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MESAEP
Mediterranean Scientific Association of Environmental Protection e.V.

The 15th International Symposium on Environmental Pollution and its Impact on Life in the Mediterranean Region
was organised by MESAEP and other international and national institutions in Bari, Italy from October 7 to 11,
2009.
The objectives of this symposium were to provide a forum for interested scientists of different countries to:
•

exchange recent results related to environmental pollution processes and their effects on natural resources,
public health and economy in the Mediterranean region

•

discuss current scientific, technological and legal issues to avoid or reduce the degradation of the Mediterranean environment

•

provide suggestions and recommendations to regulatory authorities on environmental quality and safety in the
Mediterranean and other neighboring countries.

The General Theme of the Conference was:
“Environmental Threats in the Mediterranean Region: Problems and Solutions”.
The main results of the 15th symposium papers are included in six successive issues of the international journal
“Fresenius Environmental Bulletin” (FEB):
Issue 1: Agricultural, domestic and industrial wastes - Soil quality, pollution, degradation and desertification
Issue 2 and 3: Water quality and pollution
Issue 4: Outdoor and indoor air quality and pollution - Crops and food quality and pollution - Environment and
human health
Issue 5: Animal health risks - Intercompartmental element fluxes and climate changes and effects on the ecosystem
and human health
Issue 6: Biodiversity and sustainability - Session 10. Sustainable mobility and renewable energy use to combat
pollution - Natural and artificial radioactive pollution
The results of this symposium will contribute undoubtedly to the advancement of the environmental scientific
knowledge and hence, to the improvement of the Mediterranean region environment.
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MODELING CONTAMINANT PROPAGATION
IN A FRACTURED AND KARSTIC AQUIFER
Claudia Cherubini1* and Nicola Pastore 1
1

Dipartimento di Ingegneria Civile e Ambientale Politecnico di Bari Via Orabona 4, 70100 Bari, Italy

ABSTRACT
Modeling flow and transport of pollutants in fractured
and karstic aquifers remains an open issue. In fact, a completely adequate model for them has not been developed.
These aquifers are highly vulnerable to groundwater contamination. Karst conduit system permits a rapid transport
of pollutants, often under turbulent conditions and traveling long distances. Moreover, the cavities filled by residual dissolution products delay the propagation of contamination principally by means of sorption processes. The classical
equivalent porous model paradigm does not permit to take
into account the discrete nature of these aquifers.
In this context, the reconstruction of a detailed geological model is very important in order to extend the
knowledge on fluid flow and solute transport phenomena.
This per-mits, consequently, to choose a plausible conceptual model with state variables and boundary conditions
more adequate than the classical equivalent porous approach.
The present work studies the area of an ex Gasometer
heavily contaminated by hydrocarbons. In this area, a pump
& treat system has been designed approximating the nature
of aquifer to a homogeneous isotropic porous medium. The
work focuses on the importance of the realization of a detailed geological reconstruction to be implemented in a flow
and transport model in order to interpret the dynamics of
the flow field and the transport of contamination.
The obtained results have proven to be coherent with
previous studies in that they show that the flow field and
the transport of contaminants depend primarily on karst
network architecture.

as BTEX, PAH, phenols and cyanides, has been registered.
At present, a remediation treatment based on the implementation of Pump & Treat technique has been planned.
The present study evidences the problems that arise in
case of the Pump &Treat design which ignores the heterogeneous and anisotropic nature of the fractured and
karstic aquifer and approximates it through an equivalent
porous medium paradigm attributing equivalent hydrodynamic parameters to it.
In previous works, this question has been treated enriching the comprehension of phenomena in study, by comparing different approaches both as far as the geological
characterization and the numerical model for the fluid flow
and transport phenomena [3-6].
The present study is aimed at providing further elements of interpretation in a particular way on the dynamics
of pollutant transport focusing the attention on the importance of an accurate detailed geological description [1,
2].
This reconstruction is obtained by means of stochastic simulation paradigm and, in particular, through nested
sequential indicator simulation algorithm [1, 2, 7-9]. The
nested technique permits to represent the geological architecture of the aquifer in an optimal way with respect to
traditional SIS algorithm.
The obtained reconstruction confirms the results
achieved in previous papers and shows that the
transport of contaminant depends primarily on karst
network architecture. For these reasons, the equivalent
porous medium approach fails to reproduce the complex
reality of pollutant propagation in fractured and karstic
aquifers giving rise to results distant to real phenomena.

KEYWORDS: Sequential indicator simulation, fractured, karstic,
contamination, transport

MATERIALS AND METHODS
State of contamination

The study area is located in correspondence of the ex
Gasometer, in the city centre of Bari, about 200 m far from
the Adriatic coast presenting an extension of 0.324 ha.

INTRODUCTION
In the study area, due to industrial activities carried out
in the past, a heavy contamination by hydrocarbons, such

From 1866, for about a century, the study area has
been occupied by installations for the production of the
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so-called “city gas” by means of coke carbon. The cycle of
production has not undergone substantial modifications
from the beginning up to the cessation of the activity happened in 1969, when the installation has been reconverted
in order to distribute methane. 1975 any activity has ended.
The state of the contamination of groundwater has been
caused fundamentally by accidental events happened in
the first months of 1999, a release of pollutants in a dissolved phase from a NAPL phase constituted by a mixture of residuals of production: coal tar and ammonia waters that, during the activity of the installation have been
collected in the “underground storage pits”, located in the
central area of the site. This mixture contains the series of
aromatic hydrocarbons, from the lightest BTEX to the heaviest PAHs, as well as the aliphatic hydrocarbons (as nhexane), phenols and cyanides.
In the area, three different campaigns of investigation
have been carried out, in 1999, 2002 and, finally, 20032004. The first investigations on the state of pollution,
carried out before the accidental event, show the presence
of pollution in the unsaturated part of the soil (up to 2 m
below the ground level) by PAHs, phenols and benzene.
At higher depths, in the subterranean soil, an axis of contamination that starts from the area called “ovens” and
“underground storage pits”, reaches the south occidental
zone that corresponds to the storage areas; the ground-water
sampling that has been done in this phase, excludes a
correlation between possible groundwater pollution and
the one detected in the soil was excluded. It is important to
put into evidence that these analyses have followed different procedures compared to the ones carried out successively.
The analyses carried out in 2002 and 2003-2004 have
confirmed the presence of pollution in the soil and have
found a massive presence of contamination, even in groundwater, with concentrations that can reach hundreds of µg·L-1
and exceed water solubility, especially for n-hexane. The
maximum values have been found in the central part of
the area in proximity of the underground storage pits and
where the coal tar spill has taken place. In 2002, also the
presence of non miscible phase has been measured and
detected.
Moreover, signs of biological degradation have been
detected. In particular, downgradient to the centre of contamination “underground storage pits”, in December 2003,
a peak of Fe++ of one order of magnitude higher than any
other sample taken in the area has been registered.
Geological setting

The morphological asset of the Bari area is typical of
a coastal murgian belt characterized by the presence of wide
elongated terraces that run parallel to the coast and gently
slope to the sea, ending on the waterside with marine terraces bordered by low escarpments. The area of Bari presents three tiered terraces sloped down to the sea with a

height between 40 and 10 m a.s.l., characterized by palaeostream channels (lames) perpendicular to the terraces.
In the area of Bari, the most ancient formation present
is the sedimentary series “Calcare di Bari” represented by
a calcareous-dolomitic succession referred to Cretacic that
constitutes the bearing structure of the area of Bari, extending in depth even for hundreds of meters.
This succession appears stratified and fissured and,
where it is not interested by tectonical discontinuities, it
shows a subhorizontal or slightly inclined lying position.
This formation is subjected to the complex and relevant
karstic phenomena that lead to the formation of cavities
of variable dimensions within which it is possible to find
even conspicuous accumulations of “terra rossa”. This
material has prevalently residual and transport characteristics, so it is not always to be attributable to its original seat.
In transgression on the carbonatic formation are detectable
fine calcarenites and coarse biocalcarenites of plio-pleistocenic age recognized as “Calcareniti di Gravina”. This formation crops out forming thin horizontal cover strata that
do not exceed 20 m.
In continuity of sedimentation, on the waterside of Bari
are detectable the Terraced Marine Deposits (upper Pleistocene) represented by dune bioclastic detritic and sand bar
deposits constituted by calcarenites with marine fossils, volcanic sands and sandstones, discontinuous levels of gravel
and conglomerates.
Finally, the most recent formation is constituted by alluvial and marshy deposits (Olocene). They are continental
deposits, detectable on the bottom of the lames and in some
depressions in the dune deposits. The marshy deposits are
formed by finer material, of silty-clayey nature.
The study area is located inside the coastal depression
of the “Lago di Marisabella”. In this area are conveyed the
waters coming from two lames: Lama Lamberti and Lama
Picone, that lie on preexisting lines of fracturation. Nowadays, these lames are totally obliterated by the city plan.
Sequential indicator simulation algorithm

Sequential indicator simulation (SIS) is a pixel-based
simulation algorithm that builds a categorical image, pixel
after pixel, by drawing local probability distributions from
the categories [10].
The principle of SIS algorithm is simple; it consists in
the simulation of the series of K indicator values sequentially one location after another, each simulation being
made conditional to all prior indicator data and all previously simulated variables [11].
The SIS algorithm consists of the following steps:
Define a random path that visits each location of the
domain once. At each node u, retain a specified number of
neighboring conditioning data including both original
indicator data and previously simulated location values.
At each location u along the path, estimate the membership probabilities of u to each categorical variable:
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p * (u; ok | n ) where n is the number of neighboring conditioning data.
Obtain Monte-Carlo simulation of the indicator value
by drawing a uniform random number p ∈ [0,1], and by

the structural tectonic conditions. The shallow layers are
subject to karst phenomenon with carious weathering surfaces of various dimensions that, especially in the western
part, are full of terra rossa and such as to constitute an
aquiclude.

k

p ≤ ∑ p * (u; o j | n )
j =1
verifying for each categorical variable if
,
if the jth condition is true, then the location u is assigned
to categorical variable oj, if not, proceed with the j+1th
condition in an analogous manner.

Add the simulated indicator value of the location u
to the data set
Repeat the previous steps 2, 3 and 4
When all locations u have been simulated, the stochastic realization is obtained.
The estimation of the membership probabilities of u
to each facies is obtained by solving a simple kriging system with local varying prior mean:

Each identified lithofacies unit is delimited by the previously obtained top and bottom surface. As far as the Fractured Karstic Limestone formation, the bottom surface is
assumed to be constant and equal to z = -25 m. The unities are associated with a three-dimensional regular grid
with the dimension of the cell equal to 0.6 m in the x,y
directions and 0.3 m in z directions. In order to incorporate stratigraphic dips in the simulations, the real vertical
depth of the sample indicator data is transformed into a
standardized depth. However, each formation presents different geological correlation styles.

where λα (u ) is the simple kriging weight, I (uα ; k ) is

The Fractured Karstic Limestone unit, given that the
joint strata are sub-horizontal or slightly inclined, presents
“offlap” geological correlation style, and thus is not consistent with the top and the basis of unit. The calcarenite
level unit presents a “truncation” correlation style and,
therefore, is consistent with the basis of the unit. In this
circumstances, the true vertical depth is equal to

uα , p(u ) and p(uα ) are the

z stj = ztrue − zbot . On the standardized sample indicator

n

p * (u; ol | n ) = p(u ) + ∑ λα (u ) ⋅ {I (uα ; k ) − p(uα )}
α =1

the indicator data at location

u
respective prior local probabilities at locations u and α
Identified and modeling lithofacies unit sequences

Considering the stratigraphies of the geognostic boreholes carried out from the ground level, it is possible to
resume the stratigraphic succession as follows:
•

Stochastic simulations

Recently settled soil layer constituted by calcareous
and calcarenitic clasts immersed in a brownish sandy
matrix, at times with the presence of palaeosoil at the
basis constituted by brownish silty marshy deposits. This formation has been neglected in the next
phases of elaboration;

•

[Calcarenite levels unit] Calcareniti di Gravina (Pliopleistocene). Characterized by intercalations of low
cemented calcarenitic levels alternated with fine sand
and sometimes silty sand or sandy silt; locally are present intercalations of lenses of clayey silts.

•

[Fractured Karst Limestone] Calcare di Bari (Cretaceo). Characterized by a succession of nut-brown micritic and whitish dolomitic limestone intensely fractured and karstified with cavities of dimensions from
centimeters to decimeters.

From the reconstructions obtained by means of kriging
algorithm, the geomorphology of the top of the Calcare di
Bari formation appears modeled by the drainage of surface
water that merges into the lames. The top of this formation
is characterized by an irregular surface, antiquely pedogenized and more or less altered in depth according with

data for each unit, the vertical marginal probability, the
embedded transition matrix along the vertical direction
and variographic analysis has been determined. The experimental variogram obtained for all litho-types of each
unit, according with previous works [1, 2], presents a short
and long range structure. Then, stochastic simulations by
means of SIS Local Varying Mean algorithm are performed
for each lithofacies unit in a regular standardized grid honoring the standardized indicator data, the vertical marginal
probability, the embedded transition matrix and the spatial correlation structure.
The simulation results, obtained on the regular standardized grid, have been smoothed by means of the GSLIB program “trans” and are joined through the back-transformation of the standardized vertical depth into the true vertical depth. The result of one realization is shown in Fig. 1.

FIGURE 1 - 3D model of units. I = Calcarenite Levels unit; II =
Fractured Karst Limestone unit; 1= Calcarenitic Levels; 2 = Sand
with inclusions of calcarenite; 3 = sands; 4 = silty sands; 5 = Fractured Limestone; 6 =Terra Rossa Lenses; 7 = Cavities.
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The three-dimensional geological reconstruction represents in optimal way the geologic architecture of the site
and allows a better interpretation of the phenomena that involve the aquifer, especially on the dynamics of pollutant
transport.
The units of the Calcarenite levels that are mainly degraded and slightly cemented show an erratic spatial distribution of the lithotypes, except the silty sands (Fig. 2).
The unit of Fractured Karst Limestone (Fig. 3) shows
a karst network that spreads in correspondence of principal strata joints systems that are almost homogeneously
distributed along the depth. The unfilled karst network is
principally situated along the same strata joint at the depth
about equal to 15 m b.s.l., and represents the principal
pathway for contaminant propagation. The cavities filled
by residual product as “terra rossa” are mainly situated on
the top of unit, and in correspondence of the east part of the
domain. They may be configured as a sort of aquiclude for
the aquifer that delay the propagation of contaminant by
means of low conductivity and sorption processes.

FIGURE 3 - Top of the Karst Fractured Limestone.
Flow and transport model

The geological model obtained through stochastic simulation paradigm [1] has been used for stochastic representation of fluid flow [2] and solute transport.
The standard finite difference code based on Darcy law
(Modflow) has been used. A 3D flow model has been built,
whose simulation domain is a horizontal, three-dimensional,
square region that is 180 m by 180 m with a variable thickness of 30-35 m (starting from ground level). The finite
difference grid has fixed spacing, with a uniform cell size
of 2m x 2m x 0.5m.
The numerical model grid exhibits a lower resolution
than the one of the geological model, in order to improve
the speed of convergence and the numerical stability of
numerical simulations. Thus, the hydraulic conductivity
associated to the latter is mapped onto the numerical model
by means of an arithmetic mean average scheme for Kx
and harmonic mean for Kz.
To each lithotype of geological model is associated a
set of hydraulic conductivity [2].

FIGURE 2 - Top of the Calcarenite levels.

As far as fractured karstic unit, the permeability of
rock matrix is assumed to be negligible, fluid flow in fractures is represented by the cubic law, and Darcy-Weisbach
equation could be used in order to estimate resistance term
in karst network. Given that, the fractures have been characterized only with frequency and detailed conduit geometry is not satisfactory. An average aperture for fracture and
the effective conductivity have been estimated which yields
the same flow as the turbulent model in steady state assumption. Fractured limestone has been characterized by a mechanical aperture bm=0.0001 m and a reconstruction of frequency of fracturing -realized by a sequential Gaussian
simulation- that is obtained by RQD by means of the formulation used by Cherubini et al. (2008) [4]. According
with a previous study of Cherubini [5], these parameters are
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estimated on specific discharge equal to Q = 0.0213 m3s-1
and global hydraulic gradient i = 0.001.
A global direction of hydraulic gradient has been imposed by means of Dirichlet boundary condition. After
running the simulation, from the comparison between model
discharge and experimental discharge, the average aperture
of fractures and effective conductivity of karst network has
been estimated.
RESULTS
Numerical model results

Figures 4 and 5 show the results of the flow simulation
at different depths, respectively, at the top of the aquifer
and at 15 m from the piezometric level. The homogeneous
behaviour at shallow depths is representative of calcarenite
unit, whereas, at -15 m, a dishomogeneous and anisotropic
flow field can be emphasized, evidencing a discrete flow
that involves a prevalent direction.
From the cross sectional reconstructions (Figs. 6-7), it is
possible to evidence that the cavities are mostly concentrated at about 15 m, and it is presumable that a prevalently concentrated flow field at that depth could be detectable, index of the presence of a subterranean river.

FIGURE 5 - Piezometry at 15 m b.s.l.

FIGURE 6 - Cross sectional reconstruction (for legend see Fig. 1).

FIGURE 7 - Cross sectional reconstruction (for legend see Fig. 1).

In Figs 8-10, the results of transport simulation, respectively, after 24, 48 and 72 h are shown.
It can be pointed out that the karst system strongly
conditions contaminant propagation, in that it provides a
fast preferential pathway. The contaminant propagates
rapidly through the karst system and gets out of the site,
in direction of the sea.

FIGURE 4 - Piezometry at the aquifer’s top.

1792

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

FIGURE 10 - Contaminant propagation after 72 hours.

FIGURE 8 - Contaminant propagation after 24 hours.

FIGURE 11 - Batimetry of the coastal area adjacent to the ex Gasometer.

According with the obtained results, from an analysis
of the map of batimetry of the coastal area (Fig. 11) adjacent to the ex Gasometer, the presence of a subterranean
river can be emphasized.
FIGURE 9 - Contaminant propagation after 48 hours.

DISCUSSION AND CONCLUSIONS
Knowing the geological architecture, especially for
fractured karst aquifers, is a fundamental task in order to
build a hydrogeological model for the study of the contamination process.
The classical equivalent porous model paradigm, even
if having the same validity of the approach presented as far
as the comparison between measured and simulated values
does not permit to take the discrete nature of these aquifers
into account.
Moreover, in carbonate rock aquifers, the presence of
heterogeneity gives rise to variation of the hydraulic gradient along the depth. In our case study, water table measurements in piezometers represent a global hydraulic gra-
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dient that returns satisfactory results for a regional scale
model, but would not be accurate enough for a local scale
study. Therefore, a more accurate campaign of investigation should require pressure measurements at different
depths, above all in the layer where cavities are detected.
In fact, in the study area, the results of the flow and
transport model show that fluid flow and solute transport
phenomena are principally conditioned by the configuration of the karst network architecture.
In fact, the unfilled karst network, situated at -15 m,
and anisotropic flow field can be emphasized, with the
presence of a more pronounced high velocity stream line in
the central part. This karst network represents the principal
pathway for contaminant propagation.
These results have met a positive response with the map
of batimetry of the coastal area adjacent to the ex Gasometer, in that the presence of a subterranean river is emphasized.
The results are also coherent with a previous study [5]
that built a discrete flow and transport model based on a
geostatistical reconstruction of the density of fractures that
came out by RQD interpretation. This model shows a dynamics of contamination propagation that varies along depth.
In particular, the spread of pollutants is minimal in correspondence of the top of the limestone unit and maximal in
correspondence of the karst network. Furthermore, in many
sample data is detectable the oil phase incorporated in
clastic sediment, mainly in correspondence of the karst network layers. This supports the interpretation made.

values rapidly to nearly no-action levels [14]. Therefore,
the extraction system has to be carefully designed in such a
way as to create a relevant pressure gradient across the
porous matrix and, therefore, speed up markedly transport
of contaminants out of it. Another possible operative way is
to accelerate the diffusion rates out of the rock, with the
opening and flushing of additional fractures by means of
techniques, such as hydro-fracturing, pneumatic fracturing
or explosive blasting. Another way to accelerate cleanup
processes in a diffusion controlled system is dewatering the
rock matrix, in order to make contaminants out of dry rock
by the process of gaseous diffusion.
The application of Pump and Treat systems may be
considered to be practically unachievable [15], especially
in presence of NAPLs, as in our case study, because they
can desorb and contaminate aquifer after pumping. Moreover, pump-and-treat extraction systems may result in an
unwanted expansion of the DNAPL source zone, so they
neither reach the function of containment. Recently, more
aggressive in situ NAPL-removal methods have been tested,
among which high vacuum extraction, thermal heating, and
surfactant-assisted aquifer remediation [15]. Another applicable remediation technique may be that of dewatering the
contaminated zone via high-rate pumping and then applying Soil Vapor Extraction to remove volatile DNAPLs, or
applying steam to mobilize and volatilize the DNAPL towards a collection well [16].

These interpretations of the dynamics of contaminant
propagation are in contrast with the contaminated scenario
that came out from the campaign of investigations conducted in the study area that shows a plume in stationary
conditions, with a mainly hot spot situated in correspondence
of the accumulation pit. However, the monitoring points
placed downstream of the area were performed at insufficient depth, and thus they are not representative of the
whole scenario of contamination.
In fact, it is known that monitoring strategies [12, 13],
that require down-gradient and up-gradient wells installed
on the perimeter of the site, do not work in karst system.
Because of the heterogeneous distribution of conduit permeability and the general difficulty in determining the exact
position of conduits in the subsurface, there is a very real
possibility of contaminants moving offsite through the karst
conduits while leaving no trace in the monitoring wells.
Therefore, monitoring in karst aquifers requires a different
strategy, for example, trenches excavated to bedrock or
horizontal drain more suitable in urban areas.
Setting up a decontamination treatment in fractured rock
aquifers is also a complex undertaking; groundwater extraction and treatment systems are not fully effective in
speeding up the aquifer’s remediation, because of the
process of matrix diffusion; usually after the cessation of
pumping a rebound effect brings pollutant concentration
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CYANOBACTERIA BLOOM IN THE OCCHITO ARTIFICIAL LAKE
(SOUTHERN ITALY): RELATIONSHIP BETWEEN Planktothrix
rubescens DENSITY AND MICROCYSTIN CONCENTRATION
Giorgio Assennato, Massimo Blonda, Biancamaria Cudillo,
Simonetta Gifuni, Maria Rosaria Petruzzelli, Anna Maria Pastorelli and Nicola Ungaro*
ARPA Puglia - Apulian Regional Agency for the Environmental Protection and Prevention, Corso Trieste 27, 70126 Bari, Italy.

ABSTRACT
During the winter season 2008/2009 for the first time
a massive cyanobacteria bloom occurred in the artificial
lake of Occhito, the main reservoir in the province of Foggia (Southern Italy, Apulian Region). The toxic species
Planktothrix rubescens was identified and monitored from
January to July 2009 in order to quantify the population
density and microcystin production both in the lake and in
treated waters for human consumption. The bloom reached
the main peak during March 2009, when the highest values
of 140-160*106 cells/l were recorded in the lake (at the
same time the microcystin concentration was 11-31 µg/l).
The water treated by means of sand - activated carbon
filtering and chlorination processes highlighted significant
removal rates, from 34% to 99% for P. rubescens cell
density and from 52% to 100% for microcystin.

KEYWORDS:
cyanobacteria, Planktothrix rubescens, bloom, Southern Italy.

INTRODUCTION
The blue-green algae (Cyanobacteria) are ancient and
cosmopolitan inhabitants of surface waters [1]. Cyanobacteria colonise natural and artificial lakes also, and blooms
are reported worldwide [2]. Blooms commonly occur when
the environmental conditions are favourable for the massive growth of the microalgae populations (macronutrients
high availability, light, temperature), but the cyanobacteria can rich high abundance values also when the trophic
load of the water basins is relatively low [3, 4].
Most of the species are potentially dangerous for the
environment and mostly for the human health due to the
production of toxins (cyanotoxins) [5].
One of the most common cyanobacterium in the European lakes is Planktothrix rubescens Anagnostidis & Ko-

márek (De Candolle ex Gomont) [2, 4]; the same species
was also reported in many Italian sites [6]. P. rubescens is
a typical trichome forming species; in fact, the single cells
(1-5 µm length; diameter = 4-10 µm) link together until
they form filaments few millimetres long. The trichoms
(filaments) are red-dark-red coloured, so the blooms give
a characteristic colour at the colonised waters [6]. The
cyanobacterium lives at the temperature optimal range 1020 °C, at low salinity concentration (maximum tolerate =
4.3 PSU) [6]. Moreover, the species is adapted to live at
low values of irradiance [4]. P. rubescens produces microcystins (MCs), epta-peptides characterised by the presence
of the amino acid Adda [5]; the microcystins are hepatotoxins acting as specific inhibitors of protein phosphatases [2,
7].
During the winter season 2008/2009 for the first time
a massive cyanobacteria bloom occurred in the artificial
lake of Occhito, the main reservoir exploited for the human
use – drinking waters and irrigation for agriculture - in the
province of Foggia (Southern Italy, Apulian Region). The
artificial lake of Occhito works from forty years ago when
a dam was build on the Fortore river. Actually the drainage basin of the reservoir is estimated in 1.012 km2, collecting also waters from small rivers and streams such as
river “Tappino” and streams “Cigno” and “La Catola”. Agriculture and farming are developed in the drainage basin
area where rural villages and small towns are located.
Planktothrix rubescens was confirmed the massive
species during the bloom as it was monitored since the start
of the phenomenon by the Apulian Regional Agency for
the Environmental Protection and Prevention (ARPA Puglia), according to a sampling protocol aimed to the quantification of P. rubescens cells density and microcystins
con-centration. The emergence monitoring programme
was carried out because of the potential effects of the cyanobacteria presence and microcystins production on the
environment and the human health [5], thus the main aim
of the paper is to describe the time trend of the
Planktothrix rubescens density in the lake and its impact
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on the waters treated and distributed for the human consumption.
MATERIALS AND METHODS
Bloom and monitoring site

The bloom of Planktothrix rubescens occurred during
the winter season 2008/2009 in the Occhito artificial lake,
a fresh water reservoir located in the Southern Italy (Fig. 1).
The basin is lengthened on the N-S direction (approximately
10 km long), covering a surface of 13 km2. The reservoir
total volumetry is 333.000.000 m3, reaching the maximum
depth of 70 m. The dam is located in the northern part.
Due to the local rainfall regime and rivers inflows the lake
undergoes strong seasonal variations of water quantity.
Monitoring rules

The monitoring of P. rubescens bloom and microcystin
concentration was carried out during the first half of 2009
with the main purpose to control the evolution of the phenomenon and to prevent the impact on human health due
to the consumption of drinking water coming from the reservoir.
According to the purpose, water samples for biological and chemical analysis were collected in two pointstations every two to six days. The first point-station was
located at the entry of the water treatment plant from the
lake (“raw” lake water); the second one was located in the
water treatment plant, in the post-filtering section and just
before the inflow of the treated water into the distribution
pipeline. Dark and sterilised glass bottles have been used
as sampler.

P. rubescens cell counting

The collected water samples were stored in ice chests
and transported to the ARPA laboratory in Foggia. The cells
density was estimated according to the Utermöhl method
[8], using 25 ml phytoplankton sedimentation chambers observed by an inverted microscope (after 48 hours of sample
sedimentation).
Microcystin analysis

The analysis of both extracellular and total (intracellular + extracellular) microcystins in waters samples were
carried out by immuno-enzymatic assays (ELISA). This
method is considered sensitive and reliable for the quantitative detection of MCs [8], although it cannot identify the
variants-congeners of the toxin (more than 70) [5]. Nevertheless, in the applied method polyclonal antibodies anti–
MC-LR are used in order to promote the site-competition
between the microcystins in the samples and the MCperossidase complex added in the medium.
The sample preparation was different for the extracellular and total microcystin determination. Extracellular MCs
were searched in the water sample after filtration (G/C
filter). Total MCs were searched after 70% methanol extraction from the filter; before the analysis, the extract was
sonicated, centrifugated (20 min. at 8.000 rpm) and resuspensed with sterile bidistilled H2O.
Quantification of toxins was made by means of colorimetric method (spectrophotometer, reading at 450 nm)
according to the estimated calibration line.
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FIGURE 1 – Lake Occhito location.
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The commercial kit “ENVIROLOGIX QuantiPlateTMKit
for Microcystins” was used for the analysis and the detection limit was fixed at 0.16 ppb (µg/l).

perature of the lake surface waters increase from 7.5 to
22.5 °C;

Both cells density and microcystin concentration were
analysed (Figs. 2, 3 and 4), highlighting the main results
reported below:

Treated waters. P. rubescens cell density in the treated
waters ranged from 0.09*106 to 35*106 cells/l, the highest
values reported between the middle of February and the
end of March 2009. Total microcystin concentration in the
treated waters ranged from 0.16 to 0.44 µg/l. Very small
differences have been found between the total and the
extracellular MCs concentrations in the treated waters
during the whole investigated period, so highlighting that
the low number of cells passing trough the filtering processes were mostly broken from the same treatment releasing all the toxins content in the medium.

Raw lake waters. P. rubescens cell density in the artificial lake ranged from 2*106 to 164*106 cells/l. The bloom
reached the main peak during March 2009, when the
highest values of 140-160*106 cells/l were recorded in the
lake. Total microcystin concentration ranged from 0.32 to
31.1 µg/l, reaching highest values in March (11-31 µg/l).
Extracellular microcystins concentration ranged from 0.13
to 0.60 µg/l. Moreover, in the investigated period the tem-

The comparison between the values estimated in the
raw water samples and treated waters highlighted a strong
reduction of both cyanobacterium cells density and MCs
concentrations. After treatments (sand - activated carbon
filtering, chlorination), P. rubescens density was reduced
from 34 to 99% during the period January-March 2009
(Fig. 5); at the same way MCs concentration was reduced
from 52% to 100%.

RESULTS AND DISCUSSION
The total number of samples collected from the end
of January to the beginning of July 2009 was 94 (47 “raw”
lake water and 47 “treated” water samples from the plant).
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FIGURE 2 – P. rubescens cell density estimations in the raw lake and treated waters samples (from January to July 2009).
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FIGURE 3 – Total microcystins concentration in the raw lake and treated waters samples (from January to July 2009).
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FIGURE 6 – Trends of P. rubescens cell density and microcystins concentration in the raw lake waters.
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FIGURE 4 – Extracellular microcystins concentration in the raw lake and treated waters samples (from January to July 2009).
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FIGURE 5 – Removal rate of P. rubescens cells after water treatment (sand - activated carbon filtering, chlorination).
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FIGURE 7 – Trends of P. rubescens cell density and microcystins concentration in the treated waters.
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FIGURE 9 – Trend of the extracellular MCs / total MCS ratio in the raw lake and treated waters.

The highest removal rates have been obtained when
the activated carbon filtering system was implemented with

respect to the starting condition (Acquedotto Pugliese S.p.A,
internal communication).
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The relationship between the measured variables (P.
rubescens density and microcystins concentration) have
been investigated also, and two different situations were
underlined with respect the water samples collected before
and after treatment (Figs. 6 and 7). As expected, a clear
and significant relationship (positive correlation, r = 0.71)
was found between cell density and total MCs concentration in the lake waters, while it was not highlighted at the
same way in the treated waters due to the effect of the
water treatment processes on the cells and toxins removal.
Moreover, in the “Occhito” case, the relationship between
the two measured variables (cells density and MCs total
content) in the raw lake waters seems to be linear-like
(Fig. 8).
The P. rubescens population dynamics in the lake and
the efficacy of the water treatment processes to kill/destroy
the cells was also investigated utilising the trend of the
extracellular MCs / total MCs ratio. As reported in the
Figure 9 the percentage of extracellular MCs in the lake
waters was lower than 10% all along the investigated period without any significant trend. This result is probably
linked to the relative stability of P. rubescens population
until the end of June 2009 (senescence or death rates not
increasing although the overall population decreased). In
the treated waters the percentage of extracellular MCs
was always very high (> 90%), suggesting again that most
of cells have been destroyed during the treatment processes so releasing the toxins in the medium.
CONCLUSIONS
Planktothrix rubescens is considered as a “cold” stenotherm species [4, 6, 10]; in Italy the massive blooms in the
water bodies have been reported from late autumn to midspring [2]. In the other seasonal periods, according to the
variations of limnologic parameters (mostly water stratification due to the thermic layers and light intensity), the
cyanobacterium regulate its position in the water column; gas
vesicles enable these species to the vertical migrations [11].
The results from monitoring in the Occhito artificial
lake highlighted the presence of P. rubescens in the whole
investigated period (January-July 2009), although the highest abundance has been recorded during March. Relatively
high density values were reported in the raw lake water for
the late spring – early summer period also, probably due
to the position of the inlet work of the water treatment
plant, at – 20 m depth with respect to the maximum level
line of the reservoir. In fact, although the shallower waters of the lake were characterised by temperatures up to
22.5 °C and high irradiance values in June, at this intermediate depth the species probably found suitable conditions to live (during June 2009 the thermocline was between 8 and 11 m depths, where water temperature decreased down than 14 °C).

Lines proposed by the World Health Organization for safe
recreational water environment [12], the P. rubescens bloom
potentially represented a significant risk for the recreational
use of the lake waters only during March 2009 (WHO
suggests the threshold values of 100.000.000 cells/l density and 20 µg/l for MCs as alert for the safety of bathing
people). However, the lake is not used at all for bathing
purpose and sport fishing is not a frequent activity in the
area so avoiding realistic sanitary risk during the reported
period of the massive bloom. Moreover, the results from
treated waters samples never exceeded the limit of 1 µg/l
of MCs proposed by the World Health Organization for
the drinking waters [13]. The strong reduction of the MCs
concentration after the water treatment was probably due
to the use of the activated carbon filters, essential tools for
the water purification from the toxins [9]. In fact, looking
at the monitoring results the Apulian Regional Government Authority has forced the actual manager of the water
treatment plant (Acquedotto Pugliese S.p.A.) to the regular
use and improvement of the carbon filters system. Nevertheless, further investigation will be developed to identify
the MCs congeners produced by P. rubescens in the lake
using other analytical methods [7, 14], in order to better
assess the risk for the human health [5].
According to the environmental implications it is remarkable that a massive bloom of Planktothrix rubescens
occurred in the Occhito artificial lake for the first time during the winter season 2008-2009, despite an apparent absence of the species in the previous years (the reservoir was
open forty years ago). The reasons of the bloom are to be
searched within the environmental system that includes the
Occhito basin, looking to the spatial/temporal variations of
the environmental and antrophical factors occurred in the
last times. In fact, the drainage basin and the lake itself receives contributions from rivers, urbanization (treated waste
waters), agriculture and farming; moreover, in the last years
the reservoir underwent geo-environmental modifications
[15], and in the months just before the bloom huge and
frequent rains compensated a previous period of drought
(and low level of water in the lake).
In the future, an integrated study of the whole system
(supported by appropriate monitoring routines) is needed
for the explanation of the phenomenon and the prevention
and minimization of the environmental and human health
risk.

With regard the human health implications linked to
the cyanobacteria occurrence and according to the Guide

1802

REFERENCES
[1]

Whitton, B.A. and Potts, M. (2000) Introduction to the cyanobacteria. In: Whitton, B.A., Potts, M. (Eds.). The Ecology
of Cyanobacteria. Kluwer Academic Publishers, Dordrecht,
the Netherlands, 669 pp.

[2]

Messineo, V., Mattei, D., Melchiorre, S., Salvatore, G., Bogialli, S., Salzano, R., Mazza, R. Capelli, G. and Bruno, M.
(2006) Microcystin diversity in a Planktothrix rubescens
population from Lake Albano (Central Italy). Toxicon 48,
160–174.

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

[3]

Lindholm, T., Eriksson, J.E., Reinikainen, M. and Meriluoto,
J.A.O. (1992) Ecological effects of hepatotoxic cyanobacteria. Environ. Toxicol. Water. Qual. 7, 87-93.

[4]

Legnani, E., Copetti, D., Oggioni, A., Tartari, G., Palumbo,
M. T. and Morabito, G. (2005). Planktothrix rubescens’ seasonal and spatial distribution in Lake Pusiano (North Italy). J.
Limnol. 64, 61-73.

[5]

Funari, E. and Testai, E. (2008). Human health risk assessment related to cyanotoxins exposure. Critical Reviews in
Toxicology 38, 97-125.

[6]

ISTISAN (2008) Cianobatteri potenzialmente tossici: aspetti
ecologici, metodologici e valutazione del rischio. E. Funari,
S. Scardala, E. Testai (Eds.). Rapporti ISTISAN 08/6, 92 pp.

[7]

Mountfort, D.O., Hollanda, P. and Sprosen, J. (2005) Method
for detecting classes of microcystins by combination of protein phosphatase inhibition assay and ELISA: comparison
with LC-MS. Toxicon 45, 199–206.

[8]

Fischer, W.J., Garthwaite, I., Miles, C.O., Ross, K.M., Aggen, J.B., Chamberlain, A.R., Towers, N.R. and Dietrich,
D.R. (2001) A congener-independent immunoassay for microcystins. Environ. Sci. Technol. 35, 4849–4856.

[9] Zingone, A., Honsell, G., Marino, D., Montresor, M. and
Socal, G. (1990) Fitoplancton. In: M. Innamorati, D. Marino,
I. Ferrari, M. Riberia d’Alcalà (Eds.). Metodi nell’ecologia
del plancton marino. Nova Thalassia, 183-198.
[10] ISTISAN (2005) Diffusione delle fioriture algali tossiche
nelle acque italiane: gestione del rischio ed evidenze epidemiologiche. D. Mattei, S. Melchiorre, V. Messineo, M. Bruno (Eds.). Rapporti ISTISAN 05/29, 127 pp.
[11] Reynolds, C.S., Oliver, R.L. and Walsby, A.E. (1987) Cyanobacterial dominance: the role of buoyancy regulation in dynamic lake environments. N. Z. J. Mar. Freshwater Res. 21,
379–390.
[12] WHO (2003) Guidelines for safe recreational water environment, Vol. 1, Coastal and fresh waters. World Health Organization, Geneva.
[13] WHO (2004) Guidelines for drinking-water quality, 3rd Ed.,
Recommendations. World Health Organization, Geneva.
[14] Nalecz-Jawecki, G., Tarczynska, M. and Sawicki, J. (2002)
Evaluation of the toxicity of cyanobacterial blooms in drinking water reservoirs with microbiotests. Fresenius Environmental Bulletin, Vol. 11 (No.7), 347-351.
[15] Lo Curzio, S. and Russo, F. (2008) Evidences of geoenvironmental changes in the Occhito Lake area (southern Italy)
deduced from multi-temporal analysis of satellite images.
Mem. Descr. Carta Geol. d’It. LXXVIII, 145-152.

Received: November 03, 2009
Revised: December 23, 2009
Accepted: January 21, 2010

CORRESPONDING AUTHOR
Nicola Ungaro
ARPA Puglia
Corso Trieste 27
70126 Bari
ITALY
Phone + 39 080 5460203
Fax +39 080 5460200
E-mail: n.ungaro@arpa.puglia.it
FEB/ Vol 19/ No 9/ 2010 – pages 1795 – 1801

1803

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

MONITORING GROUNDWATER NITRATE
CONCENTRATIONS UNDER IRRIGATION IN
THE CUKUROVA REGION OF SOUTHERN TURKEY
Hayriye Ibrikci1*, Mahmut Cetin2, Ebru Karnez3, Sevilay Topcu2,
Cevat Kirda2, John Ryan4, Hacer Oguz1, Mahmut Dingil1 and Eren Oztekin1
1

2

Soil Science Dept. Cukurova University, Adana, Turkey
Agricultural Structures and Irrigation Dept. Cukurova University, Adana, Turkey
3
Kizilirmak Vocational School, Cankiri Karatekin University, Cankiri, Turkey
4
International Center for Agricultural Research in the Dry Areas, Aleppo, Syria

ABSTRACT
Agricultural output globally is largely dependent on
fertilizer use, particularly nitrogen (N), especially in irrigated cropping. While a substantial amount of the applied N
is taken up by the crop to stimulate growth and yield,
much of it does not positively affect crop growth due to
losses by leaching, volatilization, denitrification, and immobilization. Thus, N fertilizer-use efficiency is less than
optimum in most production systems. Loss of N by leaching to the groundwater has economic, health and environmental implications. In a study area with poor drainage outlet conditions due to the low-lying drainage basin, Yemisli
Irrigation District in the Cukurova region of southern Turkey, we determined the variability over space and time of
ground-water nitrate (NO3) concentrations during years
2007 and 2008. Relatively shallow groundwater observation wells (56), up to 3 meters deep, were dug at various
locations to represent the most common crops and soils in
the irrigation district. Groundwater depth was measured,
and water samples were collected (five times in 2007 and
four times in 2008) and analyzed for NO3 concentration.
Regional maps of groundwater depth and NO3 concentration were developed from the point data by using the inverse distance- squared interpolation technique. Groundwater NO3 concentrations ranged between 0.78 and 56.38
mg L-1 in 2007 and between 1.48 and 52.79 mg L-1 in
2008, only exceeding the critical 50 mg L-1 concentration
in 0.4 to 5.4 % of the wells, depending on the sampling
dates The NO 3 concentrations were highest in February
and in June-July. The peaks suggest that there is a likelihood that in the early part of the wheat cropping season
(February), NO3 could be leached by the high rainfall in
winter; similarly, N losses can occur by irrigation in JuneJuly during the growth of cotton (Gossypium hirsutum) and
corn (Zea mays). In most of the area (>60% of total), groundwater NO3 concentrations ranged from 20 to 50 mg L-1, and
were thus marginal relative to the threshold pollution level
(30 mg L-1).

As both N fertilizer use and the extent of irrigation
are likely to increase in this region of Turkey, so too will
the poor drainage conditions inevitably continue. Consequently, regular groundwater NO3 monitoring, as adopted
in this study, is advisable, and is also applicable to irrigated areas in other regions of the world.

