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PERIPHYTIC DIATOM ASSEMBLAGES
FROM CIP STREAM, TURKEY: AN EXAMINATION OF
COMMUNITY RELATIONSHIPS AND HABITAT PREFERENCES
Vesile Yildirim and A.Kadri Cetin*
Biology Department, Science and Art Faculty, Firat University, 23119 Elazig, Turkey

ABSTRACT
Community structure of benthic diatoms in Cip stream
was studied over a 1-year period. A total of 72 taxa were
identified from epipelic habitats as well as epilithic and
epiphytic assemblages. The aim of this paper is to determine the species diversity and similarity of periphyton in
different habitats of the stream. Of these, certain diatom
taxa exhibited clear microhabitat preferences. Gomphonema
acuminatum, Gomphonema parvulum, Placonesi elginensis
and Rhopalodia musculus were recorded in the epilithic
substrates. Epithemia argus and Pinnularia divergens
were recorded only in the epipelic habitats, whereas
Caloneis bacillum, Fragilaria ulna, Geissleria decussis,
Nitzschia constricta and Pinnularia viridis were found
only in the epiphytic assemblages.

KEYWORDS:
Diatoms, periphyton, streams, substratum

INTRODUCTION
The biota of a waterbody consists of ecological groups
including benthos and periphyton. Periphyton are benthic
algae that grow attached to surfaces, such as rocks or
larger plants. Their roles are especially important in small
rivers and streams since plankton there is relatively poor
[1]. Diatoms are a large and diverse group of single-celled
algae. They constitute a major part of the cell and species
number in benthic algal communities. Periphytic diatoms
are generally the most abundant algal group in freshwater
ecosystems. They are distributed throughout the world in
nearly all types of aquatic systems and are one of the most
important food resources in marine and freshwater ecosystems [2].
Temporal variation in physicochemical conditions, and,
consequently, in biological communities, is one of the most
characteristic features of running waters. In streams and

rivers, diatoms are distributed widely on streambed substrata, such as surfaces of rocks, stones and plants. Species composition of benthic algal communities sampled at
the same site, but from different substrates (e.g., rock surfaces, upper layer of sediment, or water plants), often differs substantially because some species are better adapted
to one microhabitat than to others [3, 4]. While some researchers have found distinct associations of benthic diatoms on different substrates in streams, indicating specific
habitat preferences, other studies have revealed that all micro-habitats have a similar diatom flora. Some researchers
found distinct community of diatoms on different substrates
in waterbodies, indicating specific habitat preferences [5,6].
In phycological as well as ecological literature, studies on periphytic (attached) algae are far more rare than
studies on phytoplankton. Many studies have related diatom community composition to environmental variation, but
a few have specifically focused on habitat preferences in
streams. Regional patterns in the distribution, abundance and
habitat preference of unicellular microscopic organisms, and
especially those of freshwater diatoms, are still largely unexplored. It has been argued that the species pools of unicellular organisms are dominated by cosmopolitan species
that show global random dispersal and high relatively local
species richness [6].
In this study, diatom species with specificity and fidelity to certain substrata in Cip stream are listed. The main
aim of the study is to examine whether epipelic, epilithic
and epiphytic diatoms are distinctly different in the stream,
in terms of their taxonomic structure.
MATERIAL AND METHODS
Site Description

The Cip stream is located in the east part of Turkey
(Elazig) (40° 21 - 38° 30 E, 38° 17 - 39° 11 N) at altitude
950 m. The stream is flowing through alluvial deposits, its
total length is about 20 km, and it joins Firat river. The instream vegetation is predominantly of Ranunculus sp. and
Phragmites sp., and stream bed substrate consists of stones
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and alluvial deposits. The stream is rarely shaded with
riparian vegetation. The climate of the region is arid; the
winter is cold, whereas the summer warm and dry.
Field collection and laboratory analysis

The samples were collected along the stream. Epilithic,
epiphytic and epipelic diatoms were sampled monthly at
seven stations in the stream. Epilithic diatoms were collected monthly by pooling rock scrapings from 5 to 8 rocks,
depending on size, into a plastic container. In each case,
the upper surfaces of the rocks were scraped using a knife.
Epiphytic diatoms were collected from different aquatic
macrophytes in Cip stream. Epiphytic diatoms from dominant macrophytes were taken together with parts of stems
or leaves. Macrophyte samples were put in a plastic container and shaken. Epipelic diatoms were collected from
the most superficial layers (5-10 mm) of sediment using a
core of 3 cm in diameter. The samples were taken in 3 replicates and placed in well-closing plastic bottles [7].
To prepare permanent diatom slides, sub-samples were
taken and a strong acid solution (50:50 nitric/sulphuric acid)
was added to digest organic material. These samples were
boiled on a hot plate for 15 min to expedite the digestion
process, and subsequently left to cool. Samples were neutralized by rinsing with distilled water, and 0.1 ml sample
was dried on coverslips. Coverslips were mounted on slides
using balsam. A total of 200 frustules per sample were identified and counted using light microscopy (magnification
1000X) for obtaining the estimate of frequency of different species in epiphytic, epipelic and epilithic diatoms.
Species were identified according to Krammer &
Lange-Bertalot [8-11]. Diatom diversity (H') was estimated
using the Shannon-Weiner’s index [12]. Similarity between
habitats was calculated with Sorensen similarity index [13].
All calculations and statistical analyses were carried out
using the SPSS (version 10.0) program.
RESULTS AND DISCUSSION
A total of 72 taxa were identified in the stream (Table 1). Species composition of the Cip stream is common
for such kind of running water in the study region. Species
composition in habitats was extremely variable and reflected
the expected differences associated with substrate type.
Dominating species varied substantially among the habitat
types (Table 2). Cyclotella ocellata, Cocconeis placentula, Cymbella affinis and Navicula tripunctata were the
most common diatoms collected from all three habitats
(epipelic, epilithic and epiphytic). Relative abundances of
the 4 most common species never exceeded 10%, indicating high evenness in species abundances in these communities, Cyclotella ocellata was more common in epipelic
samples. Cyclotella species are typically considered to be
planktonic; however, in this case, it is possible that some
Cyclotella species are tycoplanktonic or even benthic, thus
according to its presence on sediment, stones and plants.

Cocconeis placentula was common in all habitats but relatively more in the epiphytic flora. Some diatom species were
more abundant in one habitat than another. Cyclotella
comta, C. ocellata, Cymbella affinis, C. pusilla, C. hungarica, Encyonema prostrata, Navicula radiosa,
Aneumastus tuscula, Neidium iridis, Nitzschia umbonata,
Pinnulara divergens and P. brebissonii were most abundant in epipelic samples, whereas Amphora ovalis, Cymbella aspera, C. cistula, Gyrosigma acuminatum and
Nitzschia gracilis were most abundant in epilithic habitats.
Cocconeis placentula, Diatoma vulgare, Nitzschia linearis
and Sellaphora pupula were recorded as the most abundant ones in the epiphytic samples. Many of the diatom
species were found on more than one substrate, suggesting
that some species take the advantage of more than one
habitat type. For example, some diatom taxa showed
specific distribution in the stream. Epithemia argus and
Pinnularia divergens were recorded only in the epipelic
samples. Gomphonema acuminatum, Gomphonema parvulum and Rhopalodia musculus were recorded in the
epilithic flora. Caloneis bacillum, Fragilaria ulna and
Geissleria decussis were found only in the epiphytic
diatoms. Some diatom species ordinated between habitat
types indicating their presence on two substrates. Cymbella aspera, C. cuspidata, C. pusilla, Neidium iridis, Surirella linearis and S. ovalis, for example, were found in both
epipelic and epilithic samples. Cyclotella comta, Cymbella hungarica, Pinnularia brebissonii and Sellaphora bacillum were recorded in both epipelon and epiphyton. The
abundance of diatoms also varied with substrate type.
Amphora ovalis was found to have a strong affinity for
the epilithic substrates as well. Lim et al. [14] also found
Amphora sp. to be characteristic of rock substrates. Douglas and Smol [15] commented on the apparent affinity of
Amphora species for an epilithic habitat. Our findings are
similar to those of Lim et al. [14] and Stevenson and
Hashim [16]. Caloneis alpestris, C. cleveii and
Nitzschia obtusa were found in both epilithon and epiphyton. Species composition of benthic algal communities
sampled at the same site, but from different substrates (e.g.,
rock surface, upper layer of sediment, or water plants),
often differs substantially because some species are better
adapted to one microhabitat than to the others [4]. Generally, diatom species composition in the stream was
similar to that in other aquatic ecosystems of this region
[17-19]. In some environments, different benthic diatom
communities can be found on different substrata, whereas
in other epipelic, epilithic and epiphytic communities, they
were similar [2, 5, 14]. There were no clear differences between the communities on sediment, stone and plant.
During the sampling period, a total of 55 epipelic diatom taxa were identified. Shannon Weaver diversity (H')
values in epipelic diatom flora were found between 2.105
and 4.478. The highest species diversity for epipelic diatom taxa was found during October (4.778). In the epilithic
assemblages, a total of 59 diatom taxa was found. Diversity index values varied between 1.765-2.781. In epilithic
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flora, the highest diversity value was found in October
(2.781). In the epiphytic assemblage, 16 genera and 58
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TABLE 1 - The relative abundance (%) of diatoms occurring in epilithic, epipelic and epiphytic samples.

Cyclotella comta (Ehr.) Kütz.
Cyclotella ocellata Pantocksek
Discostella stelligera (Cl. & Grun.) Houk & Klee
Stephanocyclus meneghiniana (Kütz.) Skab.
Achnanthes lanceolata ( Brebisson) Grunow
Amphora ovalis (Kütz.) Kütz.
Aneumastus tuscula (Ehr.) D. Mann & Stickle
Caloneis alpestris (Grunow) Cleve
Caloneis bacillum (Grun.) Cl.
Caloneis clevei (Lagerstedt) Cleve
Cavinula cocconeiformis Greg. Ex Grun.)D.Mann & Stickle
Cocconeis placentula Ehr.
Craticula cuspidata (Kütz.) D. Mann
Cymatopleura solea (Breb.) W.Sm.
Cymbella affinis Kütz.
Cymbella amphicephala Naeg. ex Kütz.
Cymbella aspera (Ehr.) H. Pereg.
Cymbella cistula (Ehr.) Kirchn.
Cymbella cuspidata Kütz.
Cymbella cymbiformis Ag.
Cymbella designata Krasske
Cymbella helvetica Kütz.
Cymbella hungarica (Grun,) Pantocsek
Cymbella microcephala Grun.
Cymbella pusilla Grun.
Cymbella turgidula Grun.
Cymbella tumida (Breb.ex. Kütz.)V.H.
Diatoma tenue Ag.
Diatoma vulgare Bory
Diploneis ovalis (Hilse) Cleve.
Encyonema prostratum (Berk.) Kütz.
Epithemia argus (Ehr.) Kütz.
Fragilaria ulna (Nitz.) Lange-Bertalot
Geissleria decussis (Øestrup) Lange-Bert. & Metz.
Gomphoneis olivacea (Hor.) Dawson ex Ross & Sims
Gomphonema acuminatum Ehr.
Gomphonema angustum Ag.
Gomphonema gracile Ehr. Emend. V.H.
Gomphonema parvulum (Kütz.) Kütz.
Gomphonema truncatum Ehr.
Gyrosigma acuminatum (Kütz.) Rabh.
Gyrosigma attenuatum (Kütz.) Rabh.
Navicula cincta (Ehr.) Ralfs
Navicula cryptocephala Kütz.
Navicula tripunctata (O.Müll.) Bory.
Navicula radiosa Kütz.
Neidium iridis (Ehr.) Cleve
Nitzschia amphibia Grun.
Nitzschia clausii Hantz.
Nitzschia constricta (Kütz) Cleve&Grun.
Nitzschia gracilis Hantz.
Nitzschia linearis W.Sm.
Nitzschia littoralis Grun.
Nitzschia navicularis (Brebisson) Grun.
Nitzschia obtusa W. Sm.
Nitzschia palea (Kütz.). W. Sm.
Nitzschia umbonata (Ehr.) Lange-Bert.
Nitzschia sigmoidea (Nitzsch) W. Sm.
Pinnularia brebbissonii (Kütz.) Rab.
Pinnularia divergens W.Sm.
Pinnularia viridis (Nitz.) Ehr.
Placoneis elginensis (Greg.) Cox
Rhopalodia gibba (Ehr.) O.Müll.
Rhopalodia musculus (Kütz.) O.Müll.
Sellaphora bacillum (Ehr.) D. Mann
Sellaphora pupula (Kütz.) Meresch
Surirella linearis W. Sm.
Surirella brebissonii Kramm. & Lange-Bert.
Surirella ovalis Breb.
Tryblionella gracilis W. Sm.
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Epipelic
7.950
9.057
1.473
0.750
3.915
1.115
8.439
1.632
1.781
8.264
0.105
0.030
0.275
0.595
0.532
1.485
2.824
0.922
0.061
0.757
0.864
0,565
1.533
0.973
0.762
3.712
0.619
0.467
0.743
1.105
0.245
0.466
0.975
0.804
0.655
6.900
2.548
0.967
0.845
0.573
2.850
3.334
0.682
0.314
1.282
0.438
5.059
0.122
0.156
0.341
0.241
0.382
1.412
1.514
0.790

Epilithic
8.098
0.485
0.520
0.630
4.480
1.900
1.076
0.219
0.069
10.975
2.581
1.489
6.930
0.193
0.318
0.843
0.470
0.054
1.320
0.946
0.320
0.186
0.201
0.405
1.825
2.985
3.592
2.872
0.573
0.471
0.885
0.497
0.440
0.216
0.944
1.963
3.387
1.611
7.995
0.731
0.181
0.919
0.511
5.845
3.926
0.456
0.135
0.695
1.469
0.217
5.699
0.180
0.281
0.054
0.532
0.840
0.818
0.952
0.510

Epiphytic
6.044
5.882
0.496
0.690
0.271
2.600
1.347
0.870
0.580
1.532
0.464
14.135
1.693
3.152
6.859
0.180
1.325
0.483
0.492
0.158
0.170
0.479
0.202
0.500
0.819
3.651
4.248
1.517
0.475
0.085
0.017
1.585
1.371
0.259
0.768
0.534
0.527
2.029
9.647
1.586
0.850
0.180
0.836
0.617
4.800
0.070
0.471
0.643
1.921
0.361
3.621
0.392
0.263
0.905
1.111
0.788
1.590
0.859
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epiphytic diatoms was seen in January. In this month, similarity co-efficiency was found to be 0.736. In November,
similarity between epipelic and epiphytic diatoms was found
to be the lowest (0.270). The similarity between epilithic and
epiphytic diatom assemblages was 0.607 in May, which
was the highest similarity recorded in the stream during the
sampling periods. In October, similarity between epilithic
and epiphytic diatom community was the lowest (0.285).
In the stream, Sorensen’s similarity co-efficiency was the
highest between epipelic and epiphytic, while the lowest
similarity was found between epipelic and epiphytic diatom
assemblages. Winter and Duthie [5] found that clear habitat preferences and seasonality were not identified among
stream epilithic, epipelic and epiphytic diatoms, although
epilithic communities tended to be slightly different from
diatoms on plants or sediment in two streams. On the other
hand, there are studies, which emphasize specific habitat
preferences among diatoms [14, 18]. Soininen and Heino
[6] reported that the species most significantly confined to
the stone surfaces were Achnanthes minutissima and Gomphonema parvulum. Cocconeis placentula is generally assumed to grow preferentially on plants [8-11]. In our study,
Cocconeis placentula was more abundant in other habitats
than on aquatic macrophytes. The species has also been
found in high abundance on plant substrates in other periphytic diatom studies [14]. The variation in algal dynamics in habitats may result from algal adaptation to direct
abiotic or biotic pressures resulting from physiochemical
differences on habitats in streams [16].

TABLE 2 - Diversities (H') of periphytic
diatoms (epipelic, epilitic and epiphytic).
Jan.
Feb.
Mar.
Apr.
May.
Jun.
Jul.
Aug
Sep.
Oct.
Nov.
Dec.

Epipelic
2,152
3,472
2,191
2,455
2,828
2,552
4,418
2,105
2,509
4,778
2,540
2,220

Epilitic
1,765
2,571
2,007
1,801
2,219
2,207
2,639
1,969
2,478
2,781
2,440
2,396

Epiphitic
2,791
2,538
2,986
2,565
3,357
3,381
3,998
2,164
2,809
1,355
3,020
2,912

TABLE 3 - Similarities of periphytic
diatom communities in Cip stream.

Jan.
Feb.
Mar.
Apr.
May.
Jun.
Jul.
Aug
Sep.
Oct.
Nov.
Dec.

EpipelicEpilithic
Diatoms
0,428
0,653
0,333
0,555
0,595
0,523
0,526
0,484
0,400
0,553
0,312
0,428

EpipelicEpiphytic
Diatoms
0,736
0,541
0,578
0,558
0,490
0,489
0,571
0,615
0,500
0,363
0,270
0,444

Epilithic-Epiphytic
Diatoms
0,500
0,513
0,440
0,585
0,607
0,566
0,410
0,352
0,530
0,285
0,487
0,473

species were found. Relatively higher diversity values were
recorded in the epiphytic assemblage during sampling period. Diversity index values for epiphytic diatoms were
found to be highest during July (3.998) and lowest in October (1.355). In general, species diversity and abundance of
diatoms recorded in the stream exceeded the highest values reported for aquatic habitats in other regions in late
spring and early summer [18, 20, 21]. The results clearly
show that species diversity of diatoms in summer and early
autumn samples was higher than in spring and winter samples. The increase in the species diversity during the late
spring and early summer months may be attributed to the increase in temperature and nutrient levels. In general, different species can tolerate different rates of temperature,
light and nutrient limitation. Species diversity and growth
of diatoms were limited chiefly by physical and chemical
factors, such as temperature, light, turbidity, flow-rate,
nitrogen and posphorus [4, 20]. Our results supported this
finding, since in summer months, high water temperatures
improved species diversity of diatoms, whilst low temperature inhibited their diversity and growth in winter.

In conclusion, we have not found clear patterns among
diatom assemblages in three habitats. In addition, there was
no significant species diversity between epiphytic diatoms
collected from Ranunculus sp. and Phragmites sp. Some
diatom taxa were recorded in all the habitats, while others
were uncommon. We found several significant indicator
species confined to certain habitats. Epithemia argus and
Pinnularia divergens were recorded only in the epipelic
samples. Gomphonema acuminatum, Gomphonema parvulum and Rhopalodia musculus were recorded in the epilithic flora, and Caloneis bacillum, Fragilaria ulna and Geissleria decussis were found only in the epiphytic diatoms.

The degree of similarity between periphytic diatom
communities in the stream is shown in Table 3. Sorensen’s
similarity co-efficiency ranged from 0.270 to 0.736 (Table
2). The similarity between epipelic and epilithic diatoms was
found highest during February (0.653) and lowest in November (0.312). The highest similarity between epipelic and
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ABSTRACT

INTRODUCTION

Uranium is a highly radioactive heavy metal with isotopes that decay on the geological time scale. Uranium is
known to induce chromosomal damages and oxidative
stress. In the present study, we investigated the protective
role of Ginkgo biloba (GB) leaf extract on uranyl acetate
(U235)–induced toxicity in Swiss albino mice.
For this purpose, we performed the chromosome aberration (CA) test and mouse–erythrocyte micronucleus (Mus–
EMN) assay in the erythrocyte, bone marrow and exfoliated
buccal mucosa cells. Blood malondialdehyde (MDA) and
glutathione (GSH) levels were also determined. The animals
were randomly divided into six groups, each consisting of
six animals. They were treated with 5 mg/kg b.wt uranium
by oral gavage for 5 days. GB extract (50 and 150 mg/kg
b.wt) was administered by oral gavage at 48 h, 24 h, and
15 min before uranium application. As a result, uranium–
only treated mice presented higher frequency of CAs, micronuclei (MN) and abnormal metaphases (AM) when compared to the controls. These mice also displayed lower mean
mitotic index (MI) than the controls. Moreover, there was a
significant increase (P<0.05) in MDA levels, but a significant decrease (P<0.05) in GSH levels, when compared to
the controls. Pretreatment of mice with GB significantly decreased the MN frequency in the erythrocyte cells. Similarly, the number of abnormal metaphases (AM) and the
frequency of CAs, such as break, acentric, fragment, gap
and ring, were fairly decreased and the value of MI was
increased. In addition, the frequency of MN in the erythrocytes was greater than those in the exfoliated cells of buccal
mucosa. Moreover, GB supplementation caused a dose–
dependent amelioration in the oxidative stress. These findings suggested that GB leaf extract has a protective effect
against uranium–induced genotoxicity and oxidative stress
in albino mice, due to its antioxidant properties.

KEYWORDS: Chromosomal aberrations, exfoliated cells, Gingko
biloba, micronuclei, uranium.

