the soluble COD removals
versus time.
7000

(12)

6000

6000

The above equations may be manipulated to derive
the following expressions for the experimental assessment
of SI and XI:

5000

(11)

Sp2 = YSP ΔCT2

X I = C T1-ST 1 − ( CT 2 − ST 2 )

ΔC T 1

Soluble COD (mg/L)

7000

Xp2 = YXP ΔCT2

(13)

ΔCT 2

ST 1 − ST 2
S I = ST 1 −
1 − (ΔC T 2 ΔC T1 )

(14)

glucose

5000

wastewater

4000

4000

3000

3000

2000

2000

1000

1000

0

where ΔCT1 = CT0 - CT1, ΔCT2 = ST0 - CT2.

0
0

15

30
45
T ime（days)

65

80

In summary, this experimental method allows the determination of initially inert factions of wastewaters through
measurement of the initial and final threshold values of total
and soluble COD obtained from both reactors.

FIGURE 1 - COD profiles of wastewater and glucose (No. 1 and 2 reactors).

The above two methods are successfully applied to the
assessment of the inert fractions of wastewaters going
through aerobic treatment. Therefore, it is necessary to determine the application fundamentals of the above-men-

As shown in Fig.1, the degradation rate of glucose was
much faster than that of the wastewater, and 80% COD
was removed in about 15 days. Then, the degradation rate
of soluble COD slowed down from 15 to 30 days. The final
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soluble COD remained at about 340 mg/L after 30 days.
However, the COD removal efficiency of the
wastewater reactor was found to be only 40% at the beginning 15-days period, the COD profiles did not
reach a plateau until 65 days, with COD about 1240
mg/L. According to the indirect method, the threshold

value as expressed by SCOD measurements in an anaerobic reactor is the sum of the SMP, SI and VFA. Therefore,
SI produced in each set was obtained by subtracting
(SMP +VFA) from the threshold values. The results and
evaluations are listed in Table 2.

TABLE 2 - The experimental results for determination of inert COD by indirect method.
Reactors

Start of experiment
COD（mg/L）
CT0
ST0
6520

No. 1 (wastewater)
No. 2 (glucose)

-

End of experiment
COD（mg/L）
CT
ST CODVFA
-

6580

Evaluation of SI
SI（mg/L）
840

74

124
340

SI/ST0
0.13

15

Direct method

(a)

1500

1500

COD (mg/L)

1250

1250
T otal (CT )

1000

1000

Soluble (ST )
750

750

500

500

250

250

0

After that day, the reactors reached a relatively stable
status with a little fluctuation of the COD value. The system was then operated for a further period after reaching
steady-state in order to determine whether these residual
organic compounds were biodegradable. It was found that
the residual COD could not be removed even with extended
operation time under such conditions. Therefore, it was
assumed that the residual COD in the anaerobic reactor
might have contained some organic compounds not biologically degradable under these conditions, and that these
compounds might be initial inert COD and microbial products have been produced by the microorganisms within the
anaerobic reactor. The results can be seen in Table 3.

0
0

15

1250

30
45
T ime（days)
No.3 reacter

60

1250

(b)

1000

1000

COD(mg/L )

T otal (CT )
Soluble (ST )

750

750

500

500

250

250

0

From Fig.1 and 2, the differences of COD degradation
rate and time needed to reach plateau are mainly depended
on the operating conditions, such as different culture base,
organic loadings and sludge retention times. As can be seen
from Table 2 and 3, the ratio of SI/ST0 estimated by two
methods (direct and indirect method) is 0.10 and 0.13, respectively. The results are similar to that of other
wastewaters which are between 0.12 and 0.16 [5, 8, 15].

0
0

15

30
45
T ime（days)
No.4 reactor

The direct method was tested with raw and filtered
yeast wastewater having the same dilution, the experiment
lasted 70 days. Figure 2 shows the COD vs. time profiles.
As can be seen from the figure, the two COD degradation
curves of the two different reactors are similar, the COD
values reduced linearly during the first 15 days, then the
decomposing rate becomes much slower and decreased to
about 400 mg/L on the 30th day .

60

FIGURE 2 - Results of the residual COD experiment for the yeast
plant effluent: (a) unfiltered wastewater and (b) filtered wastewater.

TABLE 3 - The experimental results for determination of inert COD in yeast wastewater by direct method.
Reactors

No. 3 (raw wastewater dilution)

Start of experiment
COD (mg/L)
CT0
ST0
1470
1230

End of experiment
COD (mg/L)
CT ST CODVFA
403 257 50

No. 4 (filtered wastewater dilution)

1250

303

1230

748

225

28

Evaluation of SI
SI (mg/L)
124

SI/ST0
0.10
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The resulting value from indirect determination is higher than that of direct determination. The main reason may
be the different methods of SMP determination. Direct
method overcomes the interference of Sp, but indirect
method with the assumption that (Sp) wastewater ≈ (Sp) glucose
under the same conditions. As known, the wastewater culture is much more complicated than glucose solution, different ingredients in the wastewater may react with each
other during the decomposing process, and the existence
of microbial inhibition materials may cause the generation
of higher content of SP in actual wastewater than that in
the glucose solution, despite the same COD value. As a
result, the direct method results (SI/ST0 = 0.10) are closer to
the real value. According to the results, under usual anaerobic conditions, the mentioned wastewater sample, with
a total COD of 7800 mg/L, is difficult to decrease to CODs
below 1250 mg/L, which is the sum of the initial inert
soluble COD and the soluble residual microbial products
(SI + SP). Ciftci and Ozturk [23] have observed that average COD removals remain at about 75%, in a full-scale
anaerobic treatment plant. The results reported in this study
provide an explanation for this limited COD reduction.
CONCLUSION
The ratios of SI/So are found to be 0.10 and 0.13 for
yeast wastewater, by using direct and indirect method, respectively, under anaerobic conditions. Both direct and indirect methods are valid to determine the initial inert COD
concentrations of the yeast industry wastewaters. The indirect method proposed is relatively simpler, but more susceptible to errors induced by acclimation and substrate inhibition problems at high COD concentrations of the yeast
industry effluent. It should be emphasized that, in addition
to the balance of COD: N: P ratio, seeding sludge, pH,
alkalinity, temperature and VFA concentration, which affect
the results, must be considered.
The initial inert soluble COD of a wastewater should
be determined anaerobically if the wastewater is to be
treated anaerobically, as some inert materials for aerobic
phase may not be inert for the anaerobic one.
Future studies are required on determination of inert
COD under dual anaerobic/aerobic systems, molecular
weight distribution analyses and chemical compositions of
inert COD, as well as post-treatment for removal of residual COD.
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PESTICIDE RESIDUES IN SURFACE SEDIMENTS FROM
GEDIZ AND BAKıRÇAY RIVERS (EASTERN AEGEAN)
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ABSTRACT

INTRODUCTION

The contamination of organochlorine pesticides (OCPs)
in sediments from Gediz and Bakırçay Rivers were investigated to evaluate the pollution potentials and distribution
of OCPs in Western Turkey. In the selected rivers, the
rapidly developing industrial and agricultural activities,
municipal development and use of chemicals caused serious environmental problems. Surface sediments were sampled in January (rainy season) and July 2004 (dry season)
at sampling stations from Gediz and Bakırçay Rivers. The
concentrations of OCPs, by high resolution gas chromatography-electron capture detector, were detected in the
sediment samples from the rivers that flow into the Aegean
Sea. The concentration of organochlorine pesticides in surficial sediments from Gediz River were 0.88-47.4 ng g-1dw
for Σ DDTs (4.4’-DDT+ 4,4’-DDE+ 4,4’-DDD); 0.04-2.0
for Σ HCHs (α-, β-, γ-, δ-HCH) and 0.34-7.5 ng g-1dw for
Σ cyclodienes. Results showed that the concentrations of
pesticides in sediments were in the range of 3.2-45.9 ng
g-1dw for Σ DDT; 0.43-2.0 ng g-1dw for Σ HCH and 0.788.6 ng g-1dw for Σ cyclodienes in Bakırçay River. Among
the OCPs, 4,4’-DDE was the most dominant compound in
the Gediz and Bakırçay River sediments during rainy and
dry seasons. In this study, the ratios of DDD+DDE/ΣDDT
and DDD/DDE were used to indicate the most probable
source of contamination. The result of these ratios showed
that most of the OCP contamination comes from the weathered agricultural areas. The ratios of DDD/DDE for the
sediment samples were smaller than unity. This means that
DDE was the most frequent OCP in the river sediments.

KEYWORDS: Organochlorinated pesticides, sediment, contamination, Gediz River, Bakırçay River, Eastern Aegean

Organochlorine pesticides (OCPs) are known for their
environmental persistence and global concerns. They are
detected in many areas, and some developing countries
still use them because of their low cost and versatility in
industry, agriculture and public health. Owing to their high
capacities for bioaccumulation and toxicities in organisms,
these compounds pose threats to ecosystems and human
health [1-5]. Since these compounds have an affinity for
particulate matters, one of their major sinks is thought to
be the river sediment. Therefore, the investigation of distribution of OCPs in sediments can provide a valuable record
of contamination in the aquatic environments.
Organochlorine pesticides have been largely used in
the Mediterranean region, but their production and usage
is banned in the majority of the countries of this region, as
a consequence of the application of the PIC (Prior Informed Consent) protocols, with some exceptions. Aldrin,
dieldrin, heptachlor, chlordane and HCHs are prohibited in
the EU for plant protection, whereas for other applications
a written authorisation for import is needed [6, 7].
The Gediz River is the second biggest river, which
flows into the Izmir Bay (eastern Aegean Sea) from Anatolia. The Gediz Delta is an extensive wetland consisting
of bays, salt marshes, freshwater marshes, large saltpans
and four lagoons at the former mouth of the Gediz River,
25 km north-west of Izmir. The river is heavily polluted due
to agricultural drainage water, industrial wastewater and
virtually all domestic wastewater from the entire area. The
waters of the Gediz River are of vital importance for agriculture in the region. Large irrigation works interfere with
the water regime of the delta. Together with the growing
agricultural activities, pollution from agriculture has increased. The Bakırçay is a considerably small river, drains
into Candarlı Bay and the water depth exceeds 140 m in the
central of the basin. The Candarlı Bay is polluted by tanker
traffic, refineries and tanker-filling installations as well as
organic loads from the Bakırçay River.
Few published data are available on heavy metal contamination in Gediz River [8, 9], but no data are available
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on pesticide residues in the surficial sediments from the
Gediz and Bakırçay Rivers. This study firstly documented
the composition and distribution of OCP residues in surface sediments from these two economically important rivers

of the Aegean region, Turkey. The main aim of this study
was to detect the contamination level of OCPs in sediments
to evaluate the pollution potentials and to give an overview
for future studies in these areas.