KEYWORDS: nitrate concentration, drainage observation wells,
irrigation district, spatial and temporal variability

INTRODUCTION
With a growing world population that is likely to reach
9 billion within the 21st century, there is a pressing need to
greatly expand agricultural output and ensure food security,
especially in developing countries [1]. However, agricultural land is limited and intensification of cultivation brings
increased risks to the world’s various ecosystems, especially with respect to pressing environmental pollution and
associated health concerns. While many complex biophysical and socio-economic factors impinge on crop production
worldwide, two essential components in achieving increased
yields are irrigation in water-short areas of the world [2] and
fertilizer use [3], particularly nitrogen (N).
The Mediterranean region has unique climatic features
where rainfed cropping is possible in the cool-season (fall
to spring) and summer cropping is common with irrigation [4]. Turkey is one of the countries in the Mediterranean region where the agricultural sector is dominant, being largely dependent on both N and irrigation. Thus, the
efficient use of agricultural inputs such as N fertilizers is
crucial for agriculture and the environment.
As irrigation water is essential for maximum impact on
crop growth, losses below the root zone and to runoff should
be minimized [5]. Poor irrigation management practices
and adverse soil conditions such as heavy clay and deficient
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drainage are factors that reduce efficient water use [6, 7].
Besides irrigation, N is also a difficult nutrient to manage
efficiently. Even though N is globally a major nutrient for
plant use [8], its efficiency is low; rarely, more than half
of the added N is used by the crop [9, 10]. The remaining
N can be lost from the soil system by volatilization to the
atmosphere, leaching to the water sources, either surface
or groundwater [11-13], and by denitrification [5].
Regardless of the growing conditions, excess fertilizer use is the main factor contributing to N loss by leaching [14-16]. Contamination of the groundwater with NO3
can be accentuated by heavy rainfall within season [17],
as well as rates of N fertilizer application above the crop’s
requirements for optimum growth. The amount of NO3 in
groundwater is also modified by soil-landscape factors
that influence NO3, indicating the importance of soil variability along cropland – riparian zones [18]. Similarly,
spatial variation of NO3 is consistent with land-use patterns [19]; however, the influence of specific land uses on
NO3 may take considerable time, even decades, to affect
groundwater quality, depending on what measures if any
are taken to improve groundwater quality [20].
The use of N in agriculture can also negatively affect
human health. Forms of N such as nitrates and nitrites in
water and food for human consumption can cause methemoglobinemia in babies and gastrointestinal cancer in
adults [21]. European regulations such as “Nitrate Directive” (1991/69/EC) and “The Water Framework Directive” (2000/60/EC) are designed to maintain water
quality. The United States Environmental Protection
Agency (EPA) has established the current drinking water
standard and health advisory level of 50 mg NO3 L-1 based
on the human health risks due to NO3 consumption [22]. In
many developing countries, especially in rural areas where
the groundwater is used for drinking, the NO3 concentration is often considerably above the critical level for human
consumption [23]. Therefore, it is important to establish
and adopt strategies to minimize NO3 loss from the agricultural system from an economic as well as a health
viewpoint. Effective N management requires a tailoring of
the N supply to crop needs and to consider N balances in
cropping systems [24]; recommended best management
practices in N-vulnerable zones can lead to reduced N
losses [25].

of fertilizer application and irrigation must be scheduled
or synchronized in relation to the pattern of crop growth
and the soil hydrology regime.
Therefore, given the intensification of irrigation scheme
in Turkey in the past few decades, as well as the increased
use of N fertilizer, it was essential that irrigated areas be
monitored, both spatially and temporally, for NO3 in the
groundwater. Thus, our objective was to measure the
groundwater depth and NO3 concentrations in the wells in
the District at different times during the two hydrological
years in order to evaluate the potential NO3 pollution risk
in the area.
MATERIALS AND METHODS
Experimental Area

The study was conducted in the Mediterranean south
costal region of Turkey (Fig. 1). The Yemisli Irrigation
District covers an area of 7,110 ha within the Lower Seyhan
Plain. The District geographically lies between 36o 36′ 11′′
and 36o 43′ 40′′ N latitude, and 35o 20′ 08′′ and 35o 27′ 40′′ E
longitude and is one of the most intensively cropped areas
of Turkey. The area has a Mediterranean-type climate, typically with hot and dry summers and mild and rainy winters
[4]. Precipitation (usually as rainfall) occurs in winter
months with minimum evaporation. A typical long-term
monthly mean rainfall distribution for the Cukurova region of Turkey is depicted in Figure 2, along with the rainfall distribution in the area. Annual averages of mean,
maximum and minimum temperatures for the period
1964-2006 are 18.9, 27.9, and 10.0 ºC, respectively. The
highest monthly mean temperatures occur in August, while
the lowest generally occur in January. Average annual rainfall is 766 mm; only 16% occurs between April-September,
while 54% occurs in November to January.

Nitrate pollution of groundwater is associated with N
fertilizer use and cycles of rainfall and its distribution patterns as well as irrigation [17]. The Mediterranean region is
no exception to this generalization. For example, in Spain,
groundwater depth during the hydrological year was shown
to be related to cycles of precipitation and irrigation [26]. In
Turkey, NO3 contamination of groundwater was also reported; high NO3 levels were associated with aquifers in
urban areas and were subject to seasonal fluctuation, being
low in the rainy season and high under drought conditions
[27]. One study of heavily N-fertilized potatoes on a sandy
soil showed considerable NO3 leaching [28]. To reduce
such residual N leaching, the rates, frequencies and timing

1805

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

FIGURE 1 - Geographical location of the study area
(Yemisli Irrigation District) in the Cukurova region of Turkey.
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FIGURE 2 - Rainfall distribution in the Yemisli ID for 2006-07 and 2007-08 along with the
long-term monthly means. Vertical bar stands for ±1 standard error of the long-term monthly mean.

The soils of the District are mainly Entisols (alluvial
soils), Inceptisols (soils of variable depth showing some
horizonation due to pedogenic development) and Vertisols
(deep clay soils) [29]. The most dominant soil series are
Helvaci (50%, Vertic Haloquept) and Arpaci (23%, Aquic
Xerofluvents). Most soils are clays, silty clays or loams,
with poor infiltration and permeability, particularly in the
root-zone. All soils have varying amounts of free calcium
carbonate.
The cropping pattern is mainly wheat (Triticum spp)
and cotton (Gossypium hirsutum L.) and in lesser extent,
corn (Zea mays L.), citrus (Citrus spp), and melons (Citrullus vulgaris) (Table 1). Wheat (Triticum spp) is the dominant crop in the cool season and accounted for 38.2% and
42.5% of the District area during the November–May period in 2007 and 2008, respectively. Cotton, with its share of
51.9% (2007) and 46.5% (2008) of the cropped area,
dominated during the summer season (April-Sept.). Cotton fields are mostly located in the center and southern
parts of the District. Corn, soybean, and citrus are grown
mainly in the northwestern parts of the District, where
fresh water is delivered to the fields from the concrete-

lined irrigation canal (IW1 on YS6 in Fig. 3). Wheat growing, however, is spread over the entire District. Farmers do
not irrigate wheat in the area, but corn, cotton, soybean,
and citrus are irrigated using surface irrigation methods, including furrow irrigation, between May and September.
Fertilizers are applied generally at two periods of the
year, except in the case of citrus orchards. Irrigated crops
receive two thirds of total fertilizer during sowing and the
rest with the first irrigation. The second portion of the fertilizer for wheat is usually applied during the tillering stage.
The rates of N fertilizers, applied to wheat, cotton and corn,
are 195, 160, and 325 kg ha-1, respectively.

1806

TABLE 1 - Cropping pattern in the Yemisli Irrigation District
Crops
Wheat
Cotton
2nd Crop Corn
Forage
Citrus
Melons
Others

Areal Coverage (%)
2007
38.2
51.9
9.7
7.0
1.0
0.5
1.4

2008
42.5
46.5
8.1
7.0
1.1
0.7
2.2
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The Yemisli District has been irrigated for over 40 years
but has incomplete irrigation and drainage infrastructures;
however, a groundwater observation network is available
in the District. Until 1994, maintenance and operation activities of irrigation scheme were accomplished by the State
Hydraulic Works (DSI), the governmental agency responsible for the development of soil and water resources in Turkey. No information is available on NO3 concentrations in
the irrigation water and groundwater. The irrigation efficiency in this District is low, and irrigation management
needs improvement to prevent excess irrigation and
thereby to decrease drainage discharge [7]. Although the
area partly receives fresh irrigation water diverted from the
irrigation canal at the most northern part, it is barely adequate for irrigation; therefore, most farmers use low quality irrigation return flows diverted from a number of sites
along the main drainage canal (YD2) and its tributaries at
the northeast and east boundary of the area (Fig. 3). The
District has partial drainage structures, and the drainage is
essentially maintained through operation of a drainage
pumping station (Fig. 3).
Hydrologic Observations

Fifty-six wells (up to 3-m deep) were dug in the area
(Fig. 3); the locations of the wells were selected to represent a broad cross-section of the different crops, soils and
agricultural management in the area. One of the wells located in the central part of the area was equipped with an
automatic water-level recorder, which recorded the depth
at 1-hour intervals. Water table depth was measured in
each well on February 2, March 9, June 7, July 21 and
October 19 in 2007 and February 15, March 26, July 17
and October 1 in 2008; water samples were taken at the
same time. Additionally, at each of these dates, water
samples were taken from eight irrigation water-diversion
points, seven of which were on the drainage canals and
one on the concrete-lined main irrigation canal (Fig. 3) to
asses the NO3 concentration of waters used for irrigation.
Nitrate concentration was determined in all water samples
[30].
Mapping Groundwater Depth and Nitrate Concentration

Information was introduced in a geographic information system (ArcView 3.0a GIS) [31] to create the maps
of isolines of groundwater depth [7, 32, 33] and NO3 concentration at each of the nine sampling dates of the 2-year
ob-servation period. Nitrate concentrations measured in
the
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FIGURE 3 – Drainage observation wells in the Yemisli Irrigation District.
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,

eight irrigation water diversion points were used for the
NO3 concentration mapping. We made the general assumption that nearby points ought to be more closely related
than distant points to the value at the interpolated location
[7, 33]; hence, interpolation involved using the inversedistance weighted technique. The inverse-distance interpolation technique [7, 33] determines grid cell values using a
linearly weighted combination of a set of sample points with
weights proportional to a power of the inverse distance [31].
Interpolation was made for both variables on a 50 m x
50 m grid size using a number of points (n=12) and
taking the weighting power as two [7]. Zonal statistics and
histogram of the maps produced in GIS media were used
to compare maps for different sampling times.
Zonal statistics of the two variables were calculated
to assess the areal extents of each of the two variables. For
this purpose, four ranges were arbitrarily chosen for convenience for groundwater depth (in meters, <1.0, 1.0-1.5,
1.5-2.0, >2.0) and five ranges for NO3 concentration (in
mg L-1, < 10, 10-20, 20-30, 30-50, >50) to conveniently
represent the NO3 range expected.
RESULTS
Groundwater Depth

The proportions of the Yemisli Irrigation District with
the groundwater depth in each of the previously defined
ranges are presented for the five sampling times in 2007
and the four sampling times in 2008 in Fig. 4. There were

some differences between the two irrigation seasons in
terms of mean groundwater depth, but within-season differences were also apparent. Such differences appear to coincide with patterns of rainfall or irrigation and crop growth
vigor.
Accordingly, the lowest values (or the shallowest
groundwater level) occurred in March and July in 2007
and in February and July in 2008. These shallow groundwater levels are related to high seasonal rainfall along with
minimal crop growth and limited evapo-transpiration in
March and February, and to intensive irrigation in July.
The deepest water level occurred in October 2007 and 2008
(Fig. 4), a dry period with limited rainfall and no irrigation
following an intense cropping season (Fig. 2) that depletes
soil moisture, thus reducing the groundwater level. As is
implicit from Figure 4, successive rainfall in January and
February is followed by an increase the groundwater table
in the District.
The relative distribution of groundwater levels according to depth-range category also showed a strong seasonal
effect. For instance, in March 2007, which was characterized by heavy rainfall, with over 90% of the District having
groundwater levels ranging from 0 to 1.5 m. In June and
July 2007, over 95% of the area had shallow groundwater
and was subject to drainage problems, with groundwater
depth in the 0-1.5 m range. Almost all the District showed
a shallow water table within 2 m of the surface in both
years; in October 2007, the dry period at the end of irrigation season, 76% of the area had groundwater depths in
the 1.5 to 2.0-m range (Fig. 4).
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Citrus trees, among the crops grown in the District,
have deeper roots compared to the other crops listed in
Table 1. Therefore, the orchards are placed only in the
area with deeper groundwater level, which also explains
the very low share of citrus within the cropping pattern,
unlike neighboring districts in the region. Effective rooting depths for irrigation are around 90 cm for wheat, cotton
and corn. Similarly, depth to groundwater table showed a
high percentage of surface area in the range 0-1.5 m in
February 2008 with high rainfall. Following intensive irrigation and no rainfall in July 2008, there was a tendency
towards higher areal coverage of 1.5-2.0 m depths. In
the drier month, October 2008, about 36% of the area had
groundwater depths between 1.5 to 2 m (Fig. 4).
Nitrate Concentration

Nitrate concentrations (NO3) in the groundwater are
presented in Figure 5 (a, b) as a percentage of the area cov-

ered with corresponding NO3 values. In the figure, a threshold value of 30 mg L-1 is indicated; we considered 30 mg
NO3 L-1, lower than the 50 mg L-1 habitual threshold value
based on the fact that the District is characterized by intensive agriculture, with irrigation mostly with low quality
irrigation-return flows. Therefore, these two conditions are
likely to increase the NO3 concentration to 50 mg NO3 L-1
or higher with the expected increase of the irrigated area.
In 2007, February and March had the highest mean NO3
values, with the lowest concentration occurred in October
at the end of the irrigation season. The high values in February and early March are due to wheat fields, the main
crop in the area, having not yet reached the tillering stage,
and thus with low N uptake. Wheat is usually fertilized in
November-December, and most of the fertilizer N is susceptible to leaching by the heavy rains that could occur in
February and March.
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FIGURE 5 - Areal coverage with different groundwater nitrate concentrations in Yemisli Irrigation District in 2007 (a)
and 2008 (b). *The numbers in parenthesis of the legends are the areal average NO3 concentrations in that specific month.

1810

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

-1

Groundwater NO3 (mg L )

GW NO3 (a)

GW NO3 (b)

GW Depth (c)

GW Depth (d)

FIGURE 6 - Groundwater (GW) depth and nitrate concentrations in February and October 2007.
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FIGURE 7 - Groundwater (GW) depth and nitrate concentrations in February and October 2008.
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Mean NO3 concentrations were also high in June and
July in 2007 because of the fertilization and irrigation of
cotton and to lesser extent corn, which are the main summer crops of the area. The share of the cotton-growing areas
in the District varied between 52 and 47 % in 2007 and
2008, respectively, while it was 10% and 8%, respectively,
for corn in these two years. The fertilizer application periods of both crops are generally pre-sowing in April-May
and side-dressing in June; nevertheless, irrigation is intense in the second half of June and entire July for these
crops. In October 2007, mean NO3 concentration decreased
due to crop N uptake; this N is removed from the area with
crop harvesting.
In 2007, a significant proportion of the wells (20-64%)
sampled during the hydrological year was in the range 3050 mg L-1; and >70% the area had NO3 concentrations between 20 to 50 mg L-1 from February to June; NO3 concentration values were relatively lower in October, with
81% of the area below the 30 mg L-1 threshold.
The threat to groundwater NO3 pollution is seasonal
with 64% of the area exceeding 30 mg L-1 in February
2007, 37% of the area exceeding that threshold value in
June 2007, and 19% in October 2007. Similarly, in 2008,
the highest mean NO3 concentrations were observed in
February and July because of the N fertilization and excess
water by rainfall in winter and irrigation in summer months.
The areal coverage in the 30-50 mg NO3 L-1 range was the
highest in July (47%) followed by February (36%), but
declined to 29 % in October. Only 0.5 to 5.4% of the total
area sampled exceeded the 50 mg L-1 level in the sampling
dates.
Spatial Distribution of Nitrate Concentrations and Depth

The spatial distribution of NO3 within the Irrigation
District is shown for 2007 (Fig. 6a, 6b) and 2008 (Fig. 7a,
7b); for the two extreme months, i.e., February, the high
season with respect to NO3, and October, low season for
NO3 concentration. While being fast to calculate, the inverse-distance interpolation technique used in the study has
a tendency to generate "bull's-eye" patterns of concentric
contours around the data points [34]. This type of inherent
clustering of data points was more conspicuous in February than in October.
In general, NO3 concentrations were higher in the northern part and to some extent in the east and west of the District. The patterns with respect to NO3 were visually distinct, with the higher proportion of darker areas in February, indicating the more widespread high NO3 concentrations, and the lighter images in October representing
the more depleted levels of NO3 in the observation wells.
Groundwater NO3 concentrations in October 2007 and October 2008 showed more or less the same spatial distribution
pattern and were distributed coherently, indicating that the
magnitude of NO3 concentrations were well described spatially.

The spatial distribution of the depth of water table in
the two extreme months (Feb. and Oct. 2007, 2008) as presented in the maps (Fig. 6c, 6d, Fig. 7c, 7d) indicated considerable differences in groundwater depths between February and October, and also varied between years. However,
it is difficult to relate this pattern of variability with distribution of the soil series because the two common soil
series are heavy-clay to silty clay, and are deep, with poor
infiltration and permeability capacities that affect the root
zone.
During the irrigation period in summer (June, July),
most of the area had problems with drainage. Although
there was a drainage pumping station in the District, some
areas were poorly drained, and thus groundwater depth
stayed at critical shallow levels throughout the season. The
main drainage canal (P2-D1) was obstructed by growers
to facilitate water diversion for irrigation in the upper
and central parts of the area, which must have significantly contributed to the existing drainage problem in
the area during the irrigation season.
The 2-year overall data show that 65-95% of the total
area had a shallow groundwater table, while the level was
deeper in October of both years due to the end of irrigation and the onset of the dry season. Therefore, except for
a few months in the fall, the whole area during the intensive crop-growing season in spring and summer is subject
to shallow groundwater, and thus to drainage problems,
with consequent increase in salinity.

DISCUSSION
While intensification of agriculture, especially with irrigation and fertilization, has contributed to food and fiber
production, it also brought with it emerging concerns about
the environment [8] and human health. The fundamental
concern was that much of the applied fertilizer N is lost from
plant uptake [9]. Thus, it behooves managers of irrigation
schemes to consider the environmental and health implications of the N that does not reach the plant or is not
used by the crop.
This study of an irrigation scheme in the Mediterranean coastal region of Turkey endeavored to address such
implications with respect to N fertilization since groundwater pollution is generally attributed to excess use of fertilizers [12, 16, 24]. Even though the amount of fertilizer
applied to the crops – wheat, cotton and corn – is somewhat over the optimum level, the crop uptake may be restricted by stressed plant growth due to the shallow and
saline groundwater table, an inappropriate drainage system, and high soil salinity (unpublished data). We observed
that NO3 concentrations in the drainage water were at least
tenfold higher than those of the irrigation water. The average NO3 concentrations of irrigation water were 1.5 in 2007
and 1.7 mg L-1 in 2008. Despite the heavy soil, it was appar-
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ent that NO3 leaching to groundwater and drainage water
occurred from the applied N fertilizer. The variation in NO3
in samples taken from the wells at various times showed a
strong seasonal effect that can be attributed mainly to a
combination of irrigation water and rainfall. Since the irrigation plays an important role in N leaching [26, 32], i.e.,
high NO3 concentrations measured in summer months in our
study area and similarly in the neighboring districts (unpublished data), irrigation practices and scheduling could
be re-evaluated.
The maps prepared to depict spatial distribution of
both groundwater level and NO3 in the groundwater offered a novel approach to the management of irrigation
districts. Clearly, such spatial maps can be useful for irrigation managers to identify problem areas within the irrigation district, particularly the distribution of NO3 concentration due to the land use and management [38]. Where
high NO3 concentrations and shallow groundwater depths
are indicated, or are likely to occur during the season, the
management of such “hot spots” can be modified to obviate
any negative effects. Depiction of such sites in color can
greatly facilitate targeted management. This type of attitude
in distribution may help us characterize and model nitrate
transport in shallow groundwater system in the Mediterranean irrigated areas. The relatively high proportion of
wells with NO3 close to the critical level of 50 mg NO3 L-1
suggests that it is advisable to conduct regular monitoring
of the regional shallow groundwater wells to assess existing agricultural management practices [39, 40].
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OCCURRENCE OF THE POTENTIALLY
TOXIC DINOFLAGELLATE Ostreopsis ovata ALONG
THE APULIAN COASTAL AREAS (SOUTHERN ITALY)
AND RELATIONSHIP WITH ANTHROPOGENIC POLLUTION
Nicola Ungano*, Giorgio Assennato, Massimo Blonda, Biancamaria Cudillo, Maria Rosaria Petruzzelli,
Marina Mariani, Anna Maria Pastorelli, Maria Rosaria Aliquò, Antonio D’angela, Carlo Aiello and Sergio Ranieri
ARPA Puglia - Apulian Regional Agency for the Environmental Protection and Prevention, Corso Trieste 27, 70126 Bari, Italy.

ABSTRACT
The monitoring of the epi-benthic dinoflagellate Ostreopsis ovata was carried out during the summer seasons of
2007 and 2008 all along the marine coastal areas of the
Puglia region (Southern Italy, Central Mediterranean). Eighteen monitoring sites were investigated in both years from
June to September at 15 day-time intervals, collecting water samples in order to measure both the Ostreopsis ovata
density and microbiological parameters (Fecal Coliforms
and Streptococci). The microbiological parameters were
measured as indirect indicators of pollution from anthropogenic sources. Ostreopsis ovata highest density values
were estimated for both years in the monitoring sites located northbound from the town of Bari, on the southern Adriatic coast. Results from microbiological analysis showed a
similar distribution pattern. The relationship between O.
ovata abundance and microbiological pollution was investigated by using synthetic indices (Ostreopsis-Score and
Bacteriological Quality Index respectively) and the correspondence between the dinoflagellate blooms and humaninduced pollution pressures on these marine coastal areas
was highlighted.

KEYWORDS: Harmful Algal Blooms, Ostreopsis ovata, Central
Mediterranean Sea, Marine Coastal Area, human-induced pressure, Southern Italy.

INTRODUCTION
Harmful Algal Blooms (HABs) have occurred worldwide since old times, often due to “natural” hydrological
and geo-morphological characteristics of different water
bodies [1]. However, these phenomena seem to have recently increased, and the relationship with eutrophication
and climate change has been hypothesized [2].

With regard to the Mediterranean sea, most algal species involved in marine blooms are planktonic [3, 4] but
since the 1990s an increasing trend in the presence and
abundance of benthic microalgae has been reported [5-7].
Most benthic microalgal blooms in the Mediterranean
are related to the presence of the dinoflagellate Ostreopsis
ovata Fukuyo [5, 6, 8-14], a species mainly distributed in
tropical and sub-tropical geographical areas. This dinoflagellate is potentially toxic [15], and palytoxin-like compounds
have been found in samples from Italian marine coastal
zones [16, 17].
This species blooms during the summer – early autumn
seasons in the Mediterranean (when high irradiance values
and prolonged periods of calm seas occur, as well as the
seasonal increase of seawater temperature), and mostly in
marine coastal zones characterised by rocky bottoms and
low circulation [9-11, 18].
Ostreopsis ovata blooms have been reported since the
year 2000 along the Apulian coastal areas (Southern Italy,
Central Mediterranean Sea) [9, 13], where it was considered as the main cause of several syndromes affecting people staying on the sea-shore during the summer season [13,
19].
The postulated interaction between the presence/ abundance of O. ovata and the recreational use of beaches and
bathing waters was the main reason to carry out the monitoring of the benthic microalgae in the summer seasons
2007 and 2008 along the whole Apulian marine coastal
areas. The Apulian Regional Agency for the Environmental Prevention and Protection (ARPA Puglia) was in
charge of related activities.
MATERIALS AND METHODS
Ostreopsis ovata is a benthic species that colonises
macroalgae, seagrass and often directly hard substrates
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[18]. According to the monitoring purpose the Apulian marine coastal zones, characterised by rocky or mixed (sandyrocky) bottoms, were selected only. Eighteen sites were
chosen for the sampling surveys carried out during the
summer seasons of 2007 and 2008 (Fig. 1). The sites are
located both in impacted areas by anthropogenic pressures
(urban zones, domestic discharges, etc.) and in not impacted ones.
The monitoring sites were investigated in both years
from June to September at 15 day-time intervals, collecting seawater samples in order to measure both biological
and microbiological parameters (Ostreopsis ovata, Fecal
Coliforms and Streptococci). Seawater Surface Temperature (°C) was recorded during sampling also. The water
quality control was mainly targeted to the monitoring of
biological and microbiological parameters influencing human health and the use of the marine coastal areas for recreational purposes, and no data were collected on chemicals concentrations (including macronutrients). Nevertheless, the measured microbiological parameters were considered as indirect indicators of pollution from anthropogenic sources, being the presence of fecal coliforms and
streptococci a signal of the sea water contamination due
to the sewage discharges [20].

Water samples for the identification and quantification of benthic microalgae were collected close to the coast
(0.5 – 1 m bathymetry), by sampling both the water column just under the surface (-0.4/-0.8 m depths) and close
to the bottom; the water column was sampled by means of
a sterile bottle, while the bottom water was collected close
to the seabed using a 50 ml syringe with the tip cut (three
replicates for each sample). The use of the syringe for the
sampling of O. ovata population has to be considered as
the simplest method to obtain reliable results (M. Abbate,
ENEA La Spezia, Pers. Comm.), although other procedure
are also available [21]. Sterile bottles were used for the
water column samples to be analysed for the microbiological parameters.
The estimation of O. ovata density in the samples was
carried out according to the Utermöhl method [22], using
10 ml phytoplankton sedimentation chambers observed by
an inverted microscope (after 24 hours of sample sedimentation). Microbiological analysis were carried out according to the membrane filtration method (APAT-IRSA
7030-F for the Coliforms and ISO 7899-2:2000 for the
Streptococci) [23].

FIGURE 1 - Ostreopsis ovata monitoring stations during the 2007 and 2008 surveys.
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TABLE 1 - Ostreopsis ovata density range and derived abundance classes.
Ostreopsis "bottom waters density"

1 - 5,000 cells/l

5,001 - 50,000 cells/l

50,001-100,000 cells/l

100,001-300,000 cells/l

Abundance Class

1

2

3

4

5

Ostreopsis "water column density"

1-1,000 cells/l

1,001-5,000 cells/l

5,001-10,000 cells/l

10,001-20,000 cells/l

> 20,000 cells/l

Abundance Class

1

2

3

4

5

The data resulting from the analysis of the samples
were processed in order to investigate site-specific presence and abundance of O. ovata and the relationship with
potential human-induced pressures.
Several indicators, such as the Bacteriological Quality Index (BQI) [20] and the index for Ostreopsis ovata
(O-Score, see below), have been calculated for each monitored site exploiting all data from the 2007/2008 summer
surveys.
The BQI is considered as a condition indicator negatively correlated to the anthropogenic pressure on coastal
areas (BQI value decreases when the impact from anthropogenic pressure increases), and it is computed according
to the relative occurrence of fecal coliforms and fecal streptococci in marine waters (details of the method are reported
in Melley et al. 2004 – [20]).
The index for Ostreopsis ovata, named O-Score, is
based on the relative occurrence of five abundance classes
of Ostreopsis ovata (Table 1). The benthic dinoflagellate density range for each abundance class was empirically
chosen according to field observations (effects of the O.
ovata population on the marine environment and human
health) [13].
The O-Score value for each monitoring site was finally calculated using the simple formula reported below:
O-Score Value (per sampling site) =

> 300,000 cells/l

“A” is the vector of the abundance class from 1 to 5
[A = (1, 2, 3, 4, 5)], “F” is the vector of the frequency of
each abundance class in the monitoring period [F = (X1,
X2, X3, X4, X5)], where Xi = fi/N (the ratio between the
number of positive samples at the abundance class and the
total number of samples; the value of the ratio between 0
and 1).
According to the index formulation, O-Score values
can range from “0” (null presence of O. ovata in the investigated period) and “5” (all the samples classified in the
highest abundance class).
The estimated values of both indices (BQI and OScore) were compared for each monitoring site, and the results from the analysis were compared with the distribution maps of human pressure such as the coastal population and discharges of treated waste waters into the sea.
RESULTS AND DISCUSSION
During the summer seasons of 2007 and 2008 (from
June to September) the benthic dinoflagellate Ostreopsis
ovata was recorded at least once in 14 of the 18 sampling
stations (Table 2); the highest density values were esti-

TABLE 2 - Presence and maximum recorded density of Ostreopsis ovata in
bottom waters and water column samples (Apulian marine coastal areas, years 2007-2008).
SAMPLING
STATION
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

LOCATION
S.Domino-sotto il ristorante Il Pirata (FG)
loc. Pietra nera 30 mt dx canale (FG)
porto di Vieste 100 mt dx (FG)
spiagga Pugnochiuso (FG)
spiaggia baia delle zagare (FG)
500 mt sud fogna citt.na Bisceglie (BA)
200 mt sud lido Lucciola (BA)
Hotel Riva del sole (BA)
Lido Trullo (BA)
ditta IOM-ex Sansolive (BA)
Castello S.Stefano (BA)
Torre Canne di fronte al faro (BR)
Apani lido S.Vincenzo (BR)
San Cataldo-vicino al Faro (LE)
porto Badisco-scalo di Enea (LE)
scarico Ittica Ugento a Punta Macolone (LE)
spiaggia libera Torre Columena (TA)
stabilimento Baia d'argento (TA)

Ostreopsis ovata
reported presence
in the samples
(Yes/No)
yes
no
no
yes
no
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
yes
yes
yes
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Ostreopsis ovata maximum density
bottom waters

water column

cells/l

month/year

cells/l

month/year

256,000
400
421,200
1,415,200
5,000,000
1,054,400
1,222,400
740,800
192,000
11,604
23,280
5,600
1,800
160,000

sept./2008
aug./2008
sept./2007
sept./2008
aug./2008
sept./2008
sept./2007
sept./2008
sept./2008
aug./2008
sept./2008
jul./2008
jul./2007
aug./2008

5,000
4,900
304,000
83,840
137,920
140,480
36,160
16,000
120
7,680

aug./2007
sept./2007
sept./2008
jul./2008
sept./2008
sept./2008
sept./2008
sept./2008
sept./2008
aug./2008
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TABLE 3 - Fecal coliforms and streptococci mean values in the water
samples collected during the 2007 and 2008 surveys (Apulian marine coastal areas).
SAMPLING
STATION
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

LOCATION
S.Domino-sotto il ristorante Il Pirata (FG)
loc. Pietra nera 30 mt dx canale (FG)
porto di Vieste 100 mt dx (FG)
spiagga Pugnochiuso (FG)
spiaggia baia delle zagare (FG)
500 mt sud fogna citt.na Bisceglie (BA)
200 mt sud lido Lucciola (BA)
Hotel Riva del sole (BA)
Lido Trullo (BA)
ditta IOM-ex Sansolive (BA)
Castello S.Stefano (BA)
Torre Canne di fronte al faro (BR)
Apani lido S.Vincenzo (BR)
San Cataldo-vicino al Faro (LE)
porto Badisco-scalo di Enea (LE)
scarico Ittica Ugento a Punta Macolone (LE)
spiaggia libera Torre Columena (TA)
stabilimento Baia d'argento (TA)

Fecal Coliforms
C.F.U. mean value

Fecal Streptococci
C.F.U. mean value

1.9
6.0
11.1
3.4
3.8
32.4
20.1
15.0
18.4
19.6
21.3
2.3
2.7
0.6
0.2
1.5
0.9
0.8

0.8
2.4
2.8
1.6
0.8
26.3
15.8
10.2
16.3
17.9
17.9
4.8
2.5
0.3
0.3
1.0
1.1
1.8

BQI
B

O-Score
5

150

4.5
4

120

3.5
O-Score
BQI

3

90

2.5
2

60

1.5
1
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FIGURE 2 - Distribution of BQI and O-Score values per monitored site (Apulian coastal bottom waters, summer seasons 2007 and 2008).

mated for both the years in the monitoring sites located
northbound from the town of Bari, the regional chief town
located on the Adriatic coast. Results from microbiological analyses showed a similar distribution pattern, with
higher bacteriological contamination of marine waters near
the same town (Table 3).

Both the Bacteriological Quality Index and the Ostreopsis Score one were calculated for each sampling station
according the data from the 2007 and 2008 monitoring (O.
ovata relative abundance and bacteriological analytical
results, respectively).
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The 2007-2008 integrated values of BQI and O-Score
per sampling site are represented in Figure 2. The two indices appear to be negatively correlated (r = - 0.76; α =
0,001). According to the reported results the abundance
values of Ostreopsis ovata and frequency of blooms
seems to increase in the monitoring sites characterised by
the higher levels of microbiological contamination.
Clearly, the contamination/pollution of the marine waters depends on diffuse and/or point pressure sources. Human population density on coastal areas, and its related
impact such as waste waters discharged at the sea (treated
or not), can be considered as pressure factors and utilised
in the environmental impact assessment from anthropogenic sources [24]. The World Health Organisation estimated the load of 54 g d-1 of BOD in the urban raw waste
water as produced by each inhabitant-equivalent (IE) [25].
After treatment, the BOD removal percentage ranges between 75% and 95% as a rule [26], that means an estimated
value of 27-135 kg d-1 of BOD discharged in the sea waters from 10,000 inhabitant-equivalents waste water treatment plant. At the same time the BOD value in the water
bodies and streams is positively correlated to the nutrients
concentration as it was reported in literature [27, 28]. Thus,
in order to investigate the potential drivers for the presence
and growth of O. ovata populations along the Apulian
coasts the G.I.S. pictures of both the distribution of popula-

tion density and the location/size (in terms of inhabitantequivalent) of the sewage discharged at sea from waste
water treatment plants were retrieved from the ARPA Puglia archives (Figures 3 and 4).
Looking at the map representation of the O-Score index values (Figure 5), it is worth noticing a fair overlap
with the geographic distribution of the pressure factors.
The obtained results underline the postulated role of
trophic load surplus in the marine waters from human activities [24, 29, 30] as a factor for the occurrence of Ostreopsis ovata blooms in the Apulian coastal waters, although
other drivers can affect the presence and abundance of the
species. The seawater temperature could play an important role, due to the preferential distribution of O.
ovata in the tropical and sub-tropical geographical areas.
In fact, most of the reported blooms occur during warmer
months as a rule [13]. Nevertheless, the seasonal increase
of the seawater temperature seems to be almost uniform
in the whole investigated area, since the average SST
values in all the monitoring sites resulted, during the
summer seasons of 2007 and 2008, very close to each
other. According to the monitored seasonal period, the
recorded data don’t support the hypothesis of inter-sites
differences in the O. ovata occurrence due to the seawater
temperature value (not significant correlation; α = 0,001)
(Figure 6).
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FIGURE 3 - Coastal population density in the Puglia region.

FIGURE 4 - Discharges at the sea of the Apulian waste waters treatment plants.
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FIGURE. 5 - Map distribution of the O-Score values along the Apulian marine coastal area.
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CONCLUSIONS
In the past decade the presence and blooms of Ostreopsis ovata have been increasingly reported in the Mediterranean basin [18], affecting human health [19, 31].

of such index seem to fulfill the requirements. According
to the type and measure of the variables included in the
formula, the synthetic index could be also useful for the
comparison among Mediterranean areas despite the use of
different monitoring designs.

In Italy the emerging issue has been discussed at institutional level because of the environmental and health
implications, and Guidelines for the monitoring and the
management of the phenomena were published by ISPRA
(Italian Institute for Environmental Protection and Research) [21] and the Ministero della Salute (Italian Health
Ministry) [32].
Coastal areas of the Puglia region have been affected
by O. ovata blooms since the year 2000 [9, 13]. According to the potential effects of the phenomena on the environment and public health, regular monitoring surveys were
carried out since 2007.
Results highlighted a postulated correspondence between the occurrence of O. ovata and the trophic load discharged in the marine waters from anthropogenic sources.
The load surplus was indirectly estimated looking at the distribution and size of sewages in the sea waters (in terms of
inhabitant-equivalents – BOD values), according to the presumed role of coastal eutrophication for the increase of
harmful algal blooms as reported in literature [2, 29]. Nevertheless, owing to the current lack of monitoring data on
nutrients concentration in the sampling stations, the reported results have to be confirmed adopting new research
protocols. However, the intraregional differences in the frequency and abundance of Ostreopsis ovata populations can
also be related to the local geomorphological and hydrological features. In fact, the Apulian coasts are surrounded
by two seas, the southern Adriatic and the north western
Ionian, characterised by different water quality. The same
parameters can change with natural variations from north to
south and from east to west; as a rule the Southern Adriatic
seawaters naturally range from mesotrophic to oligotrophic
while the north western Ionian range from oligotrophic to
ultraoligotrophic [33]. Thus, the occurrence of O. ovata
blooms could be due to the synergistic effect of both natural features (hydrologic-geomorphologic characteristics)
and the trophic loads from anthropogenic sources [29]. The
hypothesis needs to be confirmed by specific research programs, using different sampling strategy and choosing a
larger number of monitoring sites close to the urbanized
areas as well as in uncontaminated zones, both the typologies characterised as much possible by the same basic hydrological and geomorphological conditions (seawater
temperature, sea bottom substrate, etc.).
The data from the monitoring surveys were used to
formulate and test for the first time the O-Score index. This
index is based on the microalgal presence/abundance historical data with the aim to identify the “hot spots” for
blooms of Ostreopsis ovata. The first results from the use

1823

REFERENCES
[1]

Hallegraeff, G.M. (1995) Harmful algal blooms: a global
overview. In Hallegraeff, G.M. et al.(eds.) Manual on Harmful Marine Microalgae, pp. 1-22. IOC Manuals and Guides
No. 33. UNESCO.

[2]

Hallegraeff, G.M. (2008) Harmful algal blooms, coastal eutrophication and climate change. Biol. Mar. Medit, 15(1): 6-15.

[3]

Mattei, D. and Bruno, M. (2005) Fioriture tossiche marine:
nuovi sistemi di controllo e ipotesi di gestione. Rapporti
ISTISAN 05/29: 74-85.

[4]

Zingone, A., Siano, R. and Sarno, D. (2005) Microalghe potenzialmente tossiche nelle acque costiere della Campania.
Rapporti ISTISAN 05/29: 98-111.

[5]

Vila, M., Garces, E. and Masò, M. (2001) - Potentially toxic
epiphytic dinoflagellate assemblages on macroalgae in the
NW Mediterranean. Aquat. Micr. Ecol., 26: 51-60.

[6]

Penna, A., Vila, M., Fraga, S., Giacobbe, M.G., Andreoni, F.,
Riobò, P. and Vernesi, C. (2005) Characterization of Ostreopsis and Coolia (Dinophyceae) isolates in the Western Mediterranean Sea based on morphology, toxicity and internal
transcribed spacer 5.8S rDNA sequence. Journal of Phycology, 41: 212-225.

[7]

Aligizaki, K. and Nikolaidis, G. (2006) The presence of the
potentially toxic genera Ostreopsis and Coolia (Dinophyceae) in the North Aegean Sea, Greece. Harmful Algae,
5: 717-730.

[8]

Tognetto, L., Bellato, S., Moro, I. and Andreoli, C. (1995) Occurrence of Ostreopsis ovata (Dinophyceae) in the Tyrrenian
Sea during summer 1994. Botanica marina, 38: 291-295.

[9]

Di Turi, L., Lo Caputo, S., Marzano, M.C., Pastorelli, A.M.,
Pompei, M., Rositani, L. and Ungaro, N. (2003) Sulla presenza di Ostreopsidaceae (Dinophyceae) lungo il litorale barese. Biol. Mar. Medit. 10: 675-678.

[10] Sansoni, G., Borghini, B., Camici, G., Casotti, M., Righini, P.
and Rustighi, C. (2003) Fioriture algali di Ostreopsis ovata
(Gonyaulacales: Dinophyceae): un problema emergente. Biologia Ambientale, 17: 17-23.
[11] Totti, C., Cucchiari, E., Romagnoli, T. and Penna, A. (2007)
Bloom of Ostreopsis ovata in the Conero Riviera (NW
Adriatic Sea). Harmful Algae News, 33: 12–13.
[12] Chiantore, M., Mangialajio, L., Castellano, M., Privitera, D.,
Costa, E., Canepa, C., Cattaneo-Vietti and R. (2008) Dinamica di proliferazione di Ostreopsis ovata in Mar Ligure. Biol.
Mar. Medit., 15(1): 18-20.
[13] Ungaro, N., Pastorelli, A.M., Blonda and M., Assennato,
(2008) Il monitoraggio di sorveglianza delle fioriture di
Ostreopsis ovata nei Mari Pugliesi: approccio metodologico

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

e risultati nella stagione estiva 2007. Biol. Mar. Medit.,
15(1): 62-64.
[14] Fukuyo, Y. (1981) Taxonomical study on benthic dinoflagellates collected in coral reefs. Bull. Jap. Soc. Sci. Fish., 47:
967-978.
[15] Yasumoto, T., Seino, N., Murakami, Y. and Murata, M.
(1987) Toxins produced by benthic dinoflagellates. Biol.
Bull., 172: 128-31.
[16] Ciminiello, P., Dell’Aversano, C., Fattorusso, E., Forino, M.,
Tartaglione, L., Grillo, C. and Melchiorre, N. (2008) Putative
palytoxin and its new analogue, ovatoxin-a, in Ostreopsis
ovata collected along the Ligurian coasts during the 2006
toxic outbreak . J. Amer. Soc. Mass Spec., 19: 111-120.
[17] Guerrini, F., Feller, A., Pezzolesi, L., Sangiorgi, V., Bianco,
I., Ciminiello, P., Dell’Aversano, C., Forino, M., Tartaglione,
L., Fattorusso, E. and Pistocchi, R. (2008) Growth and toxicity characteristics of two strains of Ostreopsis ovata (Dinophyceae). Biol. Mar. Medit., 15(1): 32-33.
[18] Congestri, R., Penna, A. and Zingone, A. (2006) BENTOXNET, a Research and management initiative on Ostreopsis
spp. an other benthic microalgal blooms on the Italian coast.
Harmful Algae News, 32: 11-12.

[28] Mallin, M.A., Johnson, V.L., Ensign, S.H. and MacPherson,
T.A. (2006) Factors contributing to hypoxia in rivers, lakes,
and streams. Limnol. Oceanogr., 51(1, part 2): 690–701.
[29] Anderson, D.M., Glibert, P.M. and Burkholder, J.M. (2002)
Harmful Algal Blooms and Eutrophication: Nutrient Sources,
Composition, and Consequences. Estuaries, 25(4b): 704-726.
[30] Friligos, N., Kondylakis, J.C. and Psyllidou Giouranovits, R.
(1997) Eutrophication and phytoplankton abundance in the
Thermaikos Gulf, Greece. Fresenius Environmental Bulletin,
6: 27-31.
[31] Brescianini, C., Grillo, C., Melchiorre, N., Bertolotto, R.,
Ferrari, A., Vivaldi, B., Icardi, G., Gramaccioni, L., Funari,
E. and Scardala S. (2006) Ostreopsis ovata algal blooms affecting human health in Genova, Italy, 2005 and 2006. Euro
Surveill., 11 (9): E060907.3.
[32] Ministero della Salute (2007) Linee guida: Gestione del rischio
associato alle fioriture di Ostreopsis ovata nelle coste italiane.
www.ministerosalute.it/mgs/C_17pubblicazioni_641_
[33] Marano, G., Pastorelli, A.M. and Ungaro, N. (1998) Canale
d'Otranto: ambiente e comunità biologiche. Biol. Mar. Medit., 5 (1): 1-11.

[19] Gallitelli, M., Ungaro, N, Addante, LM, Gentiloni, N. and
Sabbà, C. (2005) Respiratory illness as a reaction to tropical
algal blooms occurring in a temperate climate. JAMA, 239:
2599-2600.
[20] Melley, A., Gomei, M., Cannicci, S., Sbrilli, G. and Nocciolini, S. (2004) Gli indicatori biologici nella tutela delle acque
costiere toscane. Biol. Mar. Medit., 11: 32–56.
[21] ISPRA (2007) Metodi di monitoraggio, campionamento e riconoscimento delle microalghe tossiche. Metodi di determinazione delle tossine. Modulo II formativo per corso teoricopratico “Fioriture algali di Ostreopsis ovata lungo le coste
italiane”. APAT – ARPA. http://www.apat.gov.it/site/_
files/ostreopsis15_17maggio.pdf
[22] Zingone, A., Honsell, G., Marino, D., Montresor, M. and
Socal, G. (1990) Fitoplancton. In: M. Innamorati, D. Marino,
I. Ferrari, M. Riberia d’Alcalà (Eds.). Metodi nell’ecologia
del plancton marino. Nova Thalassia, 183-198.
[23] APAT-IRSA (2003) Metodi analitici per le acque. APAT
Manuali e Linee Guida 29/2003.
[24] Lopez y Royo, C., Silvestri, C., Pergent, G. and Casazza, G.
(2009) Assessing human-induced pressures on coastal areas
with publicly available data. Journ. Environ. Manag., 90(3):
1494-1501.
[25] WHO (1982) Rapid assessment of sources of air, water and
land pollution. WHO Offset Publication No. 62. World
Health Organisation, Geneva.
[26] Servais, P., Garnier, J., Demarteau, N., Brion, N. and Billen,
G. (1999) Supply of organic matter and bacteria to aquatic
ecosystems through waste water effluents. Water Research,
33 (Issue 16): 3521-3531.
[27] Heiskary, S. and H. Markus (2001) Establishing Relationships
among Nutrient Concentrations, Phytoplankton Abundance,
and Biochemical Oxygen Demand in Minnesota, USA, Rivers.
Lake and Reservoir Management, 17 (4): 251-262.