Uranium is an alpha-emitting radioactive element from
the actinide group. It is the heaviest of all the naturally
occurring elements [1]. Uranium has sixteen isotopes, all
of which are radioactive. In other words, uranium, in any
form, is considered to be a chemical poison as well as a
radiation hazard if taken internally. It is present in the environment as a result of leaching from natural deposits,
release in mill tailings, emissions from the nuclear industry,
the combustion of coal and other fuels, military applications, and the use of phosphate fertilizers [2, 3]. Uranium
from the environment enters the human body by ingestion
with food and drinks, and by inhalation of respirable airborne uranium–containing dust particles or aerosols. Exposure to uranium can result in both chemical and radiological toxicity [4]. Recently published studies have shown that
the bone, liver, lung, intestine, central nervous system, and
kidney are the critical target organs for uranium exposure.
Health risks associated with uranium exposure include kidney disease and respiratory disorders. In addition, several
published results have shown that uranium causes chromosomal aberrations (CAs), DNA damage, mutagenicity, cancer and neurological defects [5].
The use of biological materials may help to decrease
the toxicity created by uranium, and may inhibit mutagenesis and carcinogenesis [6]. Recently, leaf extracts of different plants have been used specially for decreasing the
effects of radioactivity induced by chemical agents in many
studies [7, 8].
Ginkgo biloba (GB) is the only surviving member of
the ginkgo family. Ginkgo is considered to be the oldest tree
species to survive on earth, with a history dating back over
200 million years. Some ginkgo trees have been known to
live well over an average of 1000 or more years [9]. Ginkgo
products are standardized to contain 24% of the bioflavonoids which occur in the leaf, as well as ginkgolides and
bilobilides, a complex group of compounds found only in
the ginkgo tree. GB leaf extract is the most widely sold
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phytomedicine in Europe, where it is used to treat the symptoms of early–stage Alzheimer's disease, vascular dementia, peripheral claudication, vertigo, heart disease, eye diseases, chronic cerebral insufficiency, accidents involving
brain trauma, dementia and tinnitus of vascular origin [10].
Ginkgo leaf helps to maintain integrity and permeability of
cell walls by inhibiting lipid peroxidation of membranes.
Other important effects include a protective effect on the
blood–brain barrier and an anti–radical (antioxidant) effect
[11]. Although there are many published clinical studies on
ginkgo, unfortunately, the protective role of GB on CAs
and micronuclei (MN) in human and animals are still poorly
understood. The aim of the present study was to evaluate
the protective role of GB on uranium–induced genotoxicity and oxidative stress in Swiss albino mice.
MATERIALS AND METHODS
Animals

The experiments were carried out on 36 male Mus
musculus var. albinos (30± 5 g, 6 weeks old). The healthy
mice used in this study were obtained from the Laboratory
Animal Research Center of Refik Saydam Hifzissiha Institute (Ankara, Turkey). The animals were housed and kept
under controlled conditions at 22±3 °C and 55±5% relative humidity, and they were adapted to the experimental
conditions of 12:12–h light–dark cycles. Mice were nursed
under these conditions for 5 days before the experiment
and fed with standard pellet diet (Samsun Food Industry–
Samsun, Turkey). In this study, the methods and techniques
applied to mice were carried out in accordance with the
ethical standards of Kirikkale University–Faculty of Veterinary Medicine, and with the guidelines set by the World
Health Organization (Geneva, Switzerland).
Product and Chemicals

GB leaf extract was obtained from Vega Natural Products Ilt., Ltd., Konya–Turkey. Colcemid solution (10 µg/ml,
cat.12–004–1) was obtained from Biological Industries Ltd.,
Israel. Uranyl acetate dihydrate (Sigma), Fast Green FCF
(Sigma) and Grünwald Giemsa (Sigma) were obtained from
Interlab A.S., Istanbul, Turkey.
Experimental Protocol

Albino mice were randomly divided into six groups,
each consisting of six animals. Group I served as tap water–treated control, Group II animals received GB at a dose
of 50 mg/kg b.wt, Group III animals received GB at a dose
of 150 mg/kg b.wt, Group IV animals received uranium at a
dose of 5 mg/kg b.wt, Group V animals were administered
GB (50 mg/kg b.wt) before uranium exposure, and Group
VI animals were administered GB (150 mg/kg b.wt) before uranium exposure. The mice were given GB extract
at two doses of 50 and 150 mg/kg b.wt by oral gavage at
48, 24 h and 15 min before uranium exposure. After GB–
supplementation, uranium was given by oral gavage for
5 consecutive days. The dose of uranium was selected as

5 mg/kg b.wt. This dose was chosen because it is known
to induce a high frequency of genotoxicity and oxidative
damage which was essential to examine the protective role
of GB. Besides, GB doses were determined to be favorable daily consumption amounts recommended by practitioners of nutritional medicine for supporting optimal health,
and 150 mg/kg b.wt was an effective dose for antioxidant
role of GB [10].
MN Assay for Erythrocytes

The Mouse-Erythrocyte-Micronucleus (Mus–EMN) assay was used throughout this study. Mus–EMN assay is a
modified mouse–MN test which conventionally scores the
MN frequencies in bone marrow polychromatic erythrocytes
(PCE). In Mus–EMN assay, the MN frequency is scored in
mature normochromatic erythrocytes (NCE) in the circulating blood obtained from the tail of the mouse. The mice
were fainted under ether anesthesia and the blood samples
were collected from a small puncture on the tail of the
mouse. About 5 µl of peripheral blood collected from each
mouse was immediately mixed with 3% ethylenediaminetetraacetic acid (EDTA) solution in a cell-well and
smeared onto a clean slide. The erythrocytes were fixed
in 70% methanol for 2 min and allowed to dry in a high
temperature (40 °C)-incubator overnight. Then, slides were
stained with 5% May–Grünwald Giemsa staining (15 min)
[12]. Usually 3-4 slides were made and repeatedly doublescored by two different observers. From each slide, 1000
normochromatic erythrocytes (NCE) were scored for the
presence of MN under oil immersion at 100X magnification using a binocular light microscope (Japan, Olympus
BX51), and MN cells were photographed [21] at a magnification of X500.
MN assay for Exfoliated Cell

The mice were fainted under ether anesthesia. Before
sample collection, the mouth of each mouse was washed
with tap water. After rinsing the mouth with tap water, the
exfoliated cells were obtained by scraping the right/left buccal mucosa with a moist wooden spatula. The scraped cells
were placed onto pre–cleaned slides and air–dried during
15–30 min. Then cells were fixed using 3:1 methanol:
acetic acid (v/v) for 10 min. The slide smears were stained
with Feulgen and counter–stained with Fast Green as described in literature [13].
From each slide, 1000 exfoliated cells were scored for
the presence of MN as described above for erythrocytes.
Mono-nucleated cells for each mouse were analyzed for the
presence of MN using the scoring criteria described by
Fenech et al. [14]: (i) the diameter of MN should be less
than one–third of the main nucleus, (ii) MN should be separated from or marginally overlap with main nucleus as long
as there is clear identification of the nuclear boundary, (iii)
MN should have similar staining as the main nucleus.
Preparation of the Bone Marrow Cell for Chromosome Analysis
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The mice were injected intraperitoneally with 0.025%
colcemid before killing and sacrificed 2 h later by cervical
dislocation. Femurs were dissected out and the bone marrow cells were aspirated and washed in physiological saline,
treated hypotonically (0.075 M KCl), and fixed in Carnoy’s
fixative, and stained with 5% May–Grünwald Giemsa [15].
CAs were scored using oil immersion (with 100X object
lens) under a light microscope (Japan, Olympus BX51). CAs
were classified according to Savage’s classification [16].
Analysis of Cells
Mitotic Index

Mitotic index (MI) was determined as the percentage
of dividing cells among 1000 nucleated cells in slides prepared for each group.
Abnormal Metaphase Number

The number of abnormal metaphases (AM) was counted
as the number of damaged metaphases among 100 metaphases in slides prepared for each group.
Chromosomal Aberration Analysis

For all treatment groups, 100 metaphases were counted
for CAs, such as break, fragment, acentric, gap, and ring,
and they were considered to be equal.
MDA and GSH Analysis

Malondialdehyde (MDA) levels were measured by the
double-heating method of Draper and Hadley [17]. The
method is based on spectrophotometric measurement of the
purple color generated by the reaction of thio–barbituric
acid (TBA) with MDA. For this purpose, 2.5 ml of trichloroacetic acid solution (10%, w/v) was added to 0.5 ml
whole blood in each centrifuge tube, and tubes were placed
in a boiling waterbath for 15 min. After cooling to room
temperature, the tubes were centrifuged at 1000 g for 10 min
and 2 ml of each sample supernatant was transferred to a
test tube containing 1 ml of TBA solution (0.67%, w/v).
Each tube was then placed in a boiling waterbath for 15 min.
After cooling to room temperature, the absorbance was
measured at 532 nm by UV-VIS spectrophotometry (UVmini–1240, Shimadzu, Japan). The concentration of MDA
was calculated based on the absorbance coefficient of the
TBA–MDA complex (ε = 1.56 x l05/cm/mol) and was expressed as µmol/L [18].

The erythrocyte glutathione (GSH) concentration was
measured using the method described by Beutler et al. [19].
Briefly, 0.2 ml fresh erythrocyte pellet or supernatant was
added to 1.8 ml distilled water. Precipitating solution of
3 ml (1.67 g metaphosphoric acid, 0.2 g ethylenediaminetetraacetic acid (EDTA) and 30 g NaCl in 100 ml
distilled water) was mixed with haemolysate. The mixture
was allowed to stand for approx. 5 min and then filtered
(What-man No. 42). Filtrate of 2 ml was taken and transferred into another tube, and then 8 ml of the phosphate
solution (0.3 M disodium hydrogen phosphate) and 1
ml 5,5’–dithiobis–2–nitrobenzoic acid (DTNB) were added. A blank was prepared with 8 ml of phosphate solution,
2 ml diluted precipitating solution (3 parts to 2 parts distilled water) and 1 ml DTNB reagent. A standard solution
of the GSH was prepared (40 mg/100 ml). The optical
density was measured at 412 nm in the spectrophotometer.
Results were communicated as mg/L, for blood [18].
Statistical analysis

The statistical analysis was carried out using SPSS for
Windows, version 10.0 statistical software (SPSS Inc, Chicago, USA). Statistically significant differences between the
groups were compared using one-way analysis of variance
(ANOVA) and Duncan’s test. The data are displayed as
means ± standard deviation (SD), and P–values less than
0.05 are considered to be “statistically significant”.
RESULTS
Chromosomal Aberrations

Table 1 presents the results of CAs analysis in mitotic
chromosomes of the bone marrow cells of male mice treated
with GB alone, uranium alone, and uranium + GB. The mice
treated with 50 and 150 mg/kg b.wt doses of GB did not
show any significant difference in the total number of CAs,
AM and MI, compared with the control group. The five
structural CAs were determined in the control and experimental groups. We found a high frequency of CAs, such
as breaks, fragments, acentrics, gaps and rings. The number
of break and acentric–type aberrations was higher than the
other types. The uranium–treatment of animals resulted in

TABLE 1 – Mitotic index (MI), distribution of the different types of chromosomal aberrations (CAs) and abnormal metaphases (AM) observed in mice bone marrow cells pretreated with GB (50 and 150 mg/kg body weight) alone, or combination with uranium (5 mg/kg b.wt).
Groups
Break
Fragment
Acentric
Gap
Ring
AM (%)
MI (%)
Control
6.50±0.55d
4.33±0.52d 0.00±0.00d 2.50±0.55c 0.00±0.00d 3.50±0.55d (0.58%)
731.17±7.39a (12.19%)
d
d
d
c
d
d
GB 50
6.17±0.98
3.50±0.55
0.00±0.00
2.00±0.89 0.00±0.00 3.00±0.89 (0.50%)
726.67±7.87a (12.11%)
d
d
d
c
d
d
GB 150
6.17±0.98
3.17±0.75
0.00±0.00
2.17±0.98 0.00±0.00 2.50±0.55 (0.41%)
728.67±9.63a (12.14%)
Uranium
53.17±5.85a 41.50±3.73a 26.33±4.41a 12.17±2.32a 8.50±3.39a 37.83±4.62a (6.30%)
479.67±14.21d (7.99%)
Uranium+GB 50
45.17±3.19b 34.67±3.33b 20.50±2.88b 8.83±2.93b 5.17±1.17b 28.67±4.13b (4.77%)
551.17±16.15c (9.18%)
c
c
c
c
c
c
Uranium+GB 150 32.17±5.35 24.67±3.27 14.00±3.69 3.83±0.75 3.00±1.10 18.17±4.17 (3.02%)
670.50±20.18b (11.17%)
*One-hundred cells were analysed per animal (6 animals/group, for a total of 600 cells/treatment) for CAs and AM. The MI has been calculated by
analyzing 1000 cells/animal (for a total of 6000 cells/treatment) and percentage of the MI was calculated for each treatment group. All values are the
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mean±SD (n=6). Statistical significance between means was performed using one-way analysis of variance (ANOVA), followed by Duncan as a post
ANOVA test (P<0.05). Means with the same letter within the same column are not significantly different. a, b, and c for break, fragment, acentric,
gap, ring and AM indicate statistically significant differences (p<0.05), as well as b, c, d for MI.

the induction of CAs and abnormal metaphases (AM). As
expected, mice treated with 5 mg/kg b.wt dose of uranium
presented a high frequency in both the total number of CAs
and AM, with regard to control and GB–treated groups (P<
0.05). Besides, there was a considerable decrease in MI, and
Duncan’s test showed that this decrease was statistically
significant.
However, pretreatment of mice with GB resulted in a
significant reduction in CAs and AM frequencies before
uranium–exposure at the dose of 5 mg/kg b.wt. The number
of CAs and AM evidenced a tendency to decrease in mice
treated with 50 and 150 mg/kg b.wt doses of GB when compared to uranium–only treated group. In 150 mg/kg b.wt
dose of GB, this reduction for breaks, fragments, acentrics
and AM was by at least 2–fold, with respect to the uranium group. In addition, MI data for GB treatment groups
presented a rising trend.
Micronuclei Assay

The frequency of MN data is presented in Tables 2
and 3. There were no statistically significant differences
between the numbers of MN in the erythrocytes and exfoliated buccal cells of control and GB–treated groups. The
mean number of MN was 9.50±2.17 in the erythrocytes
and 5.33±2.25 in the exfoliated cells of the control group,

7.50±2.59 in the erythrocytes and 4.17±1.47 in the exfoliated cells of 50 mg/kg b.wt GB group, as well as 7.50±2.07
in the erythrocytes and 4.00±1.41 in the exfoliated cells of
150 mg/kg b.wt GB group, respectively.
The frequency of MN clearly increased in the uranium–
treated mice, and the mean number of micronucleated cells
in uranium–only treated group was significantly higher
than those of the controls and the GB–treated groups (P<
0.05). Besides, the number of MN in the erythrocytes was
greater than those of the exfoliated cells of buccal mucosa.
The mean number of MN, for 5 mg/kg b.wt dose of uranium,
was 54.17±4.12 in the erythrocytes and 31.83±5.15 in the
exfoliated cells. The pretreatment of animals with GB doses
caused a significant reduction (P<0.05) in the frequency of
MN compared with uranium–only treated group. MN frequency decreased with increase of GB doses. The frequency
of MN in the mice treated with 150 mg/kg b.wt dose of GB
was lower than those in mice treated with the 50 mg/kg
b.wt dose of GB. Briefly, there was a strong dose–effect
relationship between the MN frequency and GB dose.
MDA and GSH Content

Table 4 shows the mean blood GSH and MDA levels.
There was no significant difference in blood MDA and GSH
levels between GB pre–treatment groups and the control

TABLE 2 - Effect of GB on the frequency of MN induced by uranium in mice erythrocyte cells.
Groups
Minimum
Maximum
Average±SD
Control
7
13
9.50±2.17d
GB 50
4
10
7.50±2.59d
GB 150
5
11
7.50±2.07d
Uranium
48
60
54.17±4.12a
Uranium+GB 50
40
50
44.17±4.26b
Uranium+GB 150
19
35
26.00±6.63c
*All values are means ± SD (n=6). Statistical significance between means was performed using one-way analysis of variance (ANOVA), followed by
Duncan as a post ANOVA test (P<0.05). Means with the same letter within the same column are not significantly different. a, b, and c indicate statistically significant differences (p<0.05).

TABLE 3 - Effect of GB on the frequency of MN induced by uranium in the exfoliated cells of buccal mucosa in mice.
Groups
Minimum
Maximum
Average±SD
Control
3
9
5.33±2.25d
GB 50
2
6
4.17±1.47d
GB 150
2
6
4.00±1.41d
Uranium
24
38
31.83±5.15a
Uranium+GB 50
19
32
25.83±5.42b
Uranium+GB 150
10
18
14.00±2.76c
*All values are means ± SD (n=6). Statistical significance between means was performed using one-way analysis of variance (ANOVA), followed by
Duncan as a post ANOVA test (P<0.05). Means with the same letter within the same column are not significantly different. a, b, and c indicate
statistically significant differences (p<0.05).

TABLE 4 - Effect of GB against uranium–induced oxidative stress.
Parameters
MDAµmol/L
GSHmg/L

Control
16.30±0.23d
87.46±1.71a

GB 50
16.08±0.28d
88.84±0.40a

GB 150
15.66±0.19d
90.59±0.32a
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Uranium
21.13±0.17a
69.77±1.85d

Uranium+GB 50
19.58±0.28b
77.18±1.22c

Uranium+GB 150
18.19±0.26c
81.74±1.57b
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*All values are means ± SD (n=6). Statistical significance between means was performed using one-way analysis of variance (ANOVA), followed by
Duncan as a post ANOVA test (P<0.05). Means with the same letter within the same line are not significantly different. b, c, and d indicate statistically significant differences (p<0.05).

FIGURE 1– The appearance of MN in the erythrocyte (a) and exfoliated cell of buccal mucosa (b) in mice.

animals (P>0.05). However, a significant change in MDA
and GSH contents of blood was observed in uranium–
only treated group. In other words, GB when administered
alone did not alter the MDA and GSH levels when compared to the control values. The MDA levels were found to
be elevated after the administration of uranium. However,
GB pre-treatment caused a significant (P<0.05) reduction
in MDA levels in a dose–dependent manner. Besides, there
was a sig-nificant (P<0.05) decrease in GSH levels after
uranium treatment, which could be prevented with GB.
Pretreatment with GB caused again a significant increase
in GSH levels when compared to uranium–only treated
group.

DISCUSSION AND CONCLUSION
In recent years, genetic monitoring of populations exposed to potential mutagens is an early warning system for
genetic diseases as cancer [20]. The formation of CAs and
MN is a widely used and accepted genetic end–point of
toxicity [21]. In the present study, the levels of uranium–
induced toxicity were determined using the CAs and MN
tests in albino mice as an indicator.
Uranium (uranyl acetate) has been widely used for more
than 40 years in order to stain DNA for electron microscopy. Other paints were favored by electron microscopists,
which may be due to the more recent findings that uranyl
ions can catalyze hydrolysis of DNA (strand breaks) in the
presence of light [22]. The primary genetic effect of ura-

nium is binding to DNA strands. The binding of uranium
to nucleic acids and nucleotides and its catalysis of chemical modification of these molecules would clearly point out
that this heavy metal serves as a cytotoxin [22, 23]. Our
study confirmed the importance of CAs and MN tests for
evaluating toxicity caused by uranium in mice. The data
showed that uranium administration induced an increase
of CAs and AM frequency in the bone marrow cells. As a
result of uranium exposure, we found a significant stimulation in CAs frequencies, such as breaks, acentrics, fragments, gaps and rings in the bone marrow cells. However,
pretreatment of mice with GB resulted in a significant reduction of CAs and AM frequency before uranium–exposure. If we consider similar studies, our results are found
to be in close agreement with previously published data.
Researchers have shown that uranium is mutagenic and
causes genetic mutations, DNA damage, CAs, MN formation and sister–chromatid exchanges in vivo and in vitro
[24]. In a study designed to determine reproductive toxicity
induced by enriched uranium was reported on genetic
material damage, dominant lethality and skeletal abnormalities in fetal rats. CAs in spermatogonia, DNA alterations in
sper-matocytes and DNA strand breakage in sperm were
specifically reported [25]. In another study, 115 smokers
working in a nuclear fuel manufacturing facility were
analyzed for various types of CAs [24].
MN are cytoplasmic chromatin masses with the appearance of small nuclei that arise from chromosome fragments
or intact whole chromosomes lagging behind at the anaphase
stage of cell division. Their presence in cells reflects structural and/or numerical CAs arising during mitosis [26], and
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they can be easily recognized in the cytoplasm of the erythrocytes [27].
In the presents study, we found a significant increase
in frequency of MN in mature normochromatic erythrocytes
(NCE) and exfoliated buccal cells of mice exposed to uranium. As seen in the results section, the frequency of MN
cells is significantly higher in the erythrocytes than in the
exfoliated cells of buccal mucosa. Pretreatment of animals
with GB doses caused a significant reduction in the frequency of MN induced by uranium. There was a clear relationship between the MN frequency and GB dose. The MN
frequency decreased with rising of GB doses. Our results
are in close agreement with previously published data by
other authors. Lin et al. [28] reported a significant increase
in the frequency of MN, sister chromatid exchange and CAs
induced by uranyl nitrate in Chinese hamster ovary cells.
Krunic et al. [29] determined an increase in the frequency
of MN due to exposure to depleted uranium in peripheral
blood lymphocytes of individuals located in the area of
Hadzići in Bosnia and Herzegovina. Besides, most studies
indicated similar effects of uranium on the frequency of MN
in Chinese hamster ovary cells [30] and human osteoblast
cells [31]. Although the effects of uranium on stimulation
of MN in the erythrocyte cells of mice have already been
investigated, our experiments also were performed using the
exfoliated cells of buccal mucosa in mice. In contrast to
other studies, our study is the first report which showed
stimulation of MN in the exfoliated buccal mucosa cells of
mice by chemical and radioactive agents, such as uranium.
Oxidative stress is an imbalance between the intracellular production of free radicals and the cellular defense mechanisms. Proteins, lipids and DNA are sensitive
targets of reactive oxygen species (ROS) [32]. In the
present study, we also evaluated the antioxidant efficacy
of GB against uranium–induced oxidative stress in albino
mice. For this aim, we measured the blood MDA and GSH
levels. Uranium exposure resulted in significant alterations in GSH levels in a dose–dependent manner. There
was a sig-nificant reduction in GSH levels of the blood,
implicating the presence of oxidative damage. Oral treatment with GB at dose levels of 100 and 150 mg/kg b.wt
caused a significant reduction in GSH levels when compared to uranium–only treated group. Probably, GB extract, as an antioxidant agent, ameliorated oxidative injury
in the tissues and functional deteriorations.
MDA is a good indicator of the degree of lipid peroxidation. In the present study, we observed a significant
increase in MDA content, during uranium toxicity, which is
in agreement with previous studies. The increase in MDA
levels in the blood suggests enhanced lipid peroxidation
leading to tissue damage and failure of antioxidant defense
mechanisms to prevent the formation of excessive free radicals. Our results show that GB treatment significantly inhibits MDA production, implying a reduction in lipid peroxidation and cellular injury that protect the tissues against
uranium–induced oxidative damage. The effect of uranium
on GSH and MDA has also been described by other authors.

Periyakaruppan et al. [5] and Barillet et al. [33] observed a
significant decrease in GSH levels but increase in MDA
levels after uranium exposure.
In conclusion, supplementation with GB resulted in
beneficial effects against genotoxicity and oxidative stress
induced by uranium in albino mice. It was shown that GB
had a protective effect on CAs, MN and oxidative stress,
and this effect was dose–dependent. The protector effect
of GB on uranium–induced CAs, MN formation and oxidative damage may be explainable with the antioxidant
properties of GB. Although it is not a general rule, antioxidants and GB share similar mechanisms of protection
against the toxicity. In the body, antioxidants act as free
radical scavengers and they trap the free radicals and give
up own electrons. Thus, they protect against free radical
oxidation molecules, such as protein, lipid, enzyme,
chromosome and DNA [34]. An excess availability of
free radicals accompanied by a reduction in the capacity
of the natural antioxidant systems leads to cellular dysfunction and death. Superoxide (O2−), and hydroxyl radical
(·OH) are the predominant cellular free radicals, while
hydrogen peroxide (H2O2) and peroxynitrite (ONOO−),
although not free radicals, aid substantially to the cellular
redox state. The cytotoxicity of free radicals is related to
the ability of these molecules to oxidize cell constituents,
particularly lipids and nucleic acids [35]. GB extract is
known to be efficient in helping to treat or prevent diseases associated with free radicals. Pharmacologically,
there are two groups of significant compounds found in
ginkgo. These are fla-vonoids like myricetin and quercetin
which give ginkgo its antioxidant action, and terpenes
which help to inhibit the formation of blood clots. These
compounds have the ca-pability of decreasing cell damage which results from the presence of free radicals.
Besides, these compounds scavenge and destroy free
radicals and reactive forms of oxygen, such as O2−, ·OH
and lipid peroxide radicals [36]. Human laboratory tests
and animal studies have shown that ginkgo contains
antiradical or antioxidant properties. For example, Ilhan et
al. [35] reported the protective effect of GB on the mobile
phones–induced oxidative damage in brain tissue of rats.
In a similar study, Goksel et al. [37] determined the possible beneficial effect of GB against the analgesic acetaminophen (AAP) toxicity in mice. Ergun et al. [38]
demonstrated the anti–apoptotic effect of GB in gossypol–treated human lymphocytes. In another study, Alaoui-Youssefi et al. [39] observed the protective effect on
clastogenic factors including CAs of the GB complete
extract in rat treated with a radiation dose of 4.5 Gy. Sener et al. [40] reported the possible protective effect of GB
against mercury–induced oxidative damage in brain, lung,
liver, and kidney tissues of rats.
In conclusion, the results of the present study clearly
confirmed that uranium toxicity induces CAs, MN formation and oxidative stress in Swiss albino mice. It has
also been demonstrated for the first time that uranium
toxicity may induce MN formation in the exfoliated cells
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of mice buccal mucosa. But, supplementation with GB
extract can protect against uranium toxicity, by reduction
effects of free radicals. Therefore, the antioxidant role of
GB may be used as a ‘‘genotoxicity–limiting agent’’ to
reduce environmental effects of chemical and radioactive
agents in the near future.
REFERENCES
[1] Taulan, M., Paquet, F., Maubert, C., Delissen, O.,
Demaille, J. and Romey, M.C. (2004). Renal toxicogenomic
response to chronic uranyl nitrate insult in mice. Environ.
Health. Perspect. 112, 1628–1635.
[2]

[3]

[4]

[5]

Souidi, M., Gueguen, Y., Linard, C., Dudoignon, N., Grison,
S., Baudelin, C., Marquette, C., Gourmelon, P., Aigueperse,
J. and Dublineau, I. (2005). In vivo effects of chronic contamination with depleted uranium on CYP3A and associated
nuclear receptors PXR and CAR in the rat. Toxicology. 214
(1–2), 113–122.
Thiébault, C., Carrière, M., Milgram, S., Simon, A.,
Avoscan, L. and Gouget, B. (2007). Uranium induces apoptosis and is genotoxic to normal rat kidney (NRK-52E) proximal cells. Toxicol. Sci. 98 (2), 479–487.
Albina, M.L., Belles, M., Gomez, M., Sanchez, D.J. and
Domingo, J.L. (2003). Influence of maternal stress on uranium–induced developmental toxicity in rats. Exp. Biol. Med.
228, 1072–1077.
Periyakaruppan, A., Kumar, F., Sarkar, S., Sharma, C.S. and
Ramesh, G.T. (2007). Uranium induces oxidative stress in
lung epithelial cells. Arch. Toxicol. 81 (6), 389–395.