(a)

(b)

FIGURE 1 - Location of sampling stations in Gediz (a) and Bakırçay (b) rivers.
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MATERIALS AND METHODS
Sampling and study area characteristics

Surface sediments were sampled on January 2004 (rainy
season) and July 2004 (dry season) at sampling stations
from the Gediz and Bakırçay Rivers. The locations of sampling points are given in Fig. 1. Samples were collected
using a small stainless steel Van-Veen grab sampler operated by handling from the middle of the grab to a depth of
1 cm, and stored at -20 °C for subsequent analysis.
Water quality parameters, such as pH, dissolved oxygen (DO), conductivity, temperature and turbidity, were
measured at sampling stations. The amount of organic carbon was determined spectrophotometrically in dried sediment samples following the sulfochromic oxidation method.
The accuracy of this method is ±0.017 % organic matter
[10].
Grain size analyses were performed using standard
sieving and settling procedures [11] in Bakırçay and
Gediz River basins. Textural classification of the sediment samples was based on the relative percentages of
clay (<0.002 mm), silt (0.002-0.063 mm), sand (0.063-2
mm) and gravel (>2 mm). The grain size composition
of the Bakırçay and Gediz Rivers surficial sediments are
given in Table 1. According to this classification, stations
1, 2, and 4 are covered by sandy silt, whereas stations 3
and 5 consisted of sand in Bakırçay River. The surficial
sediments from Gediz River are covered by silty sand at
1, 4, 5 stations, while stations 2 and 3 are floored by
sandy silt and clayey silt, respectively, in Gediz River.
Analytical procedures

The samples were freeze-dried for 48 h, sieved to pass
through a 250-µm stainless steel sieve, powdered in an
agate mortar before extraction, and a pre-extraction procedure was applied to glassware, cellulose extraction thimbles, Florisil (60-100 mesh) and sodium sulphate using a
Soxhlet apparatus. 15-20 g of dry sediment samples were
analyzed for OCPs following well-established standard
techniques of UNEP, IAEA and FAO [12-14].

A series of internal standards comprising PCB29,
PCB198, ε-HCH and α-endosulfan D4 was added to the
sediments for quantifying the overall recovery of organochlorine fractions. The recoveries for sediments fell within
a fairly narrow range, for internal standards between 70.0
and 96.1 %. The OCP recoveries were determined relative
to the ratio of direct injection of extract and the working
standards prepared in hexane.
Samples were extracted in a Soxhlet apparatus with
n-hexane/dichloromethane (1:1) for a period of 8 h. Extractable organic matter (EOM) was determined by evaporating a small measured volume of the extract. The extracts
were concentrated to about 15 ml using a rotary evaporator, and than to a few ml with pure nitrogen gas. The extract was further treated with metallic mercury to remove
sulfur compounds. This extract was evaporated to 1 ml
using a rotary evaporator, and then clean-up and fractionation were performed by passing the extract through a
Florisil column. Anhydrous sodium sulfate (ca. 1 cm) was
added to the Florisil column. From this column, the first
fraction was obtained by eluting the sample with 70 ml of
hexane; this fraction contained mainly PCBs, DDE, heptachlor and aldrin. The second fraction was obtained with
50 ml of a freshly prepared mixture of 70:30 hexane/ dichloromethane and it contained DDD, DDT, and HCHs.
The third fraction containing endrin, dieldrin, heptachlor
epoxide, endosulfan I, endosulfan II, endosulfan sulfate and
heptachlor epoxide was eluted with 40 ml of dichloromethane.
Fractions were then analyzed by high-resolution gas
chromatography (CHROMPACK CP9000, equipped with
a split/splitless capillary injection system and ECD). The
samples were analyzed in the splitless mode using a fused
silica capillary column (50 m x 0.25 mm i.d., CP-SIL 8CB,
0.25 µm film thickness) and nitrogen as carrier and makeup gas with flow-rates of 1.28 ml min-1 and 26.8 ml min-1,
respectively. The injector and detector temperatures were
280 and 315 °C, respectively. The oven temperature programme was 100 °C (1 min hold), to 200 °C at a rate of
5 °C min-1, then from 200 to 250°C at a rate 2°C min-1,
finally 250 to 300°C (10 min hold) at a rate of 5°C min-1.

TABLE 1 - Grain size distribution, organic carbon (mg C/g) and sediment type of the Bakırçay and Gediz Rivers sediments.
Stations
Gediz River
1
2
3
4
5
Bakırçay River
1
2
3
4
5

Sand

Silt

Clay

Sediment Type

Organic Carbon
Winter

Summer

79.60
19.91
11.11
71.52
56.62

16.15
68.15
78.11
27.29
39.06

4.25
11.94
10.78
1.19
4.32

Silty sand
Sandy silt
Clayey silt
Silty sand
Silty sand

2.5
24.5
16.9
2.3
3.8

10.6
27.9
12.8
2.1
2.5

20.06
40.83
89.96
27.22
87.08

62.69
47.15
6.80
59.84
8.32

17.25
12.02
3.24
12.94
4.40

Sandy silt
Sandy silt
Sand
Sandy silt
Sand

103
83.3
19.9
163
8.5

50.0
164
179
151
8.6
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Pesticide mixture (α-, β-, γ- and δ-HCH, heptachlor, aldrin,
heptachlor epoxide, α-endosulfan (Ι), ß-endosulfan (ΙΙ),
endosulfan sulfate, endrin, endrin aldehyde, dieldrin, 4,4’DDE, 4,4’-DDD, 4,4’-DDT) was used as standard for calibration curves. The residues of OCPs were determined by
comparing the peak areas of the samples and the calibration curves of the standards.
Quality assurance

The quality of the analytical data was assured using
the reference material of IAEA-408, the sediment sample
(from the International Laboratory of Marine Radioactivity, IAEA, Monaco). This sediment has certified concentrations of OCPs. The whole methodology was verified on
this reference material, obtaining results in good agreement
with the certified values. Blanks were run periodically during the analysis to confirm the absence of contaminants.
The blank values of the analytical procedure (extraction,
cleanup and analysis) remained always below the detection limits. The detection limits were 0.10-0.57 pg g-1 for
OCPs.
Data analysis

Statistical analysis was performed using STATISTICA
for Windows, Release 5.0, Copyright StatSoft, Inc. 1995.
Pearson’s Product-Moment Correlation test was used to
check significant OCP relationships in sediments. In all
cases, the level of significance was set at p< 0.05. One-way
analyses of variance (ANOVA) were utilised to investigate
effects of station and season on variations in OCP concentrations in river sediments. Post-hoc Tukey HSD tests were

applied to determine statistically significant differences (p<
0.05) following ANOVA.
RESULTS AND DISCUSSION
Physico-chemical properties

The physico-chemical parameters have been measured
in order to characterize the Gediz and Bakırçay River waters. Table 2 illustrates the basic physico-chemical parameters of both rivers. These parameters included pH, conductivity, turbidity and dissolved oxygen (DO). Some of the
measured items (pH, conductivity) do not present major
differences between dry and rainy season samples, except
turbidity and DO. There are no specific rules that can easily
be applied to calculate guideline values for physico-chemical parameters in fresh waters. Therefore, WHO Guidelines
for Drinking Water Quality [15] and Turkish National Water Quality Standards [16] are used for comparison.
The pH of the aquatic system is an important indicator of water quality, and the extent of the pollution in the
watershed areas. A pH range of 6.5-8.5 is normally acceptable, as per guideline suggested by WHO [15] and
TSI [16]. The pH values obtained for the Gediz and
Bakırçay Rivers were 7.54-8.88 indicating the moderately
alkaline nature of the river water, and, in most of the
water samples, they fell within the permissible limits of
WHO [15] and TSI [16].
Conductivity reflects the status of major ions causing
inorganic pollution, and is a measure of total dissolved

TABLE 2 - Physico-chemical parameters of the Gediz and Bakırçay Rivers.
Station

DO
(mg L-1)
Gediz River/rainy season
1
6.16
2
7.01
3
9.38
4
9.80
5
10.24
Gediz River/dry season
1
16.62
2
3.91
3
9.64
4
8.45
5
11.12
Bakırçay River/rainy season
1
10.24
2
9.31
3
10.20
4
4.26
5
12.16
Bakırçay River/dry season
1
8.08
2
3.64
3
2.42
4
0.20
5
10.30

pH

Temperature
(°C)

Turbidity
(NTU)

Conductivity
(µS cm-1)

Sediment
moisture (%)

7.72
7.87
7.85
7.73
7.54

9.6
9.2
8.6
7.1
7.5

150
190
410
200
220

869
847
823
501
846

22.7
48.2
41.3
26.5
31.6

8.67
8.02
8.10
8.33
8.09

26.4
22.9
28.7
27.7
30.2

11
40
68
62
12

801
710
1147
850
1259

25.1
44.5
35.2
20.7
22.4

7.94
8.08
8.29
8.72
8.19

4.5
5.7
5.6
7.7
4.9

210
330
310
1600
38

782
665
723
816
655

43.5
39.2
30.3
43.4
28.7

7.96
7.93
8.15
8.88
8.19

26.1
24.3
20.4
19.0
23.9

28
53
800
1580
60

779
632
510
756
762

51.9
50.4
44.5
53.5
30.6
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solids and ionized species in the water. There were no big
differences in conductivity, concerning both Bakırçay and
Gediz rivers during rainy and dry seasons. The conductivity values ranged between 510-816 for Bakırçay and 5011259 µS cm-1 for Gediz River during sampling periods,
and were all below the maximum value (2500 µS cm-1) of
WHO [15] and TSI [16].
The turbidity value at station 4 is very high (1600
NTU = nephelometric turbidity units) in both dry and rainy
season for Bakırçay. The turbidity levels ranged between
150-410 NTU during the rainy period in Gediz River. Low
turbidity values were observed in the warm period in this
river.
During the warm period (July), DO values in Bakırçay
River were lower than in the rainy one. The significant
decrease in DO (0.20 mg L-1) during the warm period coincides chronologically with a great increase in algal blooms
causing degradation of habitat and impairment of river
life. DO concentrations varied from 3.91 (station 2, July
2004) to 16.62 (station 1, July 2004) mg L-1 in the warm
period in Gediz River. There was a special state in station
DO values because in the dry season most of them are
higher than in rainy season. The first station of the Gediz
River showed high DO values in July, because the waters
were oxygenated, with supersaturation at the surface water
of this shallow station. However, at stations 2 and 4, DO
levels in the rainy season were higher than those in the
dry season, as expected.
The water content (moisture) of sediments ranged from
28.7 to 53.5 % in Bakırçay, and 20.7 to 48.2 % in Gediz
River. The water content of sediment samples was used to
indicate their sensitivity to erosion and resuspension, or

perhaps, their suitability as substrate for benthic organisms [17].
Concentration profiles of OCPs

Concentrations of the main OCPs measured in sediments collected in the dry and rainy seasons in Gediz and
Bakırçay Rivers are listed in Tables 3 and 4, respectively.
Compounds identified included hexachlorocyclohexanes
(α-HCH, β-HCH, γ-HCH, δ-HCH), cyclodienes (aldrin,
dieldrin, endrin, endrin aldehyde, endosulfan I, endosulfan II, endosulfan sulfate, heptachlor and heptachlorepoxide), and aliphatic diphenyl (4,4’-DDE, 4,4’-DDD, 4,4’DDT) pesticides.
Gediz River: The concentrations of ΣOCPs were in the
range of 1.4-49.2 ng g-1 dry weight (dw), with an average of
15.2 ng g-1dw in the rainy season. In the dry season, these
values were in the range of 5.4-55.7 ng g-1 dw, with an
average of 24.0 ng g-1 dw. In the rainy season, the OCP
levels in sediments from Gediz River were 0.88-44.8 ng
g-1dw for ΣDDTs(DDE+DDD+DDT), 0.04-0.63 ng g-1dw
for ΣHCHs, and 0.34-3.8 ng g-1 dw for Σcyclodienes. The
mean concentrations of OCPs at different sampling points
are shown in Fig. 2. 4,4’-DDE was the most frequent compound, followed by endosulfan II at station 2 and endosulfan sulfate at station 5, in the rainy season. The maximum
levels were found to be 42.0, 2.2, and 1.6 ng g-1 dw for
4,4’-DDE, endosulfan II, and endosulfan sulfate, respectively. However, 4,4’-DDE (0.84-44.8 ng g-1dw) was detected in all of the samples during rainy and dry seasons.
During rainy period, rare residues such as aldrin and endrin
aldehyde were found in association with compounds of
dieldrin, endrin and heptachlorepoxide.