1824

Received: December 10, 2009
Revised: February 05, 2010
Accepted: March 25, 2010

CORRESPONDING AUTHOR
Nicola Ungaro
ARPA Puglia
Corso Trieste 27
70126 Bari
ITALY
Phone + 39 080 5460203

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

Fax +39 080 5460200
E-.mail n.ungaro@arpa.puglia.it
FEB/ Vol 19/ No 9/ 2010 – pages 1813 - 1821

SPATIAL AND TEMPORAL TRENDS OF
WATER QUALITY AT SARANDA BAY, ALBANIA
Jamarber Malltezi1*, Aida Bani1, Vasilika Dini2, Harallam Papakroni3, Ardian Shehu4 and Sulejman Sulce1
1

Agro-Environmental Department, Agricultural University of Tirana, Kamez, Albania
2
3

Department of Biology, Agricultural University of Tirana, Kamez, Albania

Department of Informatics Agricultural University of Tirana, Kamez, Albania
4

Department of Earth Science, Polytechnic University of Tirana, Albania

ABSTRACT
Differences in space and time of important physical,
chemical and biological parameters were examined in the
Saranda Bay, Ionian Sea. The samples were taken four
times each year during 2007 and 2008 at seven sampling
stations. Values of nutrients vary during seasons and sampling points. Values of total mineral N (N-NH4+, NO3- and
NO2 included) were on average similar to those found in
other Mediterranean coastal countries, except sampling

station 6 in August (430.5 mmol m-3). The orthophosphate
(PO4-3) concentrations were high especially at stations 3,
4 and 6. During August, PO4-3 reached ≥ 20 mmol m-3 at
stations 3, 4 and 6, and decreased <15 mmol m-3 at the
remaining stations during the same period. In Saranda Bay
the atomic ratio N:P was generally lower than 16, making
N the limiting factor. The same ratio values were higher
than 20 at stations 2, 3 and 7 especially during the hot season, making P the limiting nutrient. The average value for
chlorophyll a is comparable with oligotrophic water sys-
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tems. Those values were significantly higher in May (0.59
µgL-1) as compared to November (0.34 µgL-1), August
(0.32 µgL-1), and March (0.48 µgL-1). Heavy metals were
on average present in lower levels (Pb <5.5 µgL-1, Cr <1.8
µgL-1) or similar levels (Cu <23 µgL-1 and Cd <3.5 µgL-1)
when compared with values found in other coastal countries. Statistical results (PCA) indicate that temperature,
pH and nutrients (especially N) affected other variables.
Correlative links also indicate influence in water quality
by wastewater and agricultural activity in the watershed
of the Bistrica River. Results of this study indicate that
the environmental qualities of the Saranda Bay remain of
an oligotrophic nature, despite the current pressure from
contaminants.

Deterioration of coastal water quality is also caused
by heavy metals. Heavy metals may originate from natural geochemical actions, erosion in the catchments, port
discharge, and wastewater.
There are few monitoring studies along the southern
Albanian coast focusing mainly on the physical, chemical,
and microbiological quality of the water. Seasonal dynamics of macronutrients, heavy metals, chlorophyll a and the
biomass in the bay of Saranda are dependent on hydrographic conditions, waste water discharge, erosion and harbor waste. Chemical and biological parameters, according
to previous studies, indicate that the water system of Saranda
Bay is relatively clean, notwithstanding rising pollution
pressures caused by rapid population growth and expanding tourism [10].
Ecological surveys have recently become very important in determining the water quality in the Mediterranean basin. The main objective of this study was to establish the level of chemical elements and biological parameters that determine water quality in the Saranda Bay.

KEYWORDS:
Nutrients, chlorophyll a, heavy metals, BOD, water quality

INTRODUCTION
Saranda Bay, located in southern Albania, has a relatively open exchange of water with the Ionian Sea due to
the bay’s semicircular shape and absence of a strait. The
main contributors of macronutrients and heavy metals in
the bay include sewage (which is still discharged untreated
into the Bistrica River about 400 m prior to its discharge to
the sea), sea port waste, city waste, and top soil eroded
from slopes in land reclamation activities.
During recent decades, increasing amounts of macronutrients and heavy metals in coastal ecosystems have become a global [1], national [2] and regional [3] problem.
Maintaining the food web base is essential for productive,
resourceful, and healthy aquatic ecosystems [4, 5]. However, nutrient over-enrichment of nitrogen (N) and phosphorus (P) from human activities promotes acceleration of
plant-based organic matter, which deteriorates water quality. Poor water quality leads to ecological and economic
losses, particularly in terms of reduced biological diversity and reduced tourism potential [2, 6].
Coastal researchers now understand that eutrophication in estuaries can be caused not only by nutrient enrichment but also by multiple other factors, such as fresh
water exchange, climate change, fishing, introduction of
nonnative species, and human manipulation of hydrological
conditions, among others [7]. N and P are key nutrients of
concerns because the supply rates of these nutrients most
often control or “limit” aquatic primary production and biomass production. Most estuaries and coastal waters in temperate zones are N-limited whereas tropical estuaries and
lagoons are frequently P-limited [8]. Some subtropical
coastal environments are also alternatively N- and Plimited, depending on the input of different discharges and
the spatial distribution of nutrients [9].

MATERIAL AND METHODS
Saranda is a coastal town in southern Albania (39052’
N, 20000’E), with a population of about 16,000. During
summer months its population increases to about 45,000
(August estimate). It is characterized by a typical Mediterranean climate. Seasonal samples were collected during
2007-2008 (March, May, August and November), in seven
sampling stations in the bay of Saranda (Fig. 1). Sampling
stations were selected based on previous work on point
source pollution (harbor, discharge waste water, Bistrica
estuary) and in parts of the coast most affected by erosion
discharge. A reference sampling point was taken in the
middle of the bay (about 1.5 km distance from each coastline).
Samples were taken at a distance of about 50 m from
the shoreline, at about 50 cm depth in order to avoid sampling of accidental surface water contaminants. Five hundred mL volume plastic bottles were used for heavy metals and macronutrients, and 1500 mL bottles were used
for analysis of chlorophyll a and biological oxygen demand (BOD). Samples were taken in August, November,
March and May. Water samples were transported the day
of collection in 10 L containers and maintained at a temperature from 4 to 100C. The samples were then held before
analysis in a constant deep freeze (-200C). The mineral forms
of N, such as: NO3-, NO2-, NH4+, were analyzed in spectrophotometer (λ: 230-620 nm, model Odyssey). The mineral
form of P (PO4-3) was determined by spectrophotometry
(ALPHA apparatus model) [11].
Chlorophyll a was measured after filtration of 1 L of
sample through Whatman GF/F filters. One mL of 1%
MgCO3 suspension was added to the sample before filtration. The prepared sample was placed in the refrigerator
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and after extraction in 90% acetone solution; concentrations were measured with a spectrophotometer.
Measurements of temperature (0C), dissolved oxygen
(DO), and pH were performed at each sampling station.
Biochemical oxygen demand (BOD5) was measured in

the laboratory of the Environmental Agency. It was calculated by keeping a sample of water containing a known
amount of oxygen for five days at 20°C. Salinity was
measured by Mohr-Knudsen method [12].

FIGURE 1 - Sampling stations at Saranda Bay
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With respect to heavy metal analysis, the water samples (500 mL) were filtered using Whatman No. 41 (0.45
µm pore size) filter paper for estimation of dissolved metal
content. Water samples collected after filtration (500 mL
each) were preserved with 2 mL nitric acid to prevent the
precipitation of metals. Both samples were concentrated to
10-fold in a water bath and subjected to nitric acid digestion using the microwave-assisted technique, setting pressure at 30 bars and power at 700 Watts [13, 14]. Heavy
metal analyses were carried out using flame atomic absorption spectrophotometer (GBC Avanta version 1.31). The
calibration curves were prepared separately for all the metals by running different concentrations of standard solutions (Pb 0.0-50 µg L-1, Cd 0.0-1.6 µg L-1, and Cu and Cr
0.0-300 µg L-1). The instrument was set to zero by running the respective reagent blanks. Average values of three
replicates were taken for each determination.
Principal component analysis (PCA), a standard chemimetric approach in various environmental studies [15], was
run with the physico-chemical and biological data taken at
all 7 stations seasonally from March 2007 through August
2008. PCA is conducted through statistical package
XLSTAT 2008.
RESULTS
Nutrient inputs

Inter-seasonal variability: Samples were taken in November, March, May and August aiming at determining
the quantities of nutrients that are discharged into Saranda
Bay, bearing in mind local meteorological data and population. The contents of N total, P total, TIN and Ortho-P
that are discharged yearly in Saranda Bay were examined.
In parallel to the samples taken at sea, N and P values
were measured also at the city sewage outlet, as well as in
the Bistrica River prior to its congruence with the city
sewage outlet. Based on those measurements, average daily
and yearly contributions of N and P were calculated. Contribution of Bistrica River for mineral forms of N and P
varied from 108 to 220 kg d-1 and 16 to 24 kg d-1, respectively. Annual quantities of those forms, coming from the
untreated sewage, varied from 90 to 430 kg d-1 for N and
from 15 to 70 kg d-1 for P. The sewage discharged 1.5-2
times more nitrogen into the sea, as compared to mineral
N coming through the Bistrica River, while the dissolved
form of phosphorus remained almost the same throughout
the study period.
The amounts of total nitrogen (TN) and total phosphorus (TP) are higher than those of mineral forms; TN
varied from 150 to 600 kg d-1 for wastewater and from
180 to 230 kg d-1 in Bistrica River, while TP varied from
20 to 120 kg d-1 in wastewater and from 1 to 30 and 40 kg d-1
in Bistrica River. Interseasonal amounts of TN and DIN
discharged in the bay are correlated (r2 = 0.82, p<0.05, n
= 16). TP and Ortho-P are even more highly correlated (r2
= 0.89, p<0.01, n = 14).

Relationship to specific local conditions: Part of the
seasonal changes in discharge of nutrient loads is due to
local weather conditions. Based on data from the Hydrometerological Institute, the average annual flow of the
Bistrica River is about 18 m3 s-1. During the years when
samples were taken (2007-2008), the average flow quantities were: 17 m3 s-1 in November, 21 m3 s-1 in March, 20 m3
s-1 in May, and 14 m3 s-1 in August [16]. The river has a
length of about 36 km and flows through a flat area without
intensive agricultural activity. There are no intensive livestock complexes and the application of agricultural in-puts
is very limited.
The short length of the river, absence of polluting
sources in the watershed, and the regular flow (20 ± 6 m3
s-1) cause the content of N and P in all forms to be low or
very low (≤ 1 mg L-1). The flow of wastewater discharge
is different, however, and depends to a greater degree on
population numbers. As a tourist town, the population of
Saranda has wide seasonal variation. Its population in the
period from October to March is about 16,000 inhabitants
and the average flow of wastewater discharge is 27 L s-1;
in April-May, the population is 24,000 inhabitants, and
the wastewater flow is 45 L s-1; and in June-August, the
population is 42,000 inhabitants and the flow increases to
97 L s-1. The contents of N and P in sewage varies from
37 to 49 g m-3 for TN and 6-14 g m-3 for TP and in both
cases the lowest values were recorded in November, while
the highest values were recorded in August. These data on
nutrient and heavy metal loads are comparable with those
published by Henze and Comeau [17].
Physical and chemical parameters

The parameters measured in the bay are given in Table 1. The pH values ranged between 8.1 (St. 1) and 8.46
(St. 4) without significant variation (Fig. 2a). In general,
the oxygen saturation in the surface water during autumn
was approximatley 9.5 mg L-1 (Fig. 2a). The lowest value
was recorded at station 3 in November (8.91 mg L-1). The
temperature values of the environment ranged between
13.2 and 26.3 0C. The highest value (26.3 0C) was measured at stations 4 and 5 in August and the lowest in November (Fig. 2b). Significant variation was observed at
stations 6 and 7 for all the period measured in comparisons to other stations. Generally those values were lowest.
The salinity values of the seawater ranged between 27.6
and 37.9 ppt (Fig. 2c). The highest value was noted at station 7 in August and the lowest at station 1 in November.
The quantities of nitrates were very variable; the
highest value was recoded at station 6 in May (67.1 mmol
m-3) and the lowest value was observed at the station 1 in
August (3.72 mmol m-3) (Fig. 3). In addition, the average
of those values was lower during autumn and 2 times
higher during spring and summer.
The amount of nitrites was very low (up to 100 times
lower) as compared to the nitrates. The lowest value was
0.03 mmol m-3 (March) and the highest one 0.87 mmol m-3
(May) (Fig. 3).
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TABLE 1 - Minimum, maximum and mean (± SD) values of measured ecological parameters at the Saranda Bay.
Temperature (0C)
Period

Min

Max

Dissolved Oxygen,
BOD (mg L-1) and pH

Salinity (ppt)

Mean±SD

Min

November
March
May
August

13.2
14.2
13.64±0.37
16.4
17.7
17.30±0.4
18.4
20.1
19.70±0.64
24.6
26.3
25.70±0.66
NO3- (mmol m-3)
Period
Min
Max
Mean±SD
November 14.19 42.58
25.92±9.51
March
6.30 35.48 20.76±12.48
May
5.16 67.10 28.76±22.90
August
3.72 30.32
12.18±9.42

Max

Parameters
DO
BOD
pH

Mean±SD

27.6
31.2
34.2
34.8

32.1 30.61±2.55
35.1 33.43±1.40
37.3 35.57±1.29
37.90 36.14±1.25
NO2- (mmol m-3)
Min
Max
Mean±SD
0.04
0.43
0.15±0.16
0.03
0.43
0.18±0.16
0.04
0.87
0.39±0.27
0.22
0.72
0.34±0.18

Min
6.66
16.65
37.44
1.68

DO

BOD

Chl-a (µg L-1)

Min

Max

Mean±SD

Min

8.91
1.09
8.1

9.8
5.82
8.46

9.38±0.32
2.47±1.52
8.29±0.14

0.1
0.71
0.30±0.20
0.22
1.32
0.45±0.39
0.296
1.19
0.54±0.30
0.367
0.78
0.55±0.17
PO4-3 (mmol m-3)
Min
Max
Mean±SD
2.50
20.21 7.53±6.55
2.29
15.84 10.66±5.59
4.38
23.55 15.11±7.57
1.88
17.30 7.04±5.14

NH4+ (mmol m-3)
Max
Mean±SD
61.05
29.52±25.12
268.62
127.23±91.95
362.97
170.50±123.8
48.84
14.51±16.21

Max

Mean±SD

pH

12

DO, BOD (mg L ) and pH

10

-1

8
6
4
2
0
St 1

St 2

St 3

St 4

St 5

St 6

St 7

(a)
November

March

May

August

30

Temperature ( 0C)

25
20
15
10
5
0
St 1

St 2

St 3

St 4

St 5

St 6

St 7

(b)
November

March

May

August

Salininty (ppt)

50

25

0
St 1

St 2

St 3

St 4

St 5

St 6

St 7

(c)
FIGURE 2 (a-c) - Seasonal variation of (a) pH, Biological Oxygen Demand – BOD (mg L-1), Dissolved Oxygen – DO (mg L-1), (b) temperature
(0C) and (c) salinity (ppt) in Saranda Bay.
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March

May

August

November

NO3- mmol m -3

100.00

10.00

1.00
St 1

St 2

St 3

St 4

March

St 5

May

August

St 6

St 7

November

1.00

NO2- mmol m -3

0.80

0.60

0.40

0.20

0.00
St 1

St 2

St 3

March

St 4

May

St 5

August

St 6

St 7

St 6

St 7

November

NH4+ mmol m -3

1000.00

100.00

10.00

1.00
St 1

St 2

St 3

March

St 4

May

St 5

August

November

25.00

PO4-3 mmol m -3

20.00

15.00

10.00

5.00

0.00
St 1

St 2

St 3
March

St 4
May

St 5
August

St 6

St 7

St 6

St 7

November

TIN mmol m -3

1000.00

100.00

10.00

1.00
St 1

St 2

St 3

St 4

St 5

FIGURE 3 - Values of NO3-, NO2-, NH4+, PO43-, TIN (The total inorganic nitrogen (TIN = NO3- + NO2- + NH4+). The concentrations of N forms
are shown on a logarithmic scale.
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The amounts of NH4+ concentration ranged between
1.68 and 362 mmol m-3. The lowest value was recorded at
station 1 during summer (August) and the highest value
was observed at station 6 during spring (May). During
spring and summer, the NH4+ values were higher than the
nitrate form in all stations. The orthophosphate-P concentration was between 1.88 (August) and 23.55 mmol m-3
(May).
The values of total inorganic nitrogen (TIN) measured
in the seawater (nitrate + nitrite + ammonium) ranged between 5.65 (station 1 in November) and 430.5 mmol m-3
(station 6 in August).
With respect to the N:P ratio, the lowest value (0.59)
was noted at station 1 (August) and the highest value
(36.37) was noted at station 3 (November). In addition,
most of the values were lower than the Redfield ratio (16:1)
and apart from the maximum value (36.37) recorded in
November, all other values higher than this reference ratio
were noted in spring and summer (Table 2).
The BOD content, which is an important indicator of
organic matter suspended, ranged between 1.09 and 5.82
mg L-1 (Fig. 2). The highest value (5.82 mg L-1) was recorded at station 6 and the lowest (1.09 mg L-1) at station 7

in November. With respect to the chlorophyll a concentration, an important biological parameter, the lowest value
(0.1 µg L-1) was measured at station 1 in November and the
highest (1.32 µg L-1) at station 6 in March Tab.1,
Since this study focused mainly on macronutrients
and their environmental effects, the heavy metals as indicators of water quality of the bay are only briefly mentioned here. In addition, the flow and distribution of heavy
metals through the sediment, sea grass and sea food chain,
will be subject of a separate publication. The spatial and
temporal distributions of the mean, minimum and maximum values of four heavy metals (Pb, Cd, Cr and Cu) are
presented in Table 3 and Figure 5.
With respect to lead (Pb), the minimum and the maximum values ranged between 1.9 (March and August) and
5.26 µg L-1 (November). Similarly, the lowest values for
chromium (Cr) were recorded in August (0.7 µg L-1) and
the maximum in November (13.0 µg L-1). The measured
values of cadmium (Cd) varied between 0.32 and 9.87 µg L-1
and for copper (Cu) between 3.3 and 112.2 µg L-1. For
both Cd and Cu, the maximum values were found in August and the minimum values in May and March, respectively.

TABLE 2 - Seasonal ratio of N:P at seven sampling stations (expressed as atomic weight)
Sampling station/seasons

March

May

August

1
27.06
8.40
3.22
41.13
15.60
2.64
42.64
17.64
2.42
5.65
9.60
0.59

TIN
Ortho-P
N:P
TIN
Ortho-P
N:P
TIN
Ortho-P
N:P
TIN
Ortho-P
N:P

2
35.48
3.33
10.64
231.40
10.84
21.35
248.61
11.67
21.30
15.91
4.48
3.55

November

3
90.95
2.50
36.37
286.75
14.00
20.48
291.24
22.09
13.18
24.45
5.84
4.19

March

4
92.04
11.67
7.89
160.99
13.75
11.70
208.03
19.69
10.56
23.83
6.67
3.57

May

5
24.25
3.33
7.27
23.82
5.63
4.23
79.08
6.77
11.68
28.80
1.88
15.36

6
78.71
20.21
3.89
171.92
15.84
10.85
430.50
23.55
18.28
79.88
17.30
4.62

August

1.4
1.2
1

Chl-a µg L-1

November

0.8
0.6
0.4
0.2
0
St 1

St 2

St 3

St 4

St 5

St 6

St 7

FIGURE 4 - Temporal and spatial variation of chlorophyll (µg L-1) values at sampling stations
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7
40.66
3.23
12.59
121.21
12.9
9.40
97.43
4.38
22.26
10.71
3.54
3.02
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TABLE 3 - Minimum, maximum and mean (± SD) values of measured heavy metals at the Saranda Bay (in µg L-1)
Pb
Max
5.26
4.3
4.9
4.4

Average
3.45 ± 1.20
3.13 ± 0.80
3.03 ± 1.00
2.73 ± 0.85

Min
0.42
0.34
0.32
0.78

Cd
Max
1.25
2.9
2.99
3.4

Average
0.81 ± 0.35
1.11 ± 0.99
1.35 ± 1.16
1.86 ± 1.04

November

March

Cr
Max
1.65
1.6
1.8
1.7

Min
1.1
0.8
0.9
0.7

May

Average
1.31 ± 0.18
1.16 ± 0.29
1.33 ± 0.36
1.08 ± 0.40

Min
3.90
3.30
4.80
8.70

August

6

Pb µg L-1

5
4
3
2
1
0
1

2

3

4

5

6

7

Samping Station
November

March

May

August

4

Cd µg L-1

3
2
1
0
1

2

3

4

5

6

7

Sampling Station

November

March

May

August

2

1.5

Cr µg L-1

Min
2.1
1.9
2.1
1.9

1

0.5

0
1

2

3

4

5

6

7

6

7

Sampling Sation

November

March

May

August

80

60

Cu µg L-1

Station sampling/
seasons
November
March
May
August

40

20

0
1

2

3

4

5

Sampling Sation

FIGURE 5 - Interseasonal variability of heavy metals (Pb, Cd, Cr, Cu) average values.
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Cu
Max
26.00
37.80
46.00
72.00

Average
11.39 ± 7.35
12.62 ± 11.6
14.40 ± 14.1
23.24 ± 22.2
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Principal Component Analysis

The PCA was conducted with statistical package
XLSTAT 2008. The statistical analysis indicates significant
correlations between variables of interest (α=0.01). The
strongest links are between temperature and pH (0.980) and
between chlorophyll a and BOD (0.725). The weakest link
is between pH and chlorophyll a (0.283). The link between
temperature and chlorophyll a is also weak and negative,
while between DIN and Ortho-P there is a moderate correlation (0.540).
After varimax rotation, three principal component factors were found to account for 90.67% of total variance,
namely temperature, pH and TIN, which in the varimax
rotation are marked as D1, D2 and D3, respectively. After
varimax rotation, the factors D1, D2 and D3 explain respectively 42.1%, 29.7% and 18.87% of the total variance
and together represent a cumulative variance of 90.6%. In
this case the remaining factors are not determinant (<10%
of variance).
The analysis indicates that temperature, pH and DIN
explain most of the total variance since the factor loading,
contribution of variables and squared cosines of the variables have biggest values to D1 factor than other variables.
The changes of variables chlorophyll a and BOD could be
better explained by D2 factor, whilst the changes of Ortho-P are linked with the D3 factor.
DISCUSSION
Mineral forms of N

In general, the concentrations of macronutrients were
high throughout the year in Saranda Bay. Due to the of
wastewater directly in the sea, the presence of suboxicanoxic conditions in the sediment, and the sediment-water
interface in the bay [18], the efflux and resuspension of
anoxic sediment were important sources of PO4-3, NH4+
and NO2-.
discharge

During November and March the TIN (NO3- + NO2- +
NH4+) concentration fluctuated within a range of 10-100
mmol m-3 at all stations, while during May and August it
increased up to the level of 150-286 mmol m-3 at the station 2, 3, 4 and 6 (Fig.3). The TIN amounts measured in
August were twice as high at station 6 than the TIN values
during the same months at stations 2 and 4. These differences could be a result of the increased flow of nutrients
during the summer months at the beach when the city population increases by a factor of two to three. Station 6 is close
to the sewage discharge, stations 2 and 3 are affected by
erosion and non-point pollution, and station 4 is affected by
port and residential waste, and TIN values at these stations were much higher during summer months as compared with other stations.
The concentrations of NO3- in the surface water were
significantly higher in March at stations 1, 2 and 3 than at
other periods (ranging from 17 to 30 mmol m-3) and higher

in May at stations 4 and 6 (50.32 and 67.10 mmol m-3,
respectively).
The high values of NO3- at stations 1, 2 and 3 noted
early in spring were due to the dominance of nitrification
processes, while the highest concentrations at station 4 and
6 during the summer period were due to the direct influence of nitrates coming from sewage inputs. The concentration of NO3- declined at all stations in May due to the
competition of phytoplankton. The NO3- concentration was
the predominant form of inorganic N during the early spring
and late autumn, except for stations 6 (March and November) and 5 (November). The NO2- concentrations were
considerably lower; <1 mmol m-3 at all stations, and some
values were below detection limit (0.2 mmol m-3).
The NH4+ values were the predominant form of N in
May and August; the concentrations during the summer
period reached from 34-362 mmol m-3 due to high waste
discharge in August. The concentrations at station 2, 3
and 6 were from 150-270 mmol m-3, due to sedimentation,
sewage inputs and port waste. The high values of NH4+
during the hot seasons are probably mainly due to the increase of amonification processes in presence of organic
matter coming from the wastewater. Due to the specific
conditions of Saranda Bay and its effluents, these findings
do not concur with what has been observed by studies in
the Ionian Sea [20] and Aegean Sea [18, 19, 21].
In contrast with marine Mediterranean waters influenced by the discharge of sediments during the winter,
Bistrica River does not deposit sediments during that season, while sewage flow is four times higher in August as
compared with March. Another factor is that winter water
column is almost homogenous due to surface cooling and
vertical mixing inducted by winds [21].
Mineral forms of P

Changes in values of orthophosphate-P are both seasonal as well as varying among sampling stations. The
orthophosphate (PO4-3) concentrations were high especially at stations 3, 4 and 6 (Fig. 2). During August, PO4-3
reached ≥ 20 mmol m-3 at stations 3, 4 and 6, and was <15
mmol m-3 at the remaining stations during the same period. The increase of dissolved PO4-3 was likely attributed
mainly to the release of phosphates forms due to the
wastewater discharge, and the reduction/dissolution of oxides and/or the decomposition of organic matter in the sediments [22]. The PO4-3 concentrations reached their minimum values in March and August. An exceptionally high
value was detected at station 6 where PO4-3 was higher
than 20 mmol m-3 in March. This unusually high value
was apparently due to both high river discharge and urban
run-off.
These values are comparable with values found in the
Mediterranean and other coastal regions [17, 18, 23].
N:P ratio
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Redfield et al. [23] describe the N:P (C:N:P = 106:16:1)
ratio as crucial for eutrophication processes. If the ratio
N:P is below 16:1 then N is potentially the limiting factor
for phytoplankton development and potential ecosystem
change from oligotrophic to mesotrophic [25]. In the study
reported here, obtained values varied significantly between
seasons and less so between sampling stations (Table 2). In
Saranda Bay the N:P ratio was generally lower than 16,
making N the limiting factor. Some ratio values were higher
than 20 (stations 2, 3 and 7), especially during the hot
season, making P the limiting nutrient.
Studies of nutrient dynamics in coastal waters indicate
that the drastic reduction of nitrates results from uptake by
phytoplankton, especially diatoms. Dauchez et al. [26] and
Kormas et al. [27] report that large phytoplankton cells are
better consumers of nitrates due to their specific storage
volumes.
Chlorophyll a

With exception of station 6, chlorophyll a content in
coastal water at all points and in all seasons, varied from
0.1-0.7 µg L-1 (Fig. 4). According to the study by Ignatiades [28], chlorophyll’s interval in water is 0.21-0.83 µg
L-1 for oligotrophic ecosystem, 0.49-1.06 µg L-1 for mesotrophic waters, and 1.43-2.54 µg L-1 for eutrophic waters.
The values obtained in our study fall within the oligotrophic interval (<0.83 µg L-1). Studies of the same nature
[18] implemented in the coastal waters of Turkey and
Greece [29] show that the chlorophyll a content associated with oligotrophic ecosystems ranges from 0.1-0.8 µg
L-1. The value of chlorophyll a in May (0.59 µg-at L-1) is
significantly higher than November (0.34 µg L-1), August
(0.32 µg L-1), and March (0.48 µg L-1). Studies conducted
in the Aegean Sea [30] and coastal Mediterranean waters
[28] show that chlorophyll a was typically at higher values in the end of May. This result is a common phenomenon for the Mediterranean and coincides with the highest
amount of nutrients, especially N.
Kormas et al. [26] reported that no statistically significant correlation was found between any chlorophyll a
fraction and inorganic nutrients, and that, for most of the
year, phytoplankton was not limited by inorganic nitrogen
concentrations in the Maliakos Gulf. However, Balkis
[18] reported that a positive correlation was determined to
exist between chlorophyll a and nitrogen in the waters
around Bozcaada Island.
In Saranda, higher quantities of N were found in the
summer season. However, even in May the quantities of
N were sufficient. The relatively low values of chlorophyll a, found in August, are inhibited by other factors,
especially climatic ones. At sampling station 6, the average values of chlorophyll a were high in March (1.32 µg
L-1) and May (1.19 µg L-1), which represent values that
could encourage eutrophic processes. The discharge of the
city sewage provides good conditions for all sorts of biomass development. There are water currents which help in
dilution of the wastewater and avoid massive eutrophica-

tion processes in vicinity of this station, but those currents
do affect seawater quality in other stations at the same
time. According to the Pearson matrix correlation, in our
study, chlorophyll a has been correlated with BOD (r2 =
0.785), orthophosphate-P (r2 = 0.656 and TIN (r2 = 0.587).
In order to judge BOD variability, samples were taken
directly from the sewer prior to its discharge in Bistrica
River. The average values measured in the surface/bottom
sewer were 264 ± 22 and 213 ± 19 mg L-1 and, according
to literature, this level categorizes the Saranda sewer as a
wastewater medium [16]. Meanwhile, due to mixture with
clean water of Bistrica River and sea currents, the values
found in the bay were very low. The data provided in
Figure 2 are average values during the summer season
when levels of both population and all categories of waste
that contribute to pollution are at their maximum. BOD
values were <6 mg L-1 at all points. The lowest values
were observed at stations 1, 3, 4 and 5 (<2.5 mg L-1). At
station 7 the values were 1 ± 0.2 mg L-1. At station 2, which
corresponds with a side leakage of drain wastewater, the
value of BOD was 3.2±0:35 mg L-1, while at station 6,
this value was almost twice as high as the average of all
values at the other points (5.6 ± 1.2 mg L-1).
Heavy metals were observed in all stations and seasons in order to categorize the water quality of beaches,
relative to European Union standards. We did not find
significant co-relations between heavy metals and biological parameters measured in the seawater, and for this reason they are not included below in the principal component analysis (PCA). Point sources of heavy metals include wastewater discharges and port wastes.
Wastewater in the bay was one of the major sources of
heavy metals identified. The values found in waste water
varied from November to March and there is a tendency
for higher concentrations (+20%) in August, despite the
nearly four times increase of discharges at sea (Fig. 5 and
Table 3).
The content of Pb in Saranda Bay of varies from 1.9 5.2 µg L-1 with two peaks: sampling station 2 in November
and sampling station 6 for all seasons (Fig. 5). No maximal
values were reported at sampling station 4, which corresponds with the port location: values here varied between
2.5-3.3 µg L-1, which are the average values for Pb content
during the year. This is due to the homogenizing activity of
the water column and the high diffusive rate of this element.
A similar pattern is noted at sampling station 3, while the
values of Pb content in the sediment are high.
Cd values were low at all sampling stations. The
maximal value for Cd was recorded at sampling station 4,
which is located close to the port. Although still relatively
low, Cd values at sampling station 4 were maximal (3.47
µg L-1), surpassing even the values for sampling station 6,
which is directly influenced by the wastewater (2.99 µg L-1).
Compared with similar studies conducted in the Mediterranean, these values are about two times lower [31]. This indicates that the wastewater contribution is lower as com-
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pared with other sources, and that it contributes only
about 2 kg Cd year-1. However, the values found at the
reference station and at sampling stations 1, 2, and 3 are
about two times lower than the values found at other
sampling stations, which indicates the influence of sediments and solid urban waste.

factors that determine the other variables and mainly
chlorophyll a.
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Cr values were low (<1.8 µg L ) as compared to the
values found in other Mediterranean coastal areas. Contrary to other hevy metal pollutants, the maximal values
for Cr were higher in May as compared with August (1.8
vs. 1.7 µg L-1) (Fig.5). Cr values were higher at sampling
stations 5 and 6, which indicate that dissolved values of
Cr are not influenced by point source pollution. The values measured at all stations show that such values are
similar to the natural geochemical background of the
Mediterranean coast. High values of Cr are found in the
Mediterranean coastal areas only in the cases of pollution
from ultra basic mines, or by industries that discharge Cr
after their technological processes.
Cu follows a similar pattern; its highest value was reported at sampling station 6 during August (70 µg L-1)
(Fig. 5). Contrary to the three other metals discussed above,
the maximal values found at station 6 are about three times
higher than at the other stations. The value reported at
sampling station 6 in August is about 30% higher than the
value found in May. In fact, the annual amount of dissolved Cu deposits from the wastewater was about 63 kg
Cu2+ per year, or 20 times higher than Cd, and three times
higher than Pb and Cr. It seems that the influence from
wastewater discharge is dominant for dissolved Cu values, as compared to the influence from temperature.
The seasonal trend and values found at station 6 close
to the wastewater discharge indicate that Cu, in its dissolved form, is the most influenced by this source amongst
those analyzed in our study. The levels of Cd, Pb, Cr and
Cu in seawater found in our study were within WHO
standards, indicating that the area does not suffer from
significant heavy metal pollution. [32].
CONCLUSIONS
The results of this study show that the measured levels of contaminants in the waters of Saranda Bay are low
and lead to a characterization of the system as oligotrophic,
despite spilling of wastewater without proper treatment.
Among nutrients, N is the limiting factor in the development of biomass in many cases. High values of nutrients
and the ratio between them in the point of discharge creates eutrophic conditions, but such conditions are temporary and localized. However, the rapid population increase in the summer season leads to a spatial expansion
of the risk of such conditions. Values of heavy metals are
low and do not seriously influence seawater quality. A significant correlation exists between temperature and pH with
chlorophyll a. Temperature, pH and TIN are the principal
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DISSOLVED AND PARTICULATE NICKEL
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AFFECTED BY GEOCHEMICAL AND INDUSTRIAL PROCESSES
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ABSTRACT

INTRODUCTION

The coastal marine area of the north-west Saronicos
Gulf has a special geological background as it is located
at the northwest end of the South Aegean volcanic arc. In
addition, it is affected by a number of industries (oil refinery
etc.) and by increased touristic activity. The study of nickel
in this area is of particulate interest for two reasons: a) the
soil is rich in nickel and chromium due to natural sources
and b) oil refining activities and increased ship traffic
(tankers and freighters) are pollution sources of nickel to the
marine environment. This work aims to evaluate the relative
contribution of the geologic background vs pollution sources
to nickel distribution in the coastal marine environment.
Nickel concentrations in seawater (mean concentrations 2.7
and 1.34 µg/L in coastal and offshore stations) and sediments (427-1612 mg/kg) of the study area were increased
compared to other parts of Saronicos Gulf (mean seawater
concentrations 0.34-0.39 µg/L offshore and 65-241 mg/kg).
This was attributed mostly to the geology of the coastal
zone and, in some cases, to the activities of oil refining and
increased ship traffic. Despite the fact that the study area of
NW Saronicos Gulf is not a conventional hot spot due to
adequate water circulation and dilution, the high geological content of Ni found in sediments should be investigated for possible toxic effects to benthic organisms, and the
co-existence of industries and small towns with touristic
activity should lead to the establishment of more frequent
monitoring to ensure that pollution levels remain fairly
constant.

KEYWORDS:
Nickel, seawater, sediment, NW Saronicos Gulf

Nickel is found in the earth’s crust in oxide, sulphide
and silicate minerals. It is an essential microelement utilised in some co-enzymes of mammals but mostly by
bacteria. The typical concentrations of Ni in various environmental compartments are presented in Table 1. Higher
contents of Ni are found in areas of mining and processing as well as in soils with naturally occurring ophiolithic rocks. Also, there have been reported relatively high
concentrations of Ni in oil and oil products originating from
the enzyme F430 of methanogenic bacteria. Nickel has been
associated with toxic effects, such as lung cancer and allergic dermatitis, and is also known to cause adverse effects
to marine biota [1].
The studied coastline (approximately 18 km) is located
80 km west of Athens, in front of the Sousaki volcanic
region, which is the north-western end of the South Aegean
Plio-Pleistocene volcanic arc. Modern post volcanic phenomena, such as hydrogen sulphide and carbon dioxide
emissions, continue to the present day. There is a significant
presence of ophiolithic rocks consisting mainly of serpentinized peridotites and serpentines, which are Fe, Si, Ni
and Cr rich ores. [2]
A number of industries were established during the
1970’s at the studied area; the largest being an oil refinery
(Motor Oil Hellas). Other types of industries include a cable
manufacturer (Fulgor), soya mills (Soya Hellas), as well as
sulphur and fertilizer manufacturing for agricultural use
(Sulphur S.A.). Most of these industries have private docks,
and there is increased traffic of large tankers and other
freighters. In addition, the nearby small towns of Isthmia
and Agioi Theodoroi are summer resorts with increased
touristic activity.

TABLE 1 - Average concentrations of Ni in various environmental compartments [1].
Crust

Seawater

Freshwater

Average Soil

Mining areas

Serpentinized soils

80 mg/kg

0.1-0.5 µg/L

1 µg/L

50 mg/kg

100-500 mg/kg

0.1-2 %
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The objectives of the present research were to study
the distribution of nickel in seawater and sediments and to
investigate the relative importance of the geological background and the industrial activities.

were analyzed using a graphite furnace atomic absorption
spectrometer (Varian GTA 100-Zeeman 640Z with autosampler). The data was statistically treated using SPSS 17
software.

MATERIALS AND METHODS
From January 2006 to December 2007, eight seawater
samplings were conducted in a grid that included 9 stations (M1 – M9) covering the coastline of the study area
(sampling depth 1 m) and 8 off-shore stations (M10 - M16)
in the marine area in front of the oil refinery with depths
ranging from 20 to 100 m. Sediment samples were collected once from stations M1 to M16 as well as from
stations UN 5 and UN6. The grid of sampling stations is
shown in Fig. 1.
The sampling equipments used were Nansen water
samplers and a Birge-Eckman grab sediment sampler. Approximately 2 L of seawater were sampled in HDPE (High
Density Polyethylene) bottles with PP (Polypropylene) screw
caps (Nalgene). The concentrations of nickel were determined in seawater samples, suspended matter and sediments.
The seawater samples were filtered through pre-weighed
Millipore filters (0.45 µm pore diameter). Dissolved Ni was
pre-concentrated from the seawater samples using a Chelex
100 column technique [3, 4]. Τhe particulate material, placed
in a desiccator to be dried, was then digested in screwcapped Teflon beakers with nitric acid overnight at a temperature of approximately 120 °C [4]. The sediment samples were digested with strong acids (nitric, perchloric,
hydrofluoric) for the determination of total Ni content [5].
Non lattice held Ni in sediments was determined after
extraction with diluted hydrochloric acid (0.5 M) [6]. All
eluates from the above-mentioned procedures in seawater,
particulate matter and sediment samples

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

RESULTS AND DISCUSSION
In order to ensure the quality of the analyses, some
validation experiments were performed along with the
determination of Ni in the samples. The validation experiments included the determination of the detection and quan-

TABLE 2 - Validation results for Ni determinations.

Limit of Detection (LOD)
Limit of Quantification (LOQ)
Spiked samples
% RSD reproducibility
%RDS spike recoveries
% Expanded uncertainty
(95% confidence level)
CRM CASS-4

Certified Reference Materials
Measured values
%RSD reproducibility
% Recoveries
% Expanded uncertainty
(95% confidence level)

Dissolved Ni (µg/L)
Particulate Ni (µg/L)
0.03
0.03
0.10
0.09
Dissolved Ni concentration
0,2 µg/L (n=7)
1,0 µg/L (n=7)
4.1
4.1
99
97
18

9

Certified value
Measured value
0.314 ± 0.030 µg/L
0.344 ± 0.01 µg/L (n=2)
Total Ni in sediments
HISS-1
MESS-3
(2.16 ± 0.29)
(46.9 ± 2.2)
2.70 ± 0.24 (n=4)
52.4 ± 0.94 (n=9)
14
3
125
112
35

10
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Total Ni in sediments (µg/g)
0.7
2.4
5,0 µg/L (n=7)
4.7
99
11
% Recovery
110
PACS-2
(39.5 ± 2.3)
39.8 ± 0.82 (n=8)
3
103
11
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TABLE 3 - Range and central values of total Ni (diss. + part.) for the coastal and offshore stations.
Stations
Coastal M1-Μ9

Range (µg/L)
0.42-16

Mean
Median Geometric mean
1.63
1.94
2.7 ± 0.32
Off shore Μ10-M16
0.31-28
1.34 ± 0.27
0.89
0.97
(*5% Trimmed mean: the mean after excluding 5% of the highest and lowest values).

tification limits (LOD and LOQ), determination of repeatability or reproducibility (% relative standard deviations -.
%RSD), recoveries from spiked samples and certified reference materials, and the estimation of expanded uncertainty taking into account the reproducibility, the bias and the
calibration curve uncertainty for some of the methods
mentioned above [7, 8]. The results are presented in Table 2.
The reference materials used were purchased from the
NRC-CNRC (National Research Council Canada). CASS-4
is a near-shore reference seawater, while HISS-1, MESS-3
and PACS-2 are reference sediments from the Hibernia
shelf (NE Canada, Atlantic Ocean), the Beaufort Sea (NW
Canada) and Esquimalt harbour (West Canada, Vancouver
Island, Pacific Ocean), respectively. The Ni concentration
of HISS-1 is below the calculated LOQ, and this is the reason why the analysis of this material was characterized by
increased recovery and % expanded uncertainty.
The ranges of total Ni (dissolved and particulate) as
well as the central values (mean, median geometric mean,
5% trimmed mean) from the coastal and off-shore stations
(from all the samplings) are presented in Table 3. The statistic comparison of the mean concentrations was performed
with the SPSS 17 software using the independent samples
t-test option. The mean concentration of total Ni in the
coastal stations was statistically higher than the mean in the
offshore stations (independent samples t-test p<0.05).
Total nickel (dissolved and particulate) concentrations
in seawater samples of the present study were statistically
compared to corresponding total Ni concentrations from
previous studies (2000 and 2004) in other sub-areas of Saronicos Gulf [9-12]. Mean Ni concentration of the offshore
stations (1.29 µg/L, number of samples n=103) was found
to be statistically higher (p<0.05) than those in other subareas of Saronicos gulf (West 0.39 µg/L, East 0.34 µg/L, n=
41 and 76, respectively). This was also the case when comparison was performed with total Ni concentrations from
the Gulf of Elefsis (0.72 µg/L, n=44), which is located between the coast of Attiki and Salamina island, and is characterized by shallow depths (less than 30 m), limited seawater circulation, a much larger industrial zone and increased ship traffic. However, the mean concentration of
Ni in seawater from the coastal zone of Elefsis gulf near
the other large oil refineries of Athens and near large shipyards was 3.3 µg/L (n=45), statistically similar to the mean
concentration in the coastal stations of the present research
(2.7 µg/L, n=71). Relatively high Ni concentrations in
seawater have also been reported in marinas along the
coast of Attiki (0.39-3.39 µg/L for dissolved Ni and 0.050.77 µg/L for particulate Ni) [13].

5% trimmed mean*
2.4
0.95

Water quality guidelines have been established by
USEPA for several substances, including Ni, aiming to
protect aquatic organisms. The calculation of these water
quality standards by toxicity and bioaccumulation studies
has been described extensively [14], and the tables containing the relative guidelines are available in the USEPA web
page (http://www.epa.gov/ost/pc/revcom.pdf). Two guidelines have been developed for Ni: a) the CMC (Criterion
Maximum Concentration) = 74 µg/L, which is the highest
acceptable level to prevent acute toxic effects, and b) the
CCC (Criterion Continuous Concentration) = 8.2 µg/L,
which is the highest acceptable level to prevent toxic effects from long-term exposure. The highest safe concentration of Ni that could not cause skin irritation, even to damaged or sensitive skin, is 1 mg/L [15]. The concentrations
of total Ni in seawater in the study area exceeded the CCC
limit in only 5 cases out of 174 measurements. The highest measured concentration (28 µg/L) was much lower than
the limit of 1 mg/L above which skin problems could arise.
From the box-plot diagram of Fig. 2, it appears that
outlier (•) and extreme (*) values were found mostly in
coastal stations (M1 to M6).