[6]

Ortega, A., Domingo, J.L., Gómez, M. and Corbella, J.
(1989). Treatment of experimental acute uranium poisoning
by chelating agents. Pharmacol. Toxicol. 64, 247–251.

[7]

Samarth, R.M. and Kumar, A. (2003). Mentha piperita
(Linn.) leaf extract provides protection against radiation induced chromosomal damage in bone marrow of mice. Indian
J. Exp. Biol. 41, 229–237.

[8]

Krishna, A. and Kumar, A. (2005). Evaluation of radioprotective effects of Rajgira (Amaranthus paniculatus) extract in
Swiss albino mice. J. Radiat. Res. (Tokyo). 46, 233–239.

[9]

Ginkgo Biloba. (1996). The extraordinary herb that boosts
circulation and enhances brain function. Pleasant Grove, UT:
Woodland Publishing, Inc.

[10] Sierpina, V.S., Wollschlaeger, B. and Blumenthal, M. (2003).
Ginkgo Biloba. Am. Fam. Phys. 68, 923–926.
[11] Kleijnen, J. and Knipschild, P. (1992). Ginkgo biloba for cerebral insufficiency. Br. J. Clin. Pharmac. 34, 352–358.
[12] Te-Hsiu, M.A., Zhou, X., Loarco, G.F., Arreola, G.G. and
Lecona, S.U. (1995). Mouse–erythrocyte
micronucleus
(MUS-EMN) assay on the clastogenicity of industrial
wastewater. Rev. Int. Contam. Ambient. 11 (2), 95–98.
[13] Ozkul, Y., Donmez, H., Erenmemisoglu, A., Demirtas, H.
and Imamoglu, N. (1997). Induction of micronuclei by
smokeless tobacco on buccal mucosa cells of habitual users.
Mutagenesis. 12 (4), 285–287.
[14] Fenech, M., Chang, W.P., Kirsch-Volders, M., Holland, N.,
Bonassi, S. and Zeiger, E. (2003). Human micronnucleus
project. HUMN project: detailed description of the scoring

1558

criteria for the cytokinesis–block micronucleus assay using
isolated human lymphocyte cultures. Mutat. Res. 534, 65–75.
[15] Kumar, M., Samarth, R., Kumar, M., Selvan, S.R., Saharan,
B. and Kumar, A. (2006). Protective effect of Adhatoda vascia nees against radiation-induced damage at cellular, biochemical and chromosomal levels in Swiss albino mice.
eCAM. 1–8.
[16] Savage, J.R. (1976). Classification and relationships of induced chromosomal structual changes. J. Med. Genet. 13,
103–122.
[17] Draper, H.H. and Hadley, M. (1990). Malondialdehyde determination as index of lipid peroxidation. Methods. Enzymol. 186, 421–431.
[18] Kucukkurt, I., Ince, S., Fidan, A.F. and Ozdemir, A. (2008).
The effects of dietary supplementation of different amount of
Yucca schidigera powder (Sarsaponin 30®) on blood and tissue antioxidant defense systems and lipid peroxidation in
rats. J. Anim. Vet. Adv. 7 (11), 1413–1417.
[19] Beutler, E., Dubon, O.B. and Kelly, M. (1963). Improved
method for the determination of blood glutathione. J. Lab.
Clin. Med. 61, 882–888.
[20] Grover, P., Danadevi, K., Mahboob, M., Rozati, R., Saleha
Banu, B. and Rahman, M.F. (2003). Evaluation of genetic
damage in workers employed in pesticide production utilizing the Comet assay. Mutagenesis. 18 (2), 201–205.
[21] Celik, A. and Akbaş, E. (2005). Evaluation of sister chromatid exchange and
chromosomal aberration frequencies in
peripheral blood lymphocytes of gasoline station attendants.
Ecotox. Environ. Safe. 60, 106–112.
[22] Lawrence, G.D. (2004). Uranium toxicity literature. Department of Chemistry and Biochemistry, USA: Long Island
University Brooklyn.
[23] Møllegaard, N.E., Murchie, A.I.H., Lilley, D.M.J. and Nielsen, P.E. (1994). Uranyl photoprobing of a four-way DNA
junction: evidence for specific metal ion binding. EMBO. J.
13, 1508–1513.
[24] Prabhavathi, P.A., Fatima, S.K., Rao, M.S. and Reddy, P.P.
(2000). Analysis of chromosomal aberration frequencies in
the peripheral blood lymphocytes of smokers exposed to uranyl compounds. Mutat. Res. 466, 37–41.
[25] Zhu, S.P., Hu, Q.Y. and Lun, M.Y. (1994). Studies on reproductive toxicity of enriched uranium. Chun. Hoa. Yu. Fanh.
(Chinese Journal of Preventive Medicine) 28 (4), 219–222.
[26] Yesilada, E., Sahin, I., Ozcan, H., Yildirim, I.H., Yologlu, S.
and Taskapan, C. (2006). Increased micronucleus frequencies
in peripheral blood lymphocytes in women with polycystic
ovary syndrome. Eur. J. Endocrinol. 154 (4), 563–568.
[27] Giri, A., Khynriam, D. and Prasad, S.B. (1998). Vitamin C
mediated protection on cisplatin induced mutagenecity in
mice. Mutat. Res. 139–148.
[28] Lin, R.H., Wu, L.J, Lee, C.H. and Lin-Shiau, S.Y. (1993).
Cytogenetic toxicity of uranyl nitrate in Chinese hamster
ovary cells. Mutat. Res. 319, 197–203.

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

[29] Krunic, A., Haveric, S. and Ibrulj, S. (2005). Micronuclei
frequencies in peripheral blood lymphocytes of individuals
exposed to depleted uranium. Arh. Hig. Rada. Toksikol. 56,
227–232.
[30] Stearns, D.M., Yazzie, M., Bradley, A.S., Coryell, V.H.,
Shelley, J.T., Ashby, A., Asplund, C.S. and Lantz, R.C.
(2005). Uranyl acetate induces hprt mutations and uranium–
DNA adducts in Chinese hamster ovary EM9 cells. Mutagenesis. 20, 417–423.
[31] Miller, A.C., Stewart, M., Brooks, K., Shi, L. and Page, N.
(2002). Depleted uranium-catalyzed oxidative DNA damage:
absence of significant alpha particle decay. J. Inorg. Biochem. 91, 246–252.
[32] Vincent, H.K., Bourguignon, C.M., Vincent, K.R., Weltman,
A.L., Bryant, M. and Taylor, A.G. (2006). Antioxidant supplementation lowers exercise–induced oxidative stress in
young overweight adults. Obesity. 14, 2224–2235.
[33] Barillet, S., Adam, C., Palluel, O. and Devaux, A. (2007).
Bioaccumulation, oxidative stress, and neurotoxicity in Danio rerio exposed to different isotopic compositions of uranium. Environ. Toxicol. Chem. 26 (3), 497–505.
[34] Halliwell, B., Murcia, M.A., Chirico, S. and Aruoma, O.L.
(1995). Free radicals and antioxidants in food and in vivo:
what they do and how they work. Crit. Rev. Food. Sci. Nutr.
35, 7–20.
[35] Ilhan, A., Gurel, A., Armutcu, F., Kamilsi, S., Iraz, M.,
Akyol, O. and Ozen, S. (2004). Ginkgo biloba prevents mobile phone–induced oxidative stress in rat brain. Clin. Chim.
Acta. 340 (1–2), 153–162.
[36] Oberpichler, H., Sauer, D., Rossberg, C., Mennel, H.D. and
Krieglstein, J. (1990). PAF antagonist ginkgolide B reduces
postischemic neuronal damage in rat brain hippocampus. J.
Cereb. Blood. Flow. Metab. 10, 133–135.
[37] Goksel, S., Gulden, O., Ozer, S., Ayfer, T., Meral, Y., Feriha,
E. and Nursal, G. (2006). Protective effects of Ginkgo biloba
against acetaminophen–induced toxicity in mice. Mol. Cell.
Biochem. 283 (1–2), 39–45.
[38] Ergun, U., Yurtcu, E and Ergun, M.A. (2005). Protective effect of Ginkgo biloba against gossypol–induced apoptosis in
human lymphocytes. Cell. Biol. Int. 29 (8), 717–720.
[39] Alaoui-Youssefi, A., Lamproglou, I., Drieu, K. and Emerit, I.
(1999). Anticlastogenic effects of Ginkgo biloba extract
(EGb 761) and some of its constituents in irradiated rats. Mutat. Res./Genet. Toxicol. Environ. Mutagen. 445 (1), 99–104.
[40] Sener, G., Sehirli, O., Tozan, A., Ovunc, A.V., Gedik, N. and
Omurtag, G.Z. (2007). Ginkgo biloba extract protects against
mercury(II)–induced oxidative tissue damage in rats. Food.
Chem. Toxicol. 45, 543–550.
[41] Marcocci, L., Maguire, J.J., Packer, L. and Droy-Lefaix, M.T.
(1994) The nitric oxide-scavenging properties of Ginkgo biloba
extract EGb761. Biochem. Biophys. Res. Commun. 201, 748–
755.

Received: January 23, 2009
Revised: March 17, 2009
Accepted: April 17, 2009

CORRESPONDING AUTHOR
Kültiğin Çavuşoğlu
Giresun University

1559

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

Faculty of Science and Art
Department of Biology
28049 Debboy Location, Giresun
TURKEY
Phone: +90 (0) 454 2161255/160
Fax: +90 (0) 454 2164518
E–mail: kultigincavusoglu@mynet.com
FEB/ Vol 18/ No 9/ 2009 – pages 1551 – 1558

1560

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

THE IMPACT OF INCREASING NATURAL GAS USE ON THE
ENVIRONMENT AND POPULATION IN ANKARA, TURKEY
Cevdet Coskun Aydin 1* and Samet Karadavut 2
1
2

Department of Map and Cadastre, Hacettepe University, Polatlı, Ankara, Turkey
Department of Environmental Engineering, Aksaray University, Aksaray, Turkey

ABSTRACT

INTRODUCTION

This paper presents an evaluation of the improvement
of air quality due to the use of natural gas in the city of
Ankara. A comparison of air quality before and after conversion of a great part of the city to natural gas was made
using regional ambient sulfur dioxide (SO2) and particulate
matter (PM-10 less than 10 µm diameter) concentrations.
Also, there is an overview of construction works that have
been carried out, and an explanation of how Geographical
Information System (GIS) activities are used to monitor the
construction, design and routes of gas pipelines. It is concluded that the long-term project to spread the use of natural gas in Ankara has reduced air pollution to national
standards thus improving the quality of life for the city’s
inhabitants. The changes in the air quality have also
brought positive changes in vital fields, such as health, the
environment, economy and social life in the city of Ankara, once famous for its seriously polluted air.

KEYWORDS:
Natural gas, construction, environment, GIS, population.

Since the creation of the Turkish Republic in 1923,
the country has developed rapidly. Today it has a dynamic
economy, rapid population growth and an increasing energy demand. The first gas supply in Ankara began in 1929,
and until 1989, 5.5 billion tons of coal were used and 3.8
billion cubic meters of coal gas produced. During these 60
years, air pollution increased annually. In the 70’s and 80’s,
the number of respiratory problems in the urban population
increased and people began to leave Ankara due to the
serious nature of the air pollution [1-3].
The Turkish Pipeline Corporation (BOTAS) was established in 1974, and responsible for the arrival of natural
gas in Turkey [4]. It was not until the mid 1980’s that the
authorities decided to take serious action to solve the
problem of air pollution in Ankara. Natural gas pipeline
works were started in 1985 by the Electricity, Gas and Bus
Corporation (EGO). As shown in Table 1, a series of projects were carried out starting in 1998. In September 2007,
following privatization, the Baskent Natural Gas Company
(http://www.baskentdogalgaz.com.tr/english/) was created
and took over the responsibility for the distribution of natural gas in the capital. The sixth project is in the application
stage now, and is expected to be completed in 2010.

TABLE 1- Natural gas project development process (1988-2008) [3].
Projects

Years

I. Project

1988-1993

II. Project

1994 - 2001

III. Project

2002

IV. Project

2003 - 2004

V. Project

2005 - 2006

VI. Project

2007-----

Other Projects

1994-2007

Total

1988-2008

Districts
Altındağ, Çankaya, Mamak, Keçiören, Yenimahalle
Altındağ, Çankaya, Mamak, Keçiören, Yenimahalle, Etimesgut,
Sincan, Gölbaşı
Altındağ, Çankaya, Mamak, Keçiören, Yenimahalle, Etimesgut,
Sincan, Gölbaşı, Pursaklar
Altındağ, Çankaya, Mamak, Keçiören, Yenimahalle, Etimesgut,
Sincan, Gölbaşı, Pursaklar
Altındağ, Çankaya, Mamak, Keçiören, Yenimahalle, Etimesgut,
Sincan, Gölbaşı, Pursaklar, Bağlum, Yenikent, Kazan, Lalahan,
Akyurt, Saray, Altınova
Altındağ, Çankaya, Mamak, Keçiören, Yenimahalle, Etimesgut,
Sincan, Gölbaşı, Pursaklar, Bağlum, Yenikent, Kazan, Akyurt,
Saray, Çubuk, Altınova
Altındağ, Çankaya, Mamak, Keçiören, Yenimahalle, Etimesgut,
Sincan, Gölbaşı, Pursaklar, Bağlum, Yenikent, Kazan, Lalahan,
Elmadağ, Hasanoğlan, Akyurt, Saray, Çubuk, Altınova

1561

Subscriptions

Infrastructure Length
(m)

117,582

340,610

222,090

1.011,037

80,450

218,174

122,020

373,639

89,981

318,820

257,401

136,512

267,047

175,010

1,156,571

2,573,802
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FIGURE 1 - Natural gas pipelines in Turkey (http://www.botas.gov.tr/images/icerik/harita/BotasGeneral.jpg).
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As shown in Table 1, the number of districts now
served by natural gas has substantially increased, and the
number of consumers is 10-fold that from the beginning
of the natural gas projects in 1988. During the natural gas
construction projects stage, infrastructure components, such
as clean water, rain water-drainage, natural gas, fiber optics, cable TV, sewer, lower and middle voltage energy lines
with their valves, manholes, switches, poles, regulators and
amplifiers are land-marked inside the urban area and transferred into digital maps to perform GIS applications for
managing, analyzing and querying the huge volume of
geometric and attribute data.
Ankara is the centre of national natural gas transmission between Russia, Turkmenistan, Iran and European
countries (Fig. 1). Also ”The Nabucco pipeline” is planned
to transport natural gas from Turkey to Austria, via Bulgaria, Romania, and Hungary and the Ahiboz hub will be
situated 30 km from Ankara (http://www.nabucco-pipeline.com/project/project-description-pipeline-route/projectdescription.html).
This paper shares some of the experiences gathered
from natural gas construction projects shortly with GIS
capabilities, to give some information to support the current system, and the importance of natural gas in general.
Then it reviews the study of the environmental benefits of
natural gas and the impact on the population in Ankara.

OUTLINE OF THE CONSTRUCTION OF PIPELINES

Natural gas transmission pipeline routes are constructed
using a combination of topographic maps and zoning plans.
Before starting the application, technical teams prepare draft
plans. In the application stage, in urban areas, high buildings and narrow roads can create difficulties in establishing the polygon points with GPS method. Therefore, provisional plans are applied to resolve the problems and hybrid measurement techniques combining GPS and total
station surveys are used. If the polygons are necessary and
the situation is not suitable for GPS, total stations are used
in establishing the polygon routes. Especially when routes
are measured, the final measurements have to be tied to
GPS to error distribution. In the hybrid method, the precision of polygon points is 1.5-2 cm with a height accuracy
of 2-3 cm. The precision of a GPS point is 1 cm for height
and coordinate measurements. Static GPS measurements
taken every 7-8 min provide this precision. All data coming from different sources are transferred to the computer
environment and processed by a CAD program. All layers
related to design, construction, route, maintenance etc., are
formed and all attribute data and tables are classified in a
GIS environment (Fig. 2).
Ties between points, layer selection according to pipe
diameters, area route definitions of natural gas fields,
symbols of valves, reducers, anodes, cathodes, protections
and line markers are performed. If any error appears, they

Natural gas Pipeline in TURKEY

Orthophoto
Data Sources

Topog. Maps
Roads
TV, Cable
Water pipelines
Sewer lines

Base maps for natural gas

GPS-Survey
Legand

Database

feature
dataset
raster
dataset
table

FIGURE 2 - The workflow of the GIS database and design for natural gas pipeline construction.
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FIGURE 3 - Location of the study area.

are listed and the teams immediately check them. During
the applications, some legend problems can occur in presenting each item on digital maps. Therefore, different legends need to be produced for the different types of routes.
The initial natural gas projects in Ankara and EGO offered
no suggestions about symbology, however, after various
meetings, it was concluded that an easily understandable
symbology has to be constituted. To achieve this, the current existing statutes were examined and some symbols were
used. Other symbols, not in current use in Turkey, were obtained from the symbols used for problems, such as scale,
size, legibility and denotation, seen in the investigation
stage pertaining to British and Canadian natural gas symbology. Finally, an unequivocal symbology was formed
using different engineering symbols.
Today, GIS-based applications are used all over the
world for pipeline construction, design works, analyzing etc.
Particularly in developing countries, GIS-based systems
provide economic and manpower benefits. Furthermore, the
large amount of tedious work related to data base management and managing high density data can be diminished.
STUDY AREA

The study area is Ankara, the capital city of Turkey,
located in the central Anatolia region and it is the second
largest city in Turkey (Fig. 3). In the past, the city suffered
from heavy sulfur-based air pollution. However, this has

decreased significantly over the past 20 years due to successful measures taken to replace high-sulfur coal by highquality fuels. The use of coal with more than 1% sulfur
was banned in 1988 and heating technology was gradually
changed from solid and liquid fuels to natural gas imported
from Russia after 1990. The gas pipeline length has been increased from 341 km in 1988 to 2,574 km in 2008, and
the current number of subscribers in the city is 1,156,571.
Currently, more than 80% of the households in the city use
natural gas for heating, thus achieving a dramatic reduction in SO2 levels [3, 5].
IMPACT OF AIR POLLUTION FROM COAL GAS

Turkish natural gas usage is projected to increase dramatically in the coming years, with the prime consumers,
expected to be industry and power plants. Turkey’s energy
demand is increasing by 8% annually, one of the highest
rates in the world. In addition, natural gas consumption is
the fastest growing primary energy source in Turkey [4,
6]. In Ankara, before October 1988, most people used coal
for heating purposes since coal gas services were limited
and served only central districts. With the growing number of inhabitants, air pollution became noticeable in the
1950’s and reaching its highest level between 1970-1980.
It is reported that within these years some foreigners were
walking around the city centre of Ankara wearing gas masks,
and those years of serious air pollution had impacts on
many aspects of life [7, 8]. The major areas were as follows:
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The Environment

According to the Organization for Economic Cooperation and Development (OECD)/ International Energy
Agency (IEA) 2005 report [9], Turkey has made significant
progress in reducing local air pollution, particularly in large
cities. Nevertheless, significant efforts still need to be made
to ensure existing standards are met, and to prepare for further reductions in air pollution. Natural gas is an extremely
important source of energy for reducing pollution and maintaining a clean and healthy environment. In addition to being
an abundant and secure source of energy, the use of natural gas also offers a number of environmental benefits over
other sources of energy, particularly other fossil fuels.
• Before natural gas use, the air was dark in the day time
and it was not possible to see the sky in Ankara because
of SO2, CO and CO2 harmful gases. This affected people psychologically. Building facades were covered with
black soot. Today, the sky is clear and bright and building facades are cleaner.
• According to Nikolaou et al. [10], the acidification of
surface water (lakes, rivers etc.) is another negative impact. SO2 and H2O react with each other causing acid
rain which falls on the land being very dangerous to
plants and animals. Human water sources are affected
because Ankara is in a rainless climate belt. Decreasing the level of SO2 has reduced the pollution of drinking water.
• People have seen the differences between before and
after the widespread use of natural gas in Ankara and
throughout Turkey where natural gas was used. Public
sensitivity against air pollution has increased during
the years and some surveys were made in Turkey and
Ankara [11].
• When the literature about air pollution was examined
worldwide, Ankara was cited as an important example

of a polluted city. Today, Ankara has low level air pollution and good weather, and ranks among the cities
with a clean air in Turkey [12].
• With the arrival of natural gas, coal storage areas have
been transformed to parks and regulation stations.
• Macro-climate changes affected the city positively due
to the decrease in air pollution and greenbelts were increased.
The available historical information and data on the
national air quality in Turkey is either limited to only a
few pollutants, or is not spatially and/or temporally representative of the current situation due to rapid growth of the
urban areas. Currently, only the SO2 and PM parameters,
monitored under the guidance of the Ministry of Health
(MoH) at multiple points in many cities, are available from
the Turkish National Ambient Air Monitoring Network
(NAAMN) databank [13]. Eight sampling points were established in Ankara for the collection of air pollution data
(Fig. 4).
Other pollutants, including NOx and O3, could only
be monitored at a limited number of points by the universities, research institutes and TUBITAK (Turkish Scientific
& Technical Research Council) [14]. The air we breathe is a
mix of atmospheric gases which mainly consists of 21%
oxygen, 78% nitrogen, carbon dioxide on a limited scale,
and water vapor. It is being polluted by natural sources,
human and industrial activities, as well as chemical and biological substances. To produce different pollutants, such as
particle substances, ozone, sulfur, sulfur dioxide, nitrogen
oxides and sulfates, the nitrate and organic compounds react
with each other. In the urban environment, sources of air
pollution are as follows:
• Fuel for heating and industry
• Industrial complexes

FIGURE 4 - Sampling sites, Directory of Refik Saydam Center, (http://havakalitesi.rshm.gov.tr/).
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• Motor vehicles
• Other ones, such as garbage tank areas, sewerage and
waste treatment facilities.
The main pollutants associated with energy use are
sulfur oxides (SOx, particularly SO2, and total suspended
particulates (TSP/PM) [15-17]. Air quality standards for
SO2 and PM are set under the 1986 Air Quality Protection
regulation. As shown in Table 2, these standards are much
less stringent than those set by the WHO. Today, the MoH
and the Ministry of Environment and Forestry (MoEF) share
monitoring responsibilities in Turkey.
TABLE 2 - Turkish and WHO air quality standards.
Turkish and WHO Air Quality Standards (µg/m3)
Turkish Standards
WHO Standards
LTS
STS
LTS
STS
SO2
150
400a
50
125
PM10
150
300
50
120
µg/m3 : micrograms per cubic meter
LTS: Long-term standards (maximum annual average)
STS: Short-term standards (maximum daily average)
PM: Particular matter
a
Turkey's ambient air quality standard for SO2 on an hourly basis is
900 µg/m3.
Data Source: Ministry of Environment and Forestry.