TABLE 3
Concentrations of OCPs, PCBs, organic carbon and extractable organic matter (EOM)
in Gediz River sediments (OCPs = ng g-1 dry wt, TOCs = mg C g-1 and EOM mg g -1 ).

Compounds
Heptaclor
Aldrin
4,4’-DDE
Endosulfan I
Endosulfan II
Endrin aldehyde
Endosulfan sulfate
α-HCH
γ -HCH
ß-HCH
δ -HCH
Heptachlor
epoxide
Dieldrin
Endrin
4,4’-DDD
4,4’-DDT
TOC
EOM
nd = not detected

1

2

0.06
nd
8.1
nd
0.26
nd
0.50
0.14
0.05
0.08
0.03
nd

0.04
nd
42.0
0.01
2.2
nd
0.97
0.32
0.11
0.03
0.17
0.08

nd
nd
0.06
0.18
2.46
0.15

0.29
0.18
0.86
1.9
24.5
0.88

Sampling stations
3
4
5
Rainy season
0.08
0.01
0.04
nd
nd
nd
9.5
0.84
3.6
0.01
0.06
nd
0.16
0.07
0.07
nd
nd
0.03
0.34
0.19
1.6
0.01
0.14
0.05
0.01
0.04
0.05
0.01
0.01
0.04
0.01
0.02
0.06
nd
0.003
nd
nd
nd
0.004
0.01
16.9
9.76

nd
nd
nd
0.04
2.31
0.49
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0.03
0.01
0.01
nd
3.80
0.35

1

2

4

5

0.25
0.07
44.8
2.1
2.2
0.07
1.1
0.11
0.20
0.06
1.3
nd

3
Dry season
0.04
nd
4.2
nd
0.15
nd
0.69
0.13
0.05
0.10
0.45
nd

0.04
0.07
33.6
3.5
3.8
0.01
nd
0.05
0.18
0.02
0.19
nd

0.06
nd
6.4
nd
0.16
nd
1.1
0.06
0.09
0.04
0.47
nd

0.08
nd
2.3
nd
nd
nd
0.95
0.04
0.05
0.03
1.9
nd

0.06
nd
nd
nd
10.6
0.19

0.26
0.70
1.5
1.1
27.9
1.37

nd
2.8
0.12
0.17
12.8
4.98

0.03
nd
0.07
0.06
2.06
4.90

nd
nd
nd
0.08
2.53
0.30
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TABLE 4
Concentrations of OCPs, PCBs, organic carbon and extractable organic matter (EOM)
in the Bakırçay River sediments (OCPs = ng g-1 dry wt, TOCs = mg C g-1 and EOM mg g-1).

Compounds
Heptaclor
Aldrin
4,4’-DDE
Endosulfan I
Endosulfan II
Endrin aldehyde
Endosulfan sulfate
α-HCH
γ-HCH
β-HCH
δ-HCH
Heptachlor epoxide
Dieldrin
Endrin
4,4’-DDD
4,4’-DDT
TOC
EOM

1

2

0.04
0.14
27.5
0.015
0.47
0.07
0.64
0.41
0.25
0.51
0.09
0.08
0.48
2.5
0.80
2.1
103
1.09

0.02
0.21
23.0
0.19
0.43
nd
nd
0.05
0.14
0.10
0.35
nd
nd
nd
1.0
1.5
83.3
0.79

Sampling stations
3
4
5
Rainy season
0.04
0.02
0.01
0.21
0.21
0.02
3.9
11.2
15.4
nd
nd
0.03
0.25
0.29
0.10
0.07
0.10
nd
0.15
2.2
0.99
0.04
0.27
0.18
0.01
0.09
0.09
0.03
0.03
0.08
0.93
0.20
0.18
0.01
0.01
0.04
0.42
0.06
0.03
6.7
0.97
nd
0.11
0.47
0.22
0.77
0.65
1.2
19.9
163
8.5
0.92
1.39
0.50

2

0.04
0.14
44.8
nd
0.26
0.01
0.03
0.05
1.4
0.11
0.12
0.02
0.10
0.18
1.1
0.005
49.9
1.49

0.02
0.07
36.4
4.3
1.8
0.13
1.9
0.27
0.58
0.12
0.18
0.03
0.10
0.26
0.96
0.01
164
0.87

3
Dry season
0.08
0.07
9.5
2.5
2.2
0.17
0.34
0.09
0.20
0.09
0.05
0.08
0.61
1.5
0.12
0.20
179
4.97

4

5

0.02
0.14
2.8
nd
0.21
nd
1.6
0.05
0.02
0.59
1.3
0.06
0.10
0.62
0.19
0.17
151
24.1

0.02
nd
14.8
nd
0.015
0.001
0.74
0.23
0.07
0.03
0.10
nd
0.02
nd
0.02
0.71
8.6
0.49

GEDIZ RIVER
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FIGURE 2 - The mean concentrations of OCPs at sampling stations in Gediz River.

In the dry season, concentrations of OCPs ranged between 2.4-33.6 ng g-1 dw for ΣDDTs, 0.45-2.0 ng g-1dw
for ΣHCHs, and 1.0-7.5 ng g-1dw for Σcyclodienes. 4,4’DDE was dominant at station 2, followed by endosulfan
II and I at station 1, in the dry season. The maximum
levels were 44.8, 3.8, and 3.5 ng g-1dw for 4,4’-DDE,
endosulfan II and endosulfan I, respectively. The least
frequent residues in this period of the year were aldrin,
endrin aldehyde, endrin, dieldrin and heptachlorepoxide.
The levels of OCPs in most of the Gediz River samples
analyzed in this study followed the order of ΣDDTs> Σcyclodienes> ΣHCHs. 4,4-DDD (nd-1.5 ng g-1dw) was detected in 70% of the samples, followed by 4,4-DDT (nd1.9 ng g-1dw) and endosulfan II (nd-3.8 ng g-1dw) found in
80 and 90% of the analysed samples, respectively.

Bakırçay River: In Bakırçay, the concentrations of
ΣOCPs were in the range of 13.6-36.1 ng g-1 dw in the
rainy season, with an average of 22.4 ng g-1dw. In the dry
season, these values ranged between 7.9-48.4 ng g-1dw,
with an average of 27.6 ng g-1dw. According to the results,
there were no considerably seasonal differences in ΣOCPs
concentrations in the Bakırçay River.
Concentrations of OCPs in sediments from Bakırçay
were 4.8-30.4 ng g-1dw for ∑DDTs (DDT+DDE+DDD),
0.53-1.3 ng g-1dw for ∑HCHs and 0.86-7.9 ng g-1dw for
Σcyclodienes in the rainy season. 4,4’-DDE was the most
often found OCP at station 1, followed by endrin at station 3 and endosulfan sulfate at station 4, in the rainy period. The highest concentrations were 27.5, 6.7, and 2.2
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ng g-1dw for 4,4’-DDE, endrin and endosulfan sulfate,
respectively. The mean levels of ΣDDT, Σcyclodienes and
ΣHCHs are shown in Fig. 3.
In the dry season, the concentrations of OCPs in sediments ranged between 3.2-45.9 ng g-1dw for ΣDDTs,
0.43-2.0 for ΣHCHs, and 0.78-8.6 ng g-1 dw for Σcyclodiene. In the dry season, as in the rainy period, 4,4’DDE was dominant at station 1, followed by endosulfan I at station 2, and endosulfan II at station 3, in the dry
season. The maximum levels were found as 44.8, 4.3 and
2.2 ng g-1dw for DDE, endosulfan I and II, respectively.
Here, the concentration levels of OCPs in the samples of
Bakırçay River followed the same order of ΣDDTs> Σcyclodienes> ΣHCHs, as in the Gediz River (Table 5). During rainy and dry seasons, rare OCPs, such as α-HCH,
aldrin, endrin aldehyde, heptachlor and heptachlor epoxide
were detected in sediment samples. 4,4-DDE (2.8-44.8 ng
g-1), 4,4-DDD (0.02-1.1 ng g-1) and 4,4-DDT (0.01-2.1 ng
g-1dw) were found in all of the samples.
The organic matter values ranged from 8.5 to 103 for
rainy period and 8.6 to 179 mg C g-1 for dry one in
Bakırçay River, but between 2.3-24.5 and 2.1-27.9 mg C g-1
in rainy and dry seasons, respectively, in the Gediz River.
The organic matter content is lower in Gediz than Bakırçay
River. Maximum values of organic matter were measured
at station 3 in Bakırçay and station 2 in Gediz River, which
was heavily polluted by the industrial, domestic and agricultural activities. Sediments with high organic carbon are
more likely to adsorb lipophilic organochlorines than are
generally those with lower organic levels, such as sandy
bottoms (Table 1).