FIGURE 2 - Total Ni box-plot depicting the results of all 8 samplings (extreme values 16 µg/L in M2 during December 2006 and 28
µg/L in M 16/1m during March 2007 were excluded to improve the
appearance of the figure).

In the study area, dissolved Ni generally prevailed but
there was a clear difference between coastal and offshore
stations. In the case of the coastal stations, a significant
percent of total Ni was in the particulate phase (37%) while
in the offshore stations dissolved Ni (87%) clearly dominated.
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The surfer plots depicted in Fig. 3 represent median
concentrations of dissolved (a) and particulate (b) Ni, calculated taking into account the results of the 8 samplings.
In the case of the off-shore stations, mean depth integrated
concentrations were calculated and used. In order to determine differences between stations, the non-parametric
Median test option of SPSS was also used. Non-parametric
SPSS tests are used for datasets not following the normal
(Gaussian) distribution, like the datasets of the present study.
From the surfer plot of dissolved Ni, there appears to
be enrichment near the coast and 2 offshore stations (M13
and 16). The detailed examination of the coastal stations
with the median test revealed that in stations M2-5, near
polluting activities (oil refinery, cable industry, small ship
repairs facility), concentrations higher than the median
(1.04 µg/L) were measured in 100, 75, 63 and 88% of the
samples and, on the other hand, for stations M1 and M69, near the small towns and on their recreational beaches,
the corresponding percentages were 38, 25, 25, 13 and
25%. The median test for off-shore stations showed that
in the case of M10-12 (20 m iso-depth) values higher than
the median (0.82 µg/L) were measured in 38, 33 and 34%
of the samples, while for stations 13-15 (50 m iso-depth)
and 16 (100 m iso-depth), the corresponding percentages

were 72, 38, 47 and 61%. This trend could be explained by
the fact that during the samplings there were always one or
two large tankers anchored between the 50 and 100 m isodepth waiting to load or unload at the oil refinery dock
(behind st. M10), and also the treated wastewaters of the
oil refinery are discharged in the area between stations
M12, 13 and 15, at about 30 m depth.
The distribution of particulate Ni was different. The
highest concentrations were measured in coastal stations,
especially M1-4 and 6, where, in 86, 88, 71 and 50% of the
samples, particulate Ni was above the median (0.54 µg/L).
In the rest of the coastal stations (M5, 7-9), higher values
were determined only in 29, 25, 13 and 25% of the samples. The offshore stations appear to have uniform distributions and much lower concentrations but the median test
revealed that particulate Ni higher than the median offshore value (0.09 µg/L) was determined in 64, 56, 89, 53,
and 42 % of the samples at stations M 10-13, and 15 but
only in 20 and 31% of the samples collected at stations
M14 and M16. Contribution of the wastewater discharge
(M12, M15) is again possible as well as re-suspension from
the increased movement of large tankers to and from the
dock (M10).

	
  

	
  
FIGURE 3 - Surfer plot of dissolved (a) and particulate (b) Ni (µg/L) [median
concentrations derived from 8 samplings, mean depth integrated for the offshore stations].
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In order to corroborate these explanations, the vertical
distributions of dissolved and particulate Ni were also
evaluated. For this purpose, dissolved (or particulate) Ni
concentrations measured in all 8 samplings and all offshore
stations (M10 - M16) were divided into three groups corresponding to the sampling depths (1 m, 20 m, 50 m and below). The non-parametric median test was used to compare the three groups of dissolved (or particulate) Ni values.
The median test showed statistical difference between
the surface and subsurface samples. At the surface, only
25% of the surface samples had dissolved Ni concentrations above the median (0.83 µg/L), in contrast to the samples at 20 and 50 m, where the corresponding percentages
were 67 and 76%. This result shows a clear dissolved Ni
rise below 20 m that could be attributed to the wastewater
discharge.
In the case of particulate Ni, the percentage values
above the median (0.09 µg/L) were 43, 46 and 48%,
slightly increasing with depth, but this increase was not
statistically significant (median test p>0.05). This increasing trend with depth was also apparent when particulate

Ni was expressed in µg/g of particulate material. The median test proved that there was no statistical difference in
particulate Ni (µg/g) between depths (p>0.05) but the percentages of values above the median (16 mg/kg) showed a
slight increase from 43 to 50 or 56% with increasing depth.
Characteristic vertical distributions of dissolved and
particulate Ni for station M13, as well as temperature are
presented in Fig. 4, during March 2007 (mixed water column) and September 2007 (weak thermocline). A nutrient
like vertical distribution of dissolved Ni in open oceans
has been reported in the literature [16, 17]. Furthermore,
particulate Ni has been correlated with chlorophyll a [16].
In the case of the present coastal study area, there were no
statistically significant correlations between dissolved Ni
and nitrates or phosphates [18], and, unfortunately, there
were no available chlorophyll-a data to investigate correlations with particulate Ni. Therefore, the increase of both
dissolved and particulate Ni below 20 m can be mostly
attributed to the wastewater outfall and the ship traffic, and
there are no indications for atmospheric input or significant
biological control.

FIGURE 4 - Vertical distribution of dissolved (a), particulate Ni (µg/L) (b), seawater
temperature (c) and particulate Ni (mg/kg) (d) at station M13 in March and September 2007.
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TABLE 4 - Total, non lattice held Ni content and percent non lattice fraction in surface sediments.
STATION
Μ1
Μ2
Μ3
Μ4
Μ5
Μ6
Μ7
Μ9

DEPTH
(m)
1
1
1
1
1
1
1
1

Total
(mg/kg)
1045
1093
1612
1544
808
902
529
151

Non lattice
(mg/kg)
315
245
588
887
361
390
257
56,4

% non
lattice
30
22
36
57
45
43
49
37

STATION
M 10
M 12
M 13
M 14
M 16
UN 5
UN 6

The coastal stations exhibited some seasonality in the
case of particulate Ni only. The median particulate Ni
concentration (expressed as µg/L) of coastal stations fluctuated as follows: 0.55 (Jan-06) – 0.42 (May-06) – 1.30
(Sep-06) – 0.38 (Dec-06) – 0.42 (Mar-07) – 0.28 (June06) – 0.98 (Sep-07) – 0.54 (Dec-07). This increase of particulate Ni concentration in September preceeded and followed by lower particulate Ni in winter, spring and early
summer samplings, could be due to phytoplankton uptake
but the lack of chlorophyll a data does not allow verification. None of the Ni forms (dissolved or particulate) correlated with salinity or temperature, either for the coastal
or off-shore stations.
Total Ni and non lattice held Ni concentrations as well
as the percent non lattice fractions of Ni in the surface
sediments are given in Table 4.
Total Ni concentrations in sediments were higher at
most of the coastal stations (≥800 mg/kg) and decreased
away from the coast towards greater depths (st. UN6)
(255 mg/kg) as well as towards st. M9 (151 mg/kg) which
is characterized by a slightly different geological setting.
It is also apparent that as the depth increases from st. M10
to st. UN6, the percent non lattice held Ni also decreases.
The increased Ni sediment content is attributed to the geology of Sousaki area. In a previous study of soil samples in
the Sousaki region, the Ni content was found to range from
183 to 2665 mg/kg with a mean value of 994 mg/kg [2].
Total Ni in sediments of other sub-areas of Saronicos
Gulf has been determined to be between 65-241 mg/kg
and non lattice held Ni between 20-76 mg/kg, much lower
than the concentrations in our study area [9]. However,
similarly high Ni concentrations in sediments have also
been reported in other areas of Greece with known ophiolithic geological background. For example, total Ni in sediments of the North Aegean (near the Aliakmon river delta)
was reported to be 407 mg/kg [19]. Another area with increased Ni sediment concentrations is the catchment basin
of Asopos river and Oropos coast (North Attiki, South
Evoikos Gulf) with reported total Ni concentrations of
351-554 mg/kg and non lattice held Ni of 111-196 mg/kg
[20]. Finally, increased Ni concentrations in sediments
have been reported in the small gulf of Larymna, where
total Ni was 889 mg/kg and non-lattice held Ni 132 mg/kg,
due to the operation of a ferro-nickel smelting plant and

DEPTH
(m)
20
20
50
50
100
120
200

Total
(mg/kg)
462
427
461
668
439
455
255

Non lattice
(mg/kg)
196
224
225
291
178
165
72

% non
lattice
43
53
49
44
40
36
28

adjacent laterite ore mines [21]. High Ni concentrations and
sediment enrichment factors have also been determined in
the off-shore marine area of Larymna at the slag disposal
site of the smelting plant [22].
For sediments, the quality guidelines ERL (effects
range low) and ERM (effects range median) have been
established. The metal content of sediments below ERL
rarely causes adverse biologic effects. The metal content
between ERL and ERM occasionally causes adverse effects
while above the ERM adverse effects occur in more than
50% of the cases of exposure .(for Ni: ERL = 20.9 mg/kg
and ERM = 50.6 mg/kg) [23]. In our study area, the total Ni
content of all stations exceeded both the ERL and ERM.
Finally, in order to investigate the sources of Ni in our
study area, correlations were performed between the concentrations in the sediments and those in seawater just above
the sea floor (median value of 8 samplings at each station).
Dissolved Ni presented statistically significant correlations with total and labile Ni in sediments (R’tot = 0.763
and R’lab = 0.682 at the 99 and 95% confidence level,
respectively) only when stations M2 and M5 were excluded. The reason for this is the fact that stations M2 and
M5 were characterized by increased dissolved Ni concentrations, which did not coincide with similarly high contents in sediments (Fig. 5). This indicates that dissolved Ni
in these stations can be attributed to direct anthropogenic
discharges and not to naturally occurring dissolution from
the sediments which are enriched in Ni. When these two
cases were excluded, the correlation of dissolved Ni with
Ni in sediments became statistically significant.
Particulate Ni (w/v) correlated well with Ni in sediments (Rtot = 0.794, Rlab = 0.589 at the 99 and 95% confidence level, respectively), and this means that re-suspension
of sediments and the erosion of the land, which has been reported to be enriched in Ni content, contribute to the particulate Ni in the area. As in the case of dissolved Ni, the
particulate Ni content (w/w) correlated well with the total
Ni in sediments when station M2 was again excluded.
These results provide an indication that the high dissolved
and particulate (mg/kg) Ni concentrations in st. M2 are
attributed to the refinery activities and not the geologic
background. The rest of the stations are probably affected
by both the anthropogenic and natural geologic Ni sources.

1843

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

FIGURE 5 - Correlation of dissolved and particulate Ni (mg/kg) with total and non lattice held Ni.

CONCLUSION
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ABSTRACT

INTRODUCTION

The present work reports on the preliminary results
from a biota monitoring program, started during 2008 by
the Apulian Regional Agency for Environmental Prevention and Protection (ARPA Puglia) in collaboration with
the CNR-Institute for Coastal Marine Environment of
Taranto. This project is mainly targeted toward the monitoring of the coastal water quality, using mussels as bioindicators, and the identification of contamination spatial
trends. Mussels were sampled in 11 stations located along
the marine coastal and transitional waters of the Apulian
region, including both south-western Adriatic and Ionian
areas. The analyzed contaminants were heavy metals, chlorinated pesticides, chlorinated solvents, organophosphate
pesticides, polychlorinated biphenyls, polybrominated diphenyl ethers (PBDEs), alkylphenols, polycyclic aromatic
hydrocarbons and organotin compounds. Results were also
compared with national and international regulations. The
maximum concentration of mercury (0.29 mg kg-1 d.w.)
was found in the Mar Piccolo, near the mouth of Galeso
River. The sum of PAH concentrations ranged from not detectable to 284.7 µg kg-1 d.w. (Mar Piccolo). Concerning
chlorinated pesticides, only 4,4’ DDE was found with the
maximum concentration in the Mar Piccolo (second inlet)
and near the mouth of Ofanto River (26.9 and 18.7 µg kg-1
d.w. respectively). The sum of PCB congeners ranged from
2.2 (mouth of Candelaro River) to 383.8 µg kg-1 d.w. near
the mouth of Galeso River. The results show that the “biota” is still a relevant target of exposure to contaminants
and, for this reason, biomonitoring activities are very important tools for human health and ecosystem risk assessment.

KEYWORDS: Mussel watch, biomonitoring, organic contaminants, heavy metals, bioaccumulation, marine pollution

Biomonitoring represents an important tool using bivalves such as mussels as bioindicators, in order to ascertain indirectly the quality of coastal marine waters, for determining trends in contaminants over space and time, and
for identifying potential sources of contamination to prevent future problems [1]. In Italy, the main aim of the biomonitoring programme is to quantify and to make clear the
current status of environmental health, and to assess influence of human activities on the quality of coastal and
estuarine areas included transitional waters.
Another important role of biomonitoring program is to
propose protective measures for particular and vulnerable
marine ecosystem influenced by different anthropic activities. Mussels are largely utilized as bioindicators because
of their wide geographical distribution, easy sampling, the
capacity to concentrate contaminants in their tissues at
elevate levels, their sessile lifestyle and resistance to stress
[2-5].
Mussels not only serve as biondicators, but also raise
public health concerns because, cultivated or wild, they are
consumed as seafood.
This study illustrated the preliminary results of a regional mussel watch programme in bivalve mollusks at a
total of 42 sites around the Apulia region (Southern Italy).
MATERIALS AND METHODS
Bivalve mollusks were collected at 11 stations during
2008 from 7 marine coastal and 4 transitional areas of Apulia
region (Fig. 1).
Mussels - Mytilus galloprovovincialis (Lamarck, 1819)
were collected in 10 stations. Clams “Ruditapes phylippinarum” (Adams & Reeve, 1850), were sampled in the
station MC13A (Candelaro mouth), because of the lack of
mussels in the area.
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Biometric data, species and wet weight to dry weight
ratio are presented in Table 1.
MC2A

VM60A
AT9

MC11A
VM61D
MC13A
MC17A

MC2A: Fortore mouth
VM60A: mussel farming Capoiale
AT9: Varano Lagoon
MC11A: Mattinata
VM61D: mussel farming Manfredonia
MC13A: Candelaro mouth
MC17A: Ofanto mouth
AT14: Alimini Lake
VM70A: “Tarantola”, Mar Grande
VM71A: Galeso mouth, Mar Piccolo
VM72A: “Cimino”, Mar Piccolo

APULIA

VM71A
VM72A

AT14

VM70A
N

Ionian Sea

Water content percentage on mussel tissues was carried out by oven drying at 105 °C until constant weight.

FIGURE 1 - Sampling sites along Apulian coastal area.

Heavy metal concentrations were measured by acid digestion using a microwave oven (EPA Method 3052) [6].
Briefly, 0.25 g of lyophilized sample were mineralized with
9 ml of concentrated HNO3 (70% v/v) and 1 ml H2O2 (30%
v/v), in a closed Teflon® vessel using a microwave oven.

TABLE 1 - Sampled species, wet/dry
ratios and coordinates of sampled stations.

Station

Species

Wet/dry

MC2A

M. galloprovincialis

4.56

VM60A

M. galloprovincialis

4.35

AT9

M. galloprovincialis

3.76

MC11A

M. galloprovincialis

4.43

VM61D

M. galloprovincialis

4.22

MC13A

R. phylippinarum

5.83

MC17A

M. galloprovincialis

4.19

AT14

M. galloprovincialis

3.73

VM70A

M. galloprovincialis

4.57

VM71A

M. galloprovincialis

5.49

VM72A

M. galloprovincialis

4.82

PCBs: PCB28, PCB52, PCB77, PCB81, PCB101, PCB118,
PCB126, PCB128, PCB138, PCB153, PCB156, PCB169,
PCB180;
PAHs: Naphthalene, Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene,
Benz[a]anthracene, Chrysene, Benzo[b]fluoranthene,
Benzo[k]fluoranthene, Benzo[a]pyrene, Indeno[1,2,3cd]pyrene, Dibenz[a,h]anthracene, Benzo[g,h,i] perylene
PBDEs: 2,2'4,4',6-pentaBDE100; 2,2'4,4',5-pentaBDE 99;
2,2'3,4,4'-pentaBDE 85;
organotin compounds: mono-, di- and tributyltin;
alkylphenols: 4(para)nonylphenol; para-tert-octylphenol;
chlorinated pesticides: 4,4'-DDT; 2,4'-DDT; 4,4'-DDE;
2,4'-DDE; 4,4'-DDD; 2,4'-DDD; alfa-HCH; beta-HCH;
gamma-HCH; delta-HCH; aldrin; dieldrin; alfa-endosulfan; hexachlorobenzene; pentachlorobenzene;
organophosphate pesticides: chlorpyrifos; chlorfenvinfos.

Coordinates
41°55'15"N
15°17'38"E
41°56'33"N
15°40'28"E
41°54'17"N
15°47'50"E
41°43'03"N
16°06'03"E
40°33'39"N
15°56'06"E
41°35'05"N
15°53'59"E
41°21'34"N
16°12'10"E
40°12'08"N
18°27'03"E
40°26'09"N
17°14'30"E
40°29'50"N
17°15'09"E
40°28'26"N
17°18'13"E

After mineralization, digests were cooled and the resulting solutions were diluted to a known volume (50 ml)
with Milli-Q® water and stored in polyethylene bottles,
until analysis.
Ag, Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, V and Zn concentrations were measured by inductively coupled plasma
mass spectrometry (ICP-MS). For calibration, all standards
were prepared in the same matrix used for mussel analyses.
All the chemicals used in sample treatments were of ultrapure grade (Merck Suprapur, Darmstadt, Germany).

More than 300 mussel samples were collected in each
location, stored in bags, kept in a cooler box with ice and
transported to the laboratory.
In the laboratory, the mussels were cleaned, shucked
and divided in two pools of similar size (3.00-5.50 cm) of
about 150 individuals: the first pool was homogenized for
trace element analyses and the other one for organic analyses. The homogenates were lyophilized and stored in
polyethylene (metal analysis) and glass bottles (organic
analysis).
The analyzed elements and organic contaminants are
listed below.
Inorganic contaminants: Ag, Al, As, Cd, Cr, Cu, Fe, Hg, Ni,
Pb, V, Zn;

Organotin compounds were determined by modified
ICRAM method [7]: 10 g of homogenized wet samples
were placed in a centrifuge tube and an appropriate amount
of tripropyltin (TPT) was added as internal standard. Samples were treated with 0.03% tropolone solution in methanol and with HCl. The mixture was sonicated for 15 min
and then centrifugated at 3000 rpm for 10 min. The extraction procedure was repeated and the methanolic extracts
were grouped and dried over anhydrous Na2SO4, then derivatized with Grignard reagent 2M. Finally, pentilated extracts were purified with Florisil® column and analyzed by
GC-MS.
PAH, PCB and pesticide determinations were performed by previous microwave-assisted solvent extraction
(EPA Method 3546) [8], followed by GC-ECD quantification for PCBs and pesticides as well as GC-MS determination for PAHs.
For extraction, 4 g of lyophilized samples were extracted with n-hexane/acetone (1:1 v/v). After digestion
the extracts were splitted in two fractions, one for PAH
and one for PCB and pesticide determination.
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For PAH analysis, cleanup was carried out on alumina,
eluted with methylene chloride and on silica gel columns,
eluted with n-hexane (aliphatic hydrocarbons fraction) and
with n-hexane/dichloromethane (3:2, v/v) mixture (aromatic
hydrocarbons fraction).
The hydrocarbon fractions were concentrated down to
appropriate volumes (1 ml) and injected into the GC-MS.
Anthracene d10 was used as internal standard.
For PCBs and pesticides, the extracts were concentrated, purified with Florisil® column and eluted with solvents of increasing polarity: n-hexane; n-hexane/methylene
chloride mixture (70:30, v/v) and methylene chloride [9].
PCB209 was used as internal standard solution. The fractions collected were concentrated to appropriate volumes
before injection into the GC-ECD.

RESULTS AND DISCUSSION
Heavy metal concentrations (mg kg-1 d.w.) in mussels
collected from Apulian marine coastal and transitional
waters are shown in Fig. 2 (Hg, Pb and Cd) and Table 2
(Ag, Al, As, Cr, Cu, Fe, Ni, V and Zn).
Mercury concentration was relatively low in almost
all considered samples; the maximum concentration (0.29
mg kg-1 d.w.) was found in station VM71A (Mar Piccolo,
near the Galeso mouth, first inlet) while the lowest (0.03
mg kg-1 d.w.) was found in station AT9 (Varano Lake).
The lowest level of Pb (0.06 mg kg-1 d.w.) was observed
in station AT9 (Varano Lake) while the highest (1.41 mg
kg-1 d.w.) was observed always in the first inlet of the
Mar Piccolo basin (station VM71A).
2.5

PBDE determination was performed by EPA method
1614 [10]. In brief, 5 g of lyophilized sample was fortified
with 13C-labeled internal standard and, subsequently, extracted with n-hexane/acetone (3:1, v/v) mixture using pressurized liquid extraction (PLE) (P = 1500 psi and T =
150 °C, two extraction cycles).
Cleanup was carried out with silica gel column, sulfuric acid-impregnated silica gel and potassium hydroxideimpregnated silica gel using n-hexane for elution. After
extraction, the samples were evaporated to 1 ml and analyzed with a high resolution GC-high resolution MS system
(HRGC/HRMS).
Nonylphenols were determined according to ISTISAN
reports 04/04 [11]. The procedure consisted of two phases:
the extraction of fat from the tissue with n-hexane/diethyl
ether mixture (9:1, v/v) and the extraction of alkylphenols
from the fat with acetonitrile/sodium hydroxide mixture
(1:1, v/v) and, subsequently, extraction with iso-octane.
Chemical determination was carried out by HPLC using photodiode-array and fluorimetric detection. Chemical
data was confirmed by LC-MS.
The relative standard deviation for metals, PAHs and
organotin compounds ranged from 5 to 15%; f 5 to 10%
for PCBs, PBDEs and alchylphenols; and from 3 to 5%
for pesticides.

Hg,	
  Cd,	
  Pb

mg	
  kg-‐1 d.w.

2.0

1.5
Pb

1.0

Hg
Cd

0.5
0.0

FIGURE 2 - Hg, Pb and Cd concentrations (mg kg-1 d.w.) in bivalve
mollusks of Apulia region.

For Cd, the lowest concentration (0.3 mg kg-1 d.w.)
was found at station VM72A (second inlet of the Mar
Piccolo, near the pine-wood “Cimino”) while the highest
level (1.3 mg kg-1 d.w.) was observed at station AT9
(Varano Lake).
Concerning Hg, Cd and Pb, no mollusks collected in
any station exceeded the legal limits set by EU Regulation
n. 1881/2006 (0.5 mg kg-1 w.w for mercury, 1.5 mg kg-1
w.w for lead and 1.0 mg kg-1 w.w for cadmium).
Table 3 shows polychlorobiphenyls and polycyclic
aromatic hydrocarbons expressed as µg kg-1 d.w..

TABLE 2 - Ag, Al, As, Cr, Cu, Fe, Ni, V and Zn concentrations (mg kg-1 d.w.) in bivalve mollusks of Apulia region.

Heavy metals
( mg kg-1 d.w.)

Contaminants
Ag
Al
As
Cr
Cu
Fe
Ni
V
Zn

VM 60A
< 0.001
401.68
18.28
0.76
3.92
267.30
1.52
1.74
105.90

VM 61D
< 0.001
54.67
16.33
< 0.01
2.82
63.37
1.49
1.13
84.86

VM 70A
< 0.001
152.28
20.79
0.08
4.09
143.78
0.41
1.54
94.70

VM 71A
< 0.001
83.82
17.74
0.32
5.88
146.61
0.98
1.94
99.66

VM72A
< 0.001
210.00
8.24
0.48
3.92
170.09
0.81
1.09
65.44
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MC 2A
< 0.001
392.00
20.70
1.32
5.25
290.20
4.70
1.72
101.22

MC 11A
< 0.001
104.30
20.74
0.32
4.09
98.40
2.16
1.09
96.24

MC 13A
< 0.001
183.63
14.96
< 0.01
6.55
238.43
3.65
1.33
45.51

MC17A
< 0.001
396.10
13.08
0.54
4.57
284.00
2.91
1.47
9.44

AT 9
< 0.001
39.71
6.15
< 0.01
6.29
79.42
0.23
0.90
47.85

AT 14
< 0.001
86.13
21.33
0.90
7.70
156.25
2.02
1.40
116.34
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Polychlorobiphenyls
µg kg-1 d.w.**

Polycyclic Aromatic Hydrocarbon µg kg -1 d.w.*

TABLE 3 - Polycyclic aromatic hydrocarbon (PAH) and polychlorobiphenyls (PCB) concentrations (µg kg-1 d.w.) in bivalve mollusks of
Apulia region.
Contaminants
naphtalene
acenaphtene
fluorene
phenanthrene
pyrene
benz[a]anthracene
chrysene
benzo[b]fluoranthene
benzo[k]fluoranthene
benzo[ghi]perylene
Σ PAHs

VM 60A
24.9
< 5.0
< 5.0
11.4
< 5.0
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
36.3

VM 61D
< 5.0
< 5.0
8.7
< 5.0
< 5.0
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
8.7

VM 70A
< 5.0
6.2
9.2
32.7
34.5
29.7
25.62
31.4
11.0
25.4
205.7

VM 71A
211.6
10
13.1
28.8
< 10.0
< 10.0
< 10.0
23.9
< 10.0
< 15.0
287.4

VM72A
93.7
7.1
11.5
23.7
< 10.0
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
136.0

MC 2A
16.8
< 5.0
< 5.0
17.2
< 5.0
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
34.0

MC 11A
< 5.0
< 5.0
< 5.0
6.0
< 5.0
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
6.0

MC 13A
< 5.0
< 5.0
< 5.0
< 5.0
< 5.0
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
0.0

MC17A
92.4
< 5.0
< 5.0
9.1
6.7
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
108.2

AT 9
132.3
< 5.0
5.5
10.1
< 5.0
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
147.9

AT 14
< 5.0
8.0
7.4
25.1
< 5.0
< 10.0
< 10.0
< 10.0
< 10.0
< 15.0
40.5

28
52
101
118
138
153
156
180
ΣPCBs

< 0.1
< 0.1
1.1
< 0.1
2.0
2.4
< 0.1
< 0.1
5.5

< 0.1
< 0.1
< 0.1
< 0.1
1.7
1.9
< 0.1
< 0.1
3.6

< 0.1
2.4
9.6
6.7
22.3
36.5
< 0.1
2.1
77.5

3.0
19.2
58.3
48.2
95.7
155.6
3.8
9.8
383.8

< 0.1
4.6
7.6
5.3
10.2
19.2
< 0.1
< 0.1
46.9

< 0.1
< 0.1
< 0.1
< 0.1
1.5
1.7
< 0.1
< 0.1
3.2

< 0.1
< 0.1
< 0.1
< 0.1
2.5
2.9
< 0.1
< 0.1
5.4

< 0.1
< 0.1
< 0.1
< 0.1
1.1
1.1
< 0.1
< 0.1
2.2

< 0.1
< 0.1
1.2
1.1
2.7
3.2
< 0.1
< 0.1
8.2

< 0.1
< 0.1
1.2
< 0.1
1.6
2.1
< 0.1
< 0.1
4.9

< 0.1
< 0.1
< 0.1
< 0.1
1.3
1.7
< 0.1
< 0.1
3.0

*Acenaphthylene, anthracene, fluoranthene were less than 5.0 µg kg-1 d.w., benzo[a]pyrene was less than 10.0 µg kg-1 d.w., indeno[1,2,3-cd]pyrene, dibenzo[ah]antracene
were less than 15.0 µg kg-1 d.w.
** PCB 77, PCB 81, PCB126, PCB 128, PCB 169 were less than 0.1 µg kg-1 d.w.

Concentrations of total PAHs (∑ PAHs) ranged from
not detectable (MC13A – Candelaro mouth) to 287.4 µg
kg-1 d.w. (VM71A – Galeso mouth, Mar Piccolo).

TABLE 4 – Congeners, non-ortho and mono-ortho, expressed as pg
TEQ g-1 w.w.

It is worth to mention that naphthalene represents
about 73% of the total PAH concentrations in this station
of the Mar Piccolo.

Station

No stations exceeded the EU limit (EU Regulation
1881/2006) of 10.0 µg kg-1 w.w for benzo[a]pyrene in bivalve mollusks. This compound represents a “contamination target” for carcinogen PAH pollution.
The sum of PCB congeners (Table 3) ranged from 2.2
µg kg-1 d.w. (MC13A, mouth of Candelaro River) to
383.8 µg kg-1 d.w. near the mouth of Galeso River, Mar
Piccolo (station VM71A).
Although PCBs represents a group of different 209 congeners, only one small group, called dioxin-like PCBs, consisting of 12 congeners, show different toxicological properties. In particular, they are non-ortho 77, 81, 126, 169 and
mono-ortho 105, 114, 118, 123, 156, 157, 167, 189 congeners. These PCBs have been demonstrated to exert a
number of responses similar to those observed for 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD), considering to be
the most toxic organochlorine compound for living organisms. Table 4 shows the value of non-ortho and mono-ortho
congeners expressed as pg TEQ g-1 w.w. and calculated
with the TEF scheme [12]. EU Regulation 199/2006 [13]
declares that, for the sum of dioxins, furans and dioxinlike PCBs, maximum levels must be less than 8.0 pg TEQ g-1
w.w. in fish muscle; there are not limits for bivalve mollusks.
Although the contamination of station VM 71A was significant, PCBs level did not exceed TEQ values in EU Regulation.

MC 2A
MC 11A
MC 13A
MC17A
AT 9
AT 14
VM 60A
VM 61D
VM 70A
VM 71A
VM72A

PCBs (pg TEQ g-1 w.w.)
Non-ortho
Mono-ortho
(77, 81, 126, 169)
(118, 156)
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.030
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.150
0.000
1.220
0.000
0.110

Table 5 shows the distribution of chlorinated pesticides
and polybrominated diphenyl ethers (PBDE). Concerning
chlorinated pesticides, the only compound that was detected in all sampled stations was 4,4’-DDE (Fig. 3), the main
metabolite of the insecticide characterized by high stability.
The minimum value (2.5 µg kg-1 d.w.) was observed at
station MC13A (Candelaro mouth) while the maximum
values (26.9 and 18.7 µg kg-1 d.w.) were observed at
stations VM72A (Mar Piccolo – pine-wood “Cimino”) and
MC17A (Ofanto mouth), respectively.
Ministerial Decree 27/08/2008 [14] indicates that the
DDT isomers and metabolites sum in fish and aquaculture
products (with fat contents less than 5% by weight) must
not exceed the limit of 50.0 µg kg-1 w.w.
Considering that fat content in bivalve mollusks like
Mytilus is approximately 1% [15-17], DDT levels were
lower than the mentioned Decree.
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VM 60A

VM 61D

VM 70A

VM 71A

VM72A

MC 2A

MC 11A

MC 13A

MC17A

AT 9

AT 14

4,4'-DDT

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

1.4

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

2,4'-DDE

1.7

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

4,4'-DDD

1.9

< 1.0

1.7

< 1.0

< 1.0

1.8

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

2,4'-DDD

< 1.0

< 1.0

2.0

2.9

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

< 1.0

PBDE
µgkg-1 d.w.

BDE100

0.03

0.05

0.1

0.02

0.04

0.05

< 0.02

< 0.02

0.16

< 0.02

0.06

BDE 99

0.04

0.07

0.37

0.06

< 0.02

0.12

0.05

< 0.02

0.45

< 0.02

0.41

BDE 85

< 0.02

< 0.02

< 0.02

< 0.02

< 0.02

< 0.02

< 0.02

< 0.02

< 0.02

< 0.02

< 0.02

monobutyltin

< 0.6

< 0.6

< 0.6

4.9

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

dibutyltin

< 0.6

< 0.6

< 0.6

21.4

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

tributyltin

< 0.6

< 0.6

< 0.6

13.2

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

< 0.6

Chlorinated pesticides µgkg-1d.w.*

Contaminants

Organotin
µgkg-1 d.w.

TABLE 5 - Concentrations of chlorinated pesticides, polybrominated diphenyl ethers (PBDE) and organotin compounds (µgkg-1d.w.) in
bivalve mollusks of Apulia region.

*2,4'-DDT, alfa-HCH, beta-HCH, gamma-HCH, delta-HCH, aldrin, diedrin, alfa-endosulfan, hexachlorobenzene were less than 1.0 µg kg-1d.w.
Pentachlorobenzene was less than 10.0 µgkg-1d.w.

35
30

Among polybrominated diphenyl ethers (PBDEs) (Table 5), the 2,2' 4,4' 6-pentaBDE (BDE-100) ranged from
not detetctable to 0.16 (MC17A – Ofanto mouth) µg kg-1
d.w., the 2,2' 4,4' 5-pentaBDE (BDE-99) ranged from not
detectable to 0.45 µg kg-1 d.w. (MC17A – Ofanto mouth),
while 2,2', 3,4,4'-pentaBDE (BDE-85) was not detectable
in all sampled stations.

4,4'	
  -‐ DDE

µg	
  kg	
   -‐1	
  d.w.

25
20
15
10
5
0

4,4'-DDE

FIGURE 3 - 4,4’ - DDE concentrations (µg kg-1 d.w.) in bivalve
mollusks of Apulia region.
35
30

Phosphorated	
  pesticides

µg	
  kg	
   -‐1	
  d.w.

25

Organotin compounds (Table 5) were determined only
in the Mar Piccolo station (VM71A), near the mouth of
Galeso River. DBT represented the principal metabolite of
or-ganotin compounds with a concentration of 21.4 µg Sn
kg-1 d.w., with respect to TBT and MBT with 13.2 and 4.9
µg Sn kg-1 d.w., respectively.
Concerning alkylphenols (Fig. 5), the 4-(para)-nonylphenol ranged from 8.0 (MC17A – Ofanto mouth and AT9
- Varano Lake) to 42.0 (MC13A – Candelaro mouth) µg kg-1
d.w. while the para-tert-octylphenol ranged from not detectable to 22.0 (MC13A – Candelaro mouth) µg kg-1 d.w.

20

70

15

60

10

Alkylphenols

µg	
  kg	
   -‐1	
  d.w.

50

5
0

40
30
20

Clorpyrifos

Clorfenvinfos

10

FIGURE 4 - Organophosphor pesticide concentrations (µg kg-1d.w.)
in bivalve mollusks of Apulia region.

Chlorpyrifos, an organophosphor pesticide (Fig. 4),
was found only alongside the mouths of the Rivers
Fortore (MC 2A), Candelaro (MC13A) and Ofanto (MC
17A) with concentrations of 3.8, 22.0 and 31.0 µg kg-1 d.w.
respectively. Chlorfenvinfos was not detectable in all
sampled stations.

0

4(para)nonilphenol

para-terz-octilphenol

FIGURE 5 - Alkylphenol concentrations (µg kg-1d.w.) in bivalve
mollusks of Apulia region.

A multivariate analysis (PCA) was performed regrouping the classes of contaminants considered in this study
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(PBDEs, chlorinated and phospho-organic pesticides, PAHs,
PCBs, alkylphenols, organotin compounds and metals).
Three significant factors were identified which accounted
for 37, 24 and 15% of the total variance, respectively. The
loading plot (Fig. 6) indicates that the first factor was mainly
associated with PCBs, organotin compounds and PAHs,
whereas the second factor was mainly associated with alkylphenols.
Figure 7 shows the score of plot of the first and third
factors. This model suggests that the contamination, at sites
MC13A (Candelaro mouth) and VM71A (Galeso mouth,
Mar Piccolo), was different from all the other sites. In
particular, MC13A was characterized by a high level of
alkylphenols but low levels of PCBs, PAHs and organotin
compounds.

son, biomonitoring activities are very important tools for
human health and ecosystem risk assessment.
According to the resulting data, the highest concentration values of almost all the analyzed xenobiotics were
reported in the marine waters close to the mouth of Apulian Rivers, such as Ofanto and Candelaro, and also in
transitional waters as Mar Piccolo of Taranto. Although
no samples in the present work exceeded the national and
international recommended action limits for single contaminants, some stations with relatively high concentrations of some chemicals require particular attention. In
these situations, frequent controls are needed in order to
safeguard marine ecosystem and human health due to the
consumption of seafood.

Factor Loadings, Factor 1 vs. Factor 3
Rotation: Unrotated
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Cd, Ni AND Pb VERTICAL DISTRIBUTION IN SEDIMENT
CORES FROM THE ELEFSIS GULF (ATTIKI – GREECE)
Fani Sakellariadou* and Loukas Haralambides
University of Piraeus, Dept of Maritime Studies, Lab of Geochemical Oceanography, 40 Karaoli and Dimitriou st, 18532 Greece

ABSTRACT

INTRODUCTION

Elefsis gulf, on the coasts of Attiki, in Greece, is
characterized by its rather enclosed type, the presence of
heavy industries located at its north-eastern coasts and the
use of its commercial ports. The gulf is contaminated by
various pollutants including metals.

Elefsis gulf was named after the city lying on its coasts,
at 20-km distance westwards of Athens. It is mainly surrounded by Attiki peninsula apart of its southern part where
lies Salamina island. Two narrow entrances allow water’s
circulation with the open sea.

The present work is aiming to evaluate Cd, Ni and Pb
vertical and fractional distribution in Elefsis gulf sediments.
Therefore, sediment cores were collected from four sampling sites, and the metal content was determined using
Atomic Absorption Spectroscopy.

The gulf has a total surface of about 67 km2. There is
an eastwards marine current with an approx. 240 m3/s net
water supply that increases to 450 m3/s during summer [1].

According to our findings, we could suggest that the
sediment cores from the north-eastern coasts of the Elefsis
gulf correspond to significantly higher values of total Cd,
relatively lower values of Ni, and considerably higher
values of Pb, comparing with the data presented by other
researchers for the nearby polluted Saronikos bay.
At surface sediments, an enrichment of the exchangeable Cd was recorded indicating an anthropogenic origin.
Although all metal geochemical fractions have a considerable contribution to the total cadmium, the more significant are the reducible and the associated with organic matter/ sulphides. The non-residual Ni shows a down-core decrease most probably correlated with a recent significant
anthropogenic input. Noteworthy percentage of the nonresidual nickel is associated primarily with the organic/
sulphides fraction, and secondarily, the reducible one. Lead
is mainly hosted in the lattice structure of aluminosilicates.
Considerable Pb is bound to ferromanganese oxides while
exchangeable and carbonate-hosted fractions contribute,
each of them, less than 2% to the total.
The overall down-core decrease of non-residual Cd,
Ni and Pb indicates that recent sediments could act as a
secondary pollution source asking, therefore, for an environmentally sound management scheme.

KEYWORDS: Elefsis gulf, marine sediment, metal partitioning,
sequential extraction

Local tide has less than 5 cm height; sedimentation rate
ranges from 0.5 to 0.8 cm/year [2].
The gulf is characterized by shallow waters (maximum
depth 33 m), absence of strong currents, water stratification,
especially during the summer period, and a defined thermocline. Obviously, all these characteristics increase the
pollution problem.
Along the northern coasts of the gulf, there are various heavy industry units (including refineries, iron and
steel industries, paper mills, cement industries, shipyards,
ship scrapping activities), two harbors and two spots with
liquid fuel tanks (Fig. 1). The mean annual commercial
activity is about 2,666,000 metric tons, while 660,000 passengers travel through this marine area every year [3].
All the previously mentioned installations and activities cause a substantial environmental pressure on the marine area, being responsible for the presence of severe pollution to both seawater and sediment [4] of the gulf for the
last 5 decades. However, recently (last 10-15 years), a
remarkable environmental improvement was noticed, especially concerning the water column [5].
Heavy metals are regarded as important pollutants deriving, at the study area, mainly from industries and shipping activities. Vertical and spatial metal distribution along
with element speciation furnishes valuable information concerning estimation of pollution level, main sources and
variability with time.
The present work studies the down-core distribution of
the geochemical fractions of three metals with environmental
significance, in an attempt to assess the respective pollution potential and pollutant bioavailability and mobilization.
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and residual (Res) ones. Although a time-consuming technique, this method succeeds in furnishing valuable information concerning the source, mode of occurrence, biological and physicochemical availability mobilization and
uptake of trace metals in sediments.
Metal content was measured with Flame Atomic Absorption Spectrophotometry (Varian Spectra AA-200 model
equipped with deuterium lamp for background correction)
and Graphite Furnace Atomic Absorption Spectrophotometry, (Varian Spectra AA-640Z GTA 100 model, equipped
with Zeeman). More specifically, Cd was measured with
GFAAS and Ni and Pb with FAAS (due to their higher
values). The sediment reference used was IAEA 433;
Table 1 shows certified, observed values and percentage recovery for each of the three studied metals.
TABLE 1 - Sediment reference IAEA 433. Certified,
observed values and percentage recovery for Cd, Ni, and Pb.

FIGURE 1 - The study area with main coastal
pollution sources and sediment sampling sites (S1-4).

Metal

MATERIAL AND METHODS
Sediment cores were collected from four sampling sites
(Fig. 1) during a cruise in 2001, using a gravity corer. Each
core was divided into six sections corresponding to 5, 8,
10, 14, 20 and 23 cm sediment depth. All samples (24)
were treated following the Tessier et al. sequential extraction procedure ([6] with a few modifications [7]). The geochemical fractions dealt with are the exchangeable (E), carbonate hosted (C), reducible (Red), organics/sulphides (O+S)

Cd
Ni
Pb

Certified values
(mg kg-1)
0.153
39.4
260

Observed values
(mg kg-1)
0.133
38.22
247

Recovery (%)
87
97
95

RESULTS AND DISCUSSION
a) Cd

Table 2 shows Cd contents (mg kg-1) in the five geochemical fractions, down-core each core.