In Turkey, these emissions come mostly from the combustion of coal (especially high-sulfur domestic lignite), oil
products and fuel wood. The latter is especially responsible for indoor air pollution. Some arrangements were made
by the authorities about coal consumption and amendments

	
  µg/m3	
  	
  	
  	
  	
  

of mining coal, and sulfur content was limited to 1.5% or
lower. Coal has over 1% sulfur content and during the burning stage, sulfur is converted into (90-99%) SO2 and SO3
(1-10%). The eight quantifying stations in Ankara have
published SO2 and PM values daily on their web site for
the past 3 years (Fig. 5) [9].
SO2 is the most important factor which effects air pollution in Ankara. As shown in Fig. 5, after 1990, the levels
of SO2 and PM showed a general decline due to the increase
in the supply and use of natural gas in the city. The increase in SO2 and PM values in 2008 was due to high prices
of natural gas in Ankara enforcing many people to return
to the use of coal for heating, thus showing the direct
correlation between economics and air pollution.
The Population (health and economic)

• Due to air pollution, respiratory diseases and irritation,
use of asthma medications, admission and hospitalization for asthma were increased, especially in winter
before natural gas usage in Ankara in 1989 [18]. According to Demir et al. [8], asthma and allergic effects
of air pollution were investigated on schoolchildren
aged 6–14 in various schools of Ankara between
1992-2002, and it was found that after natural gas usage in Ankara, asthma and other values were significantly decreased towards to 2002. Furthermore, following the arrival of natural gas at the beginning of
the 1990’s, health problems and doctor fees started to
decrease in Ankara and generally in Turkey [12].
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FIGURE 5 - SO2 and PM value changes in critical years (1990-2008) in Ankara [13].
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• Research carried out concerning the effects of air pollution on the birth weights of babies born between 19892005 in several hospitals in and outside Ankara. From
a comparison of the results, it was determined that air
pollution had a serious effect on birth weight, especially in 1989, which saw the heaviest air pollution in
Ankara [19].
• Coal stoves were very dangerous and many coal gas
poisoning events happened in Turkey. Coal poisoning
was decreased due to the use of natural gas.
• Using natural gas provides a healthy environment and
prevents air pollution. In addition, natural gas use requires utmost attention. Otherwise, some deaths can be
possible [20].
• According to state institute statistic reports in the early
1990’s, before natural gas, many work hours were lost
because of health problems suffered by the workforce
caused by air pollution, and this had direct economic
impact on Gross National Product [5].
• In 1970 and 1980’s, people left Ankara and went to
their homelands to live. After the 1990’s air pollution
was seriously abated, they came back to the city.
• People changed their branch of business from coal gas
to natural gas application. Starting from 1988, 100,000
coal gas subscribers changed to natural gas. Therefore,
construction lines were converted to natural gas, and
business branches related to natural gas become profitable [1].
• Air pollution from coal required the painting of both the
inside and outside of homes every year, thus the residents incurred additional costs to maintain clean homes.
CONCLUSIONS
The main conclusions about natural gas pipeline construction in urban areas, environmental benefits of natural
gas in the urban environment and its inhabitants, and future
GIS-based works are listed below;
• Turkey is heavily dependent on imported oil and gas.
As a result, Turkey is planning to increase its oil and
gas pipeline infrastructure to accommodate its increased
energy usage. For example, the Nabucco project consists of a new gas pipeline connecting the Caspian region, Middle East and Egypt via Turkey, Bulgaria, Romania, Hungary with Austria, and further on, with the
Central and Western European gas markets. With these
increasing developments, it is important to be able to
manage the pipelines and overcome the problems that
occur. A GIS-based natural gas Information System
provides very effective tools for the efficient, safely and
controlled usage of natural gas network, and by
providing the necessary information correctly and rapidly. Furthermore, a GIS-based system can provide low
cost construction and maintenance facilities.

• In the past, Ankara suffered substantially from air
pollution. Thus, although natural gas was used by the
majority of the population in their homes, there must
be a control of coal consumption. According to national
reports, Turkey’s energy demand is expected to rise by
78% in 2020. Therefore, Turkey should start now to
develop a long-term policy aiming at increasing the consumption of natural gas which is the most environmentally friendly and easily available energy resource, to ensure that a healthy environment is maintained. In Turkey, when the price of natural gas increases, poorer
people tend to revert to coal which is cheaper. Therefore, the authorities must regulate the natural gas price
for customers to continue using gas, and not to use fuel
sources that substantially pollute the atmosphere. Although the municipal authorities in Ankara have been
working with government institutions to reduce the air
pollution and keep levels under national targets, this
work has not been presented in scientific circles both in
the country and internationally. Additionally, there needs
to be research into. Therefore, the public opinion concerning the impact of the reduction in air pollution after the arrival of natural gas
• Although GIS facilities provide many advantages, the
authorities and technical teams cannot benefit/use these
advantages efficiently. Therefore, necessary arrangements related to data collecting, managing and storing
should be put in practice in GIS using.
• Other negative aspects are the lack of a spatial-based
address information system and having no direct relationship between local authorities and companies. In
particularly, for example in buildings, factories and
workplaces, the up-to-date information should be collected and transferred to an address information system
before starting natural gas pipeline constructions. There
have been data sharing problems between institutions,
and a system must be developed to resolve this problem.
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EFFECTS OF NATURAL ZEOLITE (CLINOPTILOLITE) LEVELS
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ABSTRACT
In the present study, the influences of dietary zeolite levels
on growth performance, nutrient utilization of Tilapia zillii
and water quality parameters were investigated through-out a
45-days period. Each experimental diet was applied to triplicate groups of 10 fish (mean wet weight 1.08±0.01 g). Fish
were fed, five times a day with diets containing 38 % (crude
protein) and 8.5% (lipid) supplemented with 0 (control),
1.0, 2.0 zeolite (clinoptilolite). Results indicated that fish
groups fed diets with zeolite had higher weight gain, specific growth rate (p>0.05), protein efficiency rate (p<0.05), and
better feed utilization than those fed diet without zeolite
(p>0.05). Total ammonia nitrogen (TAN) was found to be
0.34 and 0.36 mg/L, respectively, in the groups fed with 1%
and 2% zeolite-added rations. TAN was the highest as 0.39
mg/L in the control group with no statistically significant
difference (p>0.05). Lower ammonia release is one of the
most important matters for maintainable and environmentfriendly aquaculture activities. It was concluded that zeolite
may be a suitable feed additive for use in Tilapia zillii diets.
KEYWORDS: zeolite (clinoptilolite), growth performance, feed
utilization, ammonia discharge, tilapia.

INTRODUCTION
Although the pollution released from aquaculture to
hygrophilous ecosystem is at minimum levels compared to
domestic, agricultural and industrial sectors, articles and
criticisms written about the negative environmental effects
of aquaculture are rising [1]. Releasing of the least pollution
to the environment around the fish reared, doubtlessly, can
be provided through well-balanced fish-feed ration. When
the feed reached the fish-body, nitrogen compounds are
released to the environment.
Ammonia is the main nitrogenous waste compound
excreted by fish and crustaceans. Two fractions of total
ammonia nitrogen (TAN) are ionized ammonia (NH 4+)

and un-ionized ammonia (NH 3). The un-ionized type of
ammonia- nitrogen is enormously toxic to fish [23]. Total
ammonia nitrogen can be fatal above 1 mg/L for tilapia
cultures [14]. In minimizing nitrogen, which is one of the
main polluters, a qualified feed which meets the physiological needs of the fish and raw-materials, which are highly
digestible and comprising this feed, are in the lead. In addition to that, feed additives such as zeolite, may provide the
feed taken by the fish heartily and may reduce the water
pollution, that is arisen from feed and faecal matters.
Natural zeolites have three functions in aquaculture.
These can be classified as removing ammonium from the
hatchery, where aquaculture is done, pool and aquariums;
enriching ventilating systems with oxygen in aquarium
and fish carrying; using feed additives in feed rations [3].
Many natural zeolites may considerably contribute in removing nitrogen from aquaculture because of their ion exchange and selective adsorption features [4]. In aquaculture, zeolites are used for producing nitrite and nitrate,
which are less poisonous than ammonia, by means of activating bacteria, which help decomposing protein in fishfeed that was not consumed [5]. Clinoptilolite is found
abundantly in natural zeolites [6], and has the best selectivity for ammonia. Moreover, clinoptilolites have a fine ion
exchange capability and can absorb ammonium easily [7].
Studies related to zeolite are mainly performed in the
fields of poultry, cattle and porcine husbandries, and there
are not many studies available related to its usage in aquaculture. In a research performed by Dias et al. [8], among
different rations made by different feed additives in European seabass, they ascertained that, while the diet with
10%-20% zeolite addition did not have any negative influence on growth performance of the fish, it brought out
values very close to control group in terms of feed evaluation ratio. Mumpton [3] affirmed that adding less than 2%
zeolite to the portions makes no negative influence on the
health of trout. Obradović et al. [9] carried out a research
study on rainbow trout with feeds, with or without addition of 1% zeolite (minazel type). Fish fed with 1% zeolite added had a positive influence on growth of the fish
and feed conversion. Besides, they found that the water
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quality values (ammonia compounds) of the group, fed with
zeolite-added feed, were insignificantly reduced. Eya et
al. [19] indicated that incorporation of zeolite (bentonite
or mordenite) into the diets of juvenile rainbow trout had
no adverse effects on performance and whole-body composition. Ergül et al. [10] investigated ammonia excretion
rates in zeolite levels of trout dietary. They concluded that
the diets, which contained 2.5% zeolite, decreased ammonia discharge at about 24% compared to control group.
In this study, we aimed to determine the influences of
different natural zeolite (clinoptilolite) levels on growth
performances of Tilapia zillii fries, feed utilization and
water quality values.

TABLE 1 - Proximate composition of the experimental diets.
Feed ingredients
Fish meal
Wheat meal
Soybean meal
Fish oil
Zeolite
Vitamins
Minerals
Antioxidants
Proximate analyses
Crude protein
Crude lipids
Crude ash
Moisture

Control1
30
31
30
4
0.0
2.7
2.2
0.1
38.33
8.55
5.18
8.13

Groups
1% Zeolite
30
30
30
4
1.0
2.7
2.2
0.1

2% Zeolite
30
29
30
4
2.0
2.7
2.2
0.1

38.22
8.53
5.16
8.16

38.12
8.51
5.14
8.00

TABLE 2- Chemical analysis1 of Western
Anatolia clinoptilolite used in the current study.

MATERIALS AND METHODS
Tilapia zillii were caught from Köyceğiz Lagoon with
the help of a small hand net. The fish were transferred to
Muğla University, Faculty of Fisheries - Fish Feeding Unit,
after being put in 50-L-buckets containing ventilating rocks.
The fish were subjected to rearing conditions for 2 months
of adaptation period. Then, 10 fish were randomly stocked
into each tank, with 3 replications per treatment.
Protein and fat ingredients of the diets were formulised
as 38% and 8.5%, respectively, and 3 different rations were
formed for this research study. Natural zeolite (1-2%) was
added to the diets, but the control group did not contain
zeolite. While fish flour, soybean meals and fish oil constitute the main raw materials in the rations, vitamins, minerals, antioxidants and zeolite comprise the feed additives.
The proximate compositions of the experimental diets are
reported in Table 1. The chemical composition of the original zeolite (clinoptilolite) sample is given in Table 2. In
order to powder granular zeolites, they were ground in a
pestle for a while. The dry ingredients (weights taken as
per ration formulation) were mixed for about 15 min. Hot
water was added in order to guarantee the passage of the
mixture through the laboratory-type pelleting machine and
its viscous outlet. Diets pelleted (2 mm) were dried until
approximately 10% water content. Feeds were cut into
pieces small enough to be consumed by the fish. The fish
were fed at 8% of their body-weight. Daily feed amounts
were split into 5 equal pieces and given in 5 meal portions
(at 9.00, 11.00, 13.00, 15.00, 17.00). Weights of the fish
were measured at 15-days intervals.
Ammonium compounds (ammonia, ammonium), pH,
and dissolved oxygen (DO) in the water were analysed from
water outlet and inlet of the tank, once in a week. Temperature was measured daily. Water quality parameters were
measured 3 h after the first feeding of the fish. Ammonium
compounds were ascertained with the help of a Lovibond
PC Multidirect photometer and by means of standard
photometric method. DO was measured with an YSI 556
MPS model device and pH with a Hanna HI 9828 model
device.

Elements
% (wt/wt)
SiO2
71.0
CaO
3.4
Fe2O3
1.7
Al2O3
11.8
K2 O
2.4
MgO
1.4
Na2O
0.4
TiO2
0.1
1
Mineralogic-Petrographic analysis is associated to the sample of Rota
Mining Co. from Kalabak Damları district, Gordes-Manisa, Turkey

Data analysis results are expressed as means (±SD).
Dietary treatments for adding zeolite or free-zeolite were
compared by one-way ANOVA, and means were compared
by Tukey’s multiple range test, with p <0.05 level. Statistical analyses were conducted using Minitab 13 for Windows.
RESULTS AND DISCUSSION
Growth performance and feed utilization

The growth performances of the fish and feed conversion rates have been determined and data are given in
Table 3 for the experimental period of 45 days. In control
group, average weight of fish was 1.08 g at the beginning
of the experiments, whereas 1 and 2% zeolite diet had 2.65 g
at the beginning but 2.95 g and 3.16 g, respectively, at the
end of experiments. The difference between the fish fed
containing different diets was not considered as significant
in terms of growth performance (p>0.05). However, the
growth performance of the fish fed with diets containing
zeolite showed an increase compared to control group.
The best value in terms of SGR (specific growth rate) was
obtained to be 2.63, with 2% zeolite-added ration, but was
found to be only 2.23 and 1.99, for 1%-zeolite and control
group, respectively. There are no statistically significant
differences between all groups (p>0.05).
In terms of feed conversion, the difference between
groups with and without zeolite was found to be statistically insignificant (p>0.05), and FCR (feed conversion
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TABLE 3- Growth performance of
Tilapia zillii fed experimental diets.
Growth parameters
Control
1% Zeolite 2% Zeolite
Initial mean body weight (g)
1.08±0.01
1.08±0.01
1.08±0.01
Final mean body weight (g)
2.65±0.11a 2.95±0.09a 3.16±0.35a
SGR1
1.99±1.12a 2.23±1.08a 2.36±1.02a
FCR2
4.03±0.9a
3.26±0.33a 2.84±0.41a
3
a
PER
0.79±0.05 0.91±0.02ab 0.99±0.12b
1
Specific growth rate, SGR (%) = [(ln final wet weight - ln initial wet
weight) / days] x 100
2
Feed conversion rate, FCR = Total feed intake / wet weight gain
3
Protein efficiency rate, PER = Wet weight gain / protein intake
Values (means ± SD) with different superscripts in the same row are
significantly different at the 5% level.

ratio) value was found to be best (2.84) for 2%-zeolite
group and worst (4.03) for control group (Fig. 1). With
regard to PER (protein efficiency ratio), the best group
was the one that contained 2% zeolite (0.99), followed by
1%-zeolite group (0.91) and control group (0.79). According to the statistical evaluation performed above, the difference between the group fed with 2% zeolite and that of
control was found to be significant (p<0.05). During the
experimental period, no mortality was observed in any of
the groups (survival rate was 100%).
Water quality parameters

Average temperature, DO, pH, total ammonia nitrogen values related to water quality parameters are listed in
Table 4. During the experiment, the lowest temperature

among the groups was measured as 23.1 °C, but the highest to be 26.7 °C. Average water temperatures were 24.56,
24.99 and 25.09 °C for control, 1 and 2% zeolite groups.
Muir et al. [11] have stated that the suitable temperatures
for tilapia culturing are between 10-35 °C. Our water temperature values for all groups were within this range.
Throughout the experiment, DO and pH were measured at their lowest levels as 5.27 ppm and 7.70, and their
highest ones as 7.78 ppm and 8.56, respectively. Average
DO and pHs in control, 1% and 2% zeolite groups were
ascertained to be 6.72 ppm, 8.33; 6.56 ppm, and 8.18; 6.37;
8.14, respectively. Muir et al. [11] and Riche and Garling
[12] suggest that DO concentration for tilapias should be
higher than 3 ppm. Stickney [13] stated that water pHs between 6.5-9.0 are suitable for optimum growth. DO and
pH values obtained during our experiment were within this
range. The average total ammonia nitrogen, in the groups
fed with diet plus 1 or 2% zeolite, was found to be 0.33 and
0.36 mg/L, respectively, and highest (0.38 mg/L) in control
group (Fig. 1). Total ammonia–N discharge in the groups
that were fed with zeolite-added rations was found to be
relatively lower (p>0.05). Suresh [14] stated that the total
ammonia should be less than 1 ppm. No fish mortality was
observed throughout the experimental period. This situation
can be explained by the ammonia compound values within
the safe limits.

TABLE 4 - Physicochemical parameters of tank water during the experimental period.
Water parameters

Tank Entrance

Tank Discharge
Control
1% Zeolite
Temperature (°C)
18.42±0.76
24.56±0.77 a
24.99±0.93 a
Dissolved oxygen (mg/L)
8.39±0.78
6.72±0.66 a
6.56±0.59 a
pH (units)
8.56±0.25
8.33±0.18 a
8.18±0.23 a
Total ammonia (mg/L)
0.06±010
0.39±0.01b
0.34±0.01a
Values (means ± SD) with different superscripts in the same row are significantly different at the 5% level
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FIGURE 1 - Weight (g), Feed conversion rate and Total ammonia nitrogen
(mg/L) after feeding Tilapia zillii with diets containing different levels of zeolite.
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While this research is one of several studies about zeolites in aquaculture, it is the first one performed over
Tilapia zillii. Several studies related to the usage of zeolites in aquaculture about sea bass [8] and rainbow trout
[9, 10, 19] were already published. In a study, performed
by Dias et al. [8], concerning sea bass fed with diet enriched by 10% zeolite, no statistical difference was found
in terms of SGR and daily weight, with respect to control
group fed without zeolite. On the other hand, the growth
rate in 10% zeolite group was even a little better than in
control group. Obradović et al. [9] reported that rainbow
trout fed with 1% zeolite-enriched (minazel) feed had a
positive influence on growth of the fish. Eya et al. [19]
demonstrated that dietary zeolite (5, 10% bentonite, 2.5%
mordenite) supplementation of trout feed enhanced weight
gain, feed efficiency, and specific growth rate. Our growth
parameters have similarities to the above-mentioned studies. FCR, measure of well or not converted feed given to
the fish, and PER in control as well as 1 or 2% zeolite
groups, were acquired to be 4.03, 3.26, 2.84 and 0.79,
0.91, 0.99, respectively. Both values were materialised better
in zeolite-addition groups. These results were found to be
compatible with those of Obradović et al. [9] and Eya et
al. [19]. Feeding the fish with zeolite-containing diet influenced the growth and feed usage positively, and this was
additionally underlined because with zeolite even little
amounts of mineral substances (aluminium, sodium, potassium, magnesium etc.) were consumed.

lower than those in control group, according with the results of the above-mentioned authors. An important attribute of the zeolite is its capacity to effectively bind ammonia and, as a result, to reduce ammonia concentration by
release into the environment [22]. Zeolite, as feed additive,
can contribute removal of excess ammonia in the digestive
system [20, 21].
As a result, usage of zeolite in diets at rates of 1-2%
influenced the growth performance of the fish as well as
feed conversion positively. In the groups fed with zeolite
diet, total ammonium-N decreased but not totally. It is
essential to know the ammonia compound excretion rates
of the fish cultivated. In aquaculture operations, the ammonia discharge is at lower values, is one of the most important matters for maintainable and environment-friendly
aquaculture activities. Therefore, in further researches, it
would be beneficial that zeolite-containing feeds are evaluated for other fish species as well.

Besides, zeolite consumption by fish led to change of
pH and buffering capacity of gastrointestinal glands, and
influenced the transport through intestinal epithelium. Moreover, fish fed diet supplemented with zeolite, showed a
slower feed passage through the digestive system, thus
possibly having better absorbed the nutrients [8, 19]. Zeolite has the ability to retain ammonium ions (NH4) and
ammonia gas (NH3) in the digestive system [24]. It is emphasized by different researchers [6, 7, 15-17] that zeolites
(clinoptilolites) can be used for removing ammonium
from wastewater. TAN consisted of toxic, in other words,
non-ionized (NH3) and ionized ammonia (NH4). In aquaculture, ammonium compounds are discharged into environment in 2 forms, non-consumed feed and faecal matter
[2]. Proteins in the fish-feed are main sources of nitrogen,
which is extracted through the gills of the fish [18]. In the
present study, according to the groups (control, 1 and 2%
zeolite), average ammonia nitrogen (NH3-N) was determined
to be 0.19, 0.17, and 0.17 mg/L, but average ammonium
nitrogen (NH4-N), respectively, 0.20, 0.17, and 0.19 mg/L.
In the groups, which were fed with zeolite-supplemented
diets, ammonia and ammonium were found relatively to be
lower than in control group. Total ammonia nitrogen derivatives, depending upon the protein rate in feed, increased
regardless of the protein source. Ergül et al. [10], in a study
performed with trout, found that the diets containing
2.5% zeolite, decreased ammonia discharge to about 24%
compared to control group. Obradović et al. [9] revealed
that the diet containing zeolite decreased the release of ammonia. Ammonia compounds were found to be relatively

1572

REFERENCES
[1]

Alston, D. E., Cabarcas A., Capella J., Benetti D. D., KeeneMeltzoff S., Bonilla J. and Cortes, R. (2005) Environmental
and Social Impact of Sustainable Offshore Cage Culture Production in Puerto Rican Waters. NOAA- National Sea Grant.
University of Puerto Rico at Mayagüez, P.R. 207 pp.

[2]

Aşır, U. and Pulatsü, S. (2008) Estimation of the nitrogenphosphorus load caused by Rainbow trout (Oncorhynchus
mykiss Walbaum, 1792) cage-culture farms in Kesikköprü
dam lake: a comparison of pelleted and extruded feed. Turk.
J. Vet. Anim. Sci. 32(6): 417-422.

[3]

Mumpton, F.A. (1999) La roca magica: Uses of natural zeolites in agriculture and industry. Proc. Natl. Acad. Sci. Vol.
96, 3463–3470.

[4]

Mumpton, F.A. and Fishman, P.H. (1977) The application of
natural zeolites in animal science and aquaculture. J Anim
Sci. 45, 1188–1203.

[5]

López-Ruiz, J.L. and Gómez, M.E.G. (1994) Marine nitrogen transformations. Aquacult. Eng. 13, 147–152.

[6]

Sarioglu, M. (2004) Removal of ammonium from municipal
wastewater using natural Turkish (Dogantepe) zeolite. Sep.
Pur. Technol. 41, 1–11.

[7]

Jorgensen, T.C. and Weatherley, L.R. (2008) Continuous ionexchange removal of ammonium ion onto clinoptilolite in the
presence of contaminants. Asia-Pac. J. Chem. Eng. 3, 57–62.

[8]

Dias, J., Huelvan, C., Dinis, M. T. and Métailler, R. (1998)
Influence of dietary bulk agents (silica, cellulose and a natural zeolite) on protein digestibility, growth, feed intake and
feed transit time in European seabass (Dicentrarchus labrax)
juveniles. Aquat. Liv. Resour. 11, 219–226.

[9]

Obradović, S., Adamović, M., Vukasinović, M., Jovanović,
R. and Levic J. (2006) The application effects of natural zeolite in feed and water on production results of Onchorhynchus mykiss (Walbaum). Roumanian Biotechnological Letters 11, 3005-3013.

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

[10] Ergün, S., Tekesoglu, H. and Yigit, M. (2008) Effects of dietary natural zeolite levels on ammonia excretion rates in
young rainbow trouts (Oncorhychus mykiss). Fresen. Environ. Bull. 17, 245-248.
[11] Muir, J., Van Rijn, J. and Hargreaves, J. (2000) Production in
intensive and recycle systems. In: Tilapias: Biology and Exploitation (ed. By Beveridge, M.C.M. and McAndrew, B.J.),
pp. 405– 445.Kluwer Academic Publishing, Netherlands.
[12] Riche, M. and Garling, D. (2003) Feding tilapia in intensive
recirculating systems. NCRAC Fact Sheet Series 114,
NCRAC Publications Office, Iowa State University, Ames,
US.
[13] Stickney, R.R. (1994) Principles of Aquaculture. John Wiley
and Sons, Inc., New York, United States, 502 p.
[14] Suresh, V. (2003) Tilapias. In Aquculture:Farming aquatic
animals and plants (ed. By Lucas, J.S. and Southgate, P), pp
321-345. Blackwell Publishing Ltd, Oxford, UK
[15] Guo, X., Zeng, L., Li, X. and Park, H.S. (2007) Removal of
ammonium from RO permeate of anaerobically digested
wastewater by natural zeolite. Sep. Sci. Technol. 42, 3169–
3185.
[16] Karadag, D., Koc Y., Turan, M. and Armagan, B. (2006)
Removal of ammonium ion from aqueous solution using natural Turkish clinoptilolite. Journal of Hazardous Materials
B136, 604–609.
[17] Emadi, H., Nezhad, J.E. and Pourbagher, H. (2001) In vitro
comparison of zeolite (Clinoptilolite) and activated carbon as
ammonia absorbants in fish culture. Naga, The ICLARM
Quarterly, 24: 1-2. January-June, 2001.
[18] Brunty, J.L., Bucklin, R.A., Davis, J., Baird, C.D. and Noedstedt, R.A. (1997) The influence of feed protein intake on tilapia ammonia production. Aquac. Eng. 16, pp. 161–166.
[19] Eya, J.C., Parsons A., Haile I. and Jagide, P. (2008) Effects
of Dietary Zeolites (Bentonite and Mordenite) on the PerformanceJuvenile Rainbow trout (Onchorhynchus mykiss) Aust.
J. Basic Appl.Sci. 2(4): 961-967.
[20] Boranic, M. (2000) What a physician should know about zeolites. Lĳec. Vjesn., 122, 292–298.
[21] Trckova, M., Matlova L., Dvorska L., Palvic I. (2004) Kaolin, bentonite, and zeolites as feed supplements for animals:
health advantages and risks. Vet. Med. – Czech, 49, 389-399.
[22] Herzig, I., Strakova, E. and Suchy, P. (2008) Long-term application of clinoptilolite via the feed of layers and its impact
on the chemical composition of long bones of pelvic limb
(femur and tibiotarsus) and eggshell, Veterinarni Medicina,
53(10): 550-554.
[23] Boyd, C.E. and Tucker C.S. (1998) Pond aquaculture water
quality management. Kluwer Academic Publishers. USA.
[24] Emfema (2005) International association of the European
manufacturers of major, trace and specific feed minerals,
http://www.emfema.org/minerals (accessed March 2009).
.