DDTs and/or their breakdown products (DDD, DDE,
DDT) were detected in all of the samples in Bakırçay River.
The highest concentration of DDE was observed at station 1
in the dry season. The relative concentrations of the parent
DDT compound and its biological metabolites, DDD and
DDE, can be used as indicative indices for assessing the
possible pollution sources. Since DDT can be biodegraded
under aerobic conditions to DDE, and under anaerobic
conditions to DDD, ratio of (DDE+DDD/ΣDDT) > 0.5 can
be thought to be subjected to a long-term weathering [18].
Total DDT, HCH, cyclodienes, OCPs, and the ratios of
DDD/DDE, DDD+DDE/ΣDDT, DDT/ΣDDT are given in
Table 5. The ratios of (DDE+DDD/ΣDDT) were in the
range of 0.84-1.0, with all values being > 0.5 in these
rivers. This infers that the degraded metabolites formed a
significant proportion of total DDT compounds. Also, the
results obtained from the ratio of DDE+DDD/ΣDDT clearly
indicate that DDTs in sediments may be derived from DDTtreated aged and weathered agricultural soils, and transported by surface runoff to the river sediment. The ratios
of DDD/DDE ranged between 0.00002-0.033 in Gediz, and
0.001-0.068 in Bakırçay River. All of the ratios were smaller than unity. This means that the total DDT amounts
found in sediments from both rivers are dominated by DDE,
the product of aerobic degradation of DDT. These results
highlight the known stability and persistence of DDE in
the environment. If most of the ratios were greater than
unity, this means that total DDT found in river sediments
is dominated by DDD, the product of anaerobic degradation of 4,4’-DDT. The total DDTs in the dry season were
greater than in the rainy one (Table 5). Concentrations of
total DDTs were encountered at locations within the mouth

BAKIRCAY RIVER

50
OCPs (ng/g dw)

Characteristics of OCP contamination in sediments

40
30
20
10
0
1
Stations

2
∑DDT

3
∑HCHs

4

5

∑Cyclodiens

FIGURE 3 - The mean concentrations of OCPs at sampling stations in Bakırcay River.
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TABLE 5 - Total concentrations of DDT, HCH, cyclodiene, OCPs and selected
ratios of chlorinated pesticides in the Gediz and Bakırçay Rivers (OCPs = ng g-1 dry wt).
Station
ΣDDT
ΣHCH
Gediz River/rainy season
1
8.3
0.30
2
44.8
0.63
3
9.5
0.04
4
0.88
0.21
5
3.6
0.20
Gediz River/dry season
1
33.6
0.45
2
47.4
1.6
3
4.5
0.73
4
6.5
0.66
5
2.4
2.0
Bakırçay River/rainy season
1
30.4
1.3
2
25.5
0.64
3
4.8
1.0
4
12.3
0.59
5
16.8
0.53
Bakırçay River/dry season
1
45.9
1.7
2
37.4
1.2
3
9.8
0.43
4
3.2
2.0
5
15.5
0.43

ΣCyclodiene

DDD/DDE

DDD+DDE/ΣDDT

DDT/ΣDDT

ΣOCP

0.83
3.8
0.59
0.34
1.8

0.008
0.020
0.0004
0.001
0.003

0.98
0.96
1.0
0.95
1.0

0.02
0.04
0.001
0.05
0.0004

9.5
49.2
10.1
1.4
5.6

7.5
6.8
3.7
1.4
1.0

0.00002
0.033
0.029
0.011
0.0004

1.0
0.98
0.96
0.99
0.97

0.00005
0.02
0.04
0.009
0.03

41.5
55.7
8.9
8.5
5.4

4.4
0.86
7.9
5.9
1.2

0.029
0.043
0.028
0.042
0.014

0.93
0.94
0.84
0.95
0.93

0.07
0.06
0.16
0.05
0.07

36.1
27.0
13.6
16.8
18.6

0.78
8.6
7.6
2.8
0.80

0.025
0.026
0.013
0.068
0.001

1.0
1.0
0.98
0.95
0.95

0.0001
0.0003
0.02
0.05
0.05

48.4
47.1
17.8
7.9
16.8

of the rivers. At these locations, Gediz and Bakırçay Rivers fall into the Izmir and Candarlı Bays.
The high concentrations of total DDTs and related
compounds in both rivers` sediments indicate that DDT
usage and its river input were heavy and significant. The
ratios of DDT to that of ΣDDT were calculated to assess
recent use of DDT in the sampling areas from Bakırçay
and Gediz Rivers. Low ratios showed that there was no
indication of recent use of the DDT in these rivers, due to
the restriction of DDT on public use in Turkey.
The concentrations of lindane (γ-HCH) in surface
sediments collected in the rainy season were consistently
lower than in those of dry season, in the valley of the
Bakırçay River. This indicates a strong washout of lindane from the sediments during the wet period. Also, the
presence of γ-HCH is probably associated with past HCH
use in vegetable farms. Similar results were also found for
the Gediz River. In Bakırçay, the concentrations of lindane
in some samples were higher than those from α-HCH.
Technical HCH is a mixture of 58-80% α-HCH, 8-15% γHCH, 5-14% β-HCH and 3-5% δ-HCH. Lindane is a preparation of the pure γ-HCH isomer. Although the bioconcentration factor of α-HCH and γ-HCH is nearly the same
(the octanol-water partition coefficient for both isomers is
logKow = 3.8), lindane has a higher water solubility (2.4x
10-2mol m-3) than α-HCH (6.9x10 -3 mol m-3). Therefore,
after irrigation, the washout of soils is likely to carry higher
amounts of dissolved lindane than α-HCH to the aquatic
environment, which would explain the higher concentrations of lindane, with regard to those of α-HCH in sediments from Bakırçay.

Aldrin and dieldrin are two closely related organochlorines, involved in numerous incidents of wildlife mortality. When aldrin is applied in the field, it is rapidly broken
down to dieldrin [7, 19]. Aldrin, dieldrin, heptachlor, chlordane and HCHs are prohibited in the EU for plant protection. In Gediz River, aldrin, endrin and dieldrin were not
detected in most of the samples, as expected (Table 4). Low
levels of aldrin, endrin and dieldrin were found in Bakırçay
River, except station 3. The highest endrin concentrations,
6.7 and 2.8 ng g-1 dw, were measured at stations 3 in the
rainy season in Bakırçay and dry period in Gediz, respectively.
The highest concentrations of ΣOCPs (ΣDDTs+
ΣHCHs+ Σcyclodienes) were found in both rainy and dry
season at station 2 in Gediz River. This may be due to the
high organic contents of sediment particles at this station.
The value of ΣOCP was lower at station 1 than 2 in Gediz
during rainy period. This may be due to the presence of a
regulator (Emiralem regulator) at station 2. Several studies have depicted that the contamination of hydrophobic
organic compounds in sediments is dependent on the
chemical properties of the ecosystem, the partition coefficients of individual compounds, and the organic contents
of sediment particles [20, 21].
In comparison of the levels of OCPs in the Gediz and
Bakırçay Rivers with those in other rivers located in the
Mediterrenean Sea, it was shown that the ΣDDT levels in
sediments from Gediz (0.88-47.4 ng g-1 dw) and Bakırçay
(3.2-45.9 ng g-1 dw) were lower than that from Ebro River
Delta, Spain (ΣDDTs: 47 ng g -1-dw) [22], Nile River,
Egypt (DDT: 7; DDE: 45 ng g-1-dw) [23] and Northern
Estuaries, Greece (ΣDDTs: 0.3-60 ng g-1-dw) [24], but high-
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er than those in sediment of Po River, Italy (ΣDDTs: 3.20
ng g-1 dw) [25]. γ-HCH levels in Gediz (0.01-0.20 ng g-1
dw) and Bakırçay Rivers (0.01-1.4 ng g-1 dw) were lower
than those in Nile River (0.07-2.7 ng g-1 dw) [23] and Seine
River, France (0.5-1.2 ng g-1) [6], but higher than those of
Ebro River, Spain (0.007 ng g-1 ΣHCHs) [26].
Data analysis

In this study, the one-way ANOVA was applied to investigate effects of seasons and stations on variations in
sediment OCPs (Table 6). The one-way ANOVA test
showed statistically significant seasonal differences for δHCH (p<0.05, F= 6.229) in sediment samples from Gediz
River. Significant differences among stations are found for
the concentrations of DDE (p<0.05, F= 8.213), DDD (p<
0.05, F= 12.716), DDT (p<0.05, F= 11.668) and dieldrin
(p< 0.05, F= 44.296) in Gediz River.
In Bakırçay River, ANOVA test showed statistically
significant seasonal differences only for DDT (p<0.05, F=
12.281), but also between stations for the concentrations

of DDE (p<0.05, F= 6.187) and DDD (p<0.05, F=
17.954) in sediment samples.
Matrices of Pearson’s correlation coefficients were calculated for pairs of OCPs. There was no significant correlation between DDE, DDD and α-HCH, β-HCH, δ-HCH (p<
0.05) during sampling periods in Gediz. High significant
correlations were found between DDE and DDD (R=0.81,
p<0.05), DDE and DDT (R=0.77, p<0.05), DDE and γ-HCH
(R=0.85, p<0.05), DDE and dieldrin (R=0.90, p< 0.05),
DDE and endosulfan II (R=0.88, p<0.05), DDD and dieldrin (R=0.91, p<0.05), DDT and dieldrin (R=0.94, p<0.05),
as well as aldrin and endosulfan I (R=0.96, p<0.05) in the
Gediz River. Positive correlations were found for DDE,
DDD and γ-HCH, endrin aldehyde and endosulfan I, dieldrin and heptachlor, as well as endosulfan I and II, in
Bakırçay River. High significant correlations were observed
for DDT metobolites and organic carbon in Gediz Revir, but
also between endosulfan II, endrin aldehyde and organic
carbon in Bakırçay River.

TABLE 6 - Values of one-way analysis of variance for Gediz and Bakırçay Rivers.
Variable

GEDİZ RIVER
Station
Season
F
p
df
F
0.984
ns
1
1.346
0.750
ns
1
2.667
8.213
*
1
0.224
0.771
ns
1
2.347
1.947
ns
1
0.682
0.765
ns
1
0.439
2.051
ns
1
0.0221
1.166
ns
1
0.920
1.792
ns
1
2.980
0.213
ns
1
0.699
0.557
ns
1
6,229
0.984
ns
1
1.083

df
Heptaclor
4
Aldrin
4
4,4’-DDE
4
Endosulfan I
4
Endosulfan II
4
Endrin aldehyde
4
Endosulfan sulfate
4
α-HCH
4
γ-HCH
4
β-HCH
4
δ-HCH
4
Heptachlor
4
epoxide
Dieldrin
4
44.296
***
Endrin
4
0.908
ns
4,4’-DDD
4
12.716
*
4,4’-DDT
4
11.668
**
*p<0.05; **p<0.01;***p<0.001; ns: non significant

1
1
1
1

0.0062
1.485
0.194
0.116

CONCLUSIONS
This study firstly documented the distribution of OCPs
in sediments collected from the Gediz and Bakırçay Rivers, Eastern Aegean. The results of this research demonstrated that most OCPs were detected, despite the fact that
they have not been used for a long time in Turkey. The
total concentrations of OCPs in sediments ranged from
1.43 to 55.7 and 7.88 to 48.4 ng g-1 dw for Gediz and
Bakırçay rivers, respectively.
Out of the 16 OCPs, the predominance of DDE, endrin
and endosulfan I was clearly observed in Bakırçay River.
In Gediz River; DDE was the most frequent compound,
followed by endosulfan II and I. This distribution pattern

p
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
*
ns

df
4
4
4
4
4
4
4
4
4
4
4
4

BAKIRÇAY RIVER
Station
Season
F
p
df
F
4.176
ns
1
0.581
1.832
ns
1
2.658
6.187
*
1
0.360
0.892
ns
1
2.223
0.983
ns
1
1.630
0.945
ns
1
0.109
1.970
ns
1
0.055
0.343
ns
1
0.384
1.363
ns
1
1.702
0.709
ns
1
0.077
0,722
ns
1
0.0001
0.341
ns
1
0.241

ns
ns
ns
ns

4
4
4
4

4.541
1.709
17.954
0.215

ns
ns
**
ns

1
1
1
1

0.0066
1.412
0.022
12.281

p
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
**

reflects that the contamination of the collected sediments
is mainly from long-range transport and weathered agricultural soils. Sediment OCP concentrations were generally lower than in other areas of the Mediterranean.
Most of the ratios of DDD/DDE were smaller than
unity, in Bakırçay and Gediz rivers. This means that the
total DDT found in sediments is dominated by DDE, the
product of aerobic degradation of DDT. These results show
the stability and persistence of DDE in the environment
and that contamination of collected sediments is mainly
from the weathered agricultural areas. Low DDT to ΣDDT
ratios show that there was no indication of recent use of
DDT in these rivers.
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In order to determine the sources of the observed contaminants, intense localized sampling and analysis of effluents and runoff patterns would be needed. To determine
sediments quality, bioassays of sediments at suspected sites
should be conducted to directly assess the potential for
biological impacts. We hope that this study will be a starting point for such kind of assessment and monitoring studies to determine the levels of pollution from chlorinated
compounds in this region.
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INFLUENCE OF TANNERY WASTEWATER
ON SEED GERMINATION OF SOME FIELD CROPS
Şemun Tayyar*, Ali Nail Yapıcı, and Mehtap Şahiner
Çanakkale Onsekiz Mart University, Biga Vocational College, 17200 Biga-Çanakkale, Turkey