TABLE 2 - Cd contents (mg kg-1) in geochemical fractions E, C, Red, O+S, Res, down-core the cores S1, S2, S3 and S4.
Down-core Depth (cm)

E

C

Red

O+S

Res

0.80
0.53
0.48
0.32
0.50
0.40

0.30
0.13
0.74
0.23
0.36
0.19

0.89
0.87
0.25
0.32
0.31
0.29

0.75
0.74
N/A
0.49
1.53
0.89

0.25
0.54
N/A
0.26
2.61
1.10

0.34
0.49
N/A
0.27
0.42
0.60

0.29
N/A
0.75
0.70
0.16
N/A

0.17
N/A
0.58
0.49
0.16
N/A

0.38
N/A
0.21
0.35
0.26
N/A

Core S1
0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

0.25
0.13
0.15
0.10
0.22
0.03

0.18
0.10
0.10
0.05
0.09
0.07

0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

0.31
0.17
N/A
0.12
0.28
0.23

0.24
0.24
N/A
0.19
0.25
0.29

0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

0.22
N/A
0.11
0.04
0.03
N/A

0.53
N/A
0.12
0.06
0.02
N/A

Core S2

Core S3

Core S4
0-5
0.12
0.10
0.29
0.18
0.32
5-8
N/A
N/A
N/A
N/A
N/A
8-10
0.15
0.14
0.27
0.20
0.82
10 - 14
0.25
0.12
0.35
0.21
0.47
14 - 20
0.23
0.23
0.65
1.53
0.31
20 - 23
0.04
0.05
0.26
0.34
0.27
E is the exchangeable fraction, C the carbonate hosted, Red the reducible, O+S the organics/sulphides, Res the residual one, and N/A = Not Available.
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According to published data, in the surface sediments
of Keratsini Bay (a shallow water coastal area in the west
southwestern part of Piraeus), there is a significant Cd enrichment (190–1,763 mg kg-1) [8] resulting from the central Athens sewage outfall, as well as industrial and ship
contaminants. For many years, untreated sewage from Athens (approximately 600,000 m3/day) was discharged through
the Central Sewage Outfall into this bay. Since September
1994, the sludge from the area of Athens is transported
and biologically treated at the Psitallia plant. However, the
high pollution of Keratsini Bay has influenced significantly
the environmental conditions of Elefsis gulf. Mean total Cd
concentration in Saronikos gulf (forming part of the Aegean Sea) sediments is 0.27 mg kg-1 [9]. Table 2 shows that
Cd concentrations in the reducible fraction are, in most
cases, higher than the mean total value for the Saronikos
gulf. Reducible fraction represents mainly reducible ferromanganese oxides, some amorphous iron oxides and
other reducible materials which are excellent scavengers of
trace metals. Under anoxic conditions, the oxides are unstable and they tend to dissolve releasing the trace metals
bound to them into solution. Concentrations higher than
those of the Saronikos gulf sediments were observed occasionally for the organic/sulphides and the residual fraction. The former representing elements bound to organic
matter and those bound to sulphide minerals and the latter
containing most of the elements hosted in the lattice structure of aluminosilicates. The relative Cd enrichment in the
Elefsis gulf sediments in comparison with the mean Sa-

ronikos value is expected, as the former receives the effluents of industrial, maritime and urban activities while it
is characterized as an enclosed embayment.
Although all geochemical fractions have a considerable
contribution to the total, the more significant are the reducible one and that associated with organic matter/ sulphides,
representing 24–34% and 22–29% of the total, respectively.
Even though no clear down-core variation in any geochemical fraction was recorded, exchangeable Cd corresponds to an enrichment at sediment surface (0 – 5 cm
sediment depth) indicating an enrichment of easily hydrolyzed Cd components, most probably associated with anthropogenic origin.
b) Ni

Table 3 shows Ni contents (mg kg-1) in the five geochemical fractions, down-core each core.
Total Ni content in the sediment cores of the northeastern coasts of the Elefsis gulf is relatively lower than
that of the Saronikos gulf sediments [10].
According to Table 3, significant percentage of the
non-residual Ni (38–54% of the non-residual or 21-39% of
the total) is associated with the organic/sulphides fraction
indicating both Ni affinity for organic matter and a probable presence of sulphide minerals. The second-most important fraction of Ni is the reducible one corresponding

TABLE 3 - Ni content (mg kg-1) in geochemical fractions E, C, Red, O+S, Res, down-core the cores S1, S2, S3 and S4.
Down-core Depth (cm)

E

C

Red

O+S

Res

24.4
16.9
15.5
11.5
16.9
9.7

34.6
24.4
29.6
17.1
26.1
25.2

9.3
4.7
13.4
11.9
24.0
52.2

13.2
12.1
N/A
7.8
6.4
11.3

5.3
14.0
N/A
4.3
8.5
11.7

8.4
20.6
N/A
16.1
14.9
30.7

19.2
N/A
2.9
6.3
10.5
N/A

11.9
N/A
11.8
17.7
6.2
N/A

4.6
N/A
36.6
32.2
35.9
N/A

Core S1
0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

2.8
1.6
1.6
1.4
2.0
1.5

16.4
2.7
3.7
6.1
3.8
1.4

0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

1.2
0.6
N/A
0.9
0.9
0.8

1.8
3.4
N/A
1.1
1.7
4.6

0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

2.0
N/A
0.6
0.8
0.4
N/A

7.2
N/A
6.2
5.8
3.1
N/A

Core S2

Core S3

Core S4
0-5
1.3
4.1
7.9
19.9
20.9
5-8
N/A
N/A
N/A
N/A
N/A
8-10
1.1
8.4
4.1
7.9
22.7
10 - 14
1.7
12.5
5.7
22.8
24.9
14 - 20
0.7
6.7
4.1
20.1
21.9
20 - 23
0.3
2.1
3.0
4.0
10.1
E is the exchangeable fraction, C the carbonate hosted, Red the reducible, O+S the organics/sulphides, Res the residual one, and N/A = Not Available.
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to 11-27% of the total, or 11-33% of the non-residual. A
down-core decrease of all non-residual fractions was recorded although some peaks were detected at 10-20 cm
depth.
Comparing the four cores, higher values correspond
to S1. According to published data [11], this sampling site
corresponds to a significant Ni enrichment. However, the
total Ni content that we measured for S1 is much lower than
that published for the period 1999-2003 (315.9 mg/kg). On
the other hand, the range of total Ni content measured (2090 mg/kg) is comparable with that (40-80 mg/kg) published
by other researchers [21]. Also, the remarkable correlation factors of the pairs E-C (R = 0.89, statistically significant for P <0.05) and E-Red (R = 0.91 statistically significant for P <0.05), at W5, indicate a respective metal
pollution source.
Table 4 shows residual Ni, in other words, Ni hosted
in the lattice structure of aluminosilicates, clays and other
resistant minerals. Lower percentages were obtained in sur-

face layer indicating that, at the uppermost part of the cores,
there is a relatively rapid increase in metal release in the
secondary environment under the conditions normally encountered in nature. It could be suggested that this indicates pollution of anthropogenic origin.
c) Pb

Table 5 shows Pb contents (mg kg-1) in the five geochemical fractions, down-core each core.
Total Pb content in the sediment cores from the northeastern part of the Elefsis gulf corresponds to a high enrichment comparing with the respective values of the Saronikos bay [10].
Total Pb values at the surface sediments range from
150 to 600 mg/kg. Previous results have shown total lead
concentrations of 500-600 mg/kg in the surface sediments
of the northeast section of the gulf, near the major industrial activities [2]. More than 50% of the total Pb is hosted
in the lattice structure of aluminosilicates with an unclari-

TABLE 4 - Residual Ni percentage, down-core the cores S1, S2, S3 and S4.
Down-core Depth (cm)
0–5
5–8
8-10
10 – 14
14 – 20
20 – 23

S1
11%
9.0%
21%
25%
33%
58%

S2
28%
41%
N/A
53%
46%
52%

S3
10%
N/A
63%
51%
64%
N/A

S4
39%
N/A
51%
37%
41%
52%

TABLE 5 - Pb content (mg kg-1) in geochemical fractions E, C, Red, O+S, Res, down-core the cores S1, S2, S3 and S4.
Down-core Depth
(cm)

E

C

Red

O+S

Res

250
51.8
41.3
31.5
58.8
14.8

64.4
10.3
7.5
8.3
12.3
2.5

268
41.1
93.9
24.1
83.1
25.2

93.8
108
N/A
92.3
89.8
89.0

17.3
25.0
N/A
27.8
22.8
20.5

84.4
115
N/A
84.1
116
134

60.5
N/A
28.0
9.0
8.3
N/A

13.5
N/A
9.8
2.8
3.0
N/A

76.3
N/A
36.4
37.5
34.3
N/A

Core S1
0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

1.8
1.2
0.9
0.3
1.3
1.9

4.5
0.6
0.9
1.3
2.0
2.1

0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

1.8
1.9
N/A
1.1
1.3
1.3

1.9
3.4
N/A
1.9
1.5
2.5

0-5
5-8
8-10
10 - 14
14 - 20
20 - 23

1.6
N/A
0.3
0.1
1.4
N/A

3.1
N/A
2.3
0.1
0.3
N/A

Core S2

Core S3

Core S4
0-5
0.6
2.0
65.0
33.0
202
5-8
N/A
N/A
N/A
N/A
N/A
8-10
0.7
1.9
59.5
14.8
130
10 - 14
0.6
2.7
62.8
15.0
436
14 - 20
1.1
2.2
61.0
18.3
164
20 - 23
0.2
2.0
7.3
9.8
74.7
E is the exchangeable fraction, C the carbonate hosted, Red the reducible, O+S the organics/sulphides, Res the residual one, and N/A = Not Available.
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fied down-core variation. Considerable Pb is bound to
ferromanganese oxides (15-42% of the total) due to their
scavenging ability for trace metals with a slight down-core
decrease. The metal percentage at this geochemical fraction
is comparable with the one presented in Scoullos [2]. The
exchangeable and carbonate-hosted fractions contribute,
each of them, less than 2% to the total. A 3-4% exchangeable Pb portion was also given by previous researchers [2].
Exchangeable Pb decreases down-core up to 14 cm depth,
and then increases up to 23 cm.

Finally, the overall down-core decrease of non-residual
metals indicates that recent sediments could act as a secondary pollution source [14, 15] asking, therefore, for an
en-vironmentally sound management scheme.

Sedimentation rate, according to Scoullos [2], indicates that the 23 cm sediment core collected in 2001 has
settled during the period 1955-1973. According to
Scoullos [2] in 1986, a high enrichment in Pb of anthropogenic origin was found at the upper 5-15 cm of the sediment core. Using the same sedimentation rate, this published enrichment corresponds to sediment settled between
1955-1979. Therefore, the exchangeable Pb increase up to
23cm depth could be related to Pb input from anthropogenic activities [13].
In general, highest values of all geochemical fractions
were recorded at the top of the cores S1 and S3 indicating
a recent metal enrichment associated with the industrial
activities. On the contrary, there is a trend of down-core
increase for S2. No clear down-core fluctuation was noticed
for S4.
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MODELING NUTRIENT BALANCES IN
THE RIO MANNU BASIN AND SCENARIO
ANALYSIS OF THE IMPACT OF FERTILIZER REDUCTION
Anna Maria De Girolamo*, Antonio Lo Porto and Ons Oueslati
Water Research Institute of National Research Council, Bari, Italy

ABSTRACT
The Rio Mannu River Basin (Sardegna Island, Italy)
is experiencing an intensification of agriculture, and correspondingly, irrigation areas are increasing. Like many
Mediterranean areas, this basin is characterized by water
shortage and diffuse pollution from agricultural sources. It
is than important to design, evaluate and adopt adequate
management policies to prevent further water quality impairment. The Soil and Water Assessment Tool (SWAT), a
model for agricultural watersheds, was applied to simulate
hydrological processes and evaluate current and future nutrient loads. An alternative scenario that assumes a reduction in fertilizer was simulated. This option was assessed
by considering the effects on water balance, water quality,
crop yields and economic benefits. The model was able to
simulate the hydrologic cycle and water quality, notwithstanding an insufficient availability of measured data. This
study suggests that a better use of fertilizers could substantially reduce the amount of nutrients flowing into surface
waters, even though the effects of such a policy on crop
yield and farm income are in some cases negative.

KEYWORDS: Watershed management, future scenarios, modeling, water quality, SWAT Model.

INTRODUCTION
The Water Framework Directive [1], entered into force
in 2000, is a milestone in the new EU water policy. The
Directive establishes a structure for the protection of all
waters and is an important opportunity to pursue the concept of integrated water resources management. Above
all, it aims to achieve “good water status” for all waters
by 2015. To achieve this goal, it is necessary to define the
current status and identify a set of measures that will reduce
environmental impacts due to human activities. Mathematical models can offer valid support for studying watershed problems. Distributed models are able to assist

water resources managers to assess impacts of landuse
management on water and diffuse pollution for watersheds
with different soils, landuse and management practices [2,
3]. Several studies have investigated the role of models in
the implementation of water related policies such as the
EU Water Framework Directive [4-6]. In addition, these
models provide the ability to simulate different scenarios
and analyze related problems [7- 9].
The objective of this study is to predict the water balance and sediment and nutrient concentrations at the watershed outlet of the Rio Mannu River Basin in order to
evaluate the impact of fertilizers reduction on water resources. This scenario was assessed considering the effects of changed practices on water balance, water quality,
crop yields and economic benefits.
MATERIALS AND METHODS
Study area

The Rio Mannu River Basin is located in the southern
part of Sardegna (Fig. 1). The basin covers an area of
488 km2 and is characterized by an elevation ranging
from 70 to 960 meters above sea level. The main river
course is 35 km long. The area is one of the warmest zones
in Italy, featuring very high temperatures that often exceed
40°C during the summer period. The average annual precipitation in the basin was about 500 mm from 1996 to
2006. Most of the rainfall occurs in autumn and winter
with the maximum in January. Rainfall events tend to be
unevenly distributed, as they are rather short but intense.
These rainfall characteristics exert a great amount of influence on the flow regime, extreme flow events, erosion
as well as sediment and nutrient delivery. The stream flow
regime changes rapidly and closely follows precipitation
patterns. It has typical Mediterranean semiarid features
with seasonal patterns of drought and flash flooding. The
morphology of the watershed reflects the very complex
geology of the area, and most of the rocky formations share
remote origins. Over the years, the action of climatic agents
causing erosion have beveled the roughness of the moun-
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FIGURE 1 - Study area: Rio Mannu river basin.

tains until they reached their present, softened shapes.
Major soil types are Typic, Dystrict, Lithic Xerorthents
(clay-loam, deep), vertic Xerochrepts (sandy-loam, sandyclay-loam, deep), Lithic Xerorthents (sandy-loam, loamyclay, shallow). The main economic activity in the area is
intensive agriculture: durum wheat (37%), olive trees (8%),
alsike clover (5%) and vineyards (2.24%) are the main crops
cultivated, while minor land uses include alfa (1.5%),
cornsillage (0.5%) and orchards (1.56%). Also, natural
forest (4%) and range grasses (28%) are present. The
main problems characterizing the watershed are water
scarcity and diffuse pollution due to agricultural sources.
The sources of pollution include runoff from cropland and
urban areas and effluent from Waste Water Treatment
Plants (WWTPs).
Model description

The model used in this study to evaluate hydrological
processes and water quality is the Soil and Water Assessment Tool (SWAT) [10]. SWAT is a widely-used basin
hydrology and water quality model. It was developed to
predict the impact of land management practices on water,
sediments and agricultural chemical yields in large river
basins. The principal components of the model include
modules enabling hydrology, weather, erosion and sediment transport, soil temperature, crop growth, agrichemical transport, and agricultural management to be simulated.
SWAT is a semi-distributed model, which makes use
of a digital elevation model (DEM) to delineate a watershed into sub-basins, which are spatially defined areas.
Further subdivision of sub-basins into Hydrologic Response Units (HRUs) can be performed using specifica-

tion of unique land use and soil combinations. However,
the HRUs are spatially undefined units within the sub-basin
and watershed parameters such as land use and associated
management practices, soil type, geomorphic parameters,
and weather are considered to be homogeneous at the HRU
scale.
The hydrologic processes modelled by SWAT include
surface runoff, estimated using the SCS Curve Number
procedure or the Green Ampt infiltration method; potential
evapotranspiration, estimated by the Penman-Monteith, Hargreaves or Priestley methods; percolation, simulated by a
combination of a layered routing technique with a crack
flow model; lateral subsurface flow or interflow, simulated
by a kinematic storage model, and groundwater flow. The
model simulates plant growth based on the heat unit theory, which states that plants have heat requirements that
can be quantified and related to their degree of maturity.
Furthermore, it allows for detailed agricultural management operations (e.g., planting and harvesting dates, grazing, tillage practices, fertilizer and pesticide application).
Sediment yield is calculated with the Modified Universal Soil Loss Equation (MUSLE) developed by Williams and Berndt [11]. SWAT model simulates a complete
cycle of nitrogen and phosphorus and takes into account
changes in chemistry of these cycles (mineralization, decomposition, immobilization).The model can be applied
as well for small watersheds [12, 13] as well as for quite
huge [14]. The history of the model as well as a description of the latest releases can be found on http:// www.
brc.tamus.edu/swat/.
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Recently, SWAT model has been used to evaluate the
potential impact of various management strategies on surface water [15] and to test the effectiveness of agricultural
conservation practices [16, 17] and in many river basin
management plans [18].

data (daily precipitation and daily temperature). Observed
stream flow data are further required for the model calibration and validation. For the estimation of nutrient loads,
data concerning crop management (crop rotations, tillage
operations, irrigation, fertilizer use) are necessary.

In this work, we ran the model on a daily time-step
from January 1995 to May 2007. We divided the study area
into 29 subbasins using SWAT. The subbasins corresponded to critical source areas of 10 km2, the minimum
drainage area required to form the origin of a stream. We
chose this type of spatial subdivision process in order to
include the most complete climatic, soil and land use data
available. In order to exclude minor land uses and soil
types, we selected a threshold level for each subbasin of
7% and 10%, respectively. Given these thresholds, the
model created 185 hydrological response units (HRUs).
Taking into account the fact that wind speed and relative
humidity data were not available, we chose the Hargreaves
Method to evaluate evapotranspiration. This method requires only daily maximum and minimum temperature data
and is able to produce realistic results for semiarid areas.
We selected the SCS Curve Number Method to calculate
surface runoff since only daily rainfall values were available for the study area. The SCS Curve Number is a function of soil permeability, land use and antecedent soil water
conditions. The curve number is assigned to each HRU in
consideration of soil type, land use and slope according to
the USDA Method [19].

The soil map used in this work is a shape file, clipped
from a regional map [20]. Following the U.S. Natural Resources Conservation Service (NRCS) soil classifications,
the major soil series in the basin fall within hydrological
groups C (saturated hydraulic conductivity in the uppermost 0.5 m is between 1.1 and 11 mmh-1) and D (saturated
hydraulic conductivity in the uppermost 0.5 m is below 1.1
mmh-1). We analyzed the soil profiles (15 classes) in order
to define the physical and hydrological characteristics of
each soil layer. Since some soil physical parameters such as
hydraulic conductivity and available water capacity were
missing, we used a software tool [21] to estimate soil properties based on soil texture, organic matter and gravel
content. The land use map was clipped from a regional,
vectorial coverage whose legend is based on the CORINE
level-four legend. We reclassified the original legend, and
in some cases, aggregated its contents to conform to the
land use database present in the SWAT model, resulting in
20 land uses within the watershed. We inputted flow discharge and pollutant load data (average daily values) from
the WWTPs of towns within the watershed into SWATGIS as point sources. We included information on agricultural management practices obtained by interviewing local
farmers through Hydrocontrol - Research and Training
Centre in the environmental database regarding fertilization
(date, type and amount), tillage and cropping. We used
daily climatic data from 1995 to 2007 for three stations.
Table 1 summarizes the inputs we used in this work and
their relative sources.

Model inputs

The inputs required by the model depend on the purpose of the simulation. However, for basic watershed hydrology simulation, the minimum input required to run the
model are topography, soil data (depth, texture, bulk density, available water capacity, saturated hydraulic conductivity, soil erodibility factor), land use data, basic climate

TABLE 1 - Input data: DEM (Digital Elevation Model), WWTPs (Waste Water
Treatment Plants), Agr. Man. Pract. (Agricultural management Practices).
DATA TYPE
DEM
Soil map
Land use map
Climatic data
WWTPs
Agr. Man. Pract.

Scale
40x40m grid
1.100000
1.100000
3 stations

Source
Sardinia Reg. Aut.
Sardinia Reg. Aut.
CORINE Land Cover
SAR
Sardinia Reg. Aut.
Hydrocontrol, ERSAT

Properties
Elevation and channel slopes
Soil physical properties
Land use classifications (2000)
Daily precipitation, temperature (Min, max); solar radiation
Daily outflow, sediment, organic and mineral nutrient (2007)
Fertilizer, tillage, planting and harvesting for different crops

Model calibration

We ran the model from 1990 to 2007, a time period
over which no measured flow data were available. Monthly
flow measurements were available from 1922 to 1967 but
during this period no daily rainfall data were available,
except a unique monthly value for the whole basin without any information about the method used to calculate
this mean rainfall depth. Taking into account the fact that

SWAT requires daily rainfall data, we couldn’t simulate
hydrological processes over the period 1922-1967 to use
the results of this simulation for a first preliminary calibration of the model.
In recent decades, the rainfall regime shape (seasonal
variability) seems to be changing, as shown in Figure 2.
During this period two maximums are evident: November
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and April. On the contrary, patterns from previous decades only show one maximum in December. In addition,
changes in land use and management practices with the
introduction of irrigated cultivation occurred over time,
having obvious implications for hydrologic processes. For
all these reasons, a case-specific model calibration for flow
was not possible. Therefore, we used regionalization
schemes based on model simulations from an adjacent,
gauged river basin, Rio Mulargia [22], to estimate some
parameters. In particular, upon comparing topography,
soils, and aquifer at shallow depth between the study area
and the Rio Mulargia basin, we adjusted Curve Numbers
and groundwater parameters. We completed an estimation
of channel roughness to determine the Manning Coefficients through a direct survey of the river network.
We conducted a sediment and nutrient calibration from
2006 to 2007, matching monthly simulated and observed
concentrations on the basis of two measures. Model outputs
for a warm-up period of the first six years were discharged
to reduce errors in the initial estimates of state variables,
such as soil water content and initial concentrations of
nitrogen and phosphorus in the upper soil layers. We made
adjustments to the default following parameters: Cover factor (Universal Soil Loss Equation), Nitrogen Percolation
Coefficient (N_PERCO), Residue Decomposition Coefficient (RSDCO) and Biological Mixing Efficiency (BIOMIX). Where necessary, we made further adjustments in
SWAT parameters until the average simulated crop yields
were close to the average actual yield.

Rainfall (1922-1964)
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mm

We performed no further validation processes due to
limited availability of measured data.

Rainfall (1996-2006)

FIGURE 2 - Mean monthly rainfall measured over two different
periods: 1922-1964 and 1996-2006
Evaluation of future scenarios: reduction of fertilizer applications

In the present study, we used the calibrated model to
examine the effects of changes in watershed management
practices on surface water. In particular, the adopted scenario was aimed at investigating the impacts of reducing
fertilizer application rate on nutrient loss. In this study,
we used an innovative participatory approach to selecting
and evaluating alternative options. During several meetings, local stakeholders identified two different aspects
related to water stress as most important for the Sardinia
region: water management and sustainable agriculture.
Local public stakeholders provided information that helped

to define the case study. Finally, we completed an analysis
on farmer income through direct interviews.
Fertilizer application rates should follow the suggestion of the dealers. However, farmers often over-apply
nitrogen because optimal application requires detailed measurements and nutrient management planning, which may
cost more than that would be saved in fertilizer costs. In
practice, excessive fertilizer use tends to result in yield
losses, rather than maximum yield.
The SWAT model was run under the adopted scenario
keeping all input variables (weather, soil, land use and
management conditions) constant, except fertilizer application, which varies according to the policy scenario. In this
study, we imposed a 20% reduction in fertilizer application rate on corn, durum wheat, alfalfa, vine, olive, winter
pasture and alsike clover productions and evaluated the
impact on water quality, crop yield and profitability in Sardinia.
RESULTS AND DISCUSSION
Water balance

We compared the simulated mean monthly discharge
values with the measured ones at the outlet (Monastir
gauge). As Figure 3 shows, the simulated values (19962007) did not match the measured values (1922-1967)
exactly, but this result was expected given the relative scarcity of measured data explained above. Considering that
measured data time series are very dispersed (Fig. 3), its
standard deviation is greater than the median, and taking
into account that the simulated flows fall within the interval of the standard deviations of the mean, we considered
these results as satisfactory.
We observed slight differences between simulated
mean monthly flow and measured ones from May to August while we noticed a marked difference from September
to December, when simulated flow exceeds measured one,
and from January to March when measured flow exceeds
simulated one (Table 2). During the summer period, daily
flow did not exceed hundred liters per second and was mainly due to wastewater treatment plants that discharge into
the river.
At the basin-scale, the water balance was dominated by
evapotranspiration, which constitutes about 60% of total
annual precipitation. Mean annual values of potential evaporation, estimated with the Hargraves and Samani method,
ranged from 1120 mm to 1250 mm. Data published by
Regional Agrometeorological Service confirmed these values (www.sar.sardegna.it/). Total annual rainfall over the
11-year simulation period ranged from 267 mm (2001) to
692 mm (1996) and simulated total water yield varied from
39 mm to 168 mm. Flow in the Rio Mannu River varied
significantly, and in severe drought years was nearly zero
from June to October. Table 3 contains average monthly
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and annual values of the main water balance component:
precipitations, potential and actual evapotranspirationtotal, total water yield which is the sum of lateral flow,
surface runoff and baseflow.
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TABLE 2 - Average monthly flow at the outlet Measured (1922-1965) and simulated (1996-2006)
Flow
(m3/s)
Measured
Simulated

Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

0.63
1.88

1.33
3.84

3.74
4.82

3.40
2.15

3.36
2.67

3.25
1.40

1.51
2.06

0.83
1.04

0.43
0.38

0.17
0.15

0.15
0.48

0.34
1.45

TABLE 3 - Average simulated monthly and annual components of
the water balance: rain (Pcp), T.W.Y. (Total Water Yield), actual
evapotranspiration (ET), potential evapotranspiration (PET)
Pcp (mm)
40.76
46.32
34.75
54.89
29.61
18.48
9.83
23.99
44.80
47.12
88.61
86.28
525.44

TWY (mm)
11.57
14.30
7.81
12.36
5.94
2.09
0.83
2.64
7.97
10.24
20.96
26.14
122.85

ET (mm)
18.55
21.04
28.09
39.09
67.78
29.16
11.41
15.22
22.30
21.71
20.98
19.09
314.42

PET (mm)
33.07
43.08
72.55
97.53
144.38
177.00
191.53
168.02
112.55
76.76
41.50
29.50
1187.47

8
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FIGURE 4 - Total phosphorus concentrations at the outlet: measured (P tot obs) and simulated (P tot SIM)
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Water quality

We matched observed and simulated sediment and
nutrient concentrations at the outlet from December 2006
to May 2007. Nutrient concentrations have a great variability depending mainly on the magnitude of flow. Sediment and nutrient loads due to waste waters discharged by
Waste Water Treatment Plants are mainly high during the
summer period when rainfall is rare. The simulations and
surveys confirmed concentrations of total phosphorus close
to 0.25 mg/l, except during flood events (Fig. 4). We took
no samples during these events, but simulations indicated
that concentrations of total phosphorus remained consistently under 3.5 mg/l throughout the sampling period. Mineral phosphorus was the major component of total phosphorous concentrations, while the organic component did
not exceed 0.5 mg/l. The model was able to simulate total
phosphorus concentrations even though the predicted organic component was below the measured values and, on
the contrary, predicted mineral phosphorus concentrations
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FIGURE 3 - Average measured (q measured) and simulated (q simulated) monthly flow at the outlet (Monastir gauge). Error bars correspond to the standard deviation of data measured from 1922 to 1964.
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Annual

were slightly higher than the measured ones. During the
same period, total nitrogen concentrations simulated at the
Monastir site ranged from 2.84 to 18.72 mg/l, often exceeding 10 mg/l (Fig. 5). Nitrate-nitrogen is the main component of total nitrogen; we obtained the highest concentrations (16 mg/l) during flood events and the lowest concentration (2 mg/l) after these events (Fig. 6). These values
are not correlated with the magnitude of the peak flow but
are positively correlated with previous hydrologic conditions (soil moisture) and fertilizer applications. The ammonia concentration predictions were in the range of measured values (0.05-0.12 mg/l), with the highest concentrations (2-4 mg/l) predicted by SWAT during flood events.
Organic nitrogen concentrations predicted by the model
were in the same order of magnitude as measured ones
(0.26-1.3 mg/l).

N tot obs

FIGURE 5 - Total nitrogen concentrations at the outlet: measured
(N tot obs) and simulated (N tot sim)
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were no reductions in yield simulated for olive, alfalfa and
alsike clover (Table 6).

mg/l

18
12
6

N-NO3 sim

01/05/07

01/04/07

01/03/07

01/02/07

01/01/07

01/12/06

0

N-NO3 obs

FIGURE 6 - Nitrate-nitrogen concentrations at the outlet: measured
(N-NO3 obs) and simulated (N-NO3 sim)

Table 4 contains a summary of the nutrient and sediment loads per hectare as simulated by the model over the
period 1996-2006. We performed no further validation of
the water quality portion due to the limited amount of
available information concerning measurements.
TABLE 4 - Simulated nutrient and sediment loads per hectare

1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
mean

TWY
(mm)
167.72
145.47
59.64
67.57
97.77
38.74
120.58
189.70
232.62
138.82
118.38
125.18

Sediment
(tons/ha)
3.50
2.87
1.60
1.70
3.35
0.65
3.12
5.38
7.43
4.45
5.98
3.64

Org N
(kg/ha)
12.28
9.74
4.99
5.60
11.39
2.11
9.84
14.59
17.90
9.67
11.30
9.95

Org P
(kg/ha)
1.48
1.18
0.60
0.67
1.39
0.25
1.21
1.77
2.19
1.18
1.37
1.21

Min P
(kg/ha)
0.10
0.07
0.04
0.05
0.09
0.02
0.08
0.14
0.19
0.09
0.10
0.09

N-NO3
(kg/ha)
3.74
4.59
2.37
4.09
3.33
1.49
3.28
3.93
4.56
3.58
3.31
3.48

Scenario simulations results

We simulated the alternative scenario (20% reduction
of fertilizer application) on a daily basis for an 11-year period from 1996 to 2006. We present the results from these
long-term simulations throughout the text as a percent
change in mean yearly loadings and also in terms of reduction of yield during the simulated period compared to
baseline scenario. We used the mean values in an effort to
provide an indication of how water quality responded to
changes fertilizer ratio rather than extreme events.
Crops vary significantly in their response to fertilizer
inputs depending on crop species, soil conditions, climate
and other factors. On a yearly basis, the model estimated
remarkable differences in nutrient loading at the outlet
during the study period. The corresponding reductions in
total N, total P and nitrates, ranged from 4% to 11%, 5%
to 11% and 12% to 19%, respectively (Table 5). When we
reduced fertilizer by 20%, simulation results displayed reductions in yield for corn silage, durum wheat and winter
pasture by 6%, 7% and 8%, respectively. However, there

We developed an economic evaluation of this scenario
that considered the price of fertilizer and the profits derived from crop yields (in ton ha-1) in both the Baseline
and Scenario, as shown in Tables 6 and 7. Taking into account that no reduction of yield was simulated for alfaalfa,
alsike clover and olive trees, an increase of income is expected due to a saving in fertilizers cost. Profitability is
negatively affected in some cases; the income reduction is
particularly significant for corn-silage. Table 6 shows that
the fertilizer reduction applied on corn silage (surface area
is 207 ha) is relevant on the economic level but does not
imply a substantial reduction of nutrient at basin scale. In
fact, this crop is cultivated on an area representing only
10% of the total basin. On the contrary, the fertilizer reduction applied on durum wheat, which is the main crop
in the area (surface area is 18153 ha, corresponding to 37%
of the total area) could reduce substantially the nutrient
loads at basin scale, although with a contraction of income.
This study suggests that more judicious use of fertilizers (e.g., not over-applying them) could substantially reduce the amount of nutrients flowing down river, but the
effects of such a policy on crop yield and farm profitability
should be assessed on a case-by-case basis. It is evident
that the economic aspect is an important point to take into
consideration when assessing the impact of nitrogen control policies and the governments have to consider the possibility to introduce fiscal supports or incentives to sustain
the farmer’s income. The results of this study can constitute
a basis of discussion for decision makers providing environmental and cost-effective solutions for sustainable water
management and can be of interest to government, farmers,
fertilizer producers and environmental stakeholders.
TABLE 5 - Comparison of sediment and nutrient
loads between Baseline (Basel.) and Scenario (Scen.)

1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
mean

Basel.
N tot
(t)
782
718
366
456
678
202
639
909
1111
690
694
659

Scen.
N tot
(t)
735
668
325
421
647
193
608
857
1049
643
635
617

Basel Scen.
P tot P tot
%
(t)
(t)
6
120
104
7
96
84
11
53
43
8
64
56
5
124
103
5
28
25
5
109
94
6
174
151
6
217
180
7
118
98
8
136
114
6
113
96

%
13
13
19
12
17
13
14
13
17
17
16
15

Basel.
N-NO3
(t)
360
378
178
247
283
116
320
429
491
330
399
321

TABLE 6 - Comparison of yield per hectare between Baseline and Scenario along with differences in income (Euro/ha).
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Scen.
N-NO3
(t)
341
352
163
222
261
111
302
400
448
296
355
296

%
5
7
9
10
8
4
6
7
9
10
11
8
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Crop

Baseline
Scenario 1
Price
Area
Difference
Yield
Yield
(€/tons)
(ha)
in income (€/ha)
Corn-S.
68.0
64.0
270
204
-1001.75
Durum Wheat
2.80
2.6
200
18053
-9.55
Winter Pasture
5.0
4.6
170
1459
-48.32
Alfalfa
15.3
15.3
270
710
+55.49
Alsike clover
26.0
26.0
220
2181
+19.68
Olive trees
12.0
12.0
1280
3791
+15.72
The differences in income (Euro/ha) encompass both yield and fertilizer, total difference is expressed at basin scale.
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Total Difference
in income (€)
-204357
-172406
-70499
+39398
+42922
+59595
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TABLE 7 - Comparison of costs of fertilizer per hectare between
Baseline and Scenario (Euro/ha)
Crop
Corn-S.
Durum Wheat
Winter Pasture
Alfalfa
Alsike clover
Olive trees

Baseline
391.23
152.25
98.38
277.44
98.38
78.62

Scenario
312.98
121.80
78.70
221.95
68.8
62.90

Reduction
78.25
30.45
19.68
55.49
19.68
15.72

fertilizer reduction on selected crops such as olive trees,
alsike clover, alfalfa and durum wheat, excluding the crops
that suffer a substantial yield reduction. In addition, the
scenario could be integrated with precision farming techniques to evaluate a more effectiveness option in terms of
cost-benefit. Further studies are needed to develop this important issue.
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CONCLUSIONS
We applied the hydrological and water quality model
SWAT to a small river basin in Southern Sardegna. The
SWAT Model is a useful tool for understanding the principal processes acting in the river basin and for evaluating
the effects of different scenarios on water quality. This
model requires a large amount of input data, whose availability is often limited; this constitutes a weakness point of
the model. In this study, the restricted flow data availability has constituted a principal limit for SWAT performance. In fact detailed data are particularly important in
small Mediterranean river basin where the rainfall events
tend to be unevenly distributed in time and space and hence
the flow regime changes rapidly. Sub-daily rainfall and flow
data could therefore reduce the uncertainties of the modelling results.

The authors would like to thank ENAS (Ente acque
della Sardegna), SAR (Servizio Agrometeorologico Regionale per la Sardegna), ERSAT (Ente Regionale di Sviluppo e
Assistenza Tecnica in Agricoltura) for providing data and
also Hydrocontrol for organizing meetings with farmers and
stakeholders and collecting management information and
economic data.

The model was able to predict the concentration of nutrients in surface water. However, the lack of measured
data during the main runoff events did not allow an indepth evaluation of the model performance in predicting
nutrients loads during these events. In order to improve
the hydrological processes simulation and consequently
the prediction of nutrient loads, it is recommended for further studies to monitor water quantity/quality data regarding
surface water and groundwater. This will allow to simulate
also nitrates contamination of the shallow aquifer and to
evaluate the impact of pesticides and herbicides applications.
Decision making processes usually involve comparing alternatives, and application of models like SWAT aid
in these processes by supplying quantified results. A demonstration of the effects of different options can contribute to understanding future trends and can be a good basis
for a discussion on the impacts of alternative land use and
best management practices that decrease pollution. We
simulated and compared the baseline scenario with the possible impacts of fertilizer control policies. The results show
that a possible mandated policy to reduce nutrients from
field crop production could be positive for the environment. However, the effects on crop yield and farm income
could be negative in some cases. A policy choice to achieve
one environmental problem may result in an economic
problem. At basin scale, this study shows that the total
costs due to the reduction of fertilizers are relevant. However, this investigation suggests to test different options:
different percentage of fertilizer reduction (i.e. 10%) or
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ABSTRACT
Simple for use and cheap, transparency measurements
with the Secchi disk are probably a unique marine parameter of unchanged methodology since 1860 and still interesting, especially from its long-term prospective. In this paper,
we present long-term series of transparency for the eastern
Adriatic Sea. Three stations in its northern part, ten stations
from the middle and three stations from the South Adriatic area were investigated. Many of these stations were
sampled monthly. The stations encompass the least transparent shallow coastal bays, moderately transparent channels and the most transparent open sea areas. The oldest
records are from the Najade expedition (1911-1914). The
ANOVA tests were performed and annual trends of presented data were shown. Seasonal signals indicate mainly
late summer as the most transparent season, and mainly
winter as the least transparent period. Diverse behavior of
transparency was noticed among the areas, from no trends
to decreasing or increasing trends for different seasons or
periods. High spatial variability of transparency rises from
variable influences of natural or anthropogenic factors. The
causes of spatial differences, temporal variability and trends
were taken into consideration.

the well indented coast of the eastern Adriatic Sea, there
are numerous bays which are more or less landlocked. A
chain of islands divides the coast from the open sea forming several channels parallel to the coast with depths ranging from 30 to 80 m. These channels exchange waters with
the open sea. Such a bathymetry, geomorphology and dynamics influence the water transparency as well as other
physical, chemical and biological parameters in the water
column. Modified Levantine Intermediate Waters enriches
the Adriatic waters with some lacking nutrients, especially
in the periods of stronger intrusions of these waters through
the Otranto strait [1] which increase productivity and reduce transparency.
Although simple for use, the Secchi disc data are not
simple to interpret in strict physical terms. Owing to high
sensitivity of human eye to contrast [2], the Secchi depth
(ZSD) presents a contrast transmittance depth. In the equation Zsd = Γ (α+κ)-1 [3], the coefficients α and κ are the
beam attenuation and diffuse attenuation ones, respectively,
while Γ is an empirical constant. This relation implies connection to the content of optically active substances. In spite
of a number of factors on which the Secchi depth measurements depend, it is considered that it provides rather comparable water transparency data.
MATERIALS AND METHODS

KEYWORDS:
Secchi disc, Adriatic Sea, trends, variability

For the purpose of this study, the data from 16 stations
were used (Fig. 1). The transparency was measured with
the white Secchi disk of 0.3-m diameter, and the depth was
recorded at which the contrast between the disc and the environment disappeared.

INTRODUCTION
The Adriatic Sea is a semi-enclosed sea of the Mediterranean, exchanging waters through the Otranto strait with
the latter. Bathymetry in the Adriatic Sea ranges from
1200 m in the deep southern Adriatic Pit, over 180 m at the
Palagruža Sill which divides the Middle from the Southern Adriatic. The Zadar - Ancona line is a border between
North and Middle Adriatic where the 265 m deep Jabuka
Pit is situated from which the depths slowly decrease towards the North Adriatic to the average of 40 m. All along

The first records of transparency in the east Adriatic
Sea date in the beginning of 20th century, during the
Najade-Ciclope expedition (1911-1914). Some of these
data were also considered for comparison (station SO1)
with recent data.
The data from the Middle Adriatic are from the Institute of Oceanography and Fisheries in Split (IOF-Split),
where the first systematic oceanographic measurements
started in 1952 through continuous monitoring projects,
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In the East Adriatic coastal area, including the channel
zone, transparency ranges between 1 and 28 m. Low values
are measured in the North Adriatic and in shallow bays of
the Middle Adriatic. Higher transparency may occur because of more intense exchange of waters with the open
sea as well as a consequence of summer stratified conditions. Very high transparency appeared, for example, in
warm and dry summers like in the year 2003.
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FIGURE 1 - The investigated stations in the Adriatic Sea.

which supported scientific activities. Additional stations
were included through long-term coastal monitoring (Project Vir-Konavle) since 1976. The data from the North Adriatic are from the Marine Research Institute Ruđer Bošković,
Rovinj (MRI-IRB-Rovinj), where systematic monitoring
started in 1968. Till the year 1997, the monitoring comprised a number of coastal and open sea stations, some of
which were sampled monthly, or at least seasonally. In
1998, through the National monitoring project Jadran (http:
//jadran.izor.hr/jadran/index.htm), monitoring was unified
for the east Adriatic Sea, including more stations and planning eight cruises per year, while monthly sampling continued at some stations. The cruises were performed on
usual routes, and measurements were obtained at particular
stations and similar times during the day, and from the
same research vessels (R.V. Bios 1952-2009 for IOF-Split
and R.V. Vila Velebita 1967-2009 for IRB-Rovinj). The
data included in analyses were grouped in warm (MayOctober) and cold season (November-April). Variability of
transparency by months and years are presented through
Box-Whiskers plots by months and years. The trend analysis of time series and ANOVA tests were also performed.
RESULTS AND DISCUSSION
Open waters of the East Adriatic are considered to be
oligotrophic [4, 5], implying their high transparency. In
May 1912, extreme transparency depth of 56 m was measured in the South Adriatic Pit [6]. In this area, in the seventies, the highest summer values reached 40 m while last
ten years transparency did not exceed 34 m (see Fig. 3,
station SO1). An earlier comparison between summer transparency and euphotic zone depth values for the periods
1963-1969 with 1984-1990 indicated a considerable decrease with time [7]. Transparency decreased both at the
open and in the coastal East Adriatic Sea.

In order to illustrate conditions at the open sea site “undisturbed” with coastal influences, the station MO3 located nearby Sušac Island has been selected. The transparency data prior to 1990, compared to those afterwards (Fig.
2), show a change in the mean value and in the data range.
The structure of data histograms is similar and close to the
normal distribution, but is shifted towards lower values
in the latter period. Since coastal influences are not expected at this station, a decrease could have been a consequence of fluctuating Mediterranean intrusions, or changed
circulation pattern. Similar transparency decrease has occurred at the stations MO1 and MO2.

FIGURE 2 - Histograms of transparency
at the station MO3 with normal distribution fit.