1573

Received: February 04, 2009
Revised: May 20, 2009
Accepted: May 26, 2009

CORRESPONDING AUTHOR
Önder Yıldırım
Mugla University, Faculty of Fisheries
Department of Aquaculture
48000 Kötekli Mugla
TURKEY
Phone: +90 252 2111891
Fax: +90 252 2238475
E-mail: onderyildirim@mu.edu.tr; onyil@hotmail.com

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

FEB/ Vol 18/ No 9/ 2009 – pages 1567 – 1571

DETERMINATION OF TRACE TIN BY
CONTINUOUS FLOW HYDRIDE GENERATION
LASER INDUCED FLUORESCENCE SPECTROMETRY
Muhsin Ezer1* and Josef B. Simeonsson2
1

Department of Chemistry, Faculty of Science and Letters, Kahramanmaras Sutcu Imam University, Kahramanmaras 46100, Turkey
2
Department of Chemistry, Youngstown State University, One University Plaza, Youngstown, OH, 44555, USA

ABSTRACT
The trace level measurement of tin (Sn) by continuous hydride generation (HG) coupled with laser induced
fluorescence (LIF) detection has been investigated. The Sn
fluorescence line with the best signal to noise ratio has
been determined from Sn fluorescence lines at 300.914 nm,
317.505 nm, and 380.500 nm. The best signal was observed
at 317.505 nm. The limit of detection was 0.03 ng Sn ml-1
for the optimized hydride generation conditions of 2.0%
sodium borohydride in 0.4% sodium hydroxide and 0.55 M
hydrochloric acid. Method repeatability was in the 2.0-3.5 %
R.S.D. range. The analytical utility of this method was
evaluated by analysis of a water reference material (1643e
Trace Elements in Water, NIST) and a multivitamin supplement. The results demonstrate that a small tunable laser
system combined with hydride generation sample introduction can be used to measure Sn with high sensitivity, precision and selectivity in various matrices.

Tin (Sn) is an environmentally important element [13].
In industry, Sn is used in applications including plating,
the manufacturing of glasses, paints and alloys, and as a
heat and light stabilizer for plastics [14, 15]. It has been
reported that the annual world production of Sn is over
210,700 t [14]. Since it is used widely in industry, Sn is a
potentially important indicator of contamination in the environment. Although inorganic Sn is relatively non-toxic,
organotin compounds represent a significant environmental
problem. While the toxicity of the mono- and diorganotins
is relatively low, the tri-substituted compounds are toxic,
including tributyltin [16, 17]. Monobutyltin and dibutyltin
often result from the degradation of tributyltin, which is released from the marine paint on ships and into the environment. Inorganic Sn can also be converted to organic
tin compounds by methylation [16]. Due to its potential impact to the environment, the determination of Sn at trace
levels is important. The main objective of this study is to
report the development of an approach that can be used
for the measurement of Sn at low levels in environmental
samples.

KEYWORDS: Tin, Hydride Generation; Laser Induced Fluorescence; Water Analysis.

MATERIAL AND METHODS
Reagents and chemicals

INTRODUCTION
Hydride generation (HG) sample introduction techniques can be useful for enhancing sensitivity and providing
speciation information for certain metal and metalloid elements [1, 2]. Hydride generation has been combined with
several detection techniques [3], including Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)
[4], Inductively Coupled Plasma Mass Spectrometry (ICPMS) [5-7], Atomic Absorption Spectrometry (AAS) [8, 9],
and Atomic Fluorescence Spectrometry (AFS) [10]. It has
been shown previously that HG can be combined with
tunable laser sources to provide very high sensitivity for
the detection of arsenic, selenium, and antimony at low
and even sub parts per trillion levels by Hydride Generation-Laser Induced Fluorescence (HG-LIF) spectrometry
[11, 12].

The stock solution of Sn was an atomic absorption
standard solution (Aldrich- 996 µg ml-1 in 8.02 % HCl
(w/v)). The reagents that were used are as follows: hydrochloric acid (Fisher-trace metal grade and PharmacoAAPER-ACS Reagent grade), sodium borohydride (Sigma-Aldrich- AF granules 10-40 mesh 98%), NaOH
(FLUKA-ACS grade), HNO3 acid (EMD- Omni Trace
69.0-70%), H2O2 (Fisher Scientific- certified ACS grade
30%).
Experimental setup

The experimental system used for continuous hydride
generation (HG) sample introduction is similar to that described previously [11]. The continuous flow HG system
consists of a four channel peristaltic pump (Model RP-1,
Rainin Instrument, Co. Inc. Energyville, CA) with tygon
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or PVC tubing, a gas liquid separator (GLS) made of pyrex
glass, a nafion tube dryer (MD Series, Permapure Inc.,
Toms River, NJ) and reaction coils of various lengths (12 m, 1 mm i.d.) of Teflon tubing. Two channels of the four
channel peristaltic pump were used to pump the sodium
borohydride and acidified samples at a rate of 5.4 ml min-1
and 10 ml min-1, respectively. The flows were combined in
a mixing block, and sent through a reaction coil to the GLS.
The volatile hydrides and excess H2 were carried from the
GLS in a flow of He (90 ml min-1). In order to minimize the
amount of liquid aerosol transferred to the nafion tube drier
and atomizer, a PTFE membrane filter (0.45 µm pores,
47 mm diameter, Gelman Sciences, Ann Arbor, MI) was
placed in the GLS.
During this study a Q-switched Nd:YAG laser (Surelite II-10, Continuum, Santa Clara, CA) operating at a repetition rate of 10 Hz, in the 3rd harmonic (output at 355 nm)
was used to pump a dye laser (Northern Lights, Dakota
Technologies Inc.). The dye laser was operated using a
solution of Rhodamine 590 Chloride dye in ethanol (Exciton, Dayton, OH, USA) and produced tunable radiation
near 572-574 nm radiation which was converted to 286287 nm by frequency doubling in a BBO I crystal. The
laser had a pulse width of approximately 5 ns and was
reported to have a linewidth of < 1 cm-1, which corresponds
to a spectral resolution of < 0.013 nm at the frequencydoubled wavelength. Typical laser pulse energies were 5 7 µJ at 287 nm. This dye laser is compact (30 cm x 6.25
cm x 11.25 cm) and serves as a convenient and effective
excitation source for laser induced fluorescence spectrometry measurements of atomic species.
A H2-air flame sustained on the end of a Pyrex tube
(1/4 inch o.d.) was used as the atomizer for LIF measurements. The laser beam passed through the flame at a height
of 2-3 mm above the tip of the quartz tube and the height
was adjusted with a micrometer stage to optimize the fluorescence signal for Sn. Fluorescence emissions were collected at 90ο to the direction of the laser beam and imaged
with unit magnification onto the entrance of a 0.27 m monochromator (Spectra Pro-275, f/3.5, Acton Research Corp.,
Acton, MA, USA). The fluorescence emissions were detected using a photomultiplier tube (R955, Hamamatsu
Corp) whose output was sampled by a boxcar averager
(SR250, Stanford Research Systems, Sunnyvale, CA). The
time window of the boxcar gate was 15 ns wide, and was
synchronized to the laser pulse. The slit width of the monochromator was adjusted to obtain the best signal to noise
ratio.
Sample Preparation

Three One-A-Day vitamin tablets (all day energy, 3g),
which were reported to each contain 10 mg Sn, were refluxed individually with 30 ml concentrated hydrochloric
acid and 10 ml concentrated nitric acid for 2 hours on a
hot plate in a beaker covered with a watch glass. This was
followed by removal of the watch glass and heating of
each sample until about 1-2 ml of the solution was left.

After cooling, 10 ml of hydrogen peroxide was added into
each beaker, and the solution was boiled until about 1-2 ml
of the sample was left. The samples were diluted to 50 ml,
filtered, and then diluted to a final volume of 100 ml before
analysis by HG-LIF.
For the analysis of Sn content of the certified reference material (1643e Trace Elements in Water, NIST) by
the HG-LIF approach, the SRM was diluted 1:10 in water.
In addition, the determination of Sn was performed by the
method of standard additions using additions of 1, 2, and
3 ng ml-1 Sn to the diluted reference material.
RESULTS and DISCUSSION
Effect of hydrochloric acid concentration
on Sn laser induced fluorescence signal

Prior to optimization of the other conditions, the effect of hydrochloric acid concentration on the Sn fluorescence signal was investigated. Fig. 1 shows the effect of
HCl acid concentration on the fluorescence signal for a
solution containing 20 ng ml-1 of Sn. The signal increased
and reached a maximum with increasing concentration over
the range of 0.1 to 0.8 M HCl. All measurements were
performed using 2.0% sodium borohydride in 0.4% sodium
hydroxide solution. Fig. 1 shows that the acid concentration is a key factor for hydride generation of Sn. These
results agree with other studies of hydride generation of Sn
that have been reported previously with different acids [18].
Effect of concentration of sodium borohydride
on Sn laser induced fluorescence signal

The effect of sodium borohydride on the Sn fluorescence signal was investigated. As a result of several experiments at different fluorescence wavelengths, it was
found that the concentration of sodium borohydride has a
key effect on the magnitude of the Sn fluorescence signals
(Fig.2.). It was determined that a concentration of 2.0%
(w/v) sodium borohydride in 0.4% (w/v) sodium hydroxide and 0.55 M HCl was the best for Sn HG-LIF spectrometry.
Evaluation of Sn fluorescence lines

The wavelengths and transition probabilities for the
Sn atomic transitions investigated in these LIF studies are
given in Table 1. As the data in the Table indicate, all three
fluorescence transitions are directly coupled to the energy
level reached by laser excitation at 286.333 nm and result
in efficient direct line fluorescence emissions. All three fluorescence transitions have similar transition probabilities indicating that all the transitions should be evaluated experimentally to determine which scheme would provide the
highest sensitivity and lowest detection limit.
After optimization of the HG conditions, measurements
were performed to determine the most sensitive fluorescence
line for Sn detection. From the studies and from individual
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calibration plots, it was found that the 317.505 nm wave-

length was the most sensitive for Sn determination by HG-
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FIGURE 1 - Effect of hydrochloric acid concentration on the 20 ng ml-1 tin fluorescence lines of 317.505 nm
(upper trace) and 300.914 nm ( lower trace). -■- Sn fluorescence at 317.505 nm -♦- Sn fluorescence at 300.914 nm.
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FIGURE 2 - Effect of sodium borohydride concentration on the 20 ng ml-1 tin fluorescence lines of
317.505 nm and 300.914 nm. -■- Sn fluorescence at 317.505 nm -♦- Sn fluorescence at 300.914 nm.

TABLE 1 - Transition wavelengths, energy levels and
transition probabilities for fluorescence measurements of tina
Wavelength (nm) Energy
levels gA value (s-1)
(cm-1)
Excitation
286.333
0-34914
5.3 x 108
Fluorescence
300.914
1692-34914
3.9 x 108
Fluorescence
317.505
3428-34914
3.2 x 108
Fluorescence
380.102
8613-34914
2.0 x 108
a. Source: Yu. Ralchenko, A.E. Kramida, J. Reader, and NIST ASD
Team (2008), NIST Atomic Spectra Database (version 3.1.5), [online].
Available: hhtp://physics.nist.gov/asd3 (2008, December 3)

LIF spectrometry. In addition, these studies indicated that
a significant Sn background signal was present that was

likely caused by the reagents. This background signal
corresponded to a Sn concentration of approximately 0.65
ng ml-1 and the variation of this signal appeared to be the
limiting noise at the limit of detection. For this reason, the
limit of detection was evaluated with the laser tuned to the
Sn absorption wavelength and also with the laser slightly
detuned from the Sn absorption wavelength in order to
estimate the limit of detection in the absence of Sn.
Temperature dependence of the Sn HG-LIF signal

Previous reports have suggested that solution temperature may enhance the Sn hydride generation reaction rate
and sensitivity of Sn measurements using HG techniques.
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In order to evaluate the effect of temperature on the Sn hydride generation, the reaction coil was immersed in a water
bath and the temperature was varied between 25 and 100 οC.
Figure 3 shows the influence of temperature on the 10 ng
ml-1 Sn fluorescence signal. As the results demonstrate, the
temperature may be a variable to control in the hydride
generation of Sn, as a significant increase (≈45%) in sensitivity was observed between 25 and 100 οC. These results
are in general agreement with those of Tsalev et al. [19],
who observed a sensitivity increase in the Sn signal by a
factor of two to three at temperatures in the gas-liquid separator of approximately 50 vs. 20 οC using a flow injectionhydride generation-atomic absorption spectrometry approach.
Interference study

An interference study was performed in order to evaluate the possible interference effect of other hydride forming-elements including antimony (Sb), bismuth (Bi) and
tellurium (Te). All samples analyzed contained 10 ng ml-1
of Sn and a concentration of the interfering element of
100 ng ml-1. From measurements of these three interfering
elements, it was observed that Sb had no effect on the Sn
HG-LIF signal, while Bi had positive effect (recovery of
120%) and Te had a negative effect (recovery of 80%) on
the Sn HG-LIF signal. It should be noted that because of
the high selectivity of the fluorescence measurement approach, these interferences are chemical in nature and not
spectral. It has been reported previously that no interference is caused by Te, however Sb and Bi can interfere with
the Sn atomic fluorescence measurements [10]. More detailed interference studies have been reported previously
for HG combined with AAS [20] and AES [21] methods.
Analytical performance

After optimizing the HG-LIF response as a function of
the HG reagents, analytical figures of merit were evaluated

including the detection limit, the linear range and the precision of replicate measurements. In addition, the determination of Sn by HG-LIF in different sample materials was
performed, including a certified reference material and vitamin tablets.
The limit of detection (LOD = 3σ/m) was determined
from the sensitivity (slope of the calibration curve; m) and
the noise (σ), which was taken to be the standard deviation of 16 measurements of the blank. The limits of detection for Sn fluorescence at 317.505 nm and 300.914 nm
were 0.03 ng ml-1 and 0.05 ng ml-1, respectively. In both
cases, the linear calibration curves ranged at least three
orders of magnitude. Due to a considerable background
signal observed for Sn, the blanks were also measured with
the laser tuned away (off wavelength) from the analyte absorption wavelength. Although the actual source of the Sn
background was not specifically determined, it appeared
that either the HCl or NaBH4 could be the source of the
Sn. The limits of detection obtained by HG-LIF were also
estimated by using off-resonance wavelength (285.60 nm)
blank measurements to simulate blanks that were free of
Sn. The off-resonance wavelength limits of detection were
0.4 pg ml-1 and 0.5 pg ml-1 for Sn at 317.505 nm and
300.914 nm, respectively. These are on the order of the
limits of detection reported previously by HG-LIF for As,
Se and Sb [11], and indicate the high sensitivity that is
possible by HG-LIF approaches.
The precision was evaluated using a standard solution
containing 10 ng ml-1 of Sn and values of 3.5% were obtained for 8 replicate measurements at 317.505 nm. The
limits of detection for Sn obtained by HG-LIF and other
methods are listed in Table 2. In comparison to the other
approaches shown in Table 2, the HG-LIF approach provides high sensitivity and is also a more selective detection approach.
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FIGURE 3 - Influence of temperature on the 10 ng ml-1 Sn fluorescence signal with optimized HG-LIF conditions.
TABLE 2 - Limits of Detection and Linear Dynamic
ment and are a good demonstration of the reliability
Ranges for Sn determinations by continuous flow
HG-LIF approach.
Hydride Generation Atomic Spectroscopy Techniques
Technique
HG-LIFa
HG-ICP-AES [21]

LOD
(ng ml-1)
0.03 (0.4 pg ml-1)b
0.05 (0.5 pg ml-1)b
0.4
0.1
0.6
0.012
14.2

Linear Dynamic Range
(ng ml-1)
0.5- 500
0.5-500
5-5000
10-1000
6-600
0.5-500
50-5000

HG-AFS [10]
HG-ICP-MS [23]
HG-AAS [22]
a. This work.
b. This work values correspond to the laser tuned off-resonance wavelength.
Analysis of a reference material and vitamin tablets

Laser induced fluorescence has high selectivity resulting from the use of two different wavelengths for excitation
and fluorescence detection which are provided by the laser
source and the fluorescence spectrometer, respectively. The
combination of selective HG procedures with LIF detection in the flame atomizer has been investigated for the
analysis of Sn in various sample matrices. It was observed
that Sn is selectively and quantitatively measured at low
and sub-ng ml-1 levels by the HG-LIF approach.
The optimized HG-LIF method was first used to determine the Sn concentration in a water reference material
(1643e Trace Elements in Water by NIST). Three subsamples were diluted 1:10 and after that were analyzed by
the method of calibration curves. In addition, the method
of standard additions was applied to the 1:10 diluted subsamples. The observed concentration values were 9.81 ±
0.75 ng ml-1 and 10.07 ± 0.87 ng ml-1 for calibration curve
and standard additions, respectively, and were in very
good agreement with each other. Although no certified value
was reported for the Sn content of this reference material,
the results obtained by the two methods are in close agree-

of the

TABLE 3- Anaytical results of Sn in vitamin tablet
and tap water samples determined by continuous
flow Hydride Generation Laser Induced Fluorescence.
Sample
Vitamin Tablet
Tap Water

Measured Value
11.95 ± 1.60 mg/tablet
0.620 ± 0.15 ng ml-1

Certified Value
10 mg/tablet
Not Certified

The HG-LIF approach was also used to determine the
Sn content in vitamin tablets and in tap water samples. The
amount of Sn determined in the vitamin tablets (11.95 ±
1.60 mg Sn/tablet) shows very good agreement with the reported value (One-a-Day, All Day Energy, 10 mg Sn/tablet).
In addition, samples of tap water from the experiment
laboratory were analyzed with the HG-LIF method. The
results for Sn in tap water on two different days (0.623 ±
0.10 ng ml-1 and 0.617 ± 0.20 ng ml-1) were not statistically different. These results are summarized in Table 3.
Even at these relatively low concentrations, the HG-LIF
provides good sensitivity and reproducibility. In addition
to high sensitivity, the LIF technique provides high spectral selectivity and is not expected to be susceptible to the
spectral interferences that affect AAS [20] or AES [18,
22] measurements of Sn.
CONCLUSIONS
To our knowledge, this is the first report of the use of
HG sample introduction and laser induced fluorescence
(LIF) detection for trace analytical measurements of Sn in
solution. The effects of HCl acid and sodium borohydride
concentrations on the efficiency of SnH4 generation were
evaluated. An evaluation of the potential interferences by
Sb, Bi and Te demonstrates that Bi and Te can alter the
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recovery of Sn. The HG-LIF approach has been successfully applied to the measurement of Sn in a reference material,
a multivitamin tablet and tap water samples. The close
agreement of the determinations of the concentrations of
Sn in a water reference sample by the standard addition
and calibration curve methods demonstrates the consistency and reliability of the HG-LIF approach. The
results indicate that a small tunable laser system combined with hydride generation sample introduction can
provide very good analytical performance in terms of
sensitivity, precision and selectivity and is able to determine Sn effectively at low and sub-ppb levels.
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ASSESSMENT OF STOCHASTIC MODELS
FOR PREDICTION OF RIVER WATER QUALITY
IN THE BÜYÜK MENDERES CATCHMENT, TURKEY
Ömer Faruk Durdu*
Adnan Menderes University, Water Resources Research Center (SUARGE), 09100 Aydin, Turkey

ABSTRACT
This study analyzed quality parameters, including water temperature, pH, electrical conductivity, nitrate, boron
and dissolved oxygen, in water samples collected from
Büyük Menderes river in Turkey from 1996 to 2004, for
forecasting using stochastic models. At first, the BoxWhisker plots and Kendall’s tau tests were used to detect
the trends during the study period. Marginal increasing and
decreasing trends were observed for certain periods at some
locations. Three approaches of stochastic modeling, deseasonalized model, multiplicative autoregressive integrated
moving average model and periodic autoregressive model,
were used to model the observed pattern in water quality
parameters. The predicted water quality data from the stochastic modeling approaches were compared with the observed data. Considering pH, electrical conductivity, nitrate
and water temperature, the accuracy measures, Fcal and
Zcal tests indicated that the predicting results of the deseasonalized model were slightly better than the results of
multiplicative autoregressive integrated moving average
model and periodic autoregressive model for these parameters. Considering boron and dissolved oxygen parameters,
the multiplicative autoregressive integrated moving average modeling approach produced more reliable predictions
than the deseasonalized and periodic autoregressive modeling approaches.

KEY WORDS: water quality, autoregressive integrated moving
average (ARIMA) models, periodic autoregressive models (PAR).

INTRODUCTION
Water contamination with toxic chemicals and eutrophication of rivers with excess nutrients are of great
environmental concern worldwide. A river system, comprising both main course and the tributaries, plays an
important role in carrying off the surface run-off from the
farm lands as well as the municipal and industrial

wastewater. Seasonal variations in precipitation, surface
run-off, interflow, groundwater flow and pumped in- or outflows have a strong effect on river discharge and, subsequently, on the concentration of pollutants in river water [1].
A sustainable aquatic en-vironment, which relates to the
issues of pollution mitigation and ecological restoration,
is one of the important in-dicators of the vitality and prosperity of a catchment. Since rivers in a catchment provide
water for their ecosystems, it is compulsory to prevent and
control the rivers against pollution and to have reliable
information on quality of water for efficient management.
The susceptibility of the ecology and environment to
changes in water quality of river flows is of main concern
in the Büyük Menderes catchment. Therefore, prediction of
river water quality is necessary for precise management of
the catchment, such that adequate measures can be taken
to keep pollutants within the permissible range. An efficient prediction of water quality level in river waters
would enable to control environmental impacts of degraded
water quality. The autoregressive moving average (ARMA)
models, ARIMA models, pattern recognition techniques,
and physically based models seem to offer a potential to
develop reliable and robust forecasts towards this goal.
Previous studies have investigated different aspects
of pollution in river waters in the Büyük Menderes
catchment. Koca et al. [2] investigated genotoxic effects of
water pollution on two fish species in Büyük Menderes river.
They observed that there was heavy metal accumulation in
the fishes’ livers. Durdu [3] studied the extensive abstraction
of groundwater from cold-water aquifers and indicated
that excessive concentrations of certain dissolved minerals in geothermal and river water pose water quality problems in cold-water aquifers of the catchment. Odemis and
Evren-dilek [4] studied on national data from a hydrological net-work of 38 rivers in Turkey to detect spatial and
temporal trends in water quality and quantity between
1995 and 2002. They indicated that there were increasing trends of EC and SAR concentrations which might
threaten biotic integrity and both drinking and irrigation
water quality of rivers. Boyacioglu and Boyacioglu [5]
applied environmetric studies to the Büyük Menderes river
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data to estimate water quality parameters at 17 sampling
sites. Dugel and Kazanci [6] assessed water quality of the
Büyük Menderes basin by using ordination and classification of macroinvertebrates and environmental variables.
The studies mentioned above are generally related to
site descriptions or chemical analysis. Water quality time
series analysis for prediction of pollution levels has not
been studied yet in the Büyük Menderes basin. However,
some researchers from other regions have employed stochastic approaches for time series analysis to predict river
water quality. Ahmad [7] has presented ARIMA modeling
to predict river water quality in India for proper management of the Ganges river, such that adequate measures can
be taken to keep pollutants within the permissible limits.
Kurunç et al. [8] studied the forecasting performance of
two modeling approaches, ARIMA and Thomas-Fiering,
for selected water quality constituents and stream-flow of
the Yeşilırmak river at Durucasu monitoring station. Ragavan and Fernandez [9] employeda parametric seasonally
adjusted ARIMA model to predict long-term trend of water
quality of a randomly selected river using the SAS software.
They concluded that time series modeling with ARIMA
models provided a powerful option for long-term water
quality trend. Benyahya et al. [10] presented a study dealing with the modeling of weekly maximum temperature
series of the Deschutes river using autoregressive (AR) and
periodic autoregressive (PAR) model. Hassanzadeh [11]
studied a time series analysis, frequency distribution and
prediction of SO2 levels with ARMA model for five stations
in Tehran, for the period of 2000-2005. The Büyük Menderes catchment was considered as a study area due to the
following reasons: 1) there was no study conducted earlier
for predicting water quality concentrations, 2) due to chemical and biological alterations of water quality, the Büyük
Menderes river aquatic ecosystem was under pressure, so it
was significant to analyze water pollution level in the basin.
The objectives of the present study are to: 1) derive
the best fit models for three stochastic approaches including multiplicative autoregressive integrated moving average (ARIMA), perdiodic autoregressive model, and
deseasonalized model, using 9-years time series data
(1996-2004) at 6 different measurement locations for
several water quality parameters, 2) assess the performance
of each stochastic approach using 2001-2004 observed data
versus predicted data from each model, and 3) perform
accuracy measures for choosing the best performed model
with respect to forecasting.
MATERIALS AND METHODS
Study area and data

The Büyük Menderes basin holds 3.2% of the total area
of the country, is located in southwest Turkey, and drains a
total area of 25000 km2 into the Aegean Sea (Fig. 1). Annual rainfall ranges between 350-1000 mm, and total mean
annual evaporation, measured by Class A pans, is 2122 mm.