ABSTRACT
Tannery effluents contain not only valuable nutrients,
but also salts, heavy metals, some pathogens, dying agents,
etc. It is one of the ten most harmful concerns to the environment because of the lack of proper waste disposal applications. This present study was conducted to determine
the effects of tannery wastewater on some germination
properties of wheat, maize, rice, chickpea, bean, sunflower
and soybean seeds, which are of great importance for crop
production of Turkey. The experiment was laid out in a
completely randomized block design with three replications. For these purposes, four concentrations of the effluent (1:0, 1:10, 1:40 and 1:80) including tap water as control were analyzed for some physical and chemical properties, and used in irrigations for germination of the seeds
in Petri dishes. The numbers of germinated seeds at 48th,
96th, 144th, 192nd, 240th and 288th hours were counted. Root
and hypocotyl lengths were measured at 96th hour for wheat,
at 192nd hour for sunflower and soybean, at 240th hour for
rice, chickpea and bean, and at 288th hour for maize.
Chemical analysis of the effluent revealed that it is rich in
some plant nutrients; however, different concentrations of
the effluent had negative effects on seed germination and
plant growth. As a result, undiluted tannery effluent (1:0)
significantly decreased and inhibited seed germination
compared to the other concentrations. All the characteristics investigated in the study were affected by effluent
applications (P<0.05).

KEYWORDS: Leather industry, root and hypocotyl length, tannery effluent, environment.

INTRODUCTION
Agro-based leather industry is a widespread and labour-intensive sector in Turkey. According to 2005 data,
there are approximately 1500 tanneries in the country which
process hides and skins in different locations [1]. There are
many stages in leather production, which use broad wide
chemical compounds [2]. For example, in beamhouse op-

erations Na2CO3, nonionic emulsifier, enzymatic agents,
Na2S, Ca(OH)2, (NH4)2SO4, NaHSO3 and various acids; in
chrome tanning Cr2(OH)2SO4 and NaHCO3; in retanning
Cr, Al, Zr, Ti salts, naphthalene sulphonic acid/ formaldehyde condensation products, compounds based on dihydroxy diphenyl sulphone, glutaraldehyde, polymer resins
and acrylic resins; in dying metal complex dyes, direct
dyes and reactive dyes; in fat-liquoring several natural and
synthethic materials could be used [3]. In the wastewater,
not only organic pollution from raw material such as proteins and lipids but also inorganic pollution take place
where some of the chemicals used remain in floats because
of low processes efficiency [4].
Tanneries use enormous amounts of water in manufacturing, and discharge this heavily polluted water, which
is one of the most important problems of the industry. The
amount and the composition of wastewater may differ depending upon the type of raw material and the technology
used. For example, to convert sheep skin into leather using
traditional technology, 70-90 m3 t-1 [5] of wastewater is
generated, while this is about 50 m3 t-1 [3] to process wetsalted hide into leather. These effluents contain rich plant
nutritions as well as various salts and contaminants, such
as chrome that affect soil and plant production [6]. Tannery
wastewater is either treated by means of diluting with other
industrial or domestic wastewater, or discharged directly
to inland water system. Evacuating the wastewater without damaging ecological balance is very important, in terms
of sustainability and productivity. Protections of environment and ecological systems and preserving natural resources for the next generations are getting more and more
attention. Agricultural activities play a vital role for the
country both in area and production, and the population
that they employ. Since the industrial and agricultural lands
are in interaction in many locations, they might affect each
other. There have been several investigations carried out
by different researchers to utilise the wastewater generated
in various industries for different purposes, such as irrigation, soil amendment and fertilisation [6-11].
The objective of this study was to investigate the effects of different concentrations of tannery effluents on
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seed germination of some field crops, such as wheat, maize,
rice, chickpea, bean, sunflower and soybean.
MATERIALS AND METHODS
This experiment was carried out at Çanakkale Onsekiz Mart University, Biga Vocational College, Turkey.
In this study, wheat (Triticum aestivum L. (cv. Dropia)),
maize (Zea mays L. (cv. RX-9292)), rice (Oryza sativa
L. (cv. Osmancık)), chickpea (Cicer arietinum L. (cv.
Gülümser)), bean (Phaseolus vulgaris L. (cv. Şehirali90)), sunflower (Helianthus annuus L. (cv. Sirena)) and
soybean (Glycine max L. (cv. A3935)) seeds were used as
plant material. The experiment was in a completely randomized block design with three replications. The tannery
effluent used in the study was obtained from the sheep
skins processed by the general principles of production
[12-14] in Çanakkale Onsekiz Mart University Biga Vocational College’s Practice Unit. In order to get tannery
effluent used for irrigation in the study, liquid wastes
from each processing stages were collected separately,
and then they were mixed and stored in a dark and cool
place. Four dilution levels (wastewater/ tap water; 1:0,
1:10, 1:40 and 1:80) were prepared and used for irrigation of the seeds. Some physical and chemical properties
of them and tap water were analyzed in the Bursa Environmental Counseling Center Laboratory (accredited by
TÜRKAK), Bursa Chamber of Commerce and Industry
(Table 1). The analyses of total phosphorus, sul-phide,
chlorides, sulphates, pH and electrical conductivity (EC)
were followed the methodology described in the Standard
Methods for the Examination of Waters and Wastewaters [15]. Total nitrogen and total chromium analyses
were done by the Dr. Lange Test Kit Method and the EPA
Method 6010, respectively. A CADAS 50 S spectrophotometer was used in measuring. EC and pH were determined by means of a CONSORT C 864 instrument. For
germination, 20 seeds were placed in Petri dishes (9 cm),
and no additional nutrients were used. They were kept at
room temperature and germination values were observed

every 24 h. The seeds in Petri dishes were irrigated by
using the same amount of different dilutients of tannery
effluents and tap water for control.
The root and hypocotyl lenghts of germinated seeds
in Petri dishes were measured using electronic compass
after 96th h for wheat, 192nd h for sunflower and soybean,
240th h for chickpea, bean and rice, and 288th h for maize.
In addition, the changes in the number of germinated seeds
in Petri dishes at 48th, 96th, 144th, 192nd, 240th and 288th h
were observed.
Data obtained from the investigation were subjected to
analysis of variance using statistical package program of
SAS (1999) [16] to test the significance of the treatments.
LSD test was used to compare treatments effects.
TABLE 1
Characteristics of wastewater and tap water used for irrigation*.
Parameters

Tap
1:80
water
pH
7.76
7.48
EC (mS/cm)
1.05
1.49
Total nitrogen
<5
6.26
Total phosphorus
0.18
0.50
Sulphide
0.44
<0.5
Chlorides
20
61
Sulphates
<50
58
Total Cr
0.02
0.12
* All values, except pH and EC, are in mg/L

1:40

1:10

1:0

7.61
1.82
7.47
0.60
0.56
100
73
0.17

7.78
3.94
23
0.70
3.80
600
202
0.37

7.72
30.2
327
3.68
84.6
3748
1650
7.29

RESULTS AND DISCUSSION
The root and hypocotyl lengths and the numbers of
germinated seeds are given in Tables 2 and 3. The treatment effect was significant. The shortest root and hypocotyl
lengths were obtained from undiluted wastewater (1:0). It
was seen that the high amount of salinity, which has negative effects on plant growth, in 1:0 and 1:10 inhibited
seed germination. These results are in line with other studies conducted by other researchers. To illustrate, in 1988

TABLE 2 - Root and hypocotyl lengths of the seeds used in the study.
Wheat
(4th days)

Maize
(12th days)

Rice
(10th days)

Tap water
1:80
1:40
1:10
1:0
CV
LSD0.05

1.15 a
0.91 a
1.12 a
1.04 a
0.38 b
16.33
0.283

4.34 a
3.17 b
4.13 ab
4.26 ab
1.77 c
17.54
1.167

1.16 a
1.09 a
1.13 a
1.14 a
0.36 b
10.32
0.412

Tap water
1:80
1:40
1:10
1:0
CV

2.45 b
2.66 ab
3.02 a
2.30 b
0.77 c
10.23

6.45 b
6.30 b
9.16 a
8.12 a
3.30 c
13.17

2.33 a
2.31 a
2.56 a
2.01 b
0.26 c
7.28

Chickpea
Bean
(10th days)
(10th days)
Hypocotyl lengths (cm)
1.55 ab
4.18
1.27 bc
4.12
1.99 a
3.5
2.18 a
3.34
0.77 c
2.67
24.72
23.13
0.722
1.550
Root lengths (cm)
3.15 ab
4.75 c
3.25 ab
6.62 a
3.72 a
6.50 ab
3.71 a
5.34 bc
2.02 b
2.05 d
27.53
12.99
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Sunflower
(8th days)

Soybean
(8th days)

2.87 a
2.46 b
2.60 ab
2.82 ab
2.46 b
8.64
0.412

4.31 a
3.43 b
4.43 a
3.84 ab
2.13 c
10.69
0.731

2.35 b
2.83 ab
3.13 ab
3.98 a
1.69 b
28.34

1.84 b
2.30 a
2.35 a
1.79 b
0.48 c
13.98
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0.432
1.653
0.260
1.642
1.236
1.491
TABLE 3 - Number of germinated seeds at 48th, 96th, 144th, 192nd, 240th and 288th hours.