Analyzed trends of transparency for 16 investigated
stations are shown in Table 1, for the data series since the
beginning of measurements (as presented in Figs. 3 and 4).
The trends are not found for the whole data series at
the North Adriatic stations. Situation changed when seasons of measurements are considered separately. Increasing trend is obtained for warm period at the station NA1,
while station NA2 shows no trends. Decreasing trend for
the station NA3 is found for cold season only.
In the open sea of the Middle and South Adriatic (stations MO1, MO2, MO3, MO4, MO5, MO6 and SO1),
decreasing trends are observed for all stations. For the
Middle Adriatic coastal stations MC1, MC2 and SC1, the
trends were not observed, while at the coastal station MC3
a decreasing trend was found. The analysis of transparency
for the middle and south Adriatic coastal stations [8] has
also shown decreasing trends in a shorter time period
(1976-2000).
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The highest decreasing trends are observed at the open
sea stations, but such a change of transparency does not
imply the same change in loads of optically active substances. Seen in the light of the equation Zsd = Γ (α+κ)-1
[3], where the coefficients α and κ are the beam attenuation coefficient and the diffuse attenuation coefficient, respectively, and taking Γ = 8 [3], a decrease of transparency from 50 to 40 m, for example, would be produced by
an increase of Δ(α+κ) = 0.04 of an order of magnitude
smaller than the decrease in transparency from 20 to 10 m
(Δ(α+κ) = 0.4). Because of the lower threshold and due to inverse connection between the ZSD and α+κ, the same
change in Secchi depth is a consequence of higher increase
of coefficients in the coastal area than at the open sea.
Testing variance against the mean values for years and
months (ANOVA test, Table 1) showed positive correlation
coefficients for all North Adriatic stations. Such high correlation indicates normal variability of transparency both in
seasons and in years. For the Middle Adriatic coastal stations MC1, MC2 and MC3, variability is also normal and
related to a stable seasonal variability. However, different
seasonal variability is a result of different local influences at
certain stations. Although variability is high in the coastal
area, it seems normal both for seasons and years. Contrary
to coastal area, the correspondence between means and
variance is lacking at the stations MO2, MO3, and MO4
of the Middle Adriatic open sea, and at the south Adriatic
station SO1. These stations are under variable influences
of the Mediterranean inflows, and increased inflows cause
higher productivity [1] on a time-scale of several years and,
consequently, influence transparency. Sometimes during
the stratified seasons, the Middle Adriatic open sea stations
MO2-MO6 could be influenced even by the Po River waters, which bring dissolved humic substances, in addition
to the less haline waters [9, 10]. Such freshwater inflow
across the Adriatic has been observed in many occasions,

and lately during summer 2006, as reported by Vilibić et
al. [11].
The Box-Whiskers plots show inter-annual transparency and seasonal changes (Figs. 3 and 4). High variability is observed in seasons and years, although changes are
often similar at different stations. Although most of the
stations show decreasing trends in time, it varies from region to region depending on particular influences. In some
coastal areas like at station MC4 located in shallow eastern part of the Kaštela Bay and station near Šibenik, MC1
transparency has increased lately. Therefore, each region
and period needs to be analyzed separately.
The North Adriatic River Po and other East Adriatic rivers have generally similar seasonal course, with the maximum inflow in May. However, due to prevailing karstic geomorphology [12], the East Adriatic rivers bring less humic
substances than the Po River. The North Adriatic stations
are influenced by the Po River in their seasonal dynamics
and, therefore, although NA2 and NA3 are not near the
coast, minimum transparency values are rather low at
these stations.
The effect of weather conditions to transparency was
noticed in the shallow North Adriatic, especially in winter,
when the winds could cause resuspension of sediments and
reduce transparency [13]. Contrary to the river Po, the influence of other East Adriatic rivers, with smaller inflows
are more confined to the nearby stations, with the exception of Neretva River whose influence in stratified period
may reach open sea stations MO1 and MO2 [9, 14].
The differences among the stations reflect local conditions like the station depth and proximity of the East
coast. The MC1 is in the channel zone but is not influenced by the fresh water. The stations MC2, MC3, MC4
and SC1 are in landlocked positions. Some of them like
MC2, MC4 and SC1 are particularly exposed to the rivers

TABLE 1 - Station name, data number, minimum and maximum transparency values (m), slope (m/month) and correlation coefficients between
transparency and month order (month) (only significant correlation coefficients are reported). If correlation coefficient is significant for complete
data series, the slope is given; if significant correlation coefficient exists only for a particular season, than slope for that season is given.
Station

Data
number

Min

Max

Slope

NA1
NA2
NA3
MC1
MC2
MC3
MC4
SC1
SC2
MO1
MO2
MO3
MO4
MO5
MO6
SO1

N=260
N=370
N=507
N=93
N=142
N=515
N=93
N=128
N=67
N=457
N=467
N=169
N=150
N=133
N=119
N=67

5
4
2
6
1
3
1
3
8
9
9
12
13
9
14
12

27
31
30
22
24
25
9
21
26
42
42
40
40
34
39
40

+0.0073

Correlation coefficients
All data
Period of year
cold
warm
0.21

- 0.0049

-0.19

- 0.0045
+ 0.0253
+ 0.0210
- 0.0100
- 0.0119
- 0.0121
- 0.0113
- 0.0077
- 0.0096
- 0.0124
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-0.24
0.50

-0.37
-0.42
-0.51
-0.46
-0.28
-0.44
-0.38

-0.32

-0.25

-0.4
-0.5
-0.54
-0.36
-0.53
-0.6

0.40
-0.41
-0.45
-0.59
-0.64
-0.28
-0.45
-0.53

One-way ANOVA test by
years
0.55
0.50
0.50
0.35
0.59
0.32

months
0.77
0.83
0.89
0.39
0.51
0.67

0.38

0.93

0.49
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FIGURE 3 - Box-Whiskers plots of transparency for stations in the North Adriatic since 1966, Middle Adriatic (since 1952) and South Adriatic (since 1957), vs. years and months.
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FIGURE 4 - Box-Whiskers plots of transparency for coastal stations in the Middle Adriatic (since 1976, 1977 and 1952) and for the South
Adriatic (since 1976 and 1980) vs. years and months.
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CONCLUSIONS

Krka, Jadro and Neretva, respectively. The SC2 is a coastal
station, but may be influenced by the open sea also.
Generally, seasonal transparency changes (bottom Figs.
3 and 4) indicate winter as the least transparent season at
the majority of stations, although high variability is also
observed among winter months. Exceptions to the winter
minimum transparency are the least transparent stations
MC2 and MC4 with low transparency during summer
months. This is a consequence of their isolated landlocked
position combined with exposure to the nearby rivers (Krka
and Jadro) causing the presence of rather turbid optical
types in these areas (15). In these locations, summer
transparency values were sometimes very low, as a consequence of exceptional phytoplankton blooms [16].
The phytoplankton population number and its biomass
have shown decreasing trends at the station MC3 [17, 18]
in the period 1995-2004, and transparency decrease in this
period is probably related to other components, such as
population trend or influence of climate factors [19].
In the South Adriatic Pit (SO1), low transparency occurred in April, which is associated to the deep convection
phenomenon in the South Adriatic gyre [19]. Uplifting of
the deeper nutrient richer waters caused higher production
and decreased transparency. This occurred in some years
from February to April, and has been observed lately in
satellite images of pigments [20, 21]. Generally, the highest transparencies in the South Adriatic are measured in
summer months.
In the coastal areas, transparency shows fluctuations
from year to year, which, to some extent, corresponds to
those at the open sea, reflecting influences of natural factors. Long-term decreasing transparency trend in the coastal
area can be also related to the increase of anthropogenic
pressures, for which the population fluctuation is a good
indicator. The population of Croatia has had an increasing
trend until the 80s (see http://www.hcjz.hr/pr.php?id=12396
&rnd). A sudden drop occurred in the beginning of war
(1991), followed by population increase since mid-nineties.
In the last decade, the environmental measures improved conditions in the Croatian coastal area. Although the
sewage waters are not biologically nor chemically treated
yet, the fact that the sewage outlets were prolonged to
several 100 m out from the coastal cities has enhanced the
situation. At some stations, this resulted with transparency
increase. During the last 5 years, the coastal stations located near cities Zadar (MC1), Split (MC4, MC3) and
Šibenik (MC2) show increase of transparency, as a consequence of proper sewage disposals through long submarine wastewater systems. For example, until the year 2000,
the sewage in the eastern part of the Kaštela Bay was disposed close to the station MC4, while now the outlet was
moved to the Brač Channel about one kilometer from the
coast, and, recently, transparency increase is evident. Similar situations occurred in Šibenik and Zadar coastal areas,
where environmental conditions have obviously improved.

All analyzed stations in the East Adriatic Sea show
high seasonal and inter-annual variability of transparency.
In the coastal area, the Secchi disk depth reached recently
27 m, and at the open sea, 42 m, which is considerably
lower than 56 m measured in the year 1912.
Transparency variability in the coastal areas is exposed
to the influences from weather, river inflow, resuspension
and anthropogenic factors. During winter, variable wind
intensity influences transparency in the shallow coastal
areas. Under stratified conditions, river waters may reduce
transparency, and combined with the wind, wider zones
may be influenced.
Transparency at the open sea is influenced by fluctuations of natural factors, primarily by periodically stronger
intrusions of the Mediterranean waters. These influences
are observed especially at the open sea but also in the
coastal areas.
High correlation between means and variances in the
North Adriatic and coastal East Adriatic indicate normal
variability of transparency both in seasons and in years.
This correspondence between means and variances is
broken at the open sea, probably due to inter-annual fluctuations of Mediterranean water intrusions.
Decreasing transparency in the coastal areas through
several past decades was influenced by coastal pollution,
caused mainly by the population increasing trends. The
situation changed in the last decade, when the sewage outlets were displaced further from the coast. As a result, increasing transparency trends appeared lately at the stations near coastal cities Zadar, Šibenik and Split.
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PHYSICAL, CHEMICAL AND BIOLOGICAL PROPERTIES OF
WATER COLUMN AND SEDIMENT AT THE FISH FARMS
IN THE MIDDLE ADRIATIC, ZADAR COUNTY
Jadranka Šangulin*, Andreja Babin and Zoran Škrgatić
Institute of Public Health, 23000 Zadar, Croatia

ABSTRACT

INTRODUCTION

We present results of impacts from fish farms on physical, chemical and biological properties of the water column
and sediment. The farms are located in the coastal area of
Zadar County in the middle of the Adriatic Sea. Measurements and samplings were performed twice a year from
2007 to 2009, at twelve stations, fifteen meters away from
the breeding area. Reference stations were located approximately 500 meters away from the cages.
Parameters investigated in the water column were:
temperature, salinity, density of the seawater, transparency,
suspended matter concentration, pH, oxygen saturation,
dissolved silicate concentration, inorganic and organic
nitrogen, phosphorus concentrations, and chlorophyll-a.
Parameters measured in the sediment were: organic carbon, total nitrogen content, and total phosphorus.
There were no significant fluctuation at the measurement stations in nutrient concentrations and chlorophyll-a
in the water column during investigated periods. The percent of oxygen saturation was slightly decreased at a few
locations (82.5-88.1%) in relation to reference stations.
Enhancement was determined for sediment total organic carbon (farms: 0.532-2.58%; reference sites: 0.4771.92%), nitrogen concentrations (farms: 0.032-0.219%;
reference sites: 0.049- 0.133%) and total phosphorus concentrations (farms: 5.82-25.2 µmol g-1d.w.; reference sites:
8.66-11.9 µmol g-1d.w.). Changes were significantly lower
than other reports for tuna farms in this area. These results
suggest that fish farming in the Zadar County area is sustainable, altering slightly the chemical properties of sediment.

Fish farming is a growing industry in Croatia. In Zadar
County fish farming (bluefin tuna, sea bass and sea bream)
have increased in the last two decades. Growth of the industry has been accompanied by mounting concern about
its environmental impact on coastal ecosystems.
The impact of aquaculture on the water column is
mainly due to inorganic and organic nutrient enrichment
from farm effluents, and their effects on eutrophication.
Potential consequences of enrichment include algae bloom
and hypoxia [1, 2]. Degradation of seabed beneath and adjacent to fish farms is well documented [2-4], but the effect
on the water column is more difficult to estimate.
Assessment of the potential impacts is more complicated when there are a number of potential sources of eutrophication. Conflicting interests of various resource users
(aquaculture and tourism) restricts the development of aquaculture. As industry had developed and expanded in geographic extent to areas where tourism was assumed to have
a primary role, environmental issues related to microbial,
chemical pollution and eutrophication have been raised.
As a result, Zadar County has developed an Integral
Management and Sustainable Development Program to
monitor the state of the environment and pollution of the
coastal region [5].
This paper is a report on results of the research carried out during the monitoring program to evaluate effects
of aquaculture activity on the coastal ecosystem. Properties of nutrient concentration, dissolved oxygen, chlorophyll-a, and suspended matter in the water column were
examined. Total phosphorus, total nitrogen and total organic
carbon were used as indicators of the impact to the sediment.

KEYWORDS: Aquaculture, Adriatic Sea, Oxygen demand, Nutrient concentration, Sediment, Water quality

MATERIALS AND METHODS
Zadar County is situated in the middle of the Adriatic
Sea coastal area. The monitoring area includes 56 stations
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(fish farms, wastewater outlets, harbors and sailing ports)
and 15 control sites (where no influence was detected).
Observations were conducted from 2006 till 2009
at 12 fish farms (Fig. 1) in close proximity to fish farms
(15 meters from the edge of the cage downstream in the
current direction) and seven control sites (about 500m
away from the farm).
Reference stations to T1 and T2 are P1, P2, P11, P12
and P14.
Station T3, T4, T5, T6, T7, T8, T9 and T10 are located in Middle Channel and have as reference stations P8
and P9. Station T11 and T12 have P7 as reference station.
In total an area of 85,000 m2 is used for tuna farming
and around 131,000 m2 is used for sea bass sea bream
farms in this jurisdiction. Production is limited to less
than 50 tons per year (seven farms) while the rest have a
production limit between 100-500 tons/y (four of them are
tuna farms, station T5, T6, T10 and T12).
Water samples were taken twice a year: between 1530th in September and 15-30th in November. Sediment was
sampled once a year, between September and October.
Water samples for nutrients and chlorophyll-α were
collected in polyethylene bottles at 0,5m depth and analysed less than six hours following the sampling. Nitrite,
nitrate, ammonium, phosphate and silicate were measured
spectrophotometrically according to Grasshoff et al. [6].
The determination of ammonium was based on the method
of Solorzano [7] modified by Invancic and DeGobbis [8],
and originally developed to detect very small amounts of
ammonium.

Total Organic Carbon (TOC) was measured using Shimadzu TOCV-CPH (Shimandzu Europa GmbH, Duisburg,
Germany) after oxidation of organic carbon to carbon dioxide by high temperature combustion. The method is based
on thermal oxidation of the organic carbon with Pt catalyst. As a part of automated analysis, the acidified samples were sparged with oxygen 15 minutes prior to injection to remove inorganic carbon present. The carbon dioxide thus produced was detected with non-dispersive infrared spectrometry (NDIR) detector. The system was modified for seawater and sediment analysis.
Total nitrogen (TN) was determined after oxidation
of organic and inorganic nitrogen compounds by combustion to nitric oxide, and then by oxidation (by conversion
with ozone) to electronically excited nitrogen dioxide.
Quantification was carried out by chemiluminescence detection. Chlorophyll-α was measured by fluorometry (EPA
Method 445.0). Water column oxygen saturation was determined according to [6]. The Seabird CTD 25 (Sea-Bird
Electronics, Bellevue, Washington, USA), was used for
salinity and temperature water column profile.
Surface sediment samples were collected by SCUBA
divers manually with plastic core samplers in triplicate,
frozen and freeze dried. Sieved fractions of <63µm particle size were used for analysis. TOC was determined after
acid digestion and high temperature combustion. As an
alternative, for determination of solid suspension, a method
developed in cooperation with ALBO-tec GMBH (Bochum,
Germany) and the Federal Agency for Environment (Germany) was used. The acidified (0.22M HCl) sediment samples were ultrasonicated for 2 hours, and further analysis
was carried out in the same manner as for the seawater

FIGURE 1 - Location of aquaculture stations (T) and reference stations (P)
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samples. Setoc 760 (WEPAL, Wageningen, NL) certified
reference material was used for quality control (QC).
Total phosphorous (TP) was determined using method
described by Aspila [9]. Certified reference material PACS2 (Canadian Institute for National Measurement Standards
NRC-CNRC) and BCR-684 (European Commission Community Bureau of Reference) were applied for QC.
Total nitrogen (TN) was determined by the identical
method as used for analysis of water column. Quantification was carried out by chemiluminescence detection.
RESULTS AND DISCUSSION
The ambient concentration of dissolved oxygen (DO)
in coastal waters undergoes spatial and temporal variation
that is independent of the presence of aquaculture. It varies on several time and spatial scales for natural reasons.
The variability is caused by natural factors, including
changes in temperature, exchange of the oxygen with
the atmosphere, production of oxygen by phytoplankton,
utilization of oxygen by organism respiration processes,
as well as chemical degradation processes [10].
The dominant factor is temperature since it controls the
solubility of oxygen in the water and therefore the saturation concentration for oxygen. Saturated warm waters contain less oxygen than cool water and hence the annual
cycle in the concentration of DO is out of phase with the
annual cycle in water temperature. In the middle Adriatic,
in the surface (1 m) layer the concentration of DO is typically highest during the late winter and beginning of spring
and lowest during late summer and fall. Water temperature is typically at the minimum during winter and maximum during the late summer [11].

In the area that has been monitored the DO concentration typically ranged from 7.03 to 7.62 mgL-1 (a saturation range of about 82 and 97 %, Fig. 2). The measurement was similar to a range found at control sites where the
DO concentration ranged from 7.5 to 7.7 mgL-1 (a saturation range of 97.4 and 90.5 % respectively). The lowest
observed measurement was 6.51 mgL-1 at the station T16.
However, in the coastal zone with fresh water influence (submarine fresh water springs), in 2007 the DO concentration for Station T1 and T2 were 9.56 and 8.63 mgL-1
(a saturation range of 103 and 92.29 % respectively). The
data for DO concentration reported for the control station
(P1, P2, P11, P12) in the same area ranged from 8.05 to
8.98 mgL-1 (a saturation range of 93.7 -97.3%).
Data from series measured in 2008 indicate that concentration of DO is similar to that in 2007 series. For
example DO concentration typically ranges from 7.1 to
8.0 mgL-1 (a saturation range of about 88 to 96 %; Fig. 3).
Measurements were similar to a range found at the reference station P1 where the DO concentration ranged from
7.05 to 8.4 mgL-1 (a saturation range of 88.7 to 90.5 %).
Somewhat lower measurement were observed in the late
fall when the concentration of DO was from 6.74 to 6.93
at the farms in the Middle Channel (T6, T7, T8, T9, T10,
T11 and T12). The DO saturation for the time period was
from 85.1 to 86.3. At all reference stations in the area DO
concentration ranged between 7.1 and 7.4 mgL-1 (a saturation of about 88.1 to 92.5%).
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T - fish farms

mg O2/L

Fish farms typically create a demand for DO that is
associated [12] with the respiration needs of the fish and
the associated organic wastes such as faeces and excess
feed. Maintenance of adequate oxygen concentration within
the water column is essential and has become a standard
regulatory requirement. Oxygen depletion may become a
problem [13] only in the immediate vicinity of the pens.
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FIGURE 2 – Results of Oxygen demand measurements in water column at sampling sites (T- fish farms; P-reference stations) in 2007.
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FIGURE 3 - Results of oxygen demand measurements in water column at sampling sites (T- fish farms; P-reference stations) in 2008.
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FIGURE 4 - Results of Oxygen demand measurements in water column at sampling sites (T- fish farms; P-reference stations) in 2009.

Although the greatest percent saturation occurred in
the early fall of 2009 (Fig. 4) on the farm stations T1 and
T2 (from 101.2 to 109.2%) it was smaller then measured
at the reference stations P1, P2, P11, P12 and P14 (a saturation ranged from 105.4 to 112%).
In conclusion, data series from 2007 to 2009 shows
that fish farms did not have a strong influence on the
oxygen content in the adjacent waters.
Surface nutrient concentration from series of measurements (2007 to 2009) at the fish farm sites T and reference sites P (Fig. 5 to 7) were similar. Nitrite concentrations were very low in the late summer (from 0.0002 to
0.0024 mg/L) and increased to a maximum value in late

fall (0.0068 mg/L). The nitrate concentration ranged from
0.001-0.022 mg/L with exception of the station (T1) with
fresh water effluent (salinity from 25-35 PSU), where the
concentration reached its highest values (0.060-0.105 mg/L).
Surface ammonium concentration was very low and did
not considerably differ from that observed at the reference
stations. Total nitrogen ranged from 0.06-0.3 mg/L with
the highest value observed at the reference station P11.
The phytoplankton biomass (chlorophyll-a) close to fish
farms and control station, observed from series of measurements (2007-2009) were similar. Surface chlorophyll-a concentration varied from a low value of <0.05µg/L in November 2007 to a high value of 0.90 µg/L in September
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2008

T - fish farms

P - control sites

0,035

1,4
0,039

0,061

1,2

0,03

0,8
0,6

0,02

0,4
0,015

0,2

mg/L (TN, TOC)

mg N/L (NH4, NO2, NO3)

1
0,025

0

0,01

-0,2
0,005
-0,4
0

-0,6
T1

T2

P1

P2

P11

Ammonium - 9 mj

P12

P14

T3

T4

Ammonium -11 mj

Nitrate - 11 mj

T5

T6

T7

T8

Nitrite - 9 mj

TOC - 9 mj

TOC - 11 mj

T9

T10

P8

P9

T11

T12

Nitrite- 11 mj

Nitrate - 9 mj

TN - 9 mj

TN - 11 mj

P7

FIGURE 6 - Water quality at the aquaculture sites compared to nearby reference stations for the 2008.

2009

T - fish farms

P - control sites

0,035

2,6
2,4

0,105

2,2

0,03

1,8
1,6
1,4

0,02

1,2
1
0,8

0,015

0,6
0,4

0,01

0,2
0

0,005

-0,2
-0,4

0

-0,6
T1

T2

P1

P2

Ammonium - 9 mj
Nitrate - 11 mj

P11

P12

P14

T3

Ammonium -11 mj
TOC - 9 mj

T4

T5

T6

Nitrite - 9 mj
TOC - 11 mj

T7

T8

T9

T10

P8

P9

T11

T12

Nitrite- 11 mj

Nitrate - 9 mj

TN - 9 mj

TN - 11 mj

FIGURE 7 - Water quality at the aquaculture sites compared to nearby reference stations for the 2009.

1881

P7

mg/L (TN, TOC)

mg N/L (NH4, NO2, NO3)

2
0,025

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

TABLE 1 - Variability in surface chlorophyll a concentration
Chlorophyll a

T1

T2

P1

P2

P11

P12

P14

T3

T4

T5

T6

T7

T8

T9

T10

P8

P9

T11

- 2007

nd*

nd

- 2008

0.90 0.28 0.34 0.34 0.35 0.69 0.43 0.39 0.24 0.32 0.35

- 2008

0.68 0.40 0.48 0.44 0.33 0.40 0.43 0.21 0.42 0.41 0.45 0.46 0.65 0.56 0.53 0.41 0.29 0.37 0.56 0.57

2009

0.32 0.15 0.20 0.16 0.18 0.15 0.16 0.14 0.13 0.14 0.13 0.15 0.28 0.13 0.24 0.10 0.18 0.18 0.18 0.14

2009

0.68 0.39 0.34 0.52 0.48 0.27 0.47 0.35 0.34 0.25 0.29 0.31 0.44 0.32 0.40 0.22 0.33 0.28 0.34 0.46

0.29 0.22 0.76 0.25 0.19 0.21 0.24 0.29 0.17 0.22 0.36 0.29 0.09 0.23 0.43
0.7

nd

T12

P7

0.08 0.16

0.61 0.21 0.58 0.19 0.46 0.37 0.56 0.55

*LOD for chlorophyll -a is 0.05µg/L

2008 (Fig. 8; Table 1). For years 2008 and 2009 the chlorophyll-a concentration was increased in November in
comparison with the measurements at the same stations
conducted in September.

fish farms sites was not statistically different (p=0.81) from
concentrations found on nearby reference sites. Highest
amounts were observed in summer (0.90 µg/ L).
Other oceanographic properties like surface salinity,
temperature (Tables 2 and 3) and transparency were similar between control sites and fish farms sites.

Chlorophyll-α was slightly increased in comparison
with reference sites only on fish farms with fresh water
influence. Overall, surface chlorophyll concentration at the

Chlorophyll a (ug/L)
0,95

T- fish farms

P- reference sites

0,95
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2009 - 09

2009 - 11

FIGURE 8 - Variability in surface chlorophyll-α concentration

TABLE 2 - Temperature, salinity and density at the depth 1,0 m at sampling sites (T -fish farms;P-reference stations) in 2008.
2008 - 09
Temperature
(0C)

T1
15.13

T2

P1

P2

P11

P12

P14

T3

T4

T5

T6

T7

T8

T9

T10

P8

P9

T11

T12

P7

15.69 16.55 17.59 17.52 16.02 16.24 17.95 17.94 17.87 18.00 17.74 17.70 17.77 17.63 16.00 17.46 17.67 17.63 13.00

Salinity (PSU) 34.32 37.49 36.77 38.40 38.36 37.58 35.71 38.15 38.24 38.31 38.18 38.30 36.58 36.95 38.35 36.97 38.34 38.107 38.013 37.79
Density
(sigma-t)
25.42 27.58 26.80 27.98 27.97 27.73 26.24 27.70 27.77 27.84 27.71 27.87 26.56 26.82 27.93 26.84 27.97 27.737 27.674 27.497
2008 - 11
Temperature
(0C)

T1
6.61

T2

P1

P2

P11

P12

12.09 11.74 15.07 14.37 10.92

P14
12,.3

T3

T4

T5

T6

T7

T8

T9

T10

P8

P9

T11

T12

P7

15.53 15.56 15.69 15.99 15.98 15.45 15.92 15.95 15.75 15.52 16.57 16.54 16.066

Salinity (PSU) 25.79 36.32 36.31 36.49 37.57 33.65 36.21 36.61 38.04 37.95 37.96 38.10 37.78 38.03 38.17 37.39 36.23 37.943 37.973 37.378
Density
(sigma-t)
19.74 27.59 27.65 27.11 28.09 25.74 27.47 27.10 28.19 28.09 28.03 28.14 28.01 28.10 28.20 27.64 26.81 27.878 27.908 27.563

1882

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

TABLE 3 - Temperature, salinity and density at the depth 1,0 m at sampling sites (T -fish farms;P-reference stations) in 2009.
2009 - 09
T1
T2
P1
P2
P11
P12
P14
T3
T4
T5
T6
T7
T8
T9
T10 P8
P9
T11 T12
P7
Temperature
0
( C)
19.873 20.496 21.501 21.133 20.795 19.851 20.483 22.100 22.510 22.102 22.051 21.635 21.896 21.826 21.252 21.359 21.167 21.563 22.406 21.363
Salinity (PSU) 23.687 36.459 31.250 28.529 26.547 34.983 31.395 34.496 36.788 36.782 31.115 28.011 34.915 31.021 29.705 28.903 30.480 36.351 28.929 34.224
Density
(sigma-t)
15.211 25.742 21.508 19.557 18.137 24.789 21.890 23.807 25.432 25.543 21.257 26.612 24.182 21.246 20.404 19.769 21.017 25.367 19.504 23.804
2009 - 11
T1
T2
P1
P2
P11
P12
P14
T3
T4
T5
T6
T7
T8
T9
T10 P8
P9
T11 T12
P7
Temperature
(0C)
13.869 14.020 13.940 16.326 15.874 14.136 13.809 17.062 17.049 17.206 17.115 17.115 17.001 17.009 16.367 17.217 17.121 16.532 17.192 16.609
Salinity (PSU) 14.467 37.166 21.160 26.129 29.267 29.200 28.934 38.048 26.638 37.508 37.299 37.705 32.960 37.837 31.827 34.402 37.702 34.487 28.541 29.351
Density
(sigma-t)
10.407 27.858 15.536 18.869 21.376 21.683 21.543 27.841 19.102 27.390 27.252 27.564 23.951 27.691 23.226 25.004 27.561 25.232 20.504 21.275

The low concentrations of many seawater species and
the presence of the salt matrix create particular difficulties
for seawater analyses. Measurements of phosphorus concentration due to very low abundance were inconsistent
and hence are not presented here. Corrections were not
applied to the raw data to improve the consistency of the
overall data sets for phosphorus concentration because it
has been pointed out [14, 15] that such offset corrections
are themselves problematic.

The sedimentation rates (total C, N and P) are related
to corresponding variables expressing concentrations in the
farm sediment (TOC, TON, total P). They are directly
related to the intensity of fish farming [18].
The change in concentration of TOC and TON with
increasing distance from fish farms has been documented
[19, 20].
Our results showed that there is enhancement for total
organic carbon (Fig 9; Fig 10) and total nitrogen (Fig.10)
at the fish farms with the respect to reference stations.
The lowest average values for the TOC ware obtained in
the sediment on the farm T6 (0.532%) while the highest
values were measured at the farm T12 (2.58%). At the
reference sites measurements for TOC ranged between
0.477% (P 9) to 1.92% (P2).

Sediment measurement

The sedimentation of organic matter (OM), total phosphorus and organic nitrogen is significantly increased in
the vicinity of fish farms. The increase in sedimentation is
often a localized phenomena and significant increase from
background levels are generally detectable 30- 100 meters
away from farms [16]. Depending upon local water currents smaller particles (fecal pellets) may be distributed
over a wider area, while large waste particles (excess feed)
may occur directly beneath fish cages [17].

The lowest average values for the TN ware obtained
in the sediment on the farm T6 (0.032%) while the highest values were measured at the farm T9 (0.219%). At the
reference sites measurements for TN ranged between
0.049% (P 9) to 0.133% (P2).

T - fish farms

P - reference sites
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FIGURE 9 - Sediment Total organic carbon at fish farms compared to nearby reference sites.
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FIGURE 10 - Sediment total organic carbon, total phosphorus and total nitrogen at fish farms compared to nearby reference sites.

Total Phosphorus concentration observed at the fish
farms ranged between 5.82 (T6) and 25.2 µmol g-1d.w.
(T14). The enhancement was around twofold higher in sediment sampled fifteen meters from the fish cage station in
relation to reference stations. Total phosphorus concentration measured at reference stations was between 8.11 to
11.9 µmol g-1d.w. (P9). These values are slightly above the
range of reported values [21] for reference stations of the
middle Adriatic (0.28-1.20 % for TOC, and 0.02-0.15 %
for TN), but within the range reported [22] for the tuna
farms in the middle Adriatic area.

does not alter nearby physical and chemical properties of
the water column and sediment.

In the study area of Zadar County as in the most
Mediterranean [23] fish farms are located in deeper water
and at locations with rapid water exchange. This leads to
larger dispersion of waste products and the local environmental impacts are less severe.
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ABSTRACT
H2O2/UV-C and photo-Fenton oxidation processes
were applied to treat a toxic cationic textile surfactant (a
quaternary ammonium ethoxylate) frequently used in the
textile preparation stage. The effect of pH, effluent COD,
H2O2 concentration and photochemical treatment time
were investigated. Experimental results have indicated that
the cationic surfactant could be completely degraded within
short UV irradiation times (20-30 min) and low H2O2 concentrations (15-20 mM) accompanied with significant COD
and TOC removal efficiencies (50-80%). Fe2+ addition (during photo-Fenton oxidation) had a dramatic effect on COD
abatement kinetics rather than parent pollutant (surfactant)
degradation. Complete elimination of activated sludge inhibition was accomplished in parallel to surfactant degradation emphasizing that partial photochemical treatment under
relatively “mild” reaction conditions is sufficient if only
detoxification and surfactant degradation rather than
full treatment (complete oxidation) is targeted.

KEYWORDS: Cationic textile surfactant; H2O2/UV-C oxidation;
activated sludge inhibition; photochemical degradation and detoxification, quaternary ammonium ethoxylate.

INTRODUCTION
Surfactants are a diverse group of chemicals that are
designed to have cleaning and/or solubilizing properties.
They are widely used in household cleaning detergents,
personal care products, as textile auxiliaries, in paints, polymers, pesticide formulations, pharmaceuticals, mining and
oil recovery activities as well as in the pulp and paper industry. The annual world production of synthetic surfactants amounts to 7.2 million tons [1]. Commercial surfactants mainly consist of four types: anionic, nonionic, cationic and zwitterionic (amphoteric). Linear alkylbenzene sulphonates (LAS), alkyl ethoxy sulphates (AES), alkyl sul-

phates (AS), alkylphenol ethoxylates (APE), alkyl ethoxylates (AE), and quaternary ammonium compounds
(QACs) are the most commonly used commercial surfactants [2]. Among them, QA-based surfactants are chemicals with at least one hydrophobic hydrocarbon chain
linked to a positively charged nitrogen atom, the other
alkyl groups being mostly short-chain substituents such as
methyl or benzyl groups [3]. The major uses of this class
of cationic surfactants are as fabric softeners and antiseptic agents (biocides) in laundry detergents as well as other
industrial uses [4]. Because of the positive charge, cationic surfactants have a strong affinity for negatively charged
surfaces, to which their application as a fabric softener or
as a disinfectant is attributed. The most widely used active
ingredient in fabric softeners has been dihydrogenated
tallow di-methyl ammonium chloride (DTDMAC) until
recently. However, the replacement of DTDMAC by ester
cationic surfactants such as diethyl ester dimethyl ammonium chloride (DEEDMAC) has recently begun in European Union countries [5].
Cationic surfactants are also known for their relatively
high toxicity and low biodegradability compared to other
surfactant classes [2]. After production or use, residual surfactants are discharged to the industry’s own treatment
facility or directly into sewage treatment plants where there
are only partially degraded. Thereafter, surfactants and their
degradation products are dispersed into different environmental compartments, where they tend to sorb onto sewage
sludge and accumulate in soil sediments. Due to their widespread use, high consumption rates and physicochemical
properties, surfactants and their degradation products have
been detected at various concentrations in surface waters,
sediments and sludge-amended soils and are known to
cause serious ecotoxicological risks in the environment [2].
Consequently, they have to be treated at source by employing relatively cost-effective, efficient alternative treatment methods. In the recent past, advanced oxidation processes (AOPs) that are based on the production of free
radicals (e.g. HO●, HO2●) which rather aggressively and
non-selectively attack most organic as well as inorganic
pollutants at diffusion limited reaction rates (k = 106-1011 M-
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1

s-1), have gained a lot of interest for the effective treatment of refractory and/or toxic pollutants [6-8]. Among
the AOPs, UV-C photolysis of H2O2 is a relatively well
established and easy-to-handle homogenous photochemical
oxidation process [9, 10]. During the application of the
H2O2/UV-C process, no gaseous or solid emissions are
produced and the performance of this homogenous oxidation system is practically pH-independent in the range of
5-10 [11]. The major drawback of this photochemical
treatment process is the low molar extinction coefficient
of H2O2 which is only 18.6 M−1 cm−1 at 254 nm [12], thus
enabling only a relative small fraction of the incident light
flux to be used in the degradation of pollutants. In particular for highly turbid and strongly UV-light absorbing
wastewater its applicability is not very feasible. Moreover, it
should also be pointed out the H2O2/UV-C process is electrical energy intense and thus has to be carefully optimized.
●

On the other hand, in the Fenton’s reaction, HO are
generated by the catalytic decomposition of H2O2 peroxide in acidic media (pH = 2-5). Photo-Fenton oxidation is
the photo-chemically enhanced version of the Fenton processes; in photo-Fenton systems, UV light radiation is
added to the Fenton’s reagent, which causes an increase in
the HO• formation efficiency [13];
FeOH2+ + hυ → Fe2+ + HO
(λ = 200-450 nm)

●

(1)

The above reaction results in the continuous support
of Fe2+ for the direct Fenton reaction thus minimizing the
required Fe2+ concentration, enhancing the catalytic redox
cycle and providing additional HO● [14]. The photoreduction of ferric iron hydroxo complexes (Fe3+(OH2+)n) is a
strong function of the irradiation wavelength (e.g. the emission band of the UV light source) as well as the reaction
pH.
The aim of the present experimental study was to investigate the treatability of a commercial cationic surfactant frequently used in the textile preparation (bleaching, desizing, rinsing, scouring) stage, namely a quaternary
ammonium ethoxylate-based cationic surfactant formulation,
by using the H2O2/UV-C process at different H2O2 concentrations, initial effluent COD’s and treatment periods to
elucidate the effect of important process variables on the
degradation efficiency and kinetics. In addition, activated
sludge (oxygen uptake rate) inhibition experiments were
conducted to examine the acute toxicity of untreated and
photochemically treated surfactant solutions on heterotrophic biomass.
MATERIALS AND METHODS

as received without any purification. The cationic surfactant did not absorb UV light at 254 nm and hence did not
compete with H2O2 for light absorption emitted by the UV-C
light source (UV spectra not shown). The commercial name
of the cationic surfactant is “ETHT” and thus in the forthcoming sections the surfactant formulation will be called
so. Aqueous ETHT solution was prepared by dissolving
appropriate amounts of the cationic surfactant in distilleddeionized water and adjusting its pH to 10.5 by using
concentrated NaOH solution; a typical pH for this type of
effluent [15]. The studied concentration range of aqueous
surfactant solution was based on COD values typically
encountered in textile preparation wastewater (CODo=150900 mg L-1). All other chemicals and reagents were of high
purity and purchased from Merck, Fluka or Sigma Aldrich.
2+

H2O2/UV-C and Fe /H2O2/UV-C Oxidation Experiments

H2O2/UV-C oxidation experiments were performed at
varying initially added H2O2 (30% w/w, Merck, Germany)
concentrations (15-75 mM) for up to 100 min. The pH and
ionic strength of the treated samples was not controlled
during irradiation. Selection of proper H2O2 concentrations
was based on our previous experiences and former related
scientific literature [11, 16-18]. The irradiation set-up was
a 1900 mL-capacity batch stainless steel photoreactor (length
= 95 cm; width = 6 cm) bearing a 40 W low pressure, mercury vapour sterilization lamp (Eurotech, UVC 40S ) that
was located at the centre of the reactor in a quartz glass
tube. The incident light flux of the UV lamp at 253.7 nm
was confirmed via H2O2 actinometry [19] twice a month
and determined as 1.6×10-5 einstein L-1s-1. The effective
UV-C light path length was found as 4.31 cm by using the
same analytical method. During a typical run, 1900 mL
aqueous surfactant solution was continuously circulated
through the reactor by means of a peristaltic pump (Meterpump Systems, Aripa) at a rate of 80 mL min-1, corresponding to a hydraulic retention time of nearly 24 min in
the photoreactor. In case of Fe2+/H2O2/UV-C oxidation experiments, after adjusting the initial pH of the ETHT solution to 3.0 ± 0.1, e.g. the optimum pH for photo-Fenton
oxidation [20], the Fe2+ (FeSO4.7H2O, Merck, Germany)
catalyst (0.25 mM) was added. In order to eliminate the
effect of the dark Fenton reaction, the other reactant (H2O2 =
30 mM) was added to the reaction mixture at the very end
of the suction period. As the whole solution was fed into
photoreactor, the UV-C lamp was turned on and the photooxidation reaction was started. H2O2 was monitored during
the course of reaction. After that, the remaining H2O2 was
immediately destroyed with enzyme catalase made from
Micrococcus lysodeikticus (Fluka) to prevent interferences
with COD and UV absorbance measurements.
Analytical Procedures

The Cationic Surfactant Formulation

The quaternary ammonium ethoxylate based cationic
surfactant (C36.4H76.8NCl; Molecular weight: 567-573 g
mol-1) was kindly provided by Eksoy Chemicals and used

For the determination of ETHT concentration in the
reaction samples the Disulphine Blue Active Substances
(DBAS) Colorimetric Method [21] was preferred due to its
high sensitivity for ETHT surfactant. ETHT concentration
was validated spectrophotometrically at λ=628 nm on a
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RESULTS AND DISCUSSION

Novespec II/Pharmacia LKB colorimeter in 1 cm optical
path length reusable glass cells.
COD analysis of the untreated and treated ETHT solutions were conducted in accordance with ISO 6060 [22]
by the closed reflux titrimetric method. The TOC contents
were determined with a Shimadzu TC (total carbon) VPCN
carbon analyzer equipped with an autosampler. Residual
(unreacted) H2O2 was traced by employing the molybdatecatalyzed iodometric method [23]. The changes in pH values during the photochemical experiments were measured
with a Thermo Orion model 520 pH meter.
Activated Sludge Inhibition Experiments

The activated sludge inhibition experiments were conducted according to the test protocol described in ISO 8192
[24]. The heterotrophic biomass used for the test was daily
fed with synthetic sewage in accordance with the ISO 8192
[24] protocol. Prior to all activated sludge inhibition experiments, the volatile suspended solids (VSS) concentration of synthetic sewage was measured in accordance with
Standard Methods [25]. All experiments were run at a constant VSS concentration of 1800 mg L-1 and a temperature
of 20±2°C. The COD of the synthetic sewage was adjusted
to 480 mg L-1 and used as the “readily biodegradable substrate” in the toxicity experiments. For the toxicity runs, a
defined amount of untreated (at different ETHT concentrations) and photochemically treated (at various effluent
dilutions) samples were prepared and mixed with synthetic
sewage. H2O2 remaining in the reaction samples was destroyed with catalase enzyme and the pH of the solutions
was adjusted to 7.0±0.2 before conducting the respirometric inhibition experiments in order to eliminate potential
inhibitory effects of hydrogen peroxide and pH, respectively. The blank control was prepared using the same
amounts of activated sludge inoculum and synthetic sewage solution as the test dilutions. Test beakers continuously
aerated for 180 min and the biomass were kept suspended
with a magnetic stirrer. The decrease in dissolved oxygen
(DO) concentration in the blank control and in untreated and
treated ETHT samples was monitored at different incubation times of up to 180 min with a WTW Inolab Oxi Level
2 oxygen meter in 50 mL air-tight vessels. Microbial oxygen uptake rates (OUR’s; unit: mg L-1 h-1) measured in all
test samples were calculated based on the linear part of the
decreasing DO curves as a function of incubation time.
Percent inhibition of OUR, i.e. IOUR, for every tested sample dilution, was calculated using the following equation;
IOUR (%) = [( RB – RS ) × 100] / RB
(2)
where RS is the OUR in the samples and RB is the
OUR in the control (sample blank). The IOUR values were,
thereafter, plotted against the logarithm of the COD of
ETHT solutions for different samples. The COD resulting
in 50 % decrease in OUR’s (i.e. EC50 values; in mg L-1)
after 15 or 30 min incubation period was calculated by
interpolation of the “logCOD” (x axis) versus percent
“IOUR” (y axis) plots obtained for different ETHT dilutions.

Activated Sludge Inhibition Experiments

As mentioned above, cationic surfactants (e.g. QAC’s)
containing a quaternary ammonium group (e.g. R4N+; where
R=alkyl chain and N=quaternary nitrogen) often have a
strong biocidal nature [26]. The alkyl chain length not only
determines the physicochemical properties of a surfactant,
but also may have a decisive role in the fate and toxic effects of these compounds in the environment. Under aerobic conditions, the biodegradability of QACs generally decreases with the number of non-methylated alkyl groups
(i.e., R4N+<R3MeN+<R2Me2N+< RMe3N+<Me4N+; Me=
methyl group [27]). Garcia et al. [28] reported the time to
achieve 50% biodegradation for a series of quaternary
ammonium homologues ranged from 3 to 8 days in the
modified Organization for Economic Cooperation and Development (OECD) screening test and seawater, except for
hexadecyl dimethyl ammonium chloride (C16DMAC) being
> 15 days. In contrast, under anaerobic conditions, QACs
exhibit no or very poor biodegradation and no evidence of
any extent of ultimate biodegradation was found [29, 30].
Biodegradation in sewage sludge under anaerobic conditions was found to range from 19 to 38 days for mono-alkyl
quaternary ammonium based surfactants and the toxicity to
methanogens decreased with increasing alkyl chain length
[29]. No degradation was observed for DTDMAC in anaerobic screening tests [30]. Due to its poor biodegradation,
DEEDMAC was introduced to replace DTDMAC, i.e. the
major cationic surfactant used as fabric softener formulations worldwide for over 30 years. DEEDMAC differs structurally from DTDMAC by the inclusion of two ester linkages between the ethyl and tallow chains. These ester linkages allow DEEDMAC to be rapidly and completely degraded in standard laboratory screening tests and a range of
environmental media such as sewage sludge, soil and
river water with half-lives ranging from 0.8 days to 18.0
days [5].
DEEDMAC can be completely degraded under aerobic and anaerobic conditions, and it has a half-life of around
24 h in raw sewage. Therefore, removal of DEEDMAC
during sewage treatment is greater than 99% [5]. Figure 1
displays the results of our activated sludge inhibition test
conducted for untreated ETHT (150-900 mg L-1 COD
after an incubation period of 15 min. The obtained straight
line of the IOUR (%) versus logCOD curve indicates that
the EC50 for ETHT is 199.53 mg L-1 (≈200 mg L-1) in terms
of COD that corresponds to only 104.4 mg L-1 ETHT.
From the obtained results it can be concluded that the
surfactant concentrations encountered in textile preparation
effluent are highly inhibitory towards activated sludge
microorganisms. This inhibitory effect could be completely
eliminated upon complete removal of the surfactant (accompanied with partial COD and TOC abatements) by
applying photochemical oxidation (data not shown). Results of the photochemical experiments are given below in
the following section.

1888

© by PSP Volume 19 – No 9. 2010

Fresenius Environmental Bulletin

80
70

IOUR (%)

60

50
40
IOUR (%) = 47.551log COD - 62.305
R² = 0.99

30
20

2.0

2.2

2.4

2.6

2.8

3.0

logCOD

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

♦ H2O2/UV-C
• Photo-Fenton

0

20

40

60

80

COD/CODo

ETHT/ETHTo

FIGURE 1 - Results of the activated sludge inhibition test conducted with
ETHT solution for concentration range corresponding to 150-900 mg L-1 COD.
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FIGURE 2 - Changes in normalized ETHT (a), COD (b), TOC (c) and H2O2 (d) concentrations during H2O2/UV-C (H2O2o = 30 mM; pHo = 3)
and photo-Fenton (Fe2+o = 0.25 mM; H2O2o = 30 mM; pHo = 3) treatment of aqueous ETHT solution (ETHTo = 225 ± 15 mg L-1; CODo = 450 ±
15 mg L-1; TOCo = 138 ± 5 mg L-1).