Precipitation occurs mainly in winter, while there is very
little rain during the summer irrigation period. The main
river of the basin is the Büyük Menderes. The river originates from a natural spring, elevation of about 900 m. The
river flowing through the central part of the basin traverses a total distance of about 534 km before finally merging
with the Aegean Sea near Davutlar National Park. Kufi,
Banaz, Dokuzsele, Çürüksu, Dandalaz, Akçay and Çine
rivers are the main tributaries of the Büyük Menderes river.
The river discharge varies considerably at different locations showing an increasing trend towards downstream due
to inputs from its tributaries. Büyük Menderes basin is a
graben area and contains Paleozoic metamorphic formations consisting of gneiss, schist, and crystalline limestone. Most of the agricultural land in the Büyük Menderes
basin is arable and drained by artificial ditches, and irrigated
during summer. The land-use in the Büyük Menderes
river basin is as follows: 40% agriculture, 45% forest and
scrub-land, 10% meadow and pasture, 3% empty, 1%
settlement, 1% surface water. The agricultural economy of
the basin depends on the irrigated cotton cultivation, corn,
figs and olives. Total population of the basin is 2.5 million,
and 37% of this population is involved in agricultural activities. A large part of the basin depends on the Büyük Menderes river, draining into the Aegean Sea, for its irrigation
water supply. The river during its course of about 584 km
receives pollution load both from point and non-point
sources. It receives agricultural run-off from its vast catchment area directly or through its tributaries and wastewater
drains. The declining water quality in the Büyük Menderes
river has resulted in negative impacts to fish, wildlife, and
aquatic life. The coastal waters of the Aegean Sea have been
plagued by algal blooms, leading to fish kills and unpleasant
conditions for tourism [12]. These problems indicate that
the eutrophication in the Aegean Sea has increased over the
last century, as a result of the increased nutrient inputs from
the catchment. The water quality of the Büyük Menderes
river is very important for environment and aquatic ecosystem.
In the present study, total eight measurement locations were selected for the analysis. The dataset of eight
locations, comprising six water quality parameters monitored over 9 years (1996-2004), were measured by the State
Hydraulic Works (DSI), the General Directorate of Electrical Power Resources, Survey and Development Administration, General Directorate of Rural Services and Municipalities. The selected water quality parameters include
water temperature, pH, electrical conductivity (EC), nitrate
(NO3-N), boron (B) and dissolved oxygen (DO). The statistical properties of water quality time series data are demonstrated in Table 1. All the water quality parameters are expressed in mg L-1, except pH and EC (µS cm-1). The data for
these parameters available for the analysis are on a monthly
basis for the period of nine years from 1996 to 2004. The
former 5-years (1996-2000) data for each water quality
parameter was used to obtain the best fit model for each
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parameter. The rest of the data (2001-2004) was used for

model verification and comparisons for predicting purposes.

FIGURE 1 - Digital Elevation Model (DEM) of the Büyük Menderes basin and location of the measurement points used in this study.

TABLE 1 - Mean, standard deviation (Std) and skewness (Skew) of the water quality parameters at all measurement locations.
Locations
Aydın
Nazilli
Söke
Yenipazar
Koçarlı

Water Temperature
Mean Std Skew.
18.81 8.01 0.10
18.20 7.85 0.11
18.55 8.00 0.08
17.90 7.85 0.12
18.50 7.98 0.09

Mean
8.00
7.90
8.00
7.90
7.95

pH
Std
0.12
0.14
0.09
0.10
0.13

Skew.
-0.59
-0.89
-0.43
-0.31
-0.68

Mean
1695
1910
1655
1910
1265

EC
Std
480.96
464.55
512.21
384.24
209.55

Skew.
-0.29
-0.66
-0.18
-0.81
-0.52

Deseasonalized and multiplicative ARIMA models

In order to predict time series for water quality concentrations level, linear stochastic models known as ARIMA
modeling approaches are used in the present study. The
general non-seasonal ARIMA model is autoregressive to
order p, and moving average to order q, and operates on
dth difference of the time series zt; thus a model of the
ARIMA family is classified by three parameters (p, d, q)
that can have zero or positive integral values [13, 14]. The
general non-seasonal ARIMA model can be written as
follows:

φ ( B)∇ d z t = θ ( B)at

(1)

where at is normally independently distributed white
noise residual with mean 0 and variance σ2 (written as
NID(0, σ2)), φ (B) and θ(B) are polynomials of order p and

Mean
3.80
3.72
3.75
3.70
3.56

NO3-N
Std
Skew.
0.79
-0.07
0.91
-0.02
0.80
-0.07
0.83
-0.07
0.82
0.23

Mean
0.207
0.384
0.139
0.267
0.131

Boron
Std
0.139
0.175
0.128
0.159
0.119

Skew
0.10
0.50
0.49
0.17
0.34

Mean
8.2
7.70
8.1
8.3
7.9

DO
Std
2.40
2.22
2.98
2.73
2.65

Skew
-1.82
-1.76
-2.34
-2.15
-2.03

q, respectively. Non-seasonal AR operator of order p (2) and
non-seasonal MA operator of order q (3) are written as
follows:

φ ( B) = (1 − φ1B − φ2 B2 − ..... φ p B p )

(2)

θ ( B) = (1 − θ1 B − θ 2 B 2 − ..... θ q B q )

(3)

Box et al. [15] have generalized the ARIMA model to
deal with seasonality, and defined a general multiplicative
seasonal ARIMA model, commonly known as SARIMA
models. An inherent advantage of the SARIMA models is
that few model parameters are required for describing time
series which exhibit non-stationary both within and across
seasons. Briefly, the SARIMA model can be explained as
ARIMA (p, d, q)(P, D, Q)s, where (p, d, q) is the nonseasonal part of the model and (P, D, Q)s is the seasonal
part of the model, as mentioned below:
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φ p ( B)Φ P ( B s )∇ d ∇ sD zt = θ q ( B)ΘQ ( B s )at

(4)

where p is the order of non-seasonal autoregression, d
is the number of regular differencing, q is the order of
non-seasonal MA, P is the order of seasonal autoregression, D is the number of seasonal differencing, Q is the
order of seasonal MA, s is the length of season, Ф seasonal AR parameter of order P, Θ seasonal MA parameter of
order Q and at is the noise component of the stochastic
model assumed to be NID (0, σ2).
The time series modeling approach involves the following three steps: model identification, parameter estimation, diagnostic checking [13, 16, 17]. Identification of the
general form of a model includes two stages: 1) if it is
necessary, appropriate differencing of the series is performed
to achieve stationary and normality; 2) the temporal correlation structure of the transformed data is identified by examining its autocorrelation (ACF) and partial autocorrelation (PACF) functions [14]. To identify the appropriate
ARIMA model for the time series, one begins by identifying
the order of differencing needing to stationarize the series
and remove the gross features of seasonality. Considering
the ACF and PACF graphs of water quality concentration
series, different ARIMA models are identified to model
selection. The model gives the minimum Akaike Information Criterion (AIC) which is selected as the best fit
model. Usually the model with the smallest AIC among all
competing models will have residuals, which resemble
white noise [18]. The mathematical formulation for the
AIC is developed as follows:

AIC = n * (ln((2 * π * RSS ) / n) + 1) + 2 * m (5)
where n is the total number of observations, m = (p +
q + P + Q) is the number of terms estimated in the model
and RSS denotes the sum of squared residuals.
Once an appropriate model is chosen and its parameters are estimated, the Box-Jenkins methodology requires
examining the residuals of the model to verify that the
model is an adequate one for the series. The residuals are
examined to discover if any pattern remains unaccounted
for. Several tests are employed for diagnostic check to
determine whether the residuals of the selected ARIMA
models from the ACF and PACF graphs are independent,
homoscedastic and normally distributed. In order to determine whether a water quality time series is independent,
the residual autocorrelation (RACF) function of the series
is studied. If the RACF is significantly differing from zero,
this indicates that there is dependence between observations. There are several useful tests related to RACF for the
independence of residuals. The first one is the correlograms
drawn by plotting the residual ACF function against lag
number. If the ARIMA model is correct, the estimated autocorrelations of the residuals are uncorrelated and distributed
approximately normally about zero. Therefore, the correlograms of the residuals are examined for correlations greater
then two standard deviations since large correlations may
have indicated model inadequacies, especially if they are

at lower lags [19]. As a second test, Ljung-Box-Pierce statistics are employed to check the independence of residuals. In order to test the null-hypothesis, that a current set
of autocorrelations is white noise, test statistics are calculated for different total numbers of successive lagged autocorrelations using the Ljung-Box-Pierce statistics (Q(r) test)
to test the adequacy of the model. Q(r) values are compared
to a critical test value (χ2) distribution with respective degree
of freedom at a 5% significant level. As a third test, the
cumulative periodogram is employed to diagnose the residuals for a white noise sequence. The cumulative periodogram provides an effective means for the detection of
periodic non-randomness. The normality of residuals is
checked by the examination of the histograms and normal
probability plot of residuals. The residuals are also checked
for homoscedasticity (constant error variance over all observations). This is checked by examining a plot of residuals versus fitted values.
Periodic autoregressive (PAR) model

Periodic autoregressive model is a separate AR(1)
model which is fitted to each month using linear regression.
This model was originally suggested 1962, by Thomas and
Fiering [8], and has been used extensively in time series
analysis. The PAR model is conveniently described by:

φ m ( B)( Z tλ − µ t ) = at
where

(6)

φ m ( B) = 1 − φ1m B − ..... − φ pm B p ;
m

m

s is pe-

riod; t is time index; m is season; p is model number (i.e.,
PAR(p1, p2, … ps)); B is the backward shift operator on t;
and

µs = µ m

is the mean for period m. The superscript

m obeys modulo arithmetic (i.e., µ 1 ≡ µ s +1 ≡ µ = s +1 ). The
PAR model presents a set of 12 regression equations.
When fitting a PAR model to a time series, the order of
the AR model for each season should be selected. A wellknown periodic autoregressive model can be given as:

Yi +1 = Y j +1 + r j

S j +1 (Yi − Y j )
Sj

Z i S j +1 1 − r j2

(7)

where Yi is last observed value for the ith month, Yi+1
is the value to be simulated for the (i+1)th month from the
ith month,

Y j and Y j +1 are mean monthly values during

the jth and (j+1)th month, respectively, rj is serial correlation coefficient between values in the jth and (j+1)th
months, Sj and Sj+1 are standard deviations of monthly
values during the jth and (j+1)th month, respectively; Zi is
a random normal deviate with zero mean and unit variance [20].
Model verification and comparison methods

In order to verify the models, Z-test and F-test are
employed to compare the mean and variance of predicted
data with those of 4-years (2001-2004) observed data for
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water quality concentrations. To evaluate the performance
of the three approaches, three different accuracy measures
are used. The first is the root mean square error (RMSE)
which is a combined measure of bias and variance. It is
given as:

1 n
∑ ( Pi − Oi ) 2
n i =1

RMSE =

(8)

where Pi and Oi are the predicted and observed weekly water temperatures, respectively, and n is the number
of data. The second criterion is the mean absolute percentage error (MAPE), which is defined as:

MAPE =

Pi − Oi
1
*100
∑
n i =1 Pi
n

(9)

The third criterion is the Nash-Sutcliffe coefficient of
efficiency (NSC), which is <1 (equal to 1 when P = 0),
and is defined as follows [10]:
n

∑ (P − O )

2

∑ (O − O )

2

i

NSC = 1 −

i

i =1
n

(10)

i

i =1

where O is the average of observed monthly water
quality parameters.
RESULTS AND DISCUSSION
Trend analysis

In the present study, trend analysis has been employed
to detect tendency and interference in the data series. This
has been carried out in two ways. The first one is the BoxWhisker plots which give a visual indication of data distributions and indicate how distributions change over time or
between locations. The second one is the Kendall’s tau test
which gives a quantitative index [7]. Generally, measurement locations did not show significant overall trend in the
water quality parameters, though marginal increasing and
decreasing trends were observed for a certain period at some
locations. Except Nazilli measurement location, boron has
shown decreasing trend at all measurement locations after
2001. Boron content in Nazilli location has the highest mean
values in all years, with regard to the other measurement
locations. This is because this measurement location is located adjacent to the Kızıldere geothermal power plant
where boron contaminated geothermal wastewater is discharged into the Büyük Menderes river. Similarly, electrical conductivity has also shown decreasing trends at Söke,
Koçarlı, Nazilli and Aydın locations after 2002. There is a
decrease in the values of pH at Nazilli, Aydın, Koçarlı and
Yenipazar locations in 2003, due to low flow conditions in
the Büyük Menderes river. Dissolved oxygen level has
shown decreasing trends between 2000 and 2004 at all
measurement locations. This is due to drought occurring

during this time period in western Turkey. Continued
drought and high temperatures can become critical to DO
level. Temperature directly affects the amount of DO in
water. As water temperature increases, the amount of DO
that water can hold decreases. A study undertaken to detect
any possible interference in the time series data, causing
either a decrease or increase in mean levels, using time
series plots and cumulative sum (CUSUM) charts, did not
show any significant change. Therefore, water quality data
were subjected to standard time series analysis.
Deseasonalized ARIMA (DS) model

The autocorrelation function (ACF) and the partial autocorrelation function (PACF) have been used to determine
the possible persistence structure in the time series data.
The ACFs and PACFs are estimated for the monthly data
of each measurement location. The examination of the
ACFs and PACF correlograms revealed that the data have
seasonality. All the ACFs are significantly different from
zero at lag 27 (n = 108/4). In the non-seasonal model, the
seasonality has been removed by employing Fourier series
method. Generally, at all measurement locations, it has been
observed that first harmonics, or in a few cases first and
second harmonics, are significant as these have explained
more than 95% of the variance of means. As an example,
Fig. 2 demonstrates the ACF and PACF for stochastic
parameters of EC at Yenipazar location. Ljung-Box Q statistics indicate that the ACFs computed from EC concentration time series are rather significant from zero, suggesting the values are not random and independent over time.
Notice that the ACF at lag 1 is damping out in sine-wave
manner with significant and positive spike with subsequent positive autocorrelations that do not die off quickly.
The PACF shows a sharper cutoff than the ACF. The first
value is significant in the PACF, which indicates the
process can be modeled as a combination of both AR and
MA process. The optimal order of ARIMA models is chosen by Akaike Information Criteria (AIC). The first important problem in such an exercise is to find the most
appropriate ARIMA (p, 0, q) model by minimum AIC to
represent the time series forecasting. Usually the model
with the smallest AIC among all competing model will
have residuals, which resemble white noise. The identification of the best non-seasonal models for EC at the different locations depended on minimum AIC criteria
(demonstrated in Table 2). The stochastic parameters
have been estimated based on the significant harmonics.
The deseasonalized ARIMA models have been fitted to
the resulting stochastic parameters. The summary of the
statistical parameters of the best fitted models to EC of all
measurement locations under the study have been given in
Table 2. Using these models, the fitted values of water
quality parameters have been found close to the observed
values.
Multiplicative ARIMA (AR) model

Multiplicative ARIMA models generally have both
non-seasonal and seasonal components. To determine the
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possible persistence structure in the time series data, the
autocorrelation function (ACF) and the partial autocorrelation function (PACF) have been employed. Using Akaike
Information Criteria (AIC), the best fitted model has been
identified out of the various competing models (Table 3).
In order to determine whether the residuals of the selected
models from the AFC and PACF graphs are independent,
homoscedastic and normally distributed, several tests for
diagnostic checks are employed. The residual autocorrelation (RACF) function of the series is studied in order to
determine whether EC data are independent. Most of the
residual values are well settled within confidence limits,
except very few individual correlations which appear large,
compared to the confidence limits, which are acceptable
among 30 lags. The figures exhibit no significant correlation between the residuals. Ljung-Box-Pierce statistics are
also employed to check the independence of residuals. The
ACF of residuals from the models extracted for calculation
of Q(r) statistics are shown in Table 3. Q(r) values are compared to a critical test value (χ2) distribution with respective degree of freedom at a 5% significant level. It is obvious that the computed values are less than the actual (χ2)
values, which indicates that the residuals from the best

models are white noise. A cumulative periodogram method
is applied to diagnose the residuals for a white noise sequence. Fig. 3d displays the cumulative periodogram for
the residual of EC time series. It is observed that all the
values settled within the significance band, which confirms that no significant periodicity is available in the residual series at 95% confidence level. Visual inspection of
Fig. 3d indicates that the points are clustering closely about
the theoretical line, and there is no evidence of periodic
characteristics buried in the residual series.
In order to check the normality of residuals, the histograms and normal probability plot of residuals are employed.
Fig. 3a demonstrates histograms of the residuals which
clearly support the assumption of normality. Fig. 3b presents normal probability plots of the residuals for EC series
at Yenipazar location. This figure provides evidence of normality in the residual series. In order to investigate homoscedasticity of the residuals, a plot of residuals versus fitted
values is examined. Fig. 3c represents the plot of residual
values versus forecast values for EC time series at Yenipazar location. These plots show a random scatter
around
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FIGURE 2 - ACF and PACF correlograms and 95% confidence limits for stochastic EC series at Yenipazar station.

TABLE 2 - Summary of the statistical parameters of non-seasonal ARIMA models fitted to the stochastic series of EC.
Location

Model

φ1

φ2

Aydın
2,0,1
1.576
-0.824
Nazilli*
Söke
0,1,1
Yenipazar
1,0,1
0.674
Koçarlı
0,1,1
*All the identified possible models failed the diagnostic check.

θ1

Q

χ 2 (95%)

AIC

0.734

6.37

15.50

1521

-0.292
-0.312
-0.312

11.19
8.04
8.09

18.30
16.90
18.30

1553
1484
1502

TABLE 3 - Summary of the statistical parameters of the best fitted multiplicative ARIMA models fitted to EC series at all the locations.
Location

Model

φ1

θ1

Aydın
Nazilli*
Söke

(1.1.1)(0.0.1)12

-0.825

-0.908

(1.1.0)(1.0.0)12

0.131

Φ1
0.394

1586

Θ1

Q

χ 2 (95%)

AIC

-0.358

13.89

16.91

1558

7.39

9.48

1543
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Yenipazar
(1.0.0)(1.1.1)12
0.686
Koçarlı
(1.0.0)(0.1.1)12
0.417
*All the identified possible models failed the diagnostic check.
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FIGURE 3 - Diagnostic check of the best fitted ARIMA model for Yenipazar location EC data series.

zero. In other words, the figure indicates that the residuals
are evenly distributed around mean, which explains the
models are adequate. Sometimes, at one or two stations, all
the identified models for DO and EC failed the diagnostic
check. This is due to a large number of missing values and
inconsistency in time series data for these parameters at
the measurement locations. In general, the fitted values of
water quality parameters using the identified multiplicative models have been found to be in reasonable agreement with the observed data.
Periodic Autoregressive (PAR) model

Periodic Autoregressive model produces a set of 12
regression equations. In the present study, set of PAR
models has been developed for each month to predict the
water quality parameters. As an example, only three PAR
models of water quality parameters, e.g., temperature, pH
and boron, at Aydın station have been demonstrated in
Table 4. In this particular station, the set of PAR models
could not provide adequate fit for DO. This might be due
to poor values of month-to-month correlation between the
data and large standard deviation.
Comparison of the results

Table 5 displays the error estimates for each water
quality parameter of the three different approaches used in
the study for predicting at Yenipazar measurement location. All the three stochastic models yield predictions for
temperature, nitrates, pH and EC that are in reasonable
agreement with the observed data. The RMSE between observed data and predicted water temperature data was calculated as 6.55 oC, 2.98 oC and 4.92 oC for AR, DS and
PAR models, respectively. Furthermore, the MAPE of temperature appeared to be slightly lower for the DS model, the
NSCs of temperature were slightly higher than those in the
AR and PAR models. Thus, all the three models seem to be
adequate for predicting water temperature. Although the
MAPEs of EC and nitrates appear to be slightly higher for
ARIMA models, and the MAPE of pH seems to be higher
for PAR model than the other two modeling approaches,
the RMSE and NSCs of these water quality parameters
are so close to each other and indicate a good fit, in general. The MAPEs of DO for periodic autoregressive model
(PAR) have not been found to be meaningful. The error
estimates of boron for this model were also not acceptable. This might be due to poor value of month-to-month
correlation between data and large standard deviation
making the forecast highly dependent upon the Gaussian
random number. The deseasonalized and multiplicative
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ARIMA models are performed well for DO and boron
parameters. However, the forecast accuracy measures,

RMSE, MAPE and NSC of the deseasonalized model, are

TABLE 4 - Set of periodic autoregressive models (PAR) fitted to the water quality parameters for each month at Aydın location.
Temperature
pH
Boron
YJ = 8.71+0.47(YD-10.81)+2.87Z
YJ = 8.00-0.08(YD-8.01)+0.28Z
YJ = 0.24-0.09(YD-0.23)+0.10Z
YF = 7.78+0.53(YJ-8.71)+1.07Z
YF = 8.01-0.11(YJ-8.00)+0.36Z
YF = 0.23-0.14(YJ-0.24)+0.22Z
YM = 10.91+0.52(YF-7.78)+0.98Z
YM = 7.87+0.10(YF-8.01)+0.22Z
YM = 0.20-0.10(YF-0.23)+0.11Z
YA = 15.27-0.81(YM-10.91)+0.75Z
YA = 7.81-0.09(YM-7.87)+0.40Z
YA = 0.16+0.15(YM-0.20)+0.08Z
YM = 19.26+0.73(YA-15.27)+0.88Z
YM = 7.85+0.12(YA-7.81)+0.47Z
YM = 0.27-0.14(YA-0.16)+0.12Z
YJ = 24.25+0.59(YM-19.26)+1.18Z
YJ = 8.01+0.08(YM-7.85)+0.34Z
YJ = 0.15-0.18(YM-0.27)+0.33Z
YJ = 28.51+0.86(YJ-24.25)+0.92Z
YJ = 8.01+0.11(YJ-8.01)+0.41Z
YJ = 0.20+0.08(YJ-0.15)+0.09Z
YA = 31.51+0.57(YJ-28.51)+1.12Z
YA = 7.97+0.13(YJ-8.01)+0.51Z
YA = 0.23+0.12(YJ-0.20)+0.11Z
YS = 27.88+0.54(YA-31.51)+1.01Z
YS = 8.03+0.09(YA-7.97)+0.34Z
YS = 0.18+0.14(YA-0.23)+0.13Z
YO = 23.80+0.87(YS-27.88)+0.68Z
YO = 7.98+0.13(YS-8.03)+0.44Z
YO = 0.16+0.15(YS-0.18)+0.10Z
YN = 17.03+0.96(YO-23.80)+1.06Z
YN = 7.94+0.11(YO-7.98)+0.17Z
YN = 0.23-0.18(YO-0.16)+0.18Z
YD = 10.81+0.51(YN-17.03)+1.57Z
YD = 8.01+0.10(YN-7.94)+0.26Z
YD = 0.24+0.10(YN-0.23)+0.15Z
YJ. YF.…...YD. on the left hand side of the equations are the values to be predicted for the months of January. February. ….. December; YD. YJ.…..YN.
on the right hand side are the last observed values for the month of December, January.…... November; Z is the Gaussian random number with zero
mean and unit variance.