Wheat

Soybean

Sunflower

Bean

Chickpea

Rice

Maize

Plant
Species

Treatment
Tap water
1:80
1:40
1:10
1:0
LSD0.05
Tap water
1:80
1:40
1:10
1:0
LSD0.05
Tap water
1:80
1:40
1:10
1:0
LSD0.05
Tap water
1:80
1:40
1:10
1:0
LSD0.05
Tap water
1:80
1:40
1:10
1:0
LSD0.05
Tap water
1:80
1:40
1:10
1:0
LSD0.05
Tap water
1:80
1:40
1:10
1:0
LSD0.05

0.461

48th

96th

144th

192nd

240th

288th

-

1.0 b
0c
3.0 a
0.7 bc
0c
0.876
-

8.0 b
5.0 bc
12.3 a
5.0 bc
3.0 c
3.132
16.7 a
17.3 a
16.0 a
15.7 a
6.7 b
3.160
15.3 ab
13.7 ab
17.3 a
15.3 ab
8.3 c
3.188
15.0 a
17.3 a
18.3 a
16.7 a
11.0 b
3.564
19.3
17.0
17.7
19.3
17.7
2.618
16.0 a
15.7 a
15.3 a
14.3 a
9.7 b
2.443

10.0 a
5.3 b
12.3 a
5.3 b
4.0 b
3.368
18.3 a
17.7 a
17.0 a
19.0 a
11.7 b
2.443
15.3 ab
15.7 a
17.3 a
15.3 ab
12.0 b
3.429
18.7
18.3
18.3
16.7
17.7
2.595
19.7
17.7
18.7
19.3
18.0
3.017
17.7 a
17.7 a
16.3 a
15.3 ab
12.3 b
3.288

11.0 a
6.7 b
12.7 a
5.3 b
4.7 b
2.573
18.7 ab
17.7 ab
17.0 b
19.0 a
13.7 c
1.975
15.3 a
15.7 a
17.3 a
15.3 a
12.0 b
2.987
19.0
18.7
18.7
17.3
17.7
1.990

12.3 a
7.3 b
13.0 a
5.3 b
4.7 b
4.111

0.7 a
0b
0b
0b
0b
0.486
0.7
0
0
0.7
0
0.729
16.7 a
13.3 a
17.0 a
14.0 a
1.7 b
5.690

11.3 b
10.3 b
14.0 a
9.3 b
0c
2.491
3.0 a
0.3 b
4.0 a
3.0 a
0b
1.353
17.0 a
14.7 b
17.7 a
17.7 a
17.3 a
1.286
4.0 a
0.3 b
5.0 a
1.0 b
0b
1.649
19.7
20.0
19.7
20.0
20.0
0.595

Hughes [17] stated that tannery effluents contain high levels of Na, so it usually affects both soil and underground
water negatively. 2004, Contreas-Ramos et al. [9] composted tannery effluents with cow manure and wheat straw
for three months to decrease the pathogens and toxic organic compounds. Later, using this compost, they found
that the germination index of Lepidum sativum was 48%,
possibly due to residues of phytotoxic compounds, and
especially to high salt concentration [9]. As seen in Table 3,
wheat seeds germinated as the earliest, whereas maize seeds
the latest. As a result of irrigation with undiluted
wastewater, the numbers of germinated seeds were decreased, and germination was retarded in every genotype.
This might be due to high chrome content in undiluted
wastewater. Earlier studies showed that high levels of

chrome in tannery effluent decreased the germination [1821].
Except beans, the shortest hypocotyl lengths for all
genotypes were seen at the undiluted wastewater. There
were no statistical differences for the hypocotyl lengths of
bean seeds irrigated with tannery effluent and tap water.
In terms of root lengths, the lowest values were determined
for undiluted wastewater and the differences among the
treatments were significant (P<0.05). It has been observed
that in wheat, maize and soy bean root lengths were found
higher than the control seeds in some dilutions, especially
in 1:40. This result could be explained by findings of Alvarez-Bernal et al. [6], who stated in 2006 that there is high
amount of inorganic and organic nitrogen in tannery effluent, which increases vegetative plant growth.
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Various results were obtained from investigations conducted in different parts of the world with tannery effluents
and some plant species. In a research conducted with Allium cepa, irrigated from a river where domestic and
tannery effluents were discharged, root development was
inhibited [22]. In another study, Karunyal et al. [23] have
observed that tannery effluent affected the germination of
Oryza sativa, Acacia holoseria and Leucanea leucephala,
and resulted in death at high concentrations. In addition,
Sinha et al. [24] have grown Spinacia oleracea in contaminated soils and with different ratios of tannery sludge,
and found out that high metal accumulation took place in
edible parts of the plant. Among the growth parameters,
root length was affected more than the other parameters,
such as shoot length, leaf area and leaf number. They have
found that using only tannery sludge, the amount of total
chlorophyll content in plant leaves decreased the most,
whereas that of malondialdehyde increased the most, after
90 days [24]. On the other hand, tannery effluents with low
concentration increased photosynthetic pigments in Brassica juncea [8].
CONCLUSIONS
After evaluating the data obtained from the study, irrigation with undiluted tannery effluents (1:0) resulted in
the decrease of germination and the lowest root lengths. In
our study, 1:40 dilution compared to other treatments resulted in higher root and hypocotyl lengths, and increased
number of germinated seeds in some species. This may be
probably due to valuable plant nutrients in the tannery
effluent, which is especially rich in nitrogenous materials
responsible for vegetative plant development. Also, further
research with field experiments, to assess the effects of
tannery effluents on physical and chemical properties of
cultivated crops, should be undertaken. It is clear that as a
result of the discharge of tannery effluents into the nature
without any treatment, heavy metals, dying agents, salts,
etc. decrease the plant production by affecting the soil
productivity, and, accordingly, will cause health problems
and contaminate soil. In leather industry, which is an important sector for the national economy, solid waste and
wastewater generated during leather-processing should be
treated before discharging into the nature.
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ABSTRACT
The objective of this study was to investigate the
ozonation of two alkyl phenols (APs), nonylphenol (NP)
and octylphenol (OP), in aqueous solutions containing acetonitrile as a cosolvent. Batches of experiments were carried out to test the effects of initial pH values, ozone dosages, and initial APs concentration on degradation efficiency. At the value of pH 9.0, nonylphenol and octylphenol were completely degraded after a period of 6 min. After
6 min for ozonation, the degradation efficiency of NP was
nearly 42% with ozone dosage 0.13 mg min-1 at pH 6.5, but
with the ozone dosage of 0.38 mg min-1, the degradation
efficiency of NP reached 96% after 6 min. Similarly, the
effect of ozone dosage on degradation of OP had analogous
rules. With four different concentrations (5 ~ 20 mg L-1) of
APs exposed to ozone could be demonstrated, the higher
the initial AP concentration, the lower the AP degradation
efficiency. During the ozonation process, the rapid decrease of the pH value and the sharp increase of the electrical conductivity indicated the higher polarity by-products
formation, which was confirmed by high performance liquid
chromatography (HPLC) analysis. This work showed that
ozonation process was feasible for removing APs from
water.

KEYWORDS: Alkyl phenols, 4-nonylphenol, 4-octylphenol, ozonation, degradation.

INTRODUCTION
In the recent decades, the environmental endocrine disrupters have received increasing attention for their threats
to the wildlife and human health [1]. Most environmental
incretion disrupters, such as octylphenols (OP) and nonyphenols (NP), have been recognized with carcinogenic,
gene toxicity and procreation toxicities [2, 3]. OP and NP
have received higher attention due to their widespread occurrence in the aquatic environment as a result of the discharge of their parent compounds, alkylphenol polyethoxy-

lates. Given that they are fat-soluble compounds and difficult to degrade in the environment, common treatment
methods have been considered as ineffectively to remove
them in aquatic environment [4]. Despite of the reported
results about estrogen’s metabolism and biodegradation in
the organisms, OP and NP cannot be completely oxidated
and degraded in the environment.
In the early 19th century, it was realized that ozone
could be a strong oxidant. Theoretically, it can provide
sufficient energy in aqueous solution to degrade persistent chemical substances [5]. Ozone has been commonly
used to treat drinking water as a disinfectant and oxidant,
which is an advanced treatment method for disinfection,
oxidation of metals and organics, and removal of taste and
odor [6]. Over the decades, there has been a growing awareness that the treatment of many pollutants by ozonation can
be efficient and economically beneficial. Ozonation represents those technologies that bring about enhanced oxidative degradation of pollutants in aqueous solution by the
generation of highly reactive intermediates (e.g., the hydroxyl radical) through several methods. Often, the progress is driven by chemical energy (e.g., ozone/hydrogen
peroxide) [7]. The radical type reaction occurs when ozone
decomposes to various secondary oxidants, amongst which,
hydroxyl radical •OH is the most important one. Due to its
high reactivity, the reaction is non-selective and always
leads to a wide range of by-products [8].
The treatments of various organics with ozone have
been extensively discussed in the literatures [9, 10]. The
main effects of ozonation are decolorization, elimination of
taste and odors, degradation of organics, and disinfection
[11, 12]. Some researches also have shown that ozonation
products could be converted to CO2 and H2O under special
conditions. Moreover, excess ozone compared to other
oxidants, could be decomposed to oxygen without harmful
residues [13]. Hence, ozone becomes increasingly important as an effective and environmental-friendly oxidation agent in many fields [14].
In this work, two alkyl phenols, 4-nonylphenol and 4octylphenol, were selected as target compounds and aimed
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to study the influence factors on APs degradation and mineralization degree of APs to ensure that ozonation is a
highly potential process for AP removal from water.
MATERIALS AND METHODS
Chemicals

4-Nonylphenol (NP) and 4-octylphenol (OP) were
commercially obtained from Sigma (USA), and used without further purification. The molecular structures of them
are shown in Fig. 1. HCl, NaOH, Ba(OH)2, KI and Na2S2O3
were all of analytical-grade, and doubly distilled water was
used throughout experiments. For very low aqueous solubility of the two APs, acetonitrile was used as the organic
solvent. Stock solutions containing 100 mg L-1 APs were
initially prepared by dissolving into acetonitrile: water mixture (40: 60, v/v). Acetonitrile is miscible with water, and
has a low reactivity with ozone (t1/2 > 18 years, at pH 7.0).

HO

C9H19

NP

HO

C8H17

OP

FIGURE 1 - The molecular structures of NP and OP

Ozone generator was provided by the Department of
Chemistry, Wuhan University. Ozone was generated using
a Proton Exchange Membrane (PEM) electrolysis ozone
generator (3.5 V, 24A), which produces 20% ozone/oxygen gas mixture in the anode zone by electrolysis of water. The ozone/oxygen gas met and mixed with air, thus
emitted as ozone/air gas mixture. The ozone production
rate was approximately 600 mg h-1.
Experimental procedures

Various AP concentrations (5, 10, 15 and 20 mg L-1)
could be made from stock solutions by, for at least, 5-fold

dilutions. A scheme of the experimental set-up is shown in
Fig. 2. Ozone was bubbled into the AP solutions, which
were continuously mixed using a magnetic stirrer at 80 rpm.
The yield of O3 was determined by means of iodometry [15] described in detail as follows. The ozone dose
was adjusted by controlling ozone velocity through needle
valves 1, 2 and 3. The volume of 20 ml and the concentration of 0.20 g ml-1 KI solution was measured, and moved
into the 500-ml absorption flask containing 350 ml distilled water. The ozone/air gas mixture flowing throughout the absorption flask was measured by a wet flowmeter within 4 min. Upon absorption, 5 ml 20% sulphuric
acid was added to the flask and placed for approximately
5 min. The 0.1 mol L-1 concentration of Na2S2O3 standard
solution was used for titration and the volume of Na2S2O3
standard solution reacting can thus be used to calculate
the ozone concentration in liquid phase in the absorption
flask. When valve 2 was closed, the total ozone produced
(CT) was determined. When valve 2 was set at the different positions, the ozone introduced into absorption flask
(Ci) was determined, respectively. Hence, the reactor containing 350 ml reaction solutions within 4 min was determined by subtraction (CT − Ci). Therefore, the ozone dosages could be represented as those in the liquid phase: Q i =
(CT − Ci) × V / 4, where V is the volume of reaction solutions and 4 is the time in min. In this work, three ozone
dosages, 0.13, 0.19 and 0.38 mg min-1, were used, respectively, by controlling the flow-rate of O3 through valve 2,
through which different ozone dosages added into the system could be controlled. The superfluous ozone was adsorbed by activated carbon, and the reactions were terminated by nitrogen gas. The solution of 1.0 mol L-1 Na2S2O3
was added to the system to remove the O3 residuals and
organic radicals, prior to analysis [16-19].
The pH of solutions was adjusted to the desired values
by adding HCl or NaOH. Ozonation experiments were
carried out at initial AP concentrations of 5 ~ 20 mg L-1
under the condition of ozone dosage 0.38 mg min-1. To
inspect the ozone dosage effect on ozonation efficiency of

FIGURE 2 - The scheme of the experimental set-up.
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APs, experiments were carried out at different ozone dosages of 0.13, 0.19 and 0.38 mg min-1, with an initial AP
concentration of 10.0 mg L-1. A pH-meter (AY120, SHIMADZU) and a conductivity meter (DDS-11, Leici, Shanghai) were used to monitor the changes of pH values and
electrical conductivity of solutions during the ozonation
process [20]. All the experiments were conducted at 25 ±
1 °C.

ciency with an increase of pH values. When pH was 9.0,
NP and OP could be completely degraded after 6 min.