Photochemical Experiments

Figure 2 depicts time dependent changes in ETHT (a),
COD (b), TOC (c) and H2O2 (d) concentrations obtained for
H2O2/UV-C (H2O2 = 30 mM; pHo =3) and photo-Fenton
(Fe2+ = 0.25 mM; H2O2 = 30 mM; pHo = 3) oxidation of

ETHT solution (CODo = 450±15 mg L-1). Preliminary
experimental results have indicated that (i) pH had no effect
on the degradation of ETHT with the H2O2/UV-C process;
(ii) the optimum Fe2+ concentration for photo-Fenton oxidation of ETHT solution at an initial COD of 450 mg L-1 was
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close to 0.25 mM rather than 0.50 mM. In other words, increasing the Fe2+ concentration from 0.25 to 0.50 mM did
not enhance, but even slightly inhibit the photochemical
degradation, revealing that excessive Fe2+ may act as a HO●
scavenger [13]; (iii) increasing the H2O2 concentration from
30 mM to 60 mM also did not improve degradation rates
and efficiencies considerably. For ETHT abatement, 60 mM
even resulted in a retardation of its full degradation. From
Figure 2 a-d it can be seen that the addition of Fe2+ has a
significant positive effect organic carbon (COD, TOC) removal rates, but did not appreciably increase ETHT degradation, that was already very fast, even in the absence of
Fe2+. H2O2 consumption given in Figure 2d was also considerably accelerated when photo-Fenton treatment was
applied to treat the cationic surfactant.
Upon comparison of the pseudo-first order abatement
rate constants calculated for ETHT (kETHT) and COD (kCOD)
abatements, the oxidation rate of ETHT increased by only
30% (kETHT from 0.146 min-1 to 0.193 min-1) but the COD
content by a factor of 2.4 (kCOD from 0.053 min-1 to 0.022
min-1), implying that considerable time and consequently
electrical energy could be saved upon Fe2+ addition. The
only handicap of photo-Fenton treatment would be the
additional chemical costs for pH adjustment needed to decrease the pH of textile preparation effluent that is usually
highly alkaline (> 10) to acidic pH’s (2.8-3.2) needed to run
the photo-Fenton oxidation process.

15 mM seemed to be sufficient and applying 45 mM did not
improve ETHT removal at all. The same effect on all parameters was obvious for an effluent COD of 750 mg L-1, upon
elevating the H2O2 concentration from 30 to 60 mM.
CONCLUSIONS
Our experimental findings have delineated that for
the effective detoxification and treatment of a toxic cationic textile surfactant.
Formulation, photochemical advanced oxidation processes (H2O2/UV-C and photo-Fenton oxidation) can be
employed and their application resulted in high organic
carbon abatement rates as well as complete removal of the
activated sludge inhibitory effect caused by the cationic
textile surfactant. It should be taken into account that each
photochemical advanced oxidation process has to be carefully optimized to increase treatment efficiency.
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TABLE 1 - Percent ETHT, COD and TOC removal efficiencies
obtained after H2O2/UV-C treatment of aqueous ETHT solution at
an initial pH of 10.5 and varying irradiation times, initial effluent
COD’s and H2O2 concentrations.

-1

CODo (mg L ) H2O2 (mM)
450
450
750
750

30
60
30
60
-1

CODo (mg L ) H2O2 (mM)
600
600
600

15
45
75

Removal Efficiencies (%)
ETHT
COD
(t=15 min) (t=40 min)
95
67
80
69
82
40
68
50
ETHT
COD
(t=20 min) (t=60 min)
91
40
93
78
82
78

TOC
(t=80 min)
93
97
46
85
TOC
(t=60 min)
24
69
62

Table 1 summarizes ETHT, COD and TOC removal efficiencies obtained after H2O2/UV-C treatment of ETHT
solution at an initial pH of 10.5 and varying irradiation times,
initial influent COD’s and H2O2 concentrations. As is evident in Table 1, increasing the COD content originating from
ETHT solution has a negative influence on ETHT as well as
organic carbon removal rates that can be partially compensated by increasing the applied H2O2 concentration to a specific value. The positive effect of increasing H2O2 concentrations is most evident for the parameter TOC that is not surprising, since the removal of the TOC parameter is more
difficult to realize than that of the other followed parameters.
Interesting is that for effective COD and TOC removals at an
initial effluent COD of 600 mg L-1, the H2O2 concentration
had to be elevated from 15 to 45 mM, but for ETHT removal
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CHARACTERIZATION AND TREATABILITY OF LATEX
AND PVA BASED PAINT PRODUCTION WASTEWATERS
Olcay Tünay*, Evrim Kocabaş, Tugba Olmez-Hanci, and Işık Kabdaşlı
Istanbul Technical University, Faculty of Civil Engineering, Environmental Engineering Department, Maslak 34469, Istanbul, Turkey

ABSTRACT
In this paper, characterization and treatability of
water-based paint manufacture wastewaters were assessed.
The aim of the study was to comparatively evaluate the
effect of replacement of the conventional binder PVA with
latex. Binder is an important component of paint production and one of the determining elements of wastewater
characteristics. Wastewater characterization studies indicated that latex-based production wastewaters were several fold diluted with respect to PVA-based paint
wastewaters while they were still strong having COD values in the order of 16 g/L. Pre-aeration of both wastewaters
yielded COD removals 20-26%, however this application
resulted in reduction in coagulation efficiency. Coagulation
of PVA-based wastewaters with alum and FeCl3 provided 80% COD removal at 2000 mg/L doses. Lime was
also effective at high pH as it was combined with FeCl3.
Coagulation of latex-based production wastewaters with
the same doses of alum and FeCl3 was more effective
providing over 90% COD removals.

KEYWORDS: water-based paint production, latex-based production wastewaters, PVA-based production wastewaters, aeration,
coagulation-flocculation, COD removal.

INTRODUCTION
Water-based paint production is one of the common
industries in the world and produces highly contaminated
wastewaters. Chemical oxygen demand (COD), suspended
solids (TSS), heavy metals and micropollutants are main
pollutants of the wastewaters originating from this industrial activity. Treatment scheme commonly employed
for the industry involves balancing, suspended solids removal and biological treatment. While metal ions removed
with suspended solids, advanced treatment methods such
as oxidation are used to control organic micropollutants [1,
2]. Suspended solids removal is a key process, since it
controls a significant part of pollutants and micropollutants.
Although, treatment methods such as flotation and mem-

brane processes have been used for the suspended solids
removal, the most common method is coagulation-flocculation [2, 3]. Recently a radical change in the manufacturing of water-based paints has been made in terms of binders. The main component of the paint is binders for which
PVA-based binders have been commonly used. However,
a newly developed binders known with general name
latex, has began to be used extensively. The use of latex
binders has significantly changed the amount and characteristics of wastewaters.
The aim of this study is to comparatively assess the
wastewater characteristics and treatability of PVA-based
and latex-based paint production wastewaters on sourcebased samples taken from the same production line of a
paint factory. Treatability experiments were conducted using
coagulation-flocculation process.
MATERIAL AND METHODS
Production of the Plant and Wastewater Sampling

Wastewater samples were provided from an integrated
paint manufacturing plant located near İstanbul, Turkey.
Water-based paint production was carried out with the steps;
dispersion, coloring, filtration and filling. The production
scheme is the same for both PVA and latex-based production. Wastewaters are originated from washing of coloring
tank and hoses between filtration and filling. Source-based
samples were prepared by taking individual samples during
washing and then combining them into a single vessel.
Amount of wastewater samples were 50 L per charge for
tank washing and 15 L per charge for hose washing. Composite samples for PVA and latex-based production
wastewaters were prepared using these wastewater
amounts.
Selection of Methods

Treatability experiments were based on coagulationflocculation process which is the most commonly employed
pretreatment for paint production wastewaters and it is quite
effective for the removal of colloidal matter that dominates
in the wastewaters. Alum and FeCl3 were selected as the
coagulants due to their common use and effectiveness.
Lime addition was also tried since high pH application
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may be needed when heavy metal content of the
wastewater increases. Since the wastewater production is
intermittent in the paint industry a balance tank before the
treatment unit is needed. Most common means for mixing
the content of balance tank is aeration. Therefore, an
aeration experiment was conducted to assess its effect on
wastewater character as well as on coagulation process
performance.
Experimental Setup and Analytical Procedures

Coagulation-flocculation experiments were carried
out using Jar-Test apparatus with 5 minutes flashmixing at 100 rpm, 30 minutes flocculation at 30 rpm and
30 minutes settling sequence in 250 mL sample volume.
Al2(SO 4)3.18H 2O (alum), FeCl3.6H2O and lime were used
as coagulants. Chemical addition and initial pH adjustments were made under flash-mixing conditions. pH was
adjusted using NaOH. Aeration experiments were realized
in 5 L beakers equipped with porous stone diffusers at the
bottom to supply air. pH was monitored continuously and
samples were taken at regular time intervals for COD and
TOC analysis.
pH measurements were made with an Orion 720A
model pHmeter. All analyses were performed as defined in
the Standard Methods [4] except COD measurements. COD
was determined by the Open Reflux Titrimetric Method
according to ISO 6060 [5]. TOC was monitored on a Shimadzu VPCN model carbon analyzer (combustion method)
equipped with an autosampler. All chemicals used were
analytical grade.
RESULTS AND DISCUSSION
Wastewater Characterization

Wastewater characterization was made using all relevant pollution parameters on both source-based and composite samples. A screening test on metals indicated that

heavy metal concentrations were all below 1.0 mg/L. Results of wastewater characterization for both PVA and
latex-based wastewater samples are given in Table 1. Tank
washing wastewaters were stronger than hose washing
wastewaters for both PVA and latex-based production in
terms of all parameters measured. The difference was more
pronounced in PVA-based production wastewater sample.
This indicated that a much higher amount of residues in the
tank were washed off since the water use was approximately three-fold of the hose washing for both types of production. Therefore, tank washing is the determining step for
the strength of total wastewaters and is of importance for
in-plant control purposes. PVA-based production wastewater composite sample (PVA composite) was several
folds stronger than latex-based production wastewater composite sample (latex composite) in terms of COD and total
dissolved solids (TDS). Character of the composite samples
did not exactly correspond with flow-weighted average
since homogeneous sampling was quite difficult. In both
wastewaters COD/TOC ratios were almost the same and
around 4.0. Soluble COD values did not reflect real values
since filtration even from a glass-fiber filter was quite difficult and filtrate was turbid indicating the colloidal nature of
the solids in the wastewater. pH values in both wastewaters
were slightly alkali, however alkalinity particularly in PVAbased paint production wastewaters was high. There have
been several studies dealing with wastewater characterization of paint production in the related literature, most of the
studies, however were conducted on PVA-based paint
production [1-3, 6-11]. Wastewater characterization given
in the EPA document [1] reflects rather diluted wastewater
since water use has been reduced significantly beginning
from 1970s.
As indicated in Table 2, wastewater characteristics
vary in a great range for both types of wastewaters. This is
attributed mainly to the variability in the water use and the
washing method used in the paint industry.

TABLE 1 - Wastewater Characterization.
Parameter
pH
COD (mg/L)
Soluble COD (mg/L)
TOC (mg/L)
TSS (mg/L)
VSS (mg/L)
Oil and grease (mg/L)
Alkalinity (mg CaCO3/L)
Sulfate (mg/L)

Latex-based Paint Production Wastewaters
Tank Washing
Hose Washing
Composite
7.7
7.3
6.6
15360
1530
15590
3590
1040
5270
730
4190
3500
400
2900
960
120
90
100
880
380
1260
100

PVA-based Paint Production Wastewaters
Tank Washing
Hose Washing
Composite
8.6
7.5
7.3
43810
11680
41100
3680
12230
3040
12790
32530
2330
27850
7390
920
360
310
16500
1880
340

TABLE 2 - Paint Production Wastewater Characterizations from Literature.
PVA-based Characterizations

COD (mg/L)

This Study
PVA Composite Latex Composite
41100
15590

[1]
5000-8000

1894

[3]
5630

Latex-based Characterizations
Related Literature
[9]
[8]
[10]
4438-25100
2340-2520
75300-95700
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TSS (mg/L)

2900
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27850

40-1100

2864

1895

4735-13350

310-715

-
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Treatability Studies
Aeration

Table 3 shows the results of aeration experiments for
latex and PVA composites. Aeration of PVA composite resulted in 20% COD removal in 6 hours, while 2 and 4 hours
of aeration yielded the same and limited COD removals. pH
did not change in 4 hours, however, slightly increased at
the end of 6 hour aeration. Latex composite responded better to aeration with respect to PVA composite. Both COD
and TOC removals increased linearly with time and at the
end of 6 hours 26% COD removal was obtained. The resulting COD of around 12 g/L seemed low enough to be
handled by subsequent treatment. COD/TOC ratio of
this effluent was 3.4 and slightly lower than raw
wastewater and may indicate that oxidazibility of the
organic com-ponents did not change with aeration.
Coagulation and Flocculation

Results of coagulation-flocculation experiments on raw
PVA-based production wastewater composite are given in

Table 4. The experiments conducted with alum and FeCl3
at 1000 and 2000 mg/L doses resulted in similar COD and
TOC removals of near 80%, lime addition equaled these
COD removals either with a high dose or when combined
with FeCl3. SVI values, except 2000 mg/L FeCl3 were
quite satisfactory. COD/TOC ratios did not change after the
coagulation-flocculation applications. Although, the removal efficiencies were considered to be high enough, the
resulting effluent COD was still high for subsequent biological treatment.
Coagulation experiments conducted on pre-aerated PVA
composite (Table 5) yielded relatively lower COD removal
efficiencies. These removals are comparable with raw
wastewater coagulation as they are combined with removals obtained in the aeration process.
Alum and FeCl3 provided the same level of COD removal and 1000 mg/L dose seemed to be adequate. Lime
addition achieved the same level of treatment only in combination with FeCl3. COD/TOC ratios remained at the same

TABLE 3 - Results of aeration experiments
Parameter
COD (mg/L)
COD Removal (%)
TOC (mg/L)
TOC Removal (%)
pH

Latex-based Production Wastewater Composite
Time (hour)
0
2
4
6
15990
13800
12810
11860
14
20
26
4190
3800
3600
3470
9
14
17
6.6
7.8
8.1
8.0

PVA-based Production Wastewater Composite
Time (hour)
0
2
4
6
41100
37440
34530
32770
9
9
20
12790
11400
10610
10230
11
11
20
7.3
7.2
7.2
7.5

TABLE 4 - Results of coagulation-flocculation experiments for raw PVA composite
Coagulant

Dose
(mg/L)

pH

COD
(mg/L)

Alum
Alum
FeCl3
FeCl3
Lime
Lime
Lime+ FeCl3
* in g/L unit

1000
2000
1000
2000
50*
65*
45*+500

7.3
5.5
5.5
5.5
5.5
9.7
11.5
9.9

41100
9400
9770
9280
8680
17145
8110
7320

COD
Removal
(%)
77
76
77
79
58
80
82

TOC
(mg/L)
12790
2750
2850
2730
2700
-

TOC
Removal
(%)
78
78
79
79
-

SVI
(mL/g)
30
18
40
76
-

TABLE 5 - Results of coagulation-flocculation experiments for pre-aerated PVA composite
Coagulant

Dose
(mg/L)

Alum
Alum
FeCl3
FeCl3
Lime
Lime
Lime+ FeCl3
* in g/L unit

1000
2000
1000
2000
50*
65*
65*+500

pH

COD
(mg/L)

7.5
5.5
5.5
5.5
5.5
9.8
11.5
9.9

32770
9190
9570
10920
9430
16500
11100
9880

1896

COD
Removal
(%)
72
71
67
71
50
66
70

TOC
(mg/L)
10230
2780
3000
3020
2800
4940
4560
3990

TOC
Removal
(%)
73
71
70
73
52
55
61

SVI
(mL/g)
32
20
-
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TABLE 6 - Results of coagulation-flocculation experiments for raw latex composite
Coagulant

Dose
(mg/L)

Alum
Alum
FeCl3
FeCl3
FeCl3
Lime
Lime
Lime+ FeCl3
* in g/L unit

1500
2000
1500
2000
4000
35*
60*
50*+500

pH

COD
(mg/L)

8
5.5
5.5
5.5
5.5
5.5
9.6
11.5
9.5

15990
2040
1120
1580
1060
1160
9960
9210
1650

COD
Removal
(%)
87
93
90
93
93
38
42
90

TOC
(mg/L)
4190
300
280
380
350
270
-

TOC
Removal
(%)
93
93
91
92
94
-

SVI
(mL/g)
61
63
59
56
73
-

TABLE 7 - Results of coagulation-flocculation experiments for pre-aerated latex composite
Coagulant
Alum
Alum
FeCl3
FeCl3

Dose
(mg/L)

pH

COD
(mg/L)

1500
2000
1500
2000

8
5.5
5.5
5.5
5.5

11860
2250
1880
1100
1650

level with that of aerated wastewater. Eremektar et al. [8]
studied the treatability of paint manufacturing wastewaters
taken from a balance tank having a COD of 2500 mg/L.
The paints manufactured using PVA, however the balance
tank received all other wastewaters as well as domestic
wastewaters originating from the factory and it was diluted. Up to 50% COD removals were reported upon coagulation of this wastewater using alum and FeCl3 with doses
up to 500 mg/L [8]. Dovletoglu et al. [2] used coagulation
as a pretreatment of paint production wastewaters using
latex and PVA binders. The wastewaters treated were
very strong with COD values ranging 128±88 g/L. Use of
alum as a coagulant provided 70-95% COD removal for the
doses between 1.34-2.68 g/L. In general, the studies in the
literature [2, 3, 8, 9] indicate that coagulation using alum
and FeCl3 is a successful pretreatment for paint production
wastewaters, however its performance and the doses required depend on the strength and properties of
wastewaters. Although the wastewaters used in our study
were more diluted, the results were similar to those of
Dovletoglu et al. [2].
Table 6 summarizes the results of coagulationflocculation experiments conducted on latex-based paint
composite. COD removal efficiencies varied between 8793% producing effluents with COD values around 1000
mg/L using alum and FeCl3 at 2000 mg/L dose. Higher
FeCl3 dose did not increased COD removal. COD/TOC
ratio of the wastewater remained at the same level after
treatment. SVI values were not as good as the values obtained for PVA composite coagulation. However, they
were still in an acceptable range. Lime application at high
pH yielded acceptable COD removal only when it is used
in combination with FeCl3.

COD
Removal
(%)
81
84
91
86

TOC
(mg/L)
3470
525
520
500
400

TOC
Removal
(%)
85
85
86
88

SVI
(mL/g)
55
44

Coagulation of pre-aerated composite (Table 7) yielded
relatively lower COD removal efficiencies with respect to
raw wastewater and resulting wastewater quality was similar to those obtained from raw wastewater coagulation.
Two studies involving the characterization and coagulation
treatment of purely latex-based production wastewaters
found in the literature. In one study coagulation with a dose
of 700 mg/L alum yielded 74% COD removal using paint
production wastewater having a COD of 5630 mg/L [3].
Another study conducted by Aboolhassan et al. [9] used
wastewaters in the COD range of 4438-25105 mg/L and
obtained 82-91% COD removal by coagulation employing 650 mg/L FeCl3 together with polymers used up to
160 mg/L doses. These results are comparable with the
present study findings.
CONCLUSIONS
In this study characterization and treatability of
water-based paint manufacturing wastewaters originating
from both PVA-based and latex-based productions were
investigated and comparatively evaluated. Results of the
study can be summarized as follows:
Latex-based production wastewaters were found to be
diluted as compared to PVA-based production wastewaters.
Pre-aeration of wastewaters yielded 20-26% COD
removal.
Coagulation of PVA-based production wastewaters
with alum and FeCl3 resulted in 80% COD removal at
2000 mg/L doses. Use of lime in the coagulation at high pH
to represent the condition being applicable when heavy
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metals exist in the wastewater was successful only when
it was combined with FeCl3 at 500 mg/L dose. Coagulation efficiency of pre-aerated sample was slightly lower
than that of raw wastewater which was compensated by
COD removal in the aeration step.
Latex-based production wastewaters responded better
to coagulation and over 90% COD removals were obtained with alum and FeCl3 at 2000 mg/L doses. Lime
coagulation yielded 90% COD removal as it combined with
500 mg/L FeCl3. Pre-aerated sample coagulation efficiencies were again slightly lower than those of raw
wastewater.
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ABSTRACT
In this study, the treatability of domestic wastewater
results from two identical lab-scale continuous-flow anaerobic baffled reactors (ABRs), inoculated with different seed
(flocculent and granular) sludges, were presented at varying hydraulic retention times (HRTs) ranging between
8.55-18 h corresponding to organic loading rates (OLRs)
up to 0.49 kg COD/m3/day. Seventeen baffles were placed
with 0.05-m intervals along the reactors. Both reactors were
operated at ambient (room) temperature observed in the
range of 11-27 °C depending on the climate changes
(psychrophilic and/or sub-mesophilic). Raw sewage was
taken fresh from the canteen and toilets of the University
Campus, and presented mostly a weak character (CODtot =
≤30-700 mg/L) although pre-sedimentation was not applied. ABRs were both seeded as 35% by flocculent and
granular sludge taken from anaerobic reactors treating
the waste-waters produced from different food companies.
At first, the aim of designing two identical reactors was to
operate them at the same HRT simultaneously in order to
investigate and compare the performances with different
inoculums. However, similar HRTs at both ABRs could
not be pro-vided and, thus, the anaerobic treatability of the
two reactors was evaluated individually. ABR with flocculent seed in-dicated an average CODtot removal of 84% at
an average HRT of 17.8 h (Tavr = 13.5 °C). Average
CODtot removals were 67 and 72% at average HRTs of
12.8 h (Tavr=19 °C) and 11.1 h (Tavr=24 °C), respectively.
Results of the ABR with granular seed indicated average
CODtot removal rates of 63 and 75% at average HRTs of
9.5 (Tavr=18 °C) and 8.55 h (Tavr=24 °C), respectively.
Though influent CODtot concentrations fluctuated significantly, the effluent levels were consistently lower than
100 mg/L. However, CODsol removals gave inconsistent
results at all HRTs in both reactors due to very low influent concentrations (≤60 mg/L) not representing a typical
sewage. Besides, more than 90% TSS were kept in the
reactors and could be removed from the effluents. Alkalinity and pH values were monitored on a regular basis and
almost no biogas production could be observed as expected from most anaerobic systems treating such diluted
streams at relatively low temperatures.

KEYWORDS:
Ambient temperature, anaerobic baffled reactor (ABR), domestic
wastewater, flocculent inoculum, granular inoculum.

INTRODUCTION
The demands of treating diluted wastewaters, such as
municipal ones, in anaerobic reactors have been growing
since recent past [1]. Anaerobic treatment of many diluted
industrial and domestic wastewaters was reported to be
done successfully owing to the presence of large amounts
of biocatalysts (anaerobic sludge), even at low operational
temperatures [2, 3]. Many recent researches conducted at
all temperature conditions revealed that temperature is not
a limiting factor in anaerobic treatment applications if the
appropriate process design is chosen [4]. Anaerobic treatment at low operational temperature is an attractive option
for wastewaters, which are discharged at moderate to low
temperatures, and anaerobic treatment processes allow substantially lower treatment costs due to their ability to operate at low temperatures (10-20 °C) [5, 6]. The most appropriate anaerobic system for domestic wastewater treatment
is an UASB reactor because of its simplicity, low investment and operation costs as well as the long favorable experience in the treatment of a wide range of wastewaters
[7]. However, application of ABR, which can be described
as a series of UASB reactors, for the treatment of domestic
sewage has improved in recent years [1]. In ABR, alternating hanging and standing baffles are placed in order to
compartmentalize the reactor, as well as to force the liquid
flow up and down from one compartment to the next. Settling in the up-flow region of each compartment results in
the retention of high concentrations of biomass and high
performances can, therefore, be achieved, while overall
sludge production is characteristically low. Other advantages include higher tolerance to hydraulic and organic shock loads [8], longer biomass retention times and
lower sludge yields compared to many other high-rate
anaerobic reactors. Besides, differing bacteria populations
across the compartments enabled to increase resistance to
variations in feed load, pH and temperature [9]. It was
reported that the most significant advantage of the ABR is
its ability to separate acidogenesis and methanogenesis
longitudinally down the reactor, allowing the different
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bacterial groups to develop under most favorable conditions [10]. Furthermore, when treating wastewater at low
temperatures, the compartmentalization might enhance the
hydrolysis of less biodegradable substrates in front of the
reactor because of its low pH [9]. ABR was reported to be
a suitable means of providing short or medium-term sanitation solutions to low-income communities due to its
simple basic mechanical design [11]. Nasr et al. [9] also
reported that the ABR is simple to build and simple to
operate. The reactor has good solids retention, and needs
low maintenance and operational attentions. Since anaerobic process is efficient for the removal of organic material
and suspended solids from mu-nicipal wastewater, anaerobic treatment without heating is considered to be an attractive option. However, since the low influent COD
results in low substrate levels inside the reactor, almost no
biogas production can be observed in anaerobic systems
treating such diluted streams at relatively low temperatures [5]. Ritmann and Mc Carty [12] reported that the
most feasible solution for anaerobic treatment of low
strength wastewaters is to operate the systems at ambient
temperatures because low biogas production may not be
sufficient to heat the reactors up to the required operational temperatures. ABR treatment of domestic waste-water
should be considered as a pre-treatment alternative due to
the fact that, in most cases, post-treatment is required for
removing residual COD and TSS, and for reducing nutrients and pathogens. The anaerobic process has not only
little effect on nitrogen and phosphorus concentrations, but
also pathogenic organisms are only partially removed [13],
restricting their agricultural usage. Feng et al. [14] investigated the potential for the elimination of pathogenic
microorganisms in a carrier ABR which combined the advantages of ABR with the characteristics of a biofilm reactor. They observed that the carrier ABR had certain effect
on the removal of pathogenic species, however, an appropriate post-disinfection process should have still adopted
in order to guarantee the effluent stability. Main objective
of this study was to investigate treatability of domestic
wastewater at two lab-scale ABRs inoculated with different seed sludges (flocculent and granular), and operated at
ambient temperature without any additional heating.
MATERIALS AND METHODS
Anaerobic Baffled Reactors (ABRs)

Two identical lab-scale ABRs with 100-L volumes, operated as continuously-fed systems, were used for the treatability tests. The reactors were made up of Plexiglas tanks
with headspaces above the compartments, and the water
height at each reactor was 0.3 m. The dimensions of reactors were 0.3 m (width) and 1.1 m (length) along which
17 baffles were placed with 0.05-m intervals. Both reactors
were operated at ambient (room) temperature in the range
of 11-27 °C during the study, depending on the climate
changes (psychrophilic and/or sub-mesophilic).

The start-up of the reactors could not be performed
simultaneously. ABR with flocculent sludge was firstly
started-up and operated for about 14 months whereas
the ABR with granular sludge was started to be operated
7 months later. At first, the aim of designing two identical reactors was to operate them at the same HRT, simultaneously in order to investigate and compare the performances with different inoculums. However, similar HRTs
at both ABRs could not be provided throughout the study
although the same pump with two outlet ports, feeding the
same flow-rates, was used. Thus, the anaerobic treatability
of the reactors was evaluated individually.
Wastewater and Seed

Raw sewage was taken fresh from the canteen and toilets of the University Campus having mostly a weak character (CODtot=≤30-700 mg/L) during the study although
pre-sedimentation was not applied. The characterization of
the wastewater used in this study is presented in Table 1.
One of the ABRs was seeded by the flocculent sludge
(35%; VSS/TSS: 76%; VSS=7.3 g/L) whereas the second
ABR was seeded by the granular sludge (35%; VSS/TSS:
78%; VSS=47.3 g/L) both taken from the anaerobic reactors treating the wastewaters produced from different food
companies.
The parameters pH, alkalinity, total COD (CODtot),
soluble COD (CODsol), TSS, VSS, TKN, NH3-N, TP and
ortho-PO4 were measured both in influents and effluents.
Temperature and HRT were measured daily. All the analyses were performed according to the Standard Methods for
the Examination of Water and Wastewater [15]. CODtot
and CODsol analyses were analyzed at 600 nm by the dichromate closed reflux colorimetric method using a Hach
DR-2010 spectrophotometer. The samples were filtered
through cellulose nitrate (pore size of 0.45 µm) for CODsol
analyses. Total biogas was measured with a Ritter Milli
Gas Counter gas-meter. However, total biogas production
could only be measured in the last three months of the
operation.
TABLE 1 - Characterization of the influent wastewater.
Parameter
CODtot
CODsol
TSS
VSS
TKN
NH3-N
TP
ortho-PO4
pH
Alkalinity
*: as CaCO3

Unit
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L*

Range
≤30-700
≤30-60
≤20-1590
12-264
20-34
8-31
1.9-7.0
0.7-4.8
7.2-8.2
100-435

RESULTS AND DISCUSSION
ABR Performance with Flocculent Inoculum

1900

Average
187±140
30±13
279±323
86±66
23±7.7
17±9.2
3.3±1.6
2.9±2.3
7.78±0.21
250±61

Fresenius Environmental Bulletin

At start-up, the ABR inoculated with flocculent sludge
was operated at an average HRT of 18 h for about 4 months
at ambient temperature. During this period, the anaerobic
treatability was not investigated. Afterwards, it was operated at an average HRT of 17.8 h for about 2 months (OLR
= 0.38 kg COD/m3/day), and at average HRTs of 12.8 h and
11.1 h, each for about 4 months. Average CODtot removal
was observed to be 84% (69-98%) at HRTavr = 17.8 h (Tavr=
13.5°C). Average CODtot removals were 67% (28-91%)
and 72% (27-92%) at HRTs of 12.8 h (Tavr=19°C) and 11.1 h
(Tavr=24°C), respectively. Figure 1 presents CODtot removal
efficiency as well as the results obtained for CODtot concentration measured at inlet and outlet of the ABR with
flocculent seed.

level between ≤30-550 mg/L was removed from the system, an average of 91% (Fig. 4).
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FIGURE 2 – TSS and pH changes versus
time at ABR inoculated with flocculent seed.

FIGURE 1 – CODtot concentrations and removal efficiencies at ABR
inoculated with flocculent seed.

Alkalinity and pH values were monitored on a regular
basis. The alkalinity levels reveal a potential anaerobic
process performance. Alkalinity is a very important parameter because of the fact that lower values of effluent alkalinity warn about the impending reactor failure [1]. The
alkalinity of influent and treated effluent was in the range
of 101-433 mg/L and 130-488 mg/L as CaCO3, respectively. The pH values of influent and effluent were found
to be in the range of 7.2-8.2 and 7.3-8.3, respectively at the
various HRTs tested (Fig. 2). TSS with an initial concentration between ≤20-1590 mg/L was removed from the system, an average of 92% (Fig. 2).
ABR Performance with Granular Inoculum

The ABR inoculated with granular sludge was operated at average HRTs of 9.5 h for about 3 months (OLR =
0.31 kg COD/m3/day) and 8.55 h for about 4 months
(OLR = 0.49 kg COD/m3/day). Results indicated average
CODtot removals of 63% (25-87%) and 75% (42-93%) at
average HRTs of 9.5 h (Tavr = 18 °C) and 8.55 h (Tavr = 24
°C), respectively (Fig. 3). The alkalinity of influent and
treated effluent was in the range of 101-433 mg/L and
214-418 mg/L as CaCO3, respectively. The pH values of
influent and effluent were found to be in the range of 7.28.1 and 6.6-8.5, respectively (Fig. 4). TSS with an initial
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FIGURE 3 – CODtot concentrations and removal
efficiencies at ABR inoculated with granular seed.
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Although influent CODtot concentrations fluctuated significantly, the effluent concentrations were almost consistently below 100 mg/L for both ABRs. However,
CODsol removals gave inconsistent results at all HRTs in
both re-actors due to very low influent concentrations (≤60
mg/L). A CODsol/CODtot ratio given for a typical domestic
wastewater could not be observed throughout this study
which was reported between 20-50% indicating about 40%
CODsol removal rates when treated by a high-rate anaerobic
reactor, such as an UASB [7]. However, the raw sewage,
taken from the canteen and toilets of the University Campus, did not represent a typical raw sewage indicating
meaningless results in terms of CODsol removal, thus causing difficulties during the interpretation of the results.
Dama et al. [16] reported that changes in ambient temperature, changes in feed flow-rate and fluctuations in
inlet COD concentration are the factors affecting COD
removal rates in the reactor.
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FIGURE 4 – TSS and pH changes versus
time at ABR inoculated with granular seed.
Change in Biomass

Two sampling ports were replaced between two
different baffles (widths) of the ABRs in order to evaluate
the change in biomass during operation period and sludge
distribution along the reactors. Port I was replaced at 0.175
m (middle between 3rd and 4th baffle), whereas Port II was
replaced at 0.725 m (midth of 14th and 15th baffle) from
the inlet. The results in terms of solids concentration are
presented in Table 2.
The highest solids concentration was observed at the
first ports with VSS/TSS ratios of 28 and 41% in ABR
with flocculent and granular seed sources, respectively.
When compared with the VSS/TSS ratios of the original
seed (76% in flocculent and 78% in granular) sources,
significant reductions in the volatile contents were observed at both ABRs. This may be attributed to the fact
that the influent was including high amounts of inorganic
particulates that decreased the volatile portion. Besides,
solids accumulation was much more observed in the ABR
with flocculent seed which may be explained by the fact
that this reactor was started 7 months earlier. On the other
hand, results indicated biomass escape from the ABR
with granular seed.

In this study, more than 90% of influent suspended
solids were kept in reactors and could be removed from the
systems. It was observed that the physical processes like
solids entrapment, adsorption, settling and filtration by the
sludge inside the reactors were responsible in the removal
of this portion, and most of the effluent COD was part of
the soluble fraction indicating a low participation of biological removal processes in the overall performance.
Almost no biogas production could be observed as expected from most anaerobic systems treating such diluted
streams at relatively low temperatures. Obviously, the low
influent COD resulted in low substrate levels inside the
reactor, and also in a low biogas production rate [5, 17].
Lettinga et al. [18] observed more than 50% methane
escape with treated effluent while treating domestic sewage and attributed it to the diluted nature of the sewage.
Castilla et al. [19] also detected no apparent biogas during
anaerobic treatment of municipal wastewater with a removal
efficiency of 44% at an HRT of 0.6 h. No significant biogas
production could be due to the fact that an important fraction was dissolved in the liquid phase. Gas production was
rather limited (Noyola et al. [20]), and calculations suggested that more than 50% of the total CH4 produced was
lost due to its dissolution in the effluent.

TABLE 2 - Characterization of the influent
wastewater (sampling date: October 15, 2008).

CONCLUSION

ABR - flocculent seed
ABR - granular seed
Port I
Port II Port I
Port II
TS
g/L
75.8
1.60
36.7
1.25
TVS
g/L
21.4
0.50
15.3
0.42
TSS
g/L
74.6
0.44
36.6
0.90
VSS
g/L
20.9
0.11
15.0
0.35
TVS/TS
%
28
31
42
34
VSS/TSS
%
28
25
41
39
*: TS: Total Solids, TVS: Total Volatile Solids, TSS: Total Suspended
Solids, VSS: Volatile Suspended Solids
Parameter*

Unit

General Discussion

In this study, the performances of two lab-scale ABRs
treating domestic wastewater at ambient temperatures were
investigated, in presence of two different seed sludge (flocculent and granular) sources. Results of the ABRs with both
seed sources indicated more than 60% CODtot removals at
the lowest HRT of 8.55 h. However, CODsol removals gave
inconsistent results due to very low influent concentrations. Since particulate COD in raw sewage was mostly
reflected by TSS, influent TSS was mostly kept by the
biomass inside the reactors. The highest solids concentra-
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tion was observed in biomass at the first ports with significant decrease in the volatile portion when compared with
the original seed sources at both ABRs. Almost no biogas
productions were observed in both reactors even during
summer periods when ambient temperature was relatively
high. Apparently, low influent COD levels resulted in low
substrate levels inside the reactors but also in low biogas
production rates. Although anaerobic treatment without
heating is considered as an attractive option, ABR treatment
of domestic effluents should be considered as a pretreatment alternative due to the facts that considerable
nutrient amounts in the influent may increase when subjected to anaerobic treatment, and almost no pathogen
removals restricted their agricultural usage.
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ABSTRACT
Laboratory investigations for the potential usage of
agricultural waste Flax shives as an adsorbent for water decolourisation were conducted in a batch sorption system.
Flax (Linum usitatisimum) is a plant grown in Egypt consisting of long fibres used for linen production, the seeds
for oil production, and short fibres (shives, a main fiber
flax by-product) are wasted during the processing of flax
stocks. The adsorption equilibrium using model aqueous
solutions of Basic Yellow 21 has been studied. The experimental data fit Tempkin equation better than those of
Langmuir and Freundlich. The adsorption capacity of
the Flax shives for Basic Yellow 21 was found to be
76.92 mg/g. The adsorption kinetics with respect to the
initial dye concentration, adsorbent mass and stirring rate
was investigated. The pseudo-first order, pseudo-second
order and intra-particle diffusion models were used to describe the kinetic data. The rate constants were also evaluated. The adsorption kinetics fit very well the second-order
kinetic model. Sorption mechanism onto Flax shives was
also discussed. The results obtained during this study revealed the possible usage of Flax shives as an alternative,
low-cost adsorbent for decolourisation of wastewaters.

KEYWORDS: Flax shives, Basic Yellow 21, adsorption, equilibrium, kinetics, mechanism

cost and regeneration limit its application. At present, there
is a growing interest in using other low-cost adsorbents [5].
Utilization of agricultural wastes for the treatment of
wastewater could be helpful not only to environment in
solving the solid waste disposal problem, but also the economy. Agricultural wastes contain a complex mixture of
cellulose, hemicellulose and lignin that makes them useful
sources for effective adsorbents in the removal of pollutants from wastewaters. Several agricultural wastes have
been successfully employed for the removal of dyes from
aqueous solutions, such as rice hulls [6], hazelnut shell
[7], guava leaf powder [8], sawdust [9], and sunflower
seed hulls [10].
Flax shives (FS) is the woody core of flax (Linum usitatisimum) plant and rejected as by-product during the
processing of flax stocks for fibre production [11]. FS are
generated from fibre production at a rate of 2.5 t shives/t
fiber [12]. According to the Food and Agricultural Organization (FAO) statistics, 2004, FS are produced in large
quantities in Egypt with an annual production about 177 x
103 t, have little monetary value and create disposal problems resulting in environmental pollution.
The aim of this study is to investigate this agricultural
waste as a cheap adsorbent for the removal of dyes from
wastewater. Equilibrium and kinetic studies were performed
using model aqueous solutions of Basic Yellow 21. Since
Flax shives is a low-cost and available material, regeneration is not necessary, and it can be disposed off by burning with the sorbed dye as a source of energy.

INTRODUCTION
From an environmental point of view, the removal of
synthetic dyes is of great concern, since some dyes and
their degradation products may be carcinogenic and toxic
[1, 2]. The removal of color from dye-bearing effluents is
a major problem due to the difficult treatment of such wastewaters by conventional treatment methods. The adsorption
technique has proven to be an effective and attractive process for the treatment of these dye-bearing wastewaters [35]. In wastewater treatment, the activated carbon is the
most popular adsorbent, but certain problems with the high

MATERIALS AND METHODS
Adsorbent

FS used as adsorbent were kindly supplied by Tanta
Flax and Oil Company, Tanta, Egypt. Prior to use in the
experiments, FS were crushed to fine particles of about 0.2
mm size. The chemical composition of FS is described in
Table 1 [13].
Adsorbate

Basic Yellow 21 (BY 21) dye was used as an adsorbate (chemical structure given in Fig. 1). Accurately weighed
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quantity of dye was dissolved in distilled water to prepare
a stock solution used for the preparation of the model
solutions with desired concentrations. The pH of the
prepared dye solutions was adjusted with a pH-meter
TACUSSEL LPH 430T to about 5.5±0.2 that is considered to be optimal for adsorption of Basic Yellow 21 (cationic) dye onto Flax shives (with more anionic sites) as observed in a preliminary, not published, study.
TABLE 1 - Chemical composition of Flax shives.
Constituents
α-Cellulose
Hemicellulose
Lignin
Extractives
Ash
Moisture

%
56.2
16
23
3.2
1.6
9.81

Kinetic studies with respect to the initial dye concentration, adsorbent mass and stirring rate were carried out
in an adsorption contact system with standard configuration consisting of a batch adsorber with a two-bladed impeller to stir the dye solution using a Heidolph RZR 2100
motor. The experiments were conducted at 20 oC, with
varying initial dye concentration in the range 110-420 mg
L-1. The range of adsorbent mass was 0.2-1.0 g, and that
of stirring rate was 60-160 rpm. Five ml samples were
withdrawn using a syringe at different time intervals over
360 min until the system reached equilibrium. The samples were filtered through 0.2-µm filters and then analyzed.
RESULTS AND DISCUSSION
Adsorption equilibrium

FIGURE 1 - Chemical structure of Basic Yellow 21.
Dye Concentration Analysis

The concentration of BY 21 before and after adsorption was determined spectrophotometrically (SPECOL 11,
Carl Zeiss Jena) at the maximum wavelength (λmax) of
416 nm, using a standard calibration curve.

The successful representation of the dynamic adsorptive separation of a solute from solution onto an adsorbent
depends upon a good description of the equilibrium separation between the two phases. By plotting solid phase
concentration (qe) against liquid phase concentration (Ce)
graphically, it is possible to depict the equilibrium adsorption isotherm. In order to optimize the design of adsorption system to remove dyes from effluents, it is important
to establish the most appropriate correlation for the equilibrium curve [14]. There are many theories relating to
adsorption equilibrium. Three isotherm equations have been
tested in the present research, namely that of Langmuir [15],
Freundlich [16] and Tempkin [17]:
Langmuir isotherm:

(3)

Batch Equilibrium Studies

Equilibrium adsorption studies were performed using
model solutions of BY 21 in the concentration range of
80-550 mg L-1. Known mass of the adsorbent was added
to 50 ml of the model solutions in screw cap jars. The jars
were shaken on a platform shaker at 20±2 oC until reaching the equilibrium. After filtration (Minisart® Syringe filter
unit, 0.2 µm), the residual dye concentration was determined.
The amount of adsorption at equilibrium (qe, mg g-1)
and the removal percentage (R %) was calculated according to the following expressions:

Freundlich isotherm:
(4)
Tempkin isotherm:
(5)
The linear forms of the Langmuir, Freundlich and
Tempkin isotherms can be expressed by Eqs. (6) – (8),
respectively:
(6)
(7)

(1)
(2)
where Co and Ce are the initial and equilibrium dye
concentrations (mg L-1), respectively, V is the solution
volume (L), and m is the mass of FS (g).
Batch Kinetic Studies

(8)
-1-3

where, Ce (mg L ) is the dye concentration in solution at equilibrium, qe (mg g-1) is the amount of adsorbed
dye per unit mass of adsorbent. Qmax and KL are Langmuir
isotherm constants related to the theoretical maximum
adsorption capacity (mg g-1) and the energy of adsorption
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(L g-1), respectively. KF is the Freundlich constant representing the adsorption capacity (mg g-1) (L mg-1)n, and n is
the Freundlich exponent depicting the adsorption intensity
(dimensionless). A and B are the Tempkin isotherm constants and B =RT/ b.
A comparison is made among the 3 isotherms plotted
in Fig. 2, which shows the experimental data points and
the 3 theoretical isotherms (qe versus Ce) for BY 21 onto
FS plotted on the same graph. The figure clearly indicates
that the adsorption capacity, qe, increases initially in a
linear way with rising equilibrium concentration, suggesting that the adsorption sites on FS were sufficient. The
increase in curvature of the isotherms, as it tends to a mo-

nolayer, as Ce values increase considerably for the small
increase in qe, is possibly due to the less active sites being
available at the end of the sorption process. Adsorption
capacity, qe, is eventually limited by the fixed number of
active sites on the FS, and a resulting plateau can be observed.
The Langmuir, Freundlich and Tempkin isotherm parameters were obtained by plotting Ce/qe versus Ce (Fig. 3),
log qe versus log Ce (Fig. 4) and qe versus ln Ce (Fig. 5),
respectively. The isotherm constants and the related correlation coefficients are given in Table 2. The best-ﬁt equilibrium model was determined based on the linear regression correlation coefficient R2.

FIGURE 2 - Adsorption isotherms for BY 21 on FS.

FIGURE 3 - Langmuir adsorption isotherm for BY 21 on FS.
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FIGURE 4 - Freundlich adsorption isotherm for BY 21 on FS.

FIGURE 5 - Tempkin adsorption isotherm for BY 21 on FS.

TABLE 2 - Langmuir, Freundlich and Tempkin isotherm constants.