TABLE 5 - Statistical comparison of observed and predicted data from multiplicative ARIMA (AR). deseasonalized
model (DS) and periodic autoregressive models (PAR) modeling approaches at Yenipazar measurement location.
Water quality
RMSE
MAPE
NSC
parameters
AR
DS
PAR
AR
DS
PAR
AR
DS
PAR
Temperature (oC)
6.55
6.24
6.08 19.41 16.03 17.34 0.83 0.89
0.85
pH
0.17
0.13
0.14
1.28
1.16
1.43 0.92 0.96
0.93
EC (µS cm-1)
211.27 202.15 206.87 11.18 10.95 11.09 0.81 0.88
0.84
Nitrate
0.49
0.45
0.43 11.37 10.70 10.23 0.78 0.84
0.87
-1
Boron (mg l )
0.15
0.19
* 41.12 36.18
* 0.92 0.96
*
DO (mg l-1)
0.68
0.82
*
5.38
6.47
* 0.92 0.84
*
a
Significantly different since the calculated value does not fall between the z-critical value of ±1.96.
*
None of possible PAR models for Boron and DO.

slightly better than the results of multiplicative ARIMA
model.
Fig. 4 illustrates the time series of monthly observed
data from 2001 to 2004, used for verification and comparison of the three modeling approaches, and predicted
values of the 4-years period from each modeling approach
for each water quality parameter at Yenipazar location. In
the figures, it is obvious that the predicted water quality
parameters using ARIMA, PAR, and deseasonlized models were found to be in reasonable agreement with the observed data. The PAR model approach provided reasonable precision for temperature, pH, nitrate and EC parameters at Yenipazar location. There were no possible PAR
models for boron and DO parameters. Multiplicative
ARIMA model also demonstrated acceptable performance
for prediction of 4-years observed data, but it overestimated
the observed data for water temperature, nitrates (NO3-N)
and DO. However, visual inspection indicated that the deseasonal model was the best performed one among the others. All the stochastic models underestimated the observed
data for pH and boron parameters.
The results of F-test and Z-test employed for comparison of mean and variance, respectively, of 4-years (20012004) observed versus predicted data of each water quality parameter at Yenipazar location are shown in Table 5.

AR
0.87
0.74
0.77
0.79
0.81
0.77

Fcal
DS
PAR
0.93
0.91
0.91
0.84
1.02
0.88
0.86
0.90
0.91
*
0.69
*

AR
-0.61
-1.26
-2.09a
-1.43
-1.41
-1.52

Zcal
DS PAR
-0.44 0.13
-1.12 0.35
-1.13 1.22
-1.11 -0.93
-0.47
*
-1.63
*

Because the calculated Fcal values of observed and predicted
data are smaller than the F critical table values of 1.63 at a
5% significance level, it can be concluded that there is no
significant statistical difference between the variance in 4years (2001-2004) observed data and predicted values from
the three stochastic models. As far as the Z-test is concerned, it can be concluded that the predicted values of
boron and DO from the PAR modeling approach do not
preserve the basic statistics of 4-years observed values
with respect to mean because the calculated Zcal values for
these water quality parameters are not between the critical
table values (±1.96) at a 5% significance level. The predicted values of EC from ARIMA modeling approach seem
to fulfill all the diagnostic checks but selected EC model
from ARIMA approach should be employed with precaution because the calculated Zcal value for this parameter is
not between the critical values (±1.96) at a 5% significance
level.
Considering all other locations, multiplicative ARIMA,
deseasonlized and PAR model approaches provided satisfactory results for pH, EC, nitrate and water temperature.
However, the predicting results of the deseasonalized model
are slightly better than those of multiplicative ARIMA and
pPAR models for these water quality parameters. Therefore, it is recommended that the deseasonalized model can
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be employed for predicting of water quality parameters of
a river. Considering boron and DO, the PAR model works
40

Obs erved
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FIGURE 4 Comparisons of 4-years (2001-2004) observed data versus deseasonalized, multiplicative ARIMA model and periodic autoregressive model (PAR) predicted data for water quality parameters at Yenipazar location (None of possible PAR models for boron and DO).

modeling approach are slightly smaller than those from the
deseasonalized and PAR models. Therefore, it can be concluded that the ARIMA modeling approach can give more
reliable predictions of boron and DO time series of a river
than the desasonalized and PAR modeling approaches.

CONCLUSION
In the present study, three different stochastic modeling
approaches including multiplicative autoregressive integrated
moving average (ARIMA), periodic autoregressive models (PAR), and deseasonalized model were employed to
derive the best fitting models using 9 years of time series
data (1996-2004) at 6 different measurement locations for
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several water quality parameters. Most of the measurement
locations did not show significant overall trend and intervention in the water quality parameters. Marginally increasing and decreasing trends were observed at some locations. In terms of the seasonality, most of the water quality parameters exhibited seasonal patterns. This pattern in
water quality parameters may be because of the influence
of the cyclic pattern of variations in annual hydrologic inputs to the river water environment. The calculated accuracy
measures (RMSE, MAPE and NSC) of predicted values of
water quality parameters from three different approaches
were compared and it was found that the results were satisfactory for water temperature, pH, EC and nitrates in all the
modeling approaches. It was observed that the PAR failed
to model the DO and boron data at some measurement locations. Also, at some locations, the predicted values of EC
from multiplicative ARIMA modeling approach seem to fulfill all the diagnostic checks, however, the selected EC
model from ARIMA approach should be employed with
precaution because the calculated Zcal value for this parameter was not between the critical value (±1.96) at a 5% significance level. Considering all measurement locations, multiplicative ARIMA model and deseasonalized model provided adequate predicting results for all the water quality
parameters. However, as far as the accuracy measures are
concerned, the deseasonalized model with a Fourier series
technique performs better. Therefore, it is recommended
for predicting of water quality parameters of the river.
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ABSTRACT

INTRODUCTION

There were large losses of exotic species Elodea nuttallii during summer in eutrophic lakes of the middle and
lower reaches of the Yangtze River, China. To investigate
the main causes, the heat tolerance of E. nuttallii was studied and compared with that of native species Ceratophyllum demersum by using an aquaria system in the laboratory.
Under 4500 lx light intensity and 12-h L/12-h D cycle, E.
nuttallii cultured in 1/5 Hoaglands solution at 39 °C showed
a positive growth rate during the first 15 days, and the
growth rate was higher than that at 35 °C. But after 15 days,
the growth rates became negative for those cultured both at
39 and 35 °C. However, the growth rate was positive for
more than 20 days for those cultured at 25 °C. Under the
same conditions, the growth rate, productivity and chlorophyll content of E. nuttallii were significantly higher than
that of C. demersum. Heat tolerance of E. nuttallii was also
stronger than that of C. demersum. The optimal temperature for the growth of the two plants depended on the experimental period: both plants grew at an optimal rate at
higher temperature if the experimental period was short;
nevertheless the plants achieved optimal growth at a lower
temperature if the experiment was conducted for a longer
period. At the same light intensity, the heat tolerance of
C. demersum in tap water with sediment was markedly
stronger than that of E. nuttallii at 39 °C. Average growth
rate of C. demersum was 4.5 times higher than that of E.
nuttallii within 25 days. The positive growth period lasted
for less than 25 days for E. nuttallii and for more than 25
days for C. demersum. When they were cultured in 1/5
Hoaglands solution and in tap water with sediment, the
growth rate of C. demersum increased from 0.4 to 79.4
mg/d·g fresh weight (FW) within 20 days. E. nuttallii
increased from 8.3 to 24.4 mg/d·g FW within 20 days.
Both grew better in tap water with sediment than in 1/5
Hoaglands solution. The results demonstrated that the nutritional status of the water other than the high temperature
affected the heat tolerance of E. nuttallii during summer. E.
nuttallii has great ecological safe risk in China.
KEYWORDS: Elodea nuttallii, Ceratophyllum demersum, high
temperature, heat tolerance, growth rate

Elodea nuttallii (Planchon) St. John is an exotic submerged macrophyte species that was introduced into China
during 1980s from Japan (Its original growth region is in
North America). It has the properties of strong pollution
endurance and fast growth. It is also a good source of food
for fishes and shrimps. Therefore, it is widely planted and
used to rehabilitate the polluted water body in China [13]. Now, its main distribution region is in the south of China,
especially in the middle and lower reaches of the Yangtze
River.
There are some studies about the responses of E. nuttallii to pH, as well as concentrations of O2 and CO2 [4], the
expansion ability [5], vegetative reproduction ability [6], lifehistory traits [7] and adsorbability to suspended solids [8]
of E. nuttallii. E. nuttallii is a hidden trouble species to ecological safety based on its colonization action in Europe
[9-11]. It reproduces and propagates mainly through vegetative parts [12].
E. nuttallii can tolerate low water temperature, even
0 °C [13, 14]. It still has excellent purification ability to
TN, TP and COD when water temperature is below 10 °C
[1]. In Japan, it can grow during winter when the daily mean
water temperature is higher than 4 °C [15], and reach its
maximum biomass in late July. But the anchoring roots
and stems eventually died, and after September, the population exists as a floating mat of non-anchored leafy short
shoots and decaying old branch stems. This mat sank suddenly to the bottom in December [16]. In the valley of River
Ain, France, E. nuttallii develops in spring, grows prosperously in summer and autumn, and disappears in winter [12].
However, in the middle and lower reaches of the Yangtze
River, E. nuttallii grows faster in spring, and then goes to
dormancy and enervation period in summer. When the water
temperature was higher (in summer), a large amount of E.
nuttallii went up floating on the water surface and died,
but in autumn the surviving shoots bourgeoned again and
also could live throughout the winter [3,14,17]. The great
amount of dead E. nuttallii in summer pollutes the water
again and then, adversely, affects the waterbody’s restoration process. It has been suggested that high temperature
is the cause of the death of E. nuttallii in summer [3]. In
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Lake Yuehu (N 30°33′, E114°15′), Wuhan, we found the
same phenomenon (E. nuttallii dead in summer 2004 and
2005). However, according to the 30 years’ weather data,
the average values of the highest temperature of Wuhan in
June, July and August were only 29.8, 32.9 and 32.7 °C,
respectively; relevant average values of the lowest temperature were 21.8, 25.2 and 24.6 °C. Therefore, it would be
interesting to investigate the relationships between the temperature and the mortality of E. nuttallii in summer. But
there are few studies on the problem above. Ceratophyllum
demersum is a species that distributes widely in lakes of the
middle and lower reaches of the Yangtze River and grows
well and fast in spring and summer. To make known the
causes of E. nuttallii’s death in summer, the growth rate,
physiological changing trend of E. nuttallii were studied at
different temperatures with comparison to the native species C. demersum.
MATERIALS AND METHODS
Experimental designs

E. nuttallii and C. demersum were collected from Lake
Yuehu, Wuhan and cultivated in the pools with sediment
before the experiment. The vegetative shoots were chosen
and washed by distilled water. Five gram of E. nuttallii
shoots were put in an 1.5 L aquarium with 15cm diameter
containing 1 L 1/5 Hoaglands culture solution. C. demersum was used as control species mainly due to: (1) its similarities to E. nuttallii: undeveloped roots due to root degeneration, and even a single shoot can normally live for a
long time, and (2) the heat tolerance of C. demersum is
strong and it can grow well in summer in Wuhan.
Experiment 1 was designed to investigate the effect of
different temperatures on E. nuttallii growth. Three incubators with 4500 lx light intensity and 12-h/12-h light/dark
cycle were used and temperatures set at 25, 35 and 39 °C,
respectively. Biomass, productivity and chlorophyll content
of the plants were repeatedly measured once per 5-days.
The experiments were continued until the plants died or
were dying. If the biomass was over 5 g at measurement,
excessive plants were removed to keep the beginning
biomass of each 5-days period being at the same level, to
avoid the plant’s over-growing and to reduce the differences among the replicates. The experiment was replicated
three times. If the biomass was less than 5 g due to poor
growth, the total plants would be used as the beginning
biomass for the next 5-days period analysis after sampling.
The experiment lasted for 20 or 25 days. Water was added
daily to compensate water loss due to evaporation. In order
to avoid the lack of nutriment and over reproducing of
algae, at each beginning of the 5-days period, the aquaria
were washed and the culture solutions were changed.
Experiment 2 was aimed at investigating the heat tolerance of E. nuttallii cultured in tap water with sediment
together a comparison of C. demersum. Similar to experiment 1, six aquaria were used and each of them contained

2 cm sediment from the Lake Yuehu and 1 L of tap water.
Five-gram vegetative shoots of E. nuttallii or C. demersum
were planted in the sediment of the aquaria, respectively.
Then, they were put in one of the incubators. (light to dark
ratio 12 h:12 h). The methods and intervals to measure the
biomass were the same as in Experiment 1. But the sediment and water in the aquaria were not changed. Tap water
was added daily to compensate evaporation loss.
Measurement indexes and methods

The growth rate of the plant (mg/g FW and day) was
measured by the increased fresh weight (mg) of the plant
per day: i.e. [(the biomass on 5th day) – (the original biomass)] / 5x (the original biomass). It was used to compare
the plants’ growth rates during different periods.
The productivity of the plants was measured by the
black-white bottle method [18]. For each treatment, two
similar shoots were collected from every aquarium. After
the surface water of the shoots was absorbed, the weight of
the 2 shoots were made equal (about 0.5 g) by removing
excessive weight from the heavier, and put into the dark
and light bottles, respectively, to be incubated in the same
conditions for 4 h. The Pg (gross productivity), Pn (net
productivity) and R (respiration) were calculated based on
the dissolved oxygen concentrations before and after the 4-h
incubation. The contents of the total chlorophyll (chlorophyll
a and chlorophyll b) were measured according to the method of Jeffrey and Humphrey [19] by CT = CA+CB =
20.2OD645 + 8.02OD 663, where C A, C B and C T are the
contents of chlorophyll a (mg/L), chlorophyll b and total
chlorophyll, respectively. Samplings were conducted on
Day 5, Day 10 and Day 15.
Statistical analysis

All data were analyzed by using one-way analysis of
variance (ANOVA), SPSS version 11.5 for windows. Each
bar diagram expresses the mean of three replicates of each
treatment. Error bars are SDs (Standard Deviations).
RESULTS
Changes of the physiological indexes of E. nuttallii and C.
demersum cultured in 1/5 Hoaglands solution under different temperatures
Changes of the growth rate

At the end of the experiment (after 20 or 25 days),
plants of all treatment groups were withering, except E.
nuttallii at 25 °C. The results for growth rates are shown
in Fig. 1a. When the growth rates of E. nuttallii among
different experimental phases (one experimental phase =
5 days) at the same level of temperature were compared,
the growth rates in the first phase were the highest among
the 4 phases (p<0.01) at all the three temperature levels (25,
35 and 39 °C). They all decreased significantly in the second phase (p<0.01). In the third phase, they were not
sig-nificantly different from that in the second phase
(p>0.05). But in the fourth phase, they decreased markedly
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at 35 and 39 °C (p<0.01). When the growth rates of E. nuttallii among different temperatures at the same experimental phase were compared, those in the first, second
and third phase were not significantly different from each
other (p>0.05). In the fourth phase, however, the growth
rates of E. nuttallii cultured in higher temperatures, especially at 39 °C, decreased significantly with regard to those
cultured in lower temperatures (p<0.01). The mean growth
rates of the four phases at 25 °C were not significantly different from that at 35 °C (p>0.05). Both the mean growth
rates at 25 and 35 °C were higher than that at 39 °C
(p<0.01).

35 °C and the lowest at 25 °C (p<0.01). In the second and
third phases, the growth rates decreased with increased
temperatures (p<0.05), and in the fourth phase, they were
not significantly different from each other (p>0.05). The
mean growth rate of the 4 phases at 35 °C was higher than
those at 25 or 39 °C (p＜0.01). There were also no significant differences in mean growth rates between C. demersum cultured at 25 and 39 °C (p>0.05).
The growth rates between E. nuttallii and C. demersum
at the same temperature and experimental phase are shown
(Fig 1a). E. nuttallii showed higher growth rates than those
of C. demersum at all temperature levels in the first and third
phases, and at 25 °C in the fourth phase, and the mean of
4 phases (p<0.05 or 0.01). There were no significant differences between E. nuttallii and C. demersum in the second phase and at 35 °C in the fourth phase (p>0.05).

The growth rates of C. demersum among different experimental phases at the same level of temperature are shown
in Fig. 1a. The changing characteristics of the growth
rates at 35 and 39 °C were similar to that of E. nuttallii,
while at 25 °C, the growth rate in the second phase was the
highest among the 4 phases (p<0.01). In the first phase, it
was not significantly different from that in the third phase
(p<0.05), but in the fourth phase, it decreased markedly
(p<0.01) compared with other phases. Within the same experimental phase, the growth rate of C. demersum among
different temperatures in the first phase was the highest at

E./25℃

C./25℃

The percentages of the increased biomass are listed in
Fig. 1b. Except in the fourth phase at 39 °C, the biomass
of E. nuttallii increased from the first to the fourth phase
at the 3 temperature grades. The biomass of C. demersum
also increased from the first to the third phase at 25 and
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FIGURE 1 - Changes of the growth rates (Fig. 1a) and the percentages of the increased biomass (Fig. 1b)
of E. nuttallii and C. demersum (E. = E. nuttallii, C. = C. demersum, Average: the mean value of the 5, 10,
15 and 20 days. The values of E. nuttallii at same temperature were set as controls. *p<0.05; **p<0.01).
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35 °C, and then decreased in the fourth phase (p<0.05). At
39 °C, however, the biomass decreased starting at phase 1
and continued to decrease up to phase 4 (p<0.05). All the
mean percentages of the increased biomass of E. nuttallii
were higher than that of C. demersum at the 3 temperature
levels tested (p<0.01).
The growth rate of E. nuttallii was higher than that of
C. demersum at most conditions. The periods that biomass
of E. nuttallii could increase were ≥ 15 days at 39 °C, ≥
15 days at 35 °C and ≥ 20 days at 25 °C; while for C.
demersum the periods were ≥ 5 days at 39 °C, ≥ 10 days
at 35 °C and ≥ 15 days at 25 °C. At the same temperature,
the biomass accumulation was more than that of C. demersum at all phases. Even at different temperatures, the accumulated biomass of E. nuttallii in most phases was more
than that of C. demersum at any temperature and during
any phase. Therefore, in 1/5 Hoaglands solution at 39, 35
and 25 °C, E. nuttallii grew faster than C. demersum, and it
had better heat tolerance than C. demersum. However,
they shared a similar characteristic. Their optimal growth
temperature decreased along with increasing time in experiments.
Changes of photosynthesis and respiration

Fig. 2 shows the changes of the productivity and respiration on the 5th day. There were no significant differences between Pg of E. nuttallii (E.Pg) and Pg of C. demer-

productivity (O 2 mg/hּgFW)

E./25 ℃

C./25 ℃

sum (C.Pg) at the same temperature (p>0.05). However,
E.Pn were higher than C.Pn at 39 and 35 °C (p<0.05 or 0.01)
because the respiration of E. nuttallii (E.R) was weaker than
that of C. demersum (C.R) (p<0.05 or 0.01). There were no
significant differences between E.Pn and C.Pn, E.R and C.R
at 25 °C (p>0.05). There were also no significant differences among the Pn for the same plant species at different
temperatures. At 39 °C, E.Pg , C.Pg and C.R were the highest for the same plant species.
Fig. 3 shows the changes of productivity and respiration on the 10th day. At the same temperature, E.Pg and E.R
at 25 °C were significantly lower than that of C. demersum
(p<0.05 or 0.01), but E.Pn was not significantly different
from C.P n (p>0.05). E.P g and E.P n at 35 or 39 °C were
higher than those of C. demersum (p<0.01), but E.R was
weaker than C.R at 35 °C (p<0.05), or similar to C.R at
39 °C (p>0.05). E.Pg at 39 °C was the highest; E.Pn at 25 °C
≈ E.Pn at 35 °C > E.Pn at 39 °C > 0. C.Pg at 39 °C was the
lowest; C.Pn at 25 °C > 0 > C.Pn at 35 °C > C.Pn at 39 °C.
Comparing E. nuttallii with C. demersum at the same
temperature, E.Pg, E.Pn and E.R were all higher than those
of C. demersum on the 15th day (Fig. 4). E.Pg, C.Pg, E.R
and C.R all were the highest at 35 °C for the same plant
species. E.Pn at 25 °C > E.Pn at 35 °C > E.Pn at 39 °C > 0.
C.Pg at 39 °C was the lowest; C.Pn at 25 °C ≥ C.Pn at 35
°C> 0 > C.Pn at 39 °C.
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FIGURE 2 - Photosynthesis and respiration of E. nuttallii and C. demersum on the 5th day (E. = E. nuttallii, C. = C. demersum, Pg : gross
productivity, Pn: net productivity, R: respiration. The values of E. nuttallii at same temperature were set as controls. *p<0.05; **p<0.01).
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FIGURE 3 - Photosynthesis and respiration of E. nuttallii and C. demersum on the 10th day (E. = E. nuttallii, C. = C. demersum, Pg : gross
productivity, Pn: net productivity, R: respiration. The values of E. nuttallii at same temperature was set as controls. *p<0.05; **p<0.01).
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FIGURE 4 - Photosynthesis and respiration of E. nuttallii and C. demersum on the 15th day (E. = E. nuttallii, C. = C. demersum, Pg : gross
productivity, Pn: net productivity, R: respiration. The values of E. nuttallii at same temperature were set as controls. *p<0.05; **p<0.01).