1.0

pH=3.0
pH=5.0
pH=7.0
pH=9.0

0.8
C/C0

Analysis
HPLC analysis

At different intervals, the APs samples obtained under
different reaction time were removed. Then, the AP concentrations of the samples were examined by reversedphase UV-VIS HPLC (150 mm × 4.6 mm, Supelco C18
column; mobile phase: mixture of acetonitrile-water (90:
10, v/v) at a flow-rate of 1 ml min-1 by HPLC pump). The
water samples of NP and OP were injected into the column
and detected at 240 nm. The injection volume was 20 µl.
The data were presented as means from triplicate experiments, and the errors were indicated to be below 5%.
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a. [NP]0 =10.0 mg L-1, [O3] = 0.38 mg min-1

1.0

pH=3.0
pH=5.0
pH=7.0
pH=9.0

CO2 measurement

0.8
C/C0

Carbon dioxide generated during ozonation was determined as BaCO3 [21] to inspect the mineralization degree of the AP solutions oxidized by ozonation. CO2 was
removed from the solution by nitrogen gas and piped into
a concentrated Ba(OH)2 solution to produce BaCO3. The
solutions were collected, BaCO3 was allowed to precipitate
and superfluous Ba(OH)2 was titrated with 0.0168 mol L-1
HCl solution with phenolphthalein as indicator. Blank experiments without APs were performed under the same
conditions.
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Time (min)
RESULT AND DISCUSSION

b. [OP]0 =10.0 mg L-1, [O3] = 0.38 mg min-1

Effect of initial pH value

Some researches have indicated that the degradation
reaction in solution is a second-order reaction and the
degradation of ozone in solution cannot be ignored at pH
>4. The active secondary oxidants •O2- and •OH have higher potential of oxidation and no selectivity. However, in
order to create a model for wastewater, the condition of
pH 3 - 9 was selected as the studied range. It was identified that pH 9 was enough to treat APs in our study within
several min.
As we all know, the pH value of water or wastewater
was determined by the reaction paths of ozone and organic matters, which influence the magnitude of redox potential and the generation of hydroxyl radical. Therefore, it is
necessary to investigate the effect of initial pHs on ozonation. The degradation experiments were repeated over the
range of pH 3 - 9, and the result as a function of pH is
shown in Fig. 3.

FIGURE 3 - Effect of pH value on
the degradation efficiency of NP and OP.

In general, ozone reacts with organic compounds in
water or wastewater via two different pathways. Ozone
may react directly with chemical molecules in aqueous
solution; it may also generate secondary oxidants (mainly
hydroxyl radicals) to oxidize molecules [22–24]. •OH is a
stronger and less-selective oxidant than ozone, and reaction
rate constants are about nine times of magnitude greater
than those of ozone for the same organic compound [25–
27]. The pH values affect the reaction process by impacting
on the rate of ozone decomposition and formation of hydroxyl radicals, which is favored at high pHs [28, 29]. According to Yao et al. [16], ozone is auto-catalytically decomposed to form hydroxyl radicals in aqueous solution at
pH > 4.0. Formation of secondary free radicals is shown as
follows [30, 31]:

As shown in Fig. 3, pH value has apparent effect on
ozonation. There was an increase in the degradation effi-
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HO2− + O3 → HO2• + O3•− k3 = 70 ± 7 M-1s-1
O 2• − + O 3 → O 3• + O 2
k4 = 109 M-1s-1
HO3• → •OH + O2
k5 = 1.1×108 M-1s-1

fore, the increasing of ozone dosage may be suitable to
accelerate the reaction rate and shorten the reaction time.
Effect of initial AP concentrations

Effect of ozone dosage

0.13 mgmin
-1
0.19 mgmin
-1
0.38 mgmin

0.8

5 mgL
-1
10 mgL
-1
15 mgL
-1
20 mgL

0.9

-1

1.0

C/C0

-1

C/C0

The ozone dosage was controlled by means of altering
the flow-rate of ozone. The effect of different ozone dosages
at difference of degradation efficiency is shown in Fig. 4.
With an increase of O3 concentration, the degradation efficiency increases. After 6 min of ozonation, the degradation
efficiency of NP was nearly 42% with ozone dosage of
0.13 mg min-1. At an ozone dosage of 0.38 mg min-1, the
degradation efficiency of NP reached 96%. Similarly, the
effect of ozone dosage on degradation of OP has analogous
trends, as shown in Fig. 4.

To examine the effect of initial concentration of APs
on their degradation, four different solutions (5 - 20 mg
L−1) of APs were exposed to ozone. The results are shown
in Fig. 5. The degradation efficiency of APs decreased with
the increase of initial AP concentration.
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FIGURE 5 - Effect of initial AP concentrations on
the degradation efficiency (pH = 6.5, [O3] = 0.38 mg min-1).

b. [OP] 0 =10.0 mg L-1, pH = 6.5
Detection of mineralized product CO2
FIGURE 4 – Effect of ozone dosage
on the degradation of NP and OP.

In ozonation, the mass transfer of ozone toward liquid
phase was controlled by liquid membrane. Thus, with the
increase of ozone dosage, the response to mass transfer
coefficient of liquid phase increases. As a result, the amount
of afferent ozone in time/volume units also increases,
which would have a higher impact on ozonation. There-

To investigate the mineralization degree and the relationship between mineralization and degradation efficiency,
the generated amount of CO2 was measured at different intervals in ozonation experiments (the initial concentrations
of NP and OP were all 10 mg L-1). The results are shown
in Fig. 6.
As shown in Fig. 6, the degradation efficiency of the
two APs after 10 min of ozonation nearly reached 100%,
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and mineralization efficiencies of NP and OP were merely
37% and 17.7%, respectively. This is because oxidation
was not completely carried out, i.e. APs were not completely oxidized to CO2 and H2O, with some intermediate
phases produced through ozonation.

Mineralization efficiency (%)

100

80

60

40

NP
OP

20

0
10

15

20

25

30

35

40

Time (min)
FIGURE 6 - The change of APs mineralization efficiency during
ozonation ([APs] 0 = 10 mg L-1, initial pH 6.5, [O3] = 0.38 mg L-1).
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During the ozonation, the pH values and electrical
conductivity of the solution were measured. Fig. 7 shows
that both changed significantly during ozonation. All
changes of the pHs followed a similar rule, decreasing
steeply and increasing gently.
It is evident that the degree of mineralization increases
with increasing pH. It implies that at a higher pHs (6 and
9), reactions can continue to mineralize the byproducts. This
implies that when radical reactions occur, there is always
a pathway toward CO2 generation. The conceivable reason was partly because the hydroxyl radical •OH generated
during ozonation consumes certain amounts of OH-. In
addition, some organics were degraded into substances of
low molecular weight, such as carboxylic acids. Simultaneously, the electrical conductivity increased and decreased,
opposite to the pH values, which can improve the generation of carboxylic acids of low molecular weight as they
oxidized gradually. It is in accordance with most researchers’ tentative reaction mechanisms.
Result of HPLC analysis

Products were detected by HPLC after ozonation for
different reaction times. The results are shown in Fig. 8.

8

60

Varieties of pH value and
electrical conductivity in the solutions

In the HPLC chromatogram, the peaks corresponding
to APs decreased, and there were apparently product peaks
at shorter retention times after ozonation, indicating that
some intermediate products of lower molecular weight
and higher polarity were formed [27]. The peaks of APs
disappeared after ozonation. The area of product peak increased, and then decreased with reaction time. All of these
phenomena indicate that the generated hydroxyl radical
firstly reacted with APs, and then produced intermediate
products, which were further oxidized and ultimately completely mineralized. All of these phenomena also can be
interpreted as that the mineralization efficiency of APs
was less than their degradation efficiency.
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FIGURE 7 - Varieties of pH and electrical
conductivity of the solution under the following
conditions: [APs] 0 = 10 mg L-1, initial pH 6.5, [O3] = 0.38 mg L-1 .

FIGURE 8 - HPLC chromatograms of AP degradation by
ozonation ([APs] 0 = 10 mg L-1, initial pH 6.5, [O3] = 0.38 mg L-1).
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CONCLUSION
The oxidation of NP and OP in aqueous solution has
been achieved by means of ozonation. Under the experimental conditions, ozone system was demonstrated to be
capable of removing APs.
At the range of pH 3.0 ~ 9.0, there was an increase in
degradation efficiency with an increase of pH. At pH 9.0,
the degradation efficiencies of NP and OP reach a maximum. NP and OP can be completely degraded after 6 min.
The ozone dosage greatly influences AP degradation.
With an increase of O3 dosage, the degradation efficiency
increased. After 6 min of ozonation, the degradation efficiency of NP is nearly 42% with an ozone dosage of 0.13
mg min-1. , reaching 96% after 6 min with ozone dosage
of 0.38 mg min-1. Similarly, the effects of ozone dosage
on degradation of OP showed analogous tendency. At
four different concentrations (5 - 20 mg L−1) of APs exposed to ozone, it could be concluded that the higher the
initial AP levels, the lower AP degradation efficiencies.
During the course of AP degradation, the pH decreased and electrical conductivity of solutions increased
with reaction time. Compared with the degradation efficiency of NP and OP after 10 min ozonation (nearly 100%),
the mineralization efficiencies of NP and OP were merely
37% and 17.7%, respectively. It indicates that APs were
not completely oxidized into CO2 and H2O, and oxidation
products remained in intermediate phase. HPLC analyses
has shown that APs could be degraded to products of
lower molecular weight with a higher polarity. The results
obtained indicated that ozonation is a highly effective way
to remove APs from wastewater and drinking water.
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ABSTRACT