KL
(L g-1)
0.053

Langmuir
Qmax
(mgg-1)
76.92

R2
0.946

KF
(L g-1)
5.32

Freundlich
n
1.54

R2

B

0.929

15.92

Tempkin
A
(L g-1)
0.618

R2
0.996

TABLE 3 - Comparison of monolayer equilibrium adsorption capacity for basic dyes onto different sorbents.
Sorbent
Kudzu
Peanut hulls
MDF
Chemviron Carbon (UK)
FS
Egyptian bagasse pith
Treated sawdust
Activated sludge biomass
FS
Lignite coal
FS
Coir pith

Qmax (mg/g)

Dye
BY 21
BY 21
BY 21
BR 46
BY 21
BR 22
BG 4
BY 24
BB 9
BB 9
BR 18
BV 10

As seen from Table 2 and Fig. 2, the comparison of
R2 values indicates that the Tempkin isotherm best fits the
experimental results/adsorption data. The maximum adsorption capacity (Qmax) of the FS for BY 21 was found to
be 76.92 mg g-1.
Comparison with other adsorbents

The adsorption capacities of different sorbents for the
removal of basic dyes are given in Table 3 for comparison.
Although a direct comparison is difficult due to the different physicochemical environments, the adsorption performance of FS in this work appears superior. The value of
adsorption capacity of this FS for BY 21 is comparable to
or even larger than those reported in literature (Table 3).
This indicates that FS is a promising adsorbent for removal of basic dyes from wastewater.
Adsorption kinetics

160
150
110
106
76.92
75
74.5
56.98
42.19
32
21.1
2.56

References
[18]
[18]
[18]
[19]
Present study
[20]
[21]
[22]
[13]
[23]
[13]
[24]

Successful application of the adsorption requires innovation of low-cost, easily available and abundant adsorbents of known kinetic parameters and sorption characteristics.
The study of adsorption kinetics in wastewater treatment is desirable since it provides valuable information
about the mechanism of adsorption, which is important for
efficiency of the process. In addition, the kinetics describe
the solute uptake rate and mass transfer resistance at the
solid-solution interface.
The rate of dye removal is one of the most important
parameters for economical wastewater treatment applications. Therefore, time dependence experiments for dye
removal were carried out at different initial dye concentration, adsorbent mass and stirring rate.
Effect of initial dye concentration
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Adsorption kinetic studies were measured as a function of initial dye concentration and the results are illustrated in Fig. 6. Here, the fraction of BY 21 in the solution
was defined as the ratio of BY 21 concentration in the
solution at time t, Ct, to the initial BY 21 concentration,
Co. It is noticed that the adsorption capacity of the adsorbent increases by increasing initial dye concentration. The
adsorption capacity increased from 10.44 to 40.02 mg g-1 as
the initial BY 21 concentration increased from 110 to
420 mg L-1. This is due to the fact that initial concentration contributes in the driving force to overcome mass
transfer resistance between the adsorbent and bulk fluid
phase, thus increasing the uptake. In addition, increasing
initial dye concentration increases the number of collisions between dyes and adsorbent, which enhances the
sorption process [25]. Figure 6 indicates that the adsorption of BY 21 was very fast in the first 5 min, thereafter decreased gradually and then became constant at equilibrium
time. The initial rapid phase may be due to the increased
number of vacant sites available at the initial stage. As a
result, there exists an increased concentration gradient between adsorbate in solution and adsorbent surface. This
increase in concentration gradient tends to increase in dye
adsorption rate at initial stages. As time proceeds, this
concentration gets reduced due to the accumulation of dye
particles in the vacant sites, leading to a decrease in adsorption rate at later stages from 5 to 360 min.

sorbent surface by intra-particle diffusion. Also, the competition and steric repulsion between the solute molecules
could slow down the adsorption process (higher equilibrium time) [10].
Effect of adsorbent mass

Different masses of FS were chosen to study the effect of the adsorbent mass on adsorption process. The
experimental results are shown in Fig. 7. The concentration decay plots of BY 21 adsorption onto various masses
of FS adsorbent are illustrated in terms of the ratio of Ct
/Co versus time, t. It can be seen that the dye removal
increased from 93.1 to 97.9 % when the mass of the FS
increased from 0.2 to 1 g. This is due to the availability of
more active binding sites (such as carboxylic acid groups
from hemicellulose, phenolic groups from lignin, or hydroxyl groups from cellulose) for the uptake of dyes at
higher mass of the adsorbent. The poor increase in R% as
mass changes from 0.2 to 1.0 g is due to accumulation of
dye molecules on the surface of the adsorbent giving rise
to hindering the rest of dye molecules to diffuse inside the
adsorbent matrix.
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FIGURE 7 - Effect of FS mass on the adsorption of BY 21.
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FIGURE 6 - Concentration-time profiles of BY 21 on FS at different
initial dye concentrations.

The adsorption curves are single, smooth and continuously leading to saturation. The adsorption curves of contact time indicate the possible mono-layer coverage of dye
on the surface of the adsorbents [26]. The equilibrium time
was found to be 1–5 h based on the initial dye concentration, where equilibrium times increased by increasing initial dye concentration. Similar results were observed for the
adsorption of basic dyes onto other agricultural wastes [10,
27]. At low concentrations, adsorption sites took up the
available dye more quickly (lower equilibrium time). However, at higher concentrations, dye needed to diffuse to the

On the other hand, the amount of dye adsorbed decreased from 24.98 to 5.25 mg g-1 as the FS mass was
changed from 0.2 to 1 g. The decrease in qe with the increase in adsorbent mass may be due to overlapping of
adsorption sites, as a result of overcrowding of adsorbent
particles [28].
It has been also observed that the shortest equilibrium
time (60 min) was reached at the highest FS mass (1 g).
This observation is in agreement with adsorption behavior
of methylene blue onto Jordanian diatomite [29]. When
the adsorbent mass increased, the ratio of adsorbent/ adsorbate in the system increased, resulting in the dominance of external diffusion and reduced intraparticle diffusion effects [30]. It is confirmed from Table 4 that increasing the mass of the FS results in a decrease in intraparticle diffusion parameter. This behavior could be ex-
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plained as dependence of external mass transfer coefﬁcient
on the driving force per unit area. Consequently, FS mass
increase increases the surface area for adsorption and,
hence, the rate of dye removal is increased [30].
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TABLE 4 - Rate constants for the pseudo-ﬁrst order, pseudo-second order and intraparticle diffusion models.
Factor

h,
(mg g-1
min-1)
12.53
11.35
10.1
6.4

R2

10.53
22.22
30.3
40

K2
(g mg-1
min -1)
0.113
0.023
0.011
0.004

1
0.999
0.999
0.997

Intraparticle diffusion
model
Ki
R2
(mg
g-1
min0.5)
0.256
0.977
0.72
0.981
0.773
0.946
0.636
0.92

0.925
0.97
0.962
0.898

25.64
10.53
6.54
5.26

0.0076
0.113
0.556
1.004

5
12.53
23.78
27.78

0.999
1
1
1

0.837
0.256
0.237
0.092

0.966
0.977
0.989
0.837

0.925
0.956
0.989

25.64
25.64
25.64

0.0076
0.0084
0.0205

5
5.52
13.48

0.999
0.999
0.999

0.837
1.118
1.239

0.966
0.988
0.989

First–order kinetic model

Second-order kinetic model
R2

qe ,
cal
(mg g-1)

0.090
0.035
0.023
0.009

0.970
0.969
0.907
0.860

10.05
3.04
1.09
0.71

0.012
0.09
0.138
0.171

10.05
9.59
8.22

0.012
0.011
0.027

C0
(mg L-1)

qe, exp.
(mg g-1)

qe ,
cal.
(mg g-1)

100
200
300
400
m (g)
0.2
0.5
0.8
1
rpm
60
100
160

10.44
21.66
29.33
40.02

3.04
7.13
11.55
17.9

24.98
10.44
6.53
5.25
24.98
25.92
25.95

K1
(min-1)

Effect of Stirring Rate

Stirring rate influences the distribution of the dye
molecules in the bulk solution but can also act on the
formation of the external boundary film [31]. The varying
of the stirring rate in a batch reactor is usually used to
confirm the absence of significant external resistance. If
mass transfer of dye molecules is an important factor in
controlling the rate, then the rate of stirring would have an
effect on the uptake. Increasing stirring rate decreases the
film resistance to mass transfer surrounding the adsorbent
particle but increases the mobility of the system [32].

adsorption process. Increased stirring rate reduced the film
boundary layer surrounding FS particles, thus increasing
the external film transfer coefficient and, subsequently,
sorption uptake can be enhanced [33].
It must be also noted that equilibrium time was dependent on stirring rate (shortest equilibrium time (60 min)
obtained at maximum stirring rate of 160 rpm).
The results of kinetic studies implied that equilibrium
time is strongly dependent on dye initial concentration,
adsorbent mass and stirring rate.
Adsorption kinetics modeling

0.6

Pseudo-first and pseudo-second order kinetics

0.3

The pseudo-first and pseudo-second order models
were used to describe the kinetic data. Assuming pseudofirst order kinetics, the rate of the adsorptive interactions
can be evaluated by using the simple Lagergren equation
[34, 35]:

0.2

(9)

0.1

where qe and qt are the amounts adsorbed per unit
mass at equilibrium and any time t, respectively, and k1 is
the pseudo-ﬁrst order adsorption rate constant. Integrating
Eq. (9) for the boundary conditions, t = 0 to t = t and qt =
0 to qt = qt, the linear form of the equation is as follows:

0.5

60 rpm
100 rpm
160 rpm

Ct / C 0

0.4

0.0
0

50

100

150

200

250

300

350

400

t (min)

FIGURE 8 - Effect of stirring rate on the adsorption of BY 21.

(10)

The effect of the stirring rate on BY 21 adsorption
onto FS was examined. Three agitation rates 60, 100 and
160 rpm, were tested in order to investigate the kinetic
process of BY 21 adsorption and the results are illustrated
in Fig. 8. Although the effect of stirring rate on the kinetics of adsorption is not very strong, it is noted that the
increase in stirring rate leads to an increase in the adsorption capacity. For example, the adsorption capacity increased from 14.92 to 18.92 mg g-1 with increasing stirring rates from 60 to 160 rpm during the first 5 min of

The values of k1 can be obtained from the slope of the
linear plot of ln(qe−qt) versus t (Table 4).
If the rate of adsorption follows a second order mechanism, the pseudo-second order kinetic rate equation is
expressed as follows[36]:
(11)
where k2 is the second order rate constant. For the
boundary conditions, t = 0 to t = t and qt = 0 to qt = qt, the
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integrated linear form of the equation is written as follows:

where h is the initial sorption rate, mg g-1min-1.Then
Eq. (12) becomes:

(12)

(14)

(13)

The plot of t/qt versus t gives a linear relationship,
which allows computation of qe and k2 (Figs. 9-11).

and 	
  
h	
  =	
  k2.qe

2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

FIGURE 9 - Pseudo-second order kinetics for adsorption of BY 21 on FS at various initial dye concentrations.

FIGURE 10 - Pseudo-second order kinetics for adsorption of BY 21 on FS at various adsorbent masses.

FIGURE 11 - Pseudo-second order kinetics for adsorption of BY 21 on FS at various stirring rates.
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Table 4 lists the results of the rate constant studies for
different initial dye concentrations, adsorbent masses and
stirring rates by the pseudo-ﬁrst order, pseudo-second
order and intra-particle diffusion models. The correlation
coefficients, R2, for the pseudo-second order model have
the highest values (>0.997), and their calculated equilibrium
adsorption capacities are consistent with experimental data.
These facts suggest that the adsorption kinetics fit very well
the second-order kinetic model, and the pseudo-second order
adsorption mechanism is predominant and appears to be
controlled by the chemisorption process [36, 37]. It is also
noted from Table 3 that the rate constants (k1 and k2) and
the initial sorption rate (h) decreased with an increase of the
initial dye concentration, but increased with increasing adsorbent mass and stirring rate.

transport mechanism. Whatever may be the case, external
diffusion will be involved in the sorption process.

Intraparticle diffusion and adsorption mechanism

The possibility of intra-particle diffusion resistance
affecting adsorption was explored by using the intraparticle diffusion model [38]:

Prediction of the rate-limiting step is an important factor to be considered in sorption process. For solid–liquid
sorption, the solute transfer process is usually characterized
by either external mass transfer (boundary layer diffusion)
or intra-particle diffusion, or both. The sorption dynamics
can be described by the following 3 consecutive steps:
• Transport of the solute from bulk solution through
liquid film to the adsorbent exterior surface,
• Solute diffusion into the pore of adsorbent except for
a small quantity of sorption on the external surface. Parallel
to this is the intra-particle transport mechanism of the surface diffusion,
• Sorption of solute on the interior surfaces of the
pores and capillary spaces of the adsorbent.
The last step is considered to be an equilibrium reaction. Out of 3 steps, the 3rd is assumed to be rapid and
considered to be negligible. The overall rate of sorption
will be controlled by the slowest step, which would be either film or pore diffusion. However, the controlling step
might be distributed between intra-particle and external

The sorption of BY 21 onto FS particles may be controlled due to film diffusion at earlier stages, and when
adsorbent particles get loaded with dye ions, the sorption
process may be controlled due to intra-particle diffusion.
But for design purpose, it is necessary to calculate the slowest step involved in sorption process. The external mass
transfer controls the sorption process for systems that have
poor mixing, dilute concentrations of adsorbate, small particle sizes of adsorbent and higher affinity of adsorbate for
adsorbent whereas intra-particle diffusion will control sorption for a system with good mixing, large particle sizes of
adsorbents, high concentration of adsorbate and low affinity of adsorbate for adsorbent.

(15)
where ki is the intra-particle diffusion rate constant
and I is the intercept.
Figures 12-14 show the plots between qt versus t 0.5
for BY 21 onto FS particles. From the figures, the sorption process tends to be followed by two phases. It was
found that an initial linear portion ended with a smooth
curve, followed by second linear portion. The two phases
in the intra-particle diffusion plot suggest that process
proceeds by surface sorption and intra-particle diffusion.
The initial-curved portion of the plot indicates boundary
layer effects while the second linear portion is due to
intra-particle or pore diffusion [39].
The slope of the second linear portion of the plot has
been defined as the intra-particle diffusion parameter ki
(mg g-1 min-1). On the other hand, the intercept, I, of the
plot reflects the boundary layer effect. The larger I, the
greater is contribution of surface sorption in the rate-limiting

FIGURE 12 - Intraparticle diffusion plots for BY 21 adsorption on FS at various initial dye concentrations.
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FIGURE 13 - Intraparticle diffusion plots for BY 21 adsorption on FS at various adsorbent masses.

FIGURE 14 - Intraparticle diffusion plots for BY 21 adsorption on FS at various stirring rates.

step [40]. The calculated ki values at the various experimental conditions are shown in Table 4. The deviation of
straight lines from the origin may be because of the difference between the rate of mass transfer in the initial and
final stages of adsorption. Further, such deviation of
straight lines from the origin indicates that the pore diffusion is not the sole rate-controlling step [41].

(17)
where qt and q∞ are amounts adsorbed after time t and
after infinite time, respectively. F represents the fraction
of solute adsorbed at any time t, and Bt is a mathematical
function of F. Eq. (16) can be simpliﬁed to:
(18)

Since the double nature of intra-particle diffusion plot
confirms the presence of both film and pore diffusion, in
order to predict the actual slow step involved, the kinetic
data were further analyzed using Boyd kinetic expression
which is given by [42]:
(16)
and

or
(19)
The Bt values at different contact times can be calculated using Eq. (19). The calculated Bt values were plotted against time t as shown in Figs. 15-17 to identify
whether external transport or intra-particle transport controls the rate of sorption [42]. It was observed that the
plots were linear but do not pass through the origin con-
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firming that external mass transport mainly governs the
sorption process [42].

FIGURE 15 - Boyd plots for BY 21 adsorption on FS at various initial dye concentrations.

FIGURE 16 - Boyd plots for BY 21 adsorption on FS at various adsorbent masses.
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FIGURE 17 - Boyd plots for BY 21 adsorption on FS at various stirring rates.
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CONCLUSIONS
The present study shows that Flax shives, an agricultural waste, can be used as adsorbent for removal of Basic
Yellow 21 from its aqueous solutions. The adsorption capacity was found to increase with the increase in initial
dye concentration, stirring rate and contact time, but found
to decrease with the increase in adsorbent mass.
The experimental data fit Tempkin equation better than
those of Langmuir and Freundlich. The maximum adsorption capacity of the FS for BY 21 was found to be 76.92 mg
g-1. The adsorption kinetics fit very well the second-order
kinetic model, and pseudo-second order adsorption mechanism is predominant, and appears to be controlled by the
chemisorption process. It is also noted that the rate constants
(k1 and k2) and the initial sorption rate (h) decreased with
an increase of the initial dye concentration but increased
with increasing adsorbent mass and stirring rate.
The dye uptake process was found to be controlled by
external mass transfer at earlier stages but intra-particle diffusion at later stages. Boyd plots confirm the external mass
transfer as the slowest step involved in sorption process.
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ABSTRACT
Removal of fluoride from model water (distilled water
+ NaF salt + Na2SO4) by electrocoagulation using iron electrode was investigated in this study. Experiments were conducted to evaluate the effects of current density (0.5-3 mA/
cm2), initial pH (5-9), and supporting electrolyte (Na2SO4)
dosage (0.005-0.03M) on the performance of the system.
The influent pH value was found to be a very important parameter that affected fluoride removal significantly. Therefore, influent pH value of 6 was determined to be the most
proper value for this study. The highest treatment efficiency was obtained for the largest applicable current density. The initial fluoride concentration of 5 mg/L was reduced down to 0.82 mg/L with the removal efficiency of
83.6 % and electrical energy consumption (EEC) of 1.4
kWh/m3 at 1mA/cm2 whereas 1.03 mg/L which is within
the range suggested by WHO was reached with the removal efficiency of 79.4% and EEC of 0.2 kWh/m3 at the
current density of 0.5 mA/cm2.

KEYWORDS:
Defluoridation, Electrocoagulation, Iron, Treatment

Zealand, Palestine, Pakistan, Senegal, Sri Lanka, Syria,
Tanzania, Thailand, Turkey, Uganda, and United Arab
Emirates [3].
The aim of this study was to remove excess fluoride
from water by electrocoagulation (EC). In an electrocoagulation cell, the iron electrodes sacrifice themselves to form
iron ions first. Afterwards, the iron ions are transformed to
Fe(OH)n before polymerized. The Fe(OH)n(s) formed remains
in the aqueous stream as a gelatinous suspension, which
can remove the pollutants from water and wastewater either
by complexation or by electrostatic attraction, followed by
coagulation [4]. Recently, there are numerous reports regarding the studies using aluminum as the anode for the
defluorination [5-9]. No report about the studies using iron
as anode material for the removal of fluoride by electrocoagulation has been encountered in the literature. Thus,
the influence of iron electrode on the performance of fluoride removal will be the further contribution of these researches. This study elucidates the effects of parameters
such as: initial pH, electrocoagulation time, current
density and supporting electrolyte concentration on the
fluoride removal efficiency for a batch EC reactor. Information regarding the electrical energy consumption
(EEC) is also included to provide an estimation of the cost
of fluoride removal by an EC system.
MATERIALS AND METHODS

INTRODUCTION
Fluorine is an essential element for human health. However, excess intake of fluoride would lead to various diseases such as osteoporosis, arthritis, brittle bones, cancer, infertility in women, brain damage, Alzheimer syndrome, and
thyroid disorder [1]. Fluoride concentrations about 1 mg/L
are beneficial to prevent skeletal and dental problems. The
1984 World Health Organization (WHO) guidelines suggest optimum levels of fluoride concentrations between 1
and 1.2 mg/L [2]. However many people in the world are
affected by the fluorosis. A study done by UNICEF has
shown that fluorosis was endemic in at least 27 countries
across the globe. These countries are: Algeria, Argentina,
Australia, Bangladesh, China, Egypt, Ethiopia, India, Iran,
Iraq, Japan, Jordan, Kenya, Libya, Mexico, Morocco, New

Solution chemistry

The influence of the experimental design parameters
on the defluoridation process was achieved with “model”
water (distilled water + NaF salt + Na 2SO 4). Fluoride
solutions (5 mg/L as F−) were prepared by solving sodium
fluoride in deionized water. Sodium sulfate was added to
the aqueous solution to increase the conductivity. Initial pH
adjustment was carried out using 1N sulphuric acid and 1 N
sodium hydroxide solutions.
Bench scale batch EC apparatus

The electrochemical system consisted of a reactor, a
mechanical stirrer, and a direct current (DC) power supply (Statron Type 3234.4); its schematic representation
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and picture were shown in Fig. 1. A cylindrical reactor
made by iron and operated as anode had an internal diameter of 10 cm. The mechanical stirrer (Heidolph RZR 2102)
consisted of two iron blades and operated as the cathode
by submerging into the reactor containing water. It was
also used to maintain uniform composition and to enable
the agglomeration of flocs in the solution by stirring the
mixture at 100 rpm. The performance of the reactor was
evaluated in the batch mode.

Standards Methods. Conductivity and pH were measured
by means of conductimeter (Inolab Cond., Level 1) and
pH meter (Orion 420 A), respectively. All the samples
were analyzed in duplicate to ensure data reproducibility, and an additional measurement was carried out, if
necessary.
Calculation of Removal efficiency (RE%) and Electrical Energy Consumption

Removal efficiency (RE%) and the electrical energy
consumed per unit volume of treated water (EEC) were
calculated using the equation 1 and 2 respectively.
RE % =

C0 − C
x100
C0

(1)

where Co and C are the concentrations of fluoride before and after the treatment, respectively, in mg/L and

EEC =

V .I .t

υ

.10 −3

(2)

where EEC is the electrical energy consumption
(kWh/m 3), V is the potential (V), I is the current (A), t is
the time (h), and ν is the volume of the solution (m3)
RESULTS AND DISCUSSION
Three sets of experiments were conducted to optimize
the experimental conditions:
• Effect of initial pH (i.e. pH 5, 6, 7, 8 and 9) at a constant applied current density (i = 20mA/cm2) and supporting electrolyte concentration (0.01 M Na2SO4)
• Effect of electrocoagulation time and current density
(0.5, 1, 2 and 3 mA/cm2 ) at an initial pH of 6 and supporting electrolyte concentration of 0.01 M Na2SO4.
• Effect of supporting electrolyte concentration (0.005,
0.01, 0.02 and 0.03M Na2SO4) at pH of 6 and current
density of 20mA/cm2

FIGURE 1 - Experimental set up and its photograph.

Effect of Initial pH

Experimental protocol2

All experiments were conducted at ambient temperature of about 25 0C with initial F− concentration of 5 mg/L.
Current was applied to provide the current density in the
range of 0.5-3 mA/cm2, however, it was held constant for
each run. In each run, 0.5 L of model solution was poured
into the electrolytic cell, and the pH, conductivity, and current density were adjusted to the desired value. The reaction
was started by switching the DC power supply on. At the
end of the run, the stirrer and the inside of the reactor were
washed thoroughly with 0.1M HCl and then with distilled
water to remove any solid residues on the surfaces and
dried. Electrocoagulation experiments were performed for
30 min for each run and samples were taken every 5 min
interval and centrifuged. The supernatant liquid was analyzed for the fluoride content. Fluoride concentrations in the
sample were determined by SPANDS Method from

To investigate the effects of the initial pH on the removal of fluoride from water the bench scale experiments
were achieved by adjusting the initial pH values of 5.0, 6.0,
7.0, 8.0 and 9.0 at 1 mA/cm2 in the presence of 0.01 M
Na2SO4. During all experiments, pH was not controlled
but monitored throughout the electrolysis. A trend of pH
variation during the experiments can be seen in Fig. 2.
When the initial pH was in the range of 5.0 and 6.0 the
removal efficiency reached 77.2–83.6% after 30 min reaction and then dropped to 78.4, 77.8, and 73.6% at pH 7.0,
8.0, and 9.0 respectively. This was because some of the
hydroxyl ions were probably oxidized at the anode at high
pHs. This led to prevent the production of the equivalent
amount of iron ions and, therefore, the removal efficiency
of
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fluoride

decreased.
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3−

addition, Fe(OH) 6
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−

Fe(OH) 4 ions might present at high pH, which made a
removal efficiency decrease. At lower pH the protons in
the solution were reduced to H2 at the cathode and the
equivalent amount of hydroxyl ions could not be produced. Hence Fe(OH)2+ and Fe(OH)2 formed, prevented
precipitation of Fe(OH)3 [10]. In addition the pH of solution is lower than 6, Fe(OH)3 can be in the soluble form
[11]. Similar results were obtained with an iron electrode
by Daneshvar et al. [12].
+

hence an improvement in the removal efficiency. Removal
efficiencies of 79.4, 83.6, 85.6 and 85.9% corresponding
to 1.03, 0.82, 0.72, and 0.70 mg/L final fluoride concentrations were achieved at 0.5, 1, 2 and 3 mA/cm2 respectively. As the current decreased, the time required to achieve
similar efficiencies increased. Similar results were obtained
by Tezcan Un and coworkers [13, 14] for the electrochemical treatment of olive mill wastewater and Tezcan Un [15]
for the electrocoagulation of vegetable-oil refineries wastewater using iron electrode. Thus, the higher the rate of formation of iron hydroxide by increasing the current density,
the lower the time required for emulsion abatement. However, it is advisable to limit the current density in order to
avoid excessive oxygen evolution as well as to eliminate
other adverse effect, like heat generation. The current density of 1 mA/cm2 was also applied in the further experiments by the aim of avoiding excess iron concentration in
treated water. The iron concentration in treated water was
controlled time to time and confirmed that it was below
official legislation.

FIGURE 2 - Variation of removal efficiency of fluoride with respect
to time for different initial pH values. Current Density=1 mA/cm2,
CNa2SO4=0.01M
Effect of Electrocoagulation Time and Current Density

The current density and electrocoagulation time determines the coagulant dosage. Thus, these parameters should
have a significant impact on removal efficiency of fluoride. The influence of current density and electrocoagulation time on the removal efficiencies was investigated at
pH 6 with 0.01 M Na2SO4. During electrocoagulation, the
positive electrode undergoes anodic reactions while cathodic reactions occur on the negative electrode. The removal efficiency depends directly on the concentration of
ions produced by the electrodes. When the electrolysis time
increases, an increase occurs in concentration of ions and
their hydroxide flocs. According to Fig. 3a, as electrolysis
progressed, the removal efficiency increased up to the 80 %
at 3 mA/cm2 within first 10 minutes owing to the formation
of new flocs. The rate of increase in the removal efficiency
was high at the beginning of the electrolysis and stayed unchanged beyond 30 minutes. Increasing the time from
10 min to 30 min, a further 5.9% increase in the removal
efficiency was obtained whereas 3-fold increase in electrical energy consumption from 4 kWh/m3 to 12.5 kWh/m3,
respectively, was determined. This result presents that electrocoagulation time is an important parameter affecting the
economical applicability of EC process.
Fluoride removal efficiency increases with increasing
current density as seen Figure 3a because, when the current density increases, the efficiency of the production of
ions at the anode and cathode increases. Therefore, an increase in the floc production observed in the solution and

(a)

(b)
FIGURE 3 - a) Variation of removal efficiency of fluoride with respect
to time for different current densities, b) Variation of electrical energy
consumptions with current densities. Initial pH: 6, CNa2SO4=0.01M.

The effect of the current density on the EEC during the
EC process was presented in Fig. 3b. The results showed
that the current density also significantly influenced the
electrical energy consumption. The higher power consump-
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tion led to higher operating cost and lower current density
may increase the electrolysis time. Therefore, the operation of the electrochemical reactor has to be optimized for
current density and electrolysis time to reduce the operating cost of the process.
Effect of Supporting Electrolyte Concentration

The conductivity of water can significantly influence
the performance of an electrochemical treatment because
such systems facilitate the passage of current. To evaluate
the effect of the supporting electrolyte concentration on the
removal efficiency at 1 mA/cm2, and pH 6, different quantities of Na2SO4 were added not to exceed the amount of
250 mg/L, which is a limit value for drinking water in Turkey in the treated water. As Na2SO4 concentration increased, the removal efficiency increased as seen in Fig. 4a.
Removal efficiencies of 76.2, 83.6, 86.3, 87.4% were obtained at 0.005, 0.01, 0.02 and 0.03M Na2SO4 concentrations respectively. Overall 0.01M Na2SO4 concentration
should be preferred to avoid the additional cost of Na2SO4
and excess amount of sulphate in treated water.

current density. When the conductivity of solution increases,
IR-drop decreases, so the necessary voltage to reach an optimum current density will be diminished, and consequently
the consumed electrical energy is decreased. The EEC of
2.10 kWh/m3 at 0.005 M Na2SO4 decreased 0.50 kWh/m3,
with increase in the Na2SO4 concentration up to 0.03 M.
Similar effects on EEC with increase in conductivity were
previously reported by Tezcan Un et al. [4, 16] and
Kuleyin and Balcioglu [17].
Using higher supporting electrolyte concentration in
the treatment of drinking water can be inconvenient due to
environmental consideration even if the higher supporting
electrolyte concentration gives higher removal efficiency and
lower energy consumption.

CONCLUSION
Based on the results achieved from the experiments,
the following conclusions may be outlined:
1. Electrocoagulation with iron electrode could be applicable for defluoridation.
2. The use of iron as a sacrificial electrode material in
the treatment of fluoride by electrocoagulation was found
to be pH dependent. The largest removal efficiency was
achieved at pH 6.
3. The removal efficiencies increased by increasing the
current density. However, increasing the current density
caused the energy consumption to increase. The fluoride
concentration of treated water of 0.82 mg/L was reached
with the removal efficiency of 83.6 % and EEC of 1.4
kWh/m3 at 1mA/cm2. On the other hand the fluoride concentration of 1.03 mg/L which is within the range suggested by WHO was achieved with EEC of 0.2 kWh/m3 at
the current density of 0.5mA/cm2.

(a)

4. An increase in conductivity caused a decrease in
EEC, furthermore, it caused a rise in the removal of fluoride from water.

(b)
FIGURE 4 - a) Variation of removal efficiency of fluoride with
respect to time for different Na2SO4 concentrations, b) variation of
energy consumption with Na2SO4 concentrations. Initial pH: 6,
Current density=1mA/cm2.

The effect of Na2SO4 concentration on EEC can be
seen in Fig. 4b. As shown in Figure 4b; with increase in the
conductivity, the electrical energy consumption (EEC) was
considerably reduced. It is clear that the cell voltage decreased with an increase in the conductivity at constant

5. The use of Al as an electrode material for removal
of fluoride from water have been considering as a subsequent study. Yet, an experiment has been done using Al
electrode and the removal efficiency of 97.6% corresponding to 0.12 mg/L final fluoride concentrations was achieved
at Al electrode while the removal efficiency of the 85.6 %
corresponding to 0.72 mg/L final fluoride concentrations
was obtained using Fe electrodes at 2 mA/cm2 with 0.01 M
Na2SO4. This result shows that Al electrode may have better
performance than that of Fe electrode in this reactor system.
It is probably due to the reaction between aluminum hydroxide and fluoride to form aluminum fluoride hydroxide
complexes [AlnFm(OH)3n-m] [9]. As a result of this experiment iron or aluminum electrode can be preferred regarding to environmental consideration and the desired fluoride
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concentration. More detailed study should be performed
using Al electrode to achieve a conclusion.
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ABSTRACT
Textile industry wastewaters are characterized by high
wastewater volume, alkaline pH, and colors that depend on
dyes used in process. The composition of wastewater in
textile industry is variable due to raw materials, dyes of
different color, chemicals, different processes, various technologies; water use and wastewater quality. The major
pollutant parameters in textile industry are BOD, COD,
SS, oil and grease, total Cr, phenol, sulfide, temperature,
pH, sulfide compounds, TOC and turbidity. Additionally,
depending on dyes and chemicals used, many kinds of heavy
metals and organic pollutants exist in textile wastewaters
based on the subcategory of production such as cotton,
wool and synthetic goods that lead to different wastewater
characterization. The selected textile industry deals with
synthetic textiles and similar products generating dyeing
wastewaters. There are 3 parallel sequencing batch bioreactors (SBR) in the wastewater treatment system. The activated sludge biological wastewater treatment system indicates different microbiological structure because of its inconstant influent characteristics. For this reason, the treatment system has frequently been facing performance problems. In this study, the textile industry wastewater characterization was performed and floc structure of the activated
sludge and microorganisms were investigated. The general
and dominant microbial populations were identified both
qualitatively and quantitatively.
KEYWORDS:
Textile industry, SBR, activated sludge, protozoa, metazoa.

INTRODUCTION
The sequencing batch reactor (SBR) is a fill-and-draw
activated sludge system used in wastewater treatment of
the selected textile industry. SBR systems are an alternative
to classical biological wastewater treatment systems and
used to treat domestic and industrial wastewaters effective-

ly. They bear physically simple structures, operate under
flexible conditions and prefer to treat different wastewater
characteristics [1]. An SBR is typically expelling separate
primary and secondary clarifier units which reduce operations and maintenance requirements.
SBR systems have 5 basic operational periods carried
out in sequence as follows: fill, react (aeration), settle
(sedimentation), draw (decantation), and idle for refilling of
the system [2]. They have been used to oxidize and biologically remove organic matter (OM), nitrogen (N) and phosphorus (P) from domestic and industrial wastewaters [3].
Treatment of synthetic textile industry wastewaters with
an SBR system for the removal of organic and dyeing matters was successfully applied. Treatment yield and removal
rate were increased in parallel to increased mixed liquor
suspended solid concentration (MLSS), especially for
>2000 mg/L MLSS values [4].
The textile industry wastewaters can be treated biologically by using SBR systems, but pH and temperature
of the wastewater inside the system have to be controlled
and adjusted carefully. The efficiency and yield of treatment
of textile wastewater treatments are controlled and provided
with input nutrient concentration, activated sludge concentration, reaction time, and settling time of the system [5].
Activated sludge process can be briefly defined as a
controlled aerobic biological treatment of wastewaters. A
biomass, consisting of micro-organisms (mainly bacteria
and protozoa, but also fungi and small metazoa) and some
other solid particles, is aerated and maintained in a constant state of suspension to ensure the removal of OM and
nutrients that are used by decomposers. Protozoa and small
metazoa predominate among eukaryotes in well-performing
plants. Protozoa feed either by grazing on suspended particulate material including bacterial cells, or by predation upon
other protozoa, and have been shown to attain densities
higher than 106 microorganisms ml-1 in activated sludge
systems.
Protozoan taxis in wastewater treatment plants (WWTP)
can be classified in terms of flagellates, amoebae and, in
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particular, high numbers of ciliates. The last group is normally divided into free-swimming, crawling, carnivorous
and stalked ciliates according to their feeding and motion
behavior. Moreover, most samples of activated sludge biomass reveal the presence of larger organisms’ small metazoans, like nematodes, rotifers and oligochaeta worms, although limited to some simple forms with generation times
shorter than the sludge age [6].

changed from time to time according to the work schedule of the industry. The treatment volume of the SBR unit
is 160 m3 per cycle and 960 m3 daily. The process flow diagram of the SBR-WWTP is presented in Fig. 1.

To date, only a few studies have focused on the significance of protozoans and metazoans in WWTPs as key organisms for improving the plant’s effluent quality. Furthermore, these microorganisms act as excellent biological indicators that can be used to assess and predict the effluent
quality and overall plant performance. Moreover, the plant’s
protozoa community structure rapidly changes as a response
to different operating conditions, so regular plant monitoring
is important for predicting day-to-day performance [7-9].

TABLE 1 - Influent parameters and values of the textile industry
WWTP.

In this study; the wastewater characterization of a
synthetic textile industry wastewater was performed and
the activated sludge floc structure, protozoa and metazoa
of the industrial SBR treatment system were identified.
MATERIAL AND METHODS
SBR treatment system

The SBR system used as WWTP, treating synthetic
textile industry process wastewaters together with domestic wastewaters, has been studied in this research. The
operating conditions of the SBR system were as follows:
0.5 h for filling and aeration, 1.5 h for aeration, 1.5 h for
settling, and 0.5 h for draining (4-h operation time to complete one cycle). Six cycles were performed per day for an
efficient treatment. A total of 900-1900 m3 industrial and
40-100 m3 domestic wastewater were treated daily in the
real system. There are 3 SBR units in the facility, operated
depending on the industry’s working conditions which

Influent concentrations of pollution parameters for
the synthetic textile industry wastewater are given in Table
1.

Parameters
Biochemical Oxygen Demand (BOD), mg/L
Chemical Oxygen Demand (COD), mg/L
Suspended Solids (SS), mg/L
Sulphur, mg/L
pH
Temperature, 0C

Values
200-3000
350-5000
10-50
1-2
4-12
30-40

Chemical analyses and wastewater characterization

Chemical oxygen demand (COD), phenol, sludge
volume index (SVI) and mixed liquor suspended solids
(MLSS) were analyzed for the effluent characterization of
the SBR system. The measurements have been carried out
for 6 months, and samples were taken from the aeration
basin and the effluent two times a month. All chemical
analyses for these selected water quality parameters were
performed as defined in Standard Methods [10].
Microbiological examination

The activated sludge floc structure and diversity of
protozoa and metazoa of the SBR system were examined.
The microscopic analyses were carried out using an Olympus BX51T Model phase contrast research microscope
equipped with an imaging DP 20 camera system and Analyses Five computer program. The wet mount slides were
pre-pared and examined by using 100X, 400X, and 1000X
magnifications of phase contrast and bright
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FIGURE 1 - Schematic flow diagram of the textile industry wastewater treatment plant (WWTP).

field microscopy for floc structure examinations but also
for the identification of protozoan and metazoan species.
The dimensions of the flocs as well as protozoan and metazoan species have been measured on taken micro-photos
by using a software program. The calibration of measurements was corrected by using an ocular and an objective
micrometer.

ured SVI value was 296 ml/g in the second sample of
March while the highest SVI value was measured in
both samples of May as 800 ml/g. These SVI values are
above the standard good settling sludge SVI value which is
lower than 150 ml/g. Higher SVI values are critical for the
activated sludge quality and settlement characteristics that
may cause activated sludge bulking and foaming problems in the aeration and settling tanks.
MLSS values have been measured in the range of
1500-2900 mg/L for the 6-months period.

RESULTS AND DISCUSSION
The average pH of the activated sludge system was in
the range of approximately 7.1-7.9 during the research
period.
The monthly averaged results of the analyses for SVI
and MLSS parameters are given in Fig. 2. The lowest meas-

The effluent COD was measured as 105 mg/L in the
second sample of March, which was the lowest COD value,
while 305 mg/L COD was the highest in the first sample of
May. These values usually meet the Turkish treated wastewater discharging limits [11]. Monthly monitored effluent
COD test results are given in Fig. 3.
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The lowest phenol analysis result was measured in
the second sample of March (0.28 mg/L) whereas the
highest (0.67 mg/L) was found in the first sample of August for the effluent of SBR. The phenol parameter analysis results are presented in Fig. 4.
The identified and most frequently observed microorganisms, protozoa and metazoa species of the SBR system during the experimental period are given in Table 2.

The flocs of SBR system were identified as loose,
light and not well compacted. This kind of activated
sludge flocs usually settle poorly and solid separation
problems often occur. The sampled microphotos of various flocs of the activated sludge of the SBR system in 6
months period are shown in Fig. 5.

TABLE 2 - Microorganisms, protozoa and metazoa species in activated sludge samples.
Protozoa and Metazoa

Protozoa
Peranema sp.
Epistylis sp.
Didinium sp.

MARCH
Samples
1
2
√
√
√

√
√
√

APRIL

MAY

1

2

√

√

JUNE

1

2

1

√

√
√

√
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JULY
2

AUGUST

1

2

1

2

√
√

√

√
√

√
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Chilodonelle sp.
Opercularia sp.
Vorticella sp.
Arcella sp.
Difflugia sp.
Trachelophyllum sp.
Metazoa
Habrotrocha sp.

√

√
√

√

√

√

(a)
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√
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√
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√
√

√

(b)
FIGURE 5 - Activated sludge flocs of the SBR system for different months (phase
contrast microscopy, 100X), floc structure of (a) March, (b) May, and (c) August.
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Protozoa species belonging to genus Opercularia as
well as Trachelophyllum and species Vorticella microstoma
are usually considered as indicators of low effluent quality
whereas Aelosoma sp., Arcella sp., Carchesium sp., Epistylis
sp., Euglypha sp., Euplotes sp., order Monogonanta,
Peranema sp., Trithigmostoma sp., Trochilia sp., V.
aquadulcis and Zoothamnium sp. are regarded as indicators of a high quality effluent. Moreover, the organisms
belonging to Ne-matoda subclass, Opercularia sp. and V.
microstoma are believed to dominate under poor aeration
conditions (<0.2- 0.5 mg O2 L-1), while species of Aelosoma, Carchesium, Euglypha, Trochilia, Monogonanta
order, Trochilia sp., V. aquadulcis and Zoothamnium sp.
are indicators of a satisfactory aeration (>1-2 mg O2 L-1)
[6].
Opercularia sp. (1300 ind./ml) and Chilodonelle sp.
(655 ind./ml) were observed in almost all months. These
two protozoa species can be regarded as the dominant
species of the SBR system according to the observations
during the 6-months period. Epistylis sp. (800 ind. /ml) was
observed in almost samples except that of June samples
and first sample of May. Another frequently identified
ciliated protozoa species was Didinium sp. (850 ind./ml)
seen in all months, apart from the April.
Trachelophyllum sp. (530 ind./ml) was abundantly observed only in May samples and never seen in any other
sample of the study. The reason for this fact might be explained by the highest measured values of the influent
COD and SVI parameters in May.
Arcella sp. (182 ind./ml) was observed in March
samples and in the second sample of April. Arcella sp. was
fre-quently encountered in low charged activated sludge
systems, and especially under nitrification conditions.
Peranema sp. (410 ind./ml) was only found in March
samples and never observed in any other researched samples. This result can be interpreted by the lowest SVI and
COD values of the effluent attained in March.
Vorticella (230 ind./ml), a protozoan species, is attached by a stalk to substrate, only observed in July samples, and usually associated with good quality of activated
sludge systems. These stalked and colonized ciliates are
attached to flocs and indicators of steady state and stable
conditions in the activated sludge, and also usually used as
indicator of the absence of toxic materials in the
wastewater.
Difflugia sp. (725 ind./ml) was also somewhat abundantly observed in the samples of the warmer months May,
June, and July.
Pollution loads and industrial wastewater characterization have been extremely different during the research
period caused by the industry’s continuously changing
working loads in time. For example, Habrotrocha sp. was
the only metazoan species observed in the second sample
of August when the industry work load was at the lowest

level. Habrotrocha sp. (2400 ind./ml) was observed at high
numbers in every sample, except the first sample of August.
As a result, a great variety of protozoa and metazoa
species was observed in all samples during the experimental period, and species diversity of protozoa and metazoa was greatly affected by wastewater composition,
used chemicals, dyes, and seasonal temperature fluctuations. The abundance of protozoa and metazoa microorganisms sig-nificantly changed with activated sludge quality
(floc structure and SVI values) as well as wastewater
composition (toxic materials). Protozoa and metazoa species were able to adapt to SBR process applications and
conditions.
CONCLUSIONS
This study provides substantial information about the
microbial ecology of activated sludge of SBR system. Protozoa and metazoa species have been presented as sensitive
living organisms, but also how they affect the performance
of the synthetic textile industry WWTP. These microbial
communities have indicated the quality of treatment efficiency and activated sludge floc structure.
Opercularia, Epistylis, Didinium and Chilodonelle
species are the most numerously observed protozoan species in the synthetic textile industry WWTP, and it can be
stated that these microorganisms can resist and adapt to
highly toxic and inconstant conditions. They reach highly
increased numbers when the treatment system reaches
steady state conditions and higher removal rates of organic matter.
Habrotrocha sp. was the only metazoa species surviving under variable conditions, and also in low organic
load of synthetic textile industry WWTP system.
Other protozoa and metazoa species in the WWTP of a
synthetic textile industry have easily appeared or disappeared because of toxic materials, high turbulent and instable conditions.
Some species of protozoa and metazoa carry representative features in wastewater treatment systems. Moreover, some protozoa are significant tools for the control to
maintain satisfactory performance of the wastewater treatment systems. Therefore, protozoa and metazoa in the activated sludge enable the daily control of wastewater treatment facility’s efficiency.
The future studies on the synthetic textile industry
wastewaters should be directed to effects of toxic materials to protozoa and metazoa species.
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