INTRODUCTION

Infrastructure services, such as wastewater, water, natural gas, electricity and telecommunication services are the
major application areas of UIS (Urban Information System).
In Turkey, since the population in urban areas has been increasing rapidly and uncontrollably, infrastructure services
have been extremely insufficient. After the destructive earthquake which happened in the Marmara region on 17th August 1999, the infrastructure system was seriously damaged. Use of GIS (Geographical Information System) has
been an indispensable tool to control the infrastructure
services more efficiently in case of such emergencies.
The study area, to solve the problems of these services,
was selected in the Sakarya province of the Marmara region. Since it is very difficult to control and manage these
services damaged by the earthquake via conventional methods, an IIS (Infrastructure Information System) was designed and implemented. During the conceptual and logical design of the IIS, UML (Unified Modeling Language)
was used which is the most important difference between
traditional GIS and the IIS design. The created system has
been tested with selected data to provide more economic,
faster and more efficient infrastructure services in the province.
Consequently, the IIS has been used to implement
many processes, such as various spatial and non-spatial
queries, and has been used in the solving of available infrastructure problems due to rapid population increase in
the settlement areas, controlling and planning of the existing infrastructure systems, and contributing to e-Municipality for the infrastructure services. As UML diagrams were
used in the conceptual and logical design of the IIS, geographical objects, non-geographical objects, as well as the
relationships among them were shown visually. Hence, the
IIS has been organized more easily.
KEYWORDS: GIS, infrastructure management, spatial database
design, UML, wastewater, water

Over the years, the concept of geographic information
infrastructure has provided a crucial revolution in the development of GIS. As in other countries, GIS has been an
indispensable gateway for government offices to manage
land and natural resources, monitor the environment, formulate economic and community development strategies
and deliver social services [1].
A network consists of linear features which are interconnected in GIS. Examples such as highways, railways,
streets, transportation routes, rivers and utility distribution
systems can be given for the networks. They form the infrastructure of modern society. Moreover, they are modeled
as networks in GIS [2].
From the early 1990s, the world has been aware of the
significant role of economics in water management. According to the United Nations Conference on Environment
and Development in Rio de Janeiro in 1992, integrated
water resources management principles were adopted. In
addition, they have to be taken into account in the implementation of any strategic water policy. These principles
have been supported by international communities as they
guide the management of water and promote equity, efficiency and sustainability [3].
The management and foundation of infrastructure systems are very important for local administrations due to
their high cost and operation processes. Therefore, GIS
technologies are significant in establishing and operating
these infrastructure services. Organizations responsible for
the infrastructure services should handle the problems taking into account recent developments in the information
technologies. GIS is inevitable in providing functions, such
as the appropriate usage of existing sources and management, as well as the planning and controlling of the organizations responsible for the infrastructure services. The fundamental duties of water supply organizations in urban
areas are as follows:
• Protecting water resources in their responsibility area,
• Supplying the water requirements of the city,
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• Constructing wastewater and rain water lines,
• Maintenance of the old lines, planning and building of
new lines,
• Improving the lines reaching the rivers, streams and
seas [4].
The municipalities are normally responsible for the
development of the urban infrastructure. Due to the fact
that most of them have poor credit performances, the Iller
Bank (IB) (Bank of the Provinces, related to the Ministry
of Reconstruction and Resettlements, a development and
investment bank) is responsible for developing urban plans,
supplying municipal water, constructing sewerage systems
and treatment plants, and providing loans to municipalities for the financing of such projects. The selected study
area is the Sakarya province which is within the boundary
of the first regional directorship of the IB.
After the earthquake in the Sakarya province on 17th
August 1999 (Fig. 1), the infrastructure, transportation and
communication systems were seriously damaged. Rebuilding of the infrastructure services, such as water and
wastewater lines, was conducted by the first regional
directorship of the IB.
During the conceptual and logical design of the databases, various software packages, such as Microsoft Visio

and IBM Rational Rose, can be used. After logical design
of the geographical layers and tabular data with the UML
class diagrams, it is possible to save the XML (Extensible
Markup Language) file in the software. Moreover, geographical layers, tables and relationships are created fullyautomatically through the XML file in the GIS software including CASE (Computer Aided System Engineering) tools.
However, relationships between geographical and nongeographical objects can be defined via the UML class diagrams. A database design implemented with the UML diagrams is more understandable than entity-relationship
schemes. The UML is a standard language for specifying,
visualizing, constructing, and documenting the artifacts of
software systems, as well as for business modeling and
other non-software systems. In addition, it represents a
collection of the best engineering practices that have proven
to be successful in the modeling of large and complex systems. It is a very important part of developing objectsoriented software and the software development process.
Furthermore, it uses mostly graphical notations to express
the design of software projects. The UML helps project
teams to communicate, explore potential designs, and validate the architectural design of the software. In addition,
conceptual and logical designs of the database can be created visually via UML diagrams. Thus, the designed system
can be easily documented [4].

FIGURE 1 – Approximate boundary of the earthquake of August 17, 1999 and the study area.
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NECESSITY OF IIS
(INFRASTRUCTURE INFORMATION SYSTEM)
The infrastructure services have several drawbacks due
to rapid growth in urban population, unplanned urbanization, and defects in management and control mechanisms.
Therefore, the IIS is proposed to overcome these problems.
The IIS is necessary to perform the tasks of the first
regional directorship of the IB more economically, easily,
and fast. Hence, the IIS was generated for the requirements of the IB. However, the IIS handles not only the
problems of the IB, but also those of other infrastructure
institutions, such as municipalities and organizations responsible for water and wastewater.
Many processes, such as

tion, responsibilities and requirements of the organization
were determined for the IIS. Geographical and nongeographical data, such as diameter and the type of pipes, were
obtained from the organization in digital forms.
The UML was used for conceptual and logical design
of the IIS. The visual modeling can be made with the UML.
Microsoft Visio software including CASE tools was used
to generate these models in the system design. Arc GIS
8.3 software was also used to perform the system.
The water line feature dataset was designed by means
of UML, which is one of the designed feature datasets for
the IIS. Attributes of the geographical layers in the water
line feature dataset, and relationships among the layers are
given in Fig. 2.

• Analyzing of existing water and wastewater lines,

TABLE 1 – The necessary geographical data for IIS.

• Economical planning of the new water and wastewater
lines,
• Obtaining necessary information for the changes in
existing water and wastewater lines,
• Taking the necessary economical measures in the shortest time while detecting probable defects in water and
wastewater lines,
• Controlling of the existing water and wastewater lines
via maps,
• Accessing the necessary data for the application of the
planned water and wastewater lines,
• Accessing the current data in the system,
• Querying of the data in the system,
• Preparing reports, and
• Producing maps and updating the system
have been conducted through the IIS [6].
MATERIALS AND METHODS

RESULTS AND DISCUSSIONS

Study Area

After the earthquake in the Sakarya province of Turkey on 17th August 1999, most of the infrastructure systems
had to be renewed. An area of approximately 220 hectares
was selected as the study area (Fig. 1).
Methodology for IIS

As a result of analysis of the existing system, necessary geographical data were determined for the IIS. Nongeographical data and geographical data 1/1000-scaled in
DXF (Data Exchange Format) file were obtained from the
first regional directorship of the IB. Necessary geographical objects and their geometric types for the IIS are given
in Table 1.
The existing situation of the services in the first regional directorship of the IB, work flow, structure of the
organization, problems and existing data in the organiza-

It is possible to obtain information about the infrastructure services by IIS. It may also be necessary to take
measures in case of any damaged water and wastewater
lines, or when maintenance is needed. The IIS allows necessary information to be obtained about them.
The geodetic reference points are necessary for the
application of the infrastructure plans, such as water and
wastewater lines. They can be obtained from the IIS. This
problem can be solved with the spatial query given in Fig. 3.
Accessing the existing infrastructure systems under the
street prior to excavating, in case of probable defects, could
be possible by means of the query given in Fig. 4.
It can also be used to make inquiries, such as the materials used for the infrastructure in the excavated street,
information about these materials, analysis of the cost and
reporting of this information. This is given in Fig. 5.
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FIGURE 2 – UML class diagram for the water line feature dataset.

FIGURE 3 – Necessary geodetic reference points for the application of the wastewater line.
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FIGURE 4 – Wastewater line under the street during the excavation.

Attributes of the road

Attributes of the wastewater line

FIGURE 5 – Obtained report belonging to the wastewater line under Cark Street.

CONCLUSION
The existing infrastructure systems have been inadequate due to unplanned urbanization of many cities in Turkey. Controlling the urban infrastructure services is highly
difficult with a classical management approach. Providing

coordination between public organizations, effectively using
and managing existing water resources, and increasing the
efficiency of infrastructure services can be possible by
using GIS capabilities. The IB devotes to the important
tasks in infrastructure services, such as water and
wastewater in Turkey. Therefore, the IIS was designed
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and im-plemented for the infrastructure services in the
first regional directorship of the IB. In both the IB and
municipalities, the IIS has provided active, productive,
efficient and well-qualified infrastructure services.

[4]

Turk, T. (2004) GIS Design and Application for Infrastructure, Yildiz Technical University, Civil Engineering Faculty,
Istanbul (Master Thesis in Turkish).

[5]

ESRI (2002) Using CASE for schema design and generation.
Building Geodatabase with CASE Tools. ESRI Press, Redlands, pp. 2-55.

[6]

Kresse, W. and Fadaie, K. (2004) Non-geometry standards.
ISO Standards for Geographic Information. Springer-Verlag
Berlin Heidelberg, New York, pp. 55-63.

[7]

Nasser, M. (2003) UML dynamic diagrams. General Introduction Object Oriented Technology and UML. BILDEM, Istanbul, chapter 2, pp. 1-52.

Consequently, the IIS provides some advantages; such

[8]

Nasser, M. (2003) Class design. Object Oriented Analysis
and Design with UML. BILDEM, Istanbul, Chapter 5, pp. 169.

• Obtaining current and accurate information about the
infrastructure systems,

[9]

Pressman, R. (2001) Object-Oriented concepts and principles. Software Engineering. The McGraw-Hill Companies,
Singapore, pp. 542-566.

UML is both a relational modeling and scheme drawing language which was used for this study. A lot of functions, such as presenting the solution of complex problems, emphasizing the solution clearly and creating the
system document later, can be implemented by UML.
Moreover, post-editing of a design, documented by
UML is easier.
as

• Taking economical measures within the shortest time and
producing maps of the region in case of possible defects in
the region,
• Searching for the solutions of the infrastructure problems
due to rapid population growth in the settlement areas,
• Controlling, maintaining and planning of the existing
infrastructure systems,

[10] Yomralioglu, T. (2000) Information System Applications on
Urban and Infrastructure. Principal Concepts of GIS and its
Applications. Secil Ofset, Istanbul (in Turkish).
[11] Zeiler, M. (1999) Modeling infrastructure. Modeling Our
World. ESRI Press, Redlands, pp. 128-142.

• Querying all kinds of infrastructure data in the system
and spatial analysis of them,
• Contributing to e-municipality services,
• Obtaining reports and map output in the system, and
• Updating the existing data in the system.
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