Changes of chlorophyll content

Fig. 5 shows the changing trends of E. nuttallii chlorophyll contents. There were no significant changes in the
contents of chlorophyll among E. nuttallii cultured at the
3 temperature levels on Day 5 (p>0.05). On Day 10, there
was also no significant difference in chlorophyll contents
cultured at 25 and at 35 °C (p>0.05). However, the chlorophyll content decreased markedly at 39 °C compared with
those at the other two temperatures (p<0.05). On Day 15,
the chlorophyll content increased significantly at 35 °C, but
decreased significantly at 39 °C (p<0.01). When the chlorophyll contents of E. nuttallii cultured at the same temperature in different phases were compared, there were no significant differences among 25 °C experiments (p>0.05).
However, the chlorophyll contents increased significantly
in 35 °C-group, but decreased significantly in 39°C-group
along with the increase in experimental phases (p<0.05).
Chlorophyll content could represent growth state of the
plants in a certain extent. The results indicated that the
growth state of E. nuttallii was stable at 25 °C, and increased at 35 °C but decreased at 39 °C during the entire
experimental period.
On Day 5, the differences in chlorophyll contents
among the 3 temperatures were not significant in C. demersum (p>0.05). On Day 10, C. demersum cultured at 39 °C
had the lowest chlorophyll content (p<0.01). On Day 15,
those cultured at 35 °C had the highest (0.71 mg/g FW),

chlorophyll (mg/gFW)
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and those at 39 °C the lowest (0.41 mg/g FW) chlorophyll
content. The chlorophyll contents at the same temperatures
in different phases showed that they were the highest on
Day 10 at 25 °C and on Day 15 at 35 °C. However, there
were no significant differences among them at 39 °C. The
results indicated that the growth states of C. demersum
among the 3 temperature degrees were similar during the
first 5 days. When the experiment was continued, only those
cultured at 39 °C deteriorated after Day 10.
Growth rates of E. nuttallii and C. demersum cultured in tap
water with sediment and in 1/5 Hoaglands solution at 39 °C

The overall growth rates of E. nuttallii cultured in tap
water with sediment were similar to those cultured in 1/5
Hoaglands solution (Fig. 6). Both growth rates decreased
with increasing time of experiments (there was a rebound
in the fifth phase). However, there were some differences
between these two cultures: the growth rates of E. nuttallii
cultured in tap water with sediment started to decline at a
later time than those in 1/5 Hoaglands solution. Except in
the first phase, the growth rates of E. nuttallii cultured in
tap water with sediment were higher than (p<0.05) or
almost the same as those cultured in 1/5 Hoaglands solution (p>0.05). Their average values of the 5 phases were
16 and 7.2 mg/d·g FW, respectively (during the first 20
days they were 24.4 and 8.3 mg/d·g FW). The growth rate
of E. nuttallii cultured in tap water with sediment was 1.2
times more than that cultured in 1/5 Hoaglands solution.
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FIGURE 5 - Chlorophyll content of E. nuttallii and C. demersum at different temperatures and in different experimental periods
(E. = E. nuttallii, C. = C. demersum. The values of E. nuttallii at same temperature were set as controls. *p<0.05; **p<0.01).
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FIGURE 6 - Growth rates of E. nuttallii and C. demersum cultured in aquaria with and without
sediment at 39 ℃ during different periods (E. = E. nuttallii, C. = C. demersum, Average: the mean value of the 1-5d,
6-10d, 11-15d and 21-25d. The value of E. nuttallii in tap water with sediment was set as control. *p<0.05; **p<0.01).

When E. nuttallii was cultured in tap water with sediment
during the first 4 phases (20 days), it grew positively. The
positive growth time of E. nuttallii cultured in tap water
with sediment was one phase longer than that cultured in
1/5 Hoaglands solution. But in the fifth phase, it started to
deteriorate.
The growth rate of C. demersum cultured in tap water
with sediment increased significantly in the second phase
but decreased significantly in the fifth phase, compared with
that in the first phase (p<0.05). But there were no significant differences between them in the third and fifth phases
(p>0.05). Therefore, this changing characteristic was significantly different from the growth rate of C. demersum
cultured in 1/5 Hoaglands solution, which decreased with
extended experimental period. The growth rates of C. demersum cultured in tap water with sediment were much higher
than that of C. demersum cultured in 1/5 Hoaglands solution in all 5 phases (p<0.01). Their average values were
72.8 and -8.5 mg/d·g FW, respectively (during the first
20 days they were 79.4 and 0.4 mg/d·g FW) (p<0.001).
When C. demersum was cultured in tap water with sediment, it grew positively during the 5 phases (25 days). At
the end of the experiment, it still grew well and there was
no sign of deterioration. They had many new and strong
branches. At the beginning of the experiment, the starting
C. demersum were 4 single shoots, but during experiment,
the old branches were removed and new branches kept
growing. When the experiment ended, two single branches
were already 5 g, and the old branches on them were almost removed. However, those cultured in 1/5 Hoaglands
solution only grew positively for 5 days (during the first
phase).
Comparing the two species, the heat tolerance of E.
nuttallii was better than that of C. demersum in 1/5 Hoaglands solution at 39 °C. However, the growth rate of E.
nuttallii was lower than that of C. demersum in tap
water with sediment at 39 °C in each experimental phase
(p<0.05~0.001). The growth rate of C. demersum was 3.5
times higher than E. nuttallii’s. The heat tolerance of C.

demersum was significantly better than that of E. nuttallii
and could grow positively for more than 25 days. But the
positive growth time of E. nuttallii was less than 25 days.
Therefore, the sediment had great influence on heat tolerance and growth rate of C. demersum at 39 °C. However,
its influence on E. nuttallii was much less, but it was still
obvious.
DISCUSSION
Terricolous plants were often used to study the responses of plant’s resistance to high temperature [20, 21].
Before the effects of high temperature on terricolous plants
become morphologically evident, their physiological and
biochemical processes may have already been significantly
influenced [22-24]. Generally, high temperature adversely
affects plants’ accumulation of dry mass through disturbing plants’ regular physiological activities. Photosynthesis
might be the chief physiological process that was affected
by high temperature [23]. The main effect on which the
high temperature influenced photosynthesis was to accelerate their enervation, including hindering photosynthesis
and decomposing plant’s components etc. [25, 26]. Within
certain temperatures, the increase in plants’ respiration was
faster than that in photosynthesis, as a result of an increase
in temperature [27]. Consequently, there was a negative
accumulation of dry mass in plants.
Water temperature influences the productivity of aquatic
plants via controlling the rate at which chemical reactions
take place [28]. Most biological processes will decline their
movement rates when temperature departs from the optimum [29]. For example, mid-summer die-offs of Cladophora glomerata have often been attributed to water temperatures that are above the physiological optimum for production. At high temperatures, slight temperature changes
can produce large variations in plant productivity [28, 29].
Titus et al. [30] modeled temperature effects on productivity of Myriophyllum spicatum using an empirical equation
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that estimates that production increases slowly at low temperatures and more rapidly as temperature approaches an
optimum, followed by a rapid decline beyond the optimum.
Aquatic plants’ optimal temperatures have been reported to range between 13-31 °C [31]. The optimal temperature of E. nuttallii is about at 25 °C. When the water
temperature is more than 30 °C, the growth of E. nuttallii
will be inhibited (see results of experiment 1) [13, 14, 16].
Based on the results of photosynthesis and respiration
on Day 5, Day 10 and Day 15, the growth rate of E. nuttallii was always positive. The growth rate of C. demersum
was positive during the first phase at all 3 temperatures.
As the experiment continued, it grew positively at 25 °C
but negatively at 39 °C. Therefore, E. nuttallii cultured in
1/5 Hoaglands solution grew significantly better than C.
demersum cultured in 1/5 Hoaglands solution. The heat
tolerance of E. nuttallii was stronger than that of C. demersum. The optimal temperature for the growth of the two
plants depended on the experimental period: both plants
grew at an optimal rate at higher temperature if the experimental period was short; nevertheless, the plants achieved
optimal growth at a lower temperature if the experiment
was conducted for a longer period.
The studies indicated that the growth rates and heat
tolerance of the plants cultured in tap water with sediment
were significantly better than those cultured in 1/5 Hoaglands solution. There was abundant in N, P, K and Ca
elements in 1/5 Hoaglands solution. Their concentrations
were higher than that in the ordinary lakes. Therefore,
they were not the limiting factors for plants’ growth. C.
demersum did not grow roots in both cultures; while some
of E. nuttallii shoots had some roots. Therefore, the major
factors leading to the differences between the plants cultured in 1/5 Hoaglands solution and in tap water with
sediment were probably due to: (1) balanced and more
nutrients in the sediment, which may be easier for the
plants to absorb; (2) the micro-environment (including biological and abiotic) was more suitable for plants to grow in
culture with sediment. This experiment suggested that the
growth conditions, especially the concentration of the nutrients, could significantly influence the heat tolerance of
plants. In an optimal condition, the heat tolerance of the
plants could be improved significantly.
Previous studies indicated that temperature over 30 °C
was detrimental to the photosynthesis of Potamogeton pectinatus: Potamogeton pectinatus’ photosynthesis reached
a peak at 30 °C and then declined to a lowest level at 35
°C [32]. Their light compensation point increased with
increasing water temperature [33]. E. nuttallii can keep the
normal vegetative growth between 5-30 °C [14]. The high
temperature may not be the only factor responsible for the
death of E. nuttallii in summer because there was no
lake with a water temperature of 39 °C for more than 20
days in nature.
Ren et al. [34] found that the compensation points of
the 5 species of submerged plants increased with increas-

ing water temperature. There were significant differences between the species. The compensation point of C. demersum
was the highest among them. This indicates that plants
needed stronger light in high temperature in order to prevent them from withering. Jin et al. [35] demonstrated
carbon, which could be used by Potamogeton crispusto, decreased when P. crispusto was in high temperature (over
30 °C) and high pH (over 10). The photosynthesis of P.
crispus was inhibited and led to the death of P. crispus in
summer. Li [36] found that the roots of submerged plants
rot when the water temperature was over 30 °C, and the
water was over 1 m deep in Lake Wuli. It would be the
barrier for the vegetation to restore.
The death of E. nuttallii in summer is probably due to
following reasons: the high temperature made its growth
slower and its ability to resist stress significantly decreased.
In the same time, it still needed stronger light intensity.
But in the late spring, due to the favorable growth conditions, luxuriant crown of the plants held up the light to
reach the lower layer of plants. Consequently, the photosynthesis decreased and the respiration became stronger.
On the other hand, the high temperature also changed the
water conditions. For example, the sediment released more
toxicants (such as H2S etc.) [37], respiration of organism
in the water-body increased and the plants at the bottom of
water often lacked oxygen, then plants’ roots rotted. The
plants floated on water surface. Because the plants separated themselves from the sediment, their stress resistance
declined, and finally they died.
E. nuttallii had superior cold resistance and advantages
in competing for space-time during winter and spring, so it
grew well in the long-term experiment and eventually replaced Hydrilla verticillata [38]. It has strong competitive
ability. It has great ecological safe risk in China because
of its eurythermal suitability. Now, it is a key reason to
limit its colonial expansion that E. nuttallii dies in summer
in the middle and lower reaches of the Yangtze River. Based
on our study results, E. nuttallii has stronger high temperature tolerance ability. This means that it has the potential
possibility to expand its population to form an invasive
species in the south of China. And in the north of China,
it has more possibility to form invasive species because it
goes through summer easily. So it is very important to
study the reason that it easily dies in summer in the middle
and lower reaches of the Yangtze River, China. This work
is necessary to be done to control and manage the population of E. nuttallii, and evaluate its ecological safety.
CONCLUSIONS
Heat tolerance of E. nuttallii was obviously stronger
than that of C. demersum when they were cultured in 1/5
Hoaglands solution. But in tap water with sediment, the
heat tolerance of C. demersum was markedly stronger than
that of E. nuttallii. E. nuttallii’s heat tolerance was strong,
and the high temperature was not the direct reason that led
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the E. nuttallii to die largely in summer in eutrophic lakes
of the middle and lower reaches of the Yangtze River,
China. E. nuttallii has great ecological safe risk in China.
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ABSTRACT
In this study, the removal of crystal violet from water
by using the electrocoagulation method was investigated.
The effects of operational parameters such as time of electrolysis, initial pH of solution, solution conductivity, current density and the initial dye concentration were examined during color removal. The results showed that color
removal efficiency increased with time. Initial pH of dye
solution had no considerable effect on color removal efficiency. The color removal efficiency reached 99% for all
pH values. The highest color removal efficiency was seen
at pH 6 with 10 min electrolysis time. The efficiency increased with the increase in solution conductivity and applied current density. As the current density increased from
5.8 to 17.36 mA/cm2, the color removal efficiency rose
from 55 to 95%. A decrease in the color removal efficiency was observed when initial dye concentration increased. At 30 min of electrolysis time, color removal efficiencies were 95 and 55% for initial dye concentration of
90 and 570 mg/L. The results of this study showed that
electrocoagulation using aluminum electrodes could be applied for the treatment of wastewater containing crystal
violet dye.

KEYWORDS:
electrocoagulation, color removal, crystal violet.

INTRODUCTION
Dyes are the major constituents of the wastewater produced from many industries related to textile, paint and
varnishes, ink, plastics, pulp and paper, cosmetics, tannery
etc., and also to the industries, which produce dyes. Colored dye effluents pose a major threat to the surrounding
ecosystem. Many of the dyes are extremely toxic. Among
various dyes, crystal violet is a well known dye being used
for various purposes: a biological stain, a dermatological

agent, a veterinary medicine, an additive to poultry feed to
inhibit propagation of mold, intestinal parasites and fungus etc. It is also extensively used in textile dying and paper printing. It is a mutagen and mitotic poison [1-3]. Because of its low cost, its effectiveness as an antifungal agent
for commercial poultry feed, and its ready availability, the
general public may be exposed to the dye and its metabolites through the consumption of treated poultry products.
Therefore, there are both environmental and human health
concerns regarding the bioaccumulation of gentian and
leucogentian violet [2].
Conventionally biological, chemical, and physical
methods have been employed for dye removal, but the first
two techniques have not been very successful due to the
non-biodegradable nature of most dyes. When chemical
oxidation or coagulation is used to treat dye-containing
wastewater, added chemical substances might cause the
secondary water pollution [4, 5].
Adsorption is often used remove dyes from aqueous
solutions. Activated carbon is a commonly used adsorbent,
though it is difficult to regenerate and its performance is
limited by equilibrium [6-10]. Other treatments with more
sophisticated technologies like reverse osmosis/ultra-filtration have the disadvantages of high cost and low throughput [11, 12]. Photodegradation [13, 14], chemical oxidation [15], electrochemical oxidation [16, 17] and biological
processes [18, 19] have been applied for the removal of dye
from wastewaters. Some of these processes are not suitable
because of cost, or, the effluents do not have the desired
quality. Therefore, electrochemical methods have been used
in recent years [20-22].
Electrocoagulation method has been employed for the
treatment of industrial wastewaters in developed countries
in the last decade. It is simple and efficient method. There is
no possibility of secondary pollution due to avoiding uses
of chemicals. Electrocoagulation has been applied successfully to the treatment of restaurant wastewaters [23], textile wastewaters [21, 22] olive mill wastewater [24] and to
remove arsenic and heavy metals [25]. In the electrocoagulation method, oxidation, coagulation, adsorption, sedimen-
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tation and flotation processes occurs together by means of
hydroxide flocs generated from electrode hydrolisation reactions and removal of colour, turbidity and COD are obtained
at the same time [21,22,26].
The most widely used electrode materials in electrocoagulation process are aluminum and iron. In the case of
aluminum, the main reactions are:
Anode: Al(s) → Al3+ + 3e-

Cathode: 3H2O + 3e → 3/2 H2(g) + 3OH
3+

(1)
-

(2)

-

Al and OH ions generated by electrode reactions (1)
and (2) react to form various monomeric species, which
finally transform into Al(OH)3(s) according to complex precipitation kinetics.
Al3+ + 3H2O → Al(OH)3 + 3H+

(3)

Freshly formed amorphous Al(OH)3(s) “sweep flocks”
have large surface areas, which are beneficial for a rapid adsorption of soluble organic compounds and trapping of
colloidal particles. Finally, these flocks are removed easily
from aqueous medium by sedimentation or H2 flotation [27].
The aim of this study was to investigate the removal
of an organic dye crystal violet by electrocoagulation using
aluminum electrodes. The effect of operational parameters
such as initial pH, electrolysis time, dye concentration, solution conductivity and current density on color removal
efficiency was examined.
MATERIALS AND METHODS

FIGURE 1 - The EC reactor used in the laboratory experiments.
Experimental Procedure

All of the runs were performed at the room temperature and at a constant magnetic stirring speed of 200 rpm.
In each run, 750 ml of the dye solution was placed into
the electrolytic cell. The current density was adjusted to a
desired value, and the run was started. At the end of the
run, the solution was centrifuged at 2000 rpm and then
analyzed. Before each run, organic impurities on electrode
surfaces were removed by washing with acetone, while the
surface oxide layer was removed by dipping for 5 min in a
solution freshly prepared by mixing 100 ml of HCl solution
(35%) and 200 ml of hexamethylenetetramine [(CH2)6N4)]
solution (2.80%) [19]. At the end of the run, the electrodes
were washed thoroughly with water to remove any solid
residues on the surfaces and dried.

Material

Analytic Procedure

In the electrocoagulation experiments basic dye crystal
violet (Tripenylmethane=Genitan Violet) (in analytic purity,
obtained from Reidel-de Haen Company) was used.

Different concentration dye solutions were prepared using distilled water. The pH and conductivity of dye solutions
were adjusted to a desired value using NaOH or H2SO4 and
NaCl, respectively. Before and after electrocoagulation process absorbance of dye solution was measured with a UV
Visible Spectrophotometer (Hitachi Model 100-40). The
maximum wavelength which was given by crystal violet
was 582nm.

Experimental Apparatus

Electrocoagulation experiments were performed in the
experimental apparatus which is shown in Figure 1. DC
potential was applied from GW GPC-3060D DC power
supply. The electrocoagulator was made of plexiglas with
the dimensions 11cm*9.8cm*11cm. Six monopolar electrodes, three anodes and three cathodes were placed in electrocoagulation cell. The aluminum (90%) anodes and cathodes were made from plates with dimensions 6.7cm x 4.3cm
x 0.2cm. The total effective electrode area was 172.86 cm2
and the spacing between electrodes was 1cm.

Color removal efficiency (CR %) was calculated as
follows:

CR(%) =

C0 − C
x100
C0

(4)

Where, C0 and C are concentrations of dye before and
after electrocoagulation (mg/L) respectively.
RESULTS AND DISCUSSIONS
Effect of Current Density

The current density is the most important parameter
in all electrochemical processes. The current density not
only determines the coagulant dosage rate but also the bubble production rate, size and the flocks growth which can
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influence the treatment efficiency of the electrocoagulation [28].
To investigate the effect of current density on the color
removal efficiency, electrocoagulation process was carried
out using various current densities in the range of 5.8017.36 mA/cm2. As seen in Figure 2, the color removal
efficiency was 96% at current density of 17.36 mA/cm2 and
30 min of electrolysis time. To achieve same removal efficiency at current density of 11.57 mA/cm2 it takes about
40 min. At current density of 5.8 mA/cm2 and 60 min of
electrolysis time the color removal efficiency was 92%.
When the current density increases, the amount of ion produced on the electrodes increases. Therefore, there is an
increase in flock production in the solution and hence an
improvement in the decolorization efficiency [29].
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FIGURE 2 - The effect of the current density on the decolorization
efficiency (dye concentration: 100 mg/L, conductivity: 1 mS/cm)

Current density
17.36 mA/cm2
11.57 mA/cm2
5,8 mA/cm2
Conductivity
5 mS
3 mS
2 mS
1.4 mS
Initial pH
pH 3
pH 4
pH 6
pH 8
İnitial
concentration
90 mg/L
167 mg/L
570 mg/L

R2

Decolorization efficiency α (Faraday/m3)0.37
Decolorization efficiency α (Faraday/m3)0.68
Decolorization efficiency α (Faraday/m3)0.76

0.854
0.966
0.975

Decolorization efficiency α (Faraday/m3)0.29
Decolorization efficiency α (Faraday/m3)0.37
Decolorization efficiency α (Faraday/m3)0.44
Decolorization efficiency α (Faraday/m3)0.49

0.730
0.854
0.882
0.905

Decolorization efficiency α (Faraday/m3)0.56
Decolorization efficiency α (Faraday/m3)0.61
Decolorization efficiency α (Faraday/m3)0.49
Decolorization efficiency α (Faraday/m3)0.62

0.903
0.892
0.871
0.883

Decolorization efficiency α (Faraday/m3)0.37
Decolorization efficiency α (Faraday/m3)0.58
Decolorization efficiency α (Faraday/m3)0.75

0.854
0.967
0.973

To examine its effects, the wastewater was adjusted
to the desired pH before each experiment by using sodium
hydroxide or sulfuric acid. Fig. 4a and 4b demonstrates the
color removal efficiency as a function of the initial pH. The
effect of initial pH on color removal was investigated for
pH 3, 4, 6 and 8 at current density of 17.36 mAcm2, conductivity of 3 mS/cm and initial dye concentration of 100 mg/L.
The maximum removal of color was observed at pH 6. The
color removal efficiencies were 74%, 73.6%, 81.4% and
75% at pH 3, 4, 6 and 8, respectively. At the end of each
run, an increase in pH values was observed.
100

It is obvious that the operation cost increases when the
current density increases. On the other hand, at a higher
current density higher removal efficiency was observed at
a shorter electrolysis time.
Figure 3 shows the decolorization efficiency as a function of the quantity of electricity consumed per cubic meter
of effluent, expressed as Faraday per cubic meter. Can et al.
[20] reported that the similarity between the effects of the
treatment time and the current density suggest to combine
these two parameters into one parameter. A linear regression between log (decolorization efficiency) and log (Faraday/m3) was given in Table 1.

Relationship

Effect of the initial pH
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FIGURE 4a - The variation of color removal efficiency with time for
different pH (Dye concentration: 100 mg/L, conductivity: 1mS/cm,
current density: 17.36 mA/cm2)
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FIGURE 3 - Decolorization efficiency versus charge loading and
current density (dye concentration: 100 mg/L, conductivity: 1 mS/cm)
TABLE 1 - Relation of decolorization efficiency with charge loading
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FIGURE 4b - The effect of initial pH on the decolorization efficiency
(Dye concentration: 100 mg/L, conductivity: 1mS/cm, current density: 17.36 mA/cm2, time: 20 min.)
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Effect of Initial Concentration

The effect of initial dye concentrations on color removal was investigated in the range of 90-570 mg/L at current density of 17.36 mA/cm2 and conductivity of 3 mS/cm.
It was found that, the color removal efficiency decreased
with an increase of initial concentration. The color removal
efficiency for 90 mg/L initial dye concentration was 96%
at 30 min of electrolysis time and 99% at 40 min of electrolysis time. The color removal efficiency for 170 and
570 mg/L initial dye concentration was 70 and 59% at
30 min of electrolysis time and 99% at 50 min of electrolysis time respectively (Figure 6). It was due to the insufficient hydroxyl and metal ions produced on the electrodes in
the high dye concentration, and the constant current density [34].
100

% C olor	
  r em ov al	
  r ate

The drop of removal efficiency occurred when the pH
tends towards acidic or basic values and is in accordance
with the amphoteric character of aluminum hydroxide
Al(OH)3 that precipitates at pH 6-7 and its solubility increases as the solution becomes either more acidic or alkaline [30]. The aluminum can form different species depending on the pH of the solution and the presence of other
chemical species. For example, Al3+ ions on hydrolysis may
generate the aqueous complex Al(H2O)63+, which is predominant at pH<4. Between pH 5 and 6 the predominant
hydrolysis products are Al(OH)2+ and Al(OH)2+; between
pH 5.2 and 8.8 the solid Al(OH)3 is most prevalent; and
above pH 9 the soluble species Al(OH)4- is the predominant and the only species present above pH 10 [31]. Carrier et al. [32] also found that solubility of Al(OH)3 was
minimum at pH 6-7 and Khemis et al. [33] stated the
neutral, insoluble form Al(OH)3 predominated at the pH
near 6.5.
Relation between decolorization efficiency and (Faraday/ m3) was also tested for different pH values, and the
following relationships were obtained (Table 1).
Effect of Conductivity

60

90mg/L

40

170mg/L
570	
  mg/L

20
0

In general, NaCl is used to obtain the conductivity in
the electrocoagulation process. Solution conductivity affects the current efficiency, cell voltage and consumption
of electrical energy in electrolytic cells [34]. The conductivity of the dye solution is adjusted to the desired levels
by adding an appropriate amount of NaCl. The effect of
conductivity was investigated for four different conductivity values between 1.4 mS/cm and 5.0 mS/cm at current density of 17.36 mA/cm2 and initial dye concentration of 100 mg/L. As seen in Figure 5, the color removal
efficiency increased with increasing conductivity and
reached up to 96% at conductivity of 5.0 mS/cm and 20 min
of electrolysis time.
Relation between decolorization efficiency and (Faraday/m3) was also tested for different conductivity values,
and the following relationships were obtained (Table 1).
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FIGURE 6 - The effect of initial concentration on the decolorization
efficiency (conductivity: 1mS/cm, current density: 17.36 mA/cm2)

Relation between decolorization efficiency and (Faraday/m3) was also tested for different initial concentrations,
and the following relationships were obtained (Table 1).
Dye Removal Kinetics of Electrocoagulation Process

The overall electrocoagulation process in dye removal
kinetics is described by a macro kinetics model in which
the rate constant depends on the current density, conductivity, initial pH of solution and initial dye concentration. This
model provides preliminary data for evaluation of the kinetic constants. The kinetic rate law for describing the decrease in dye concentration from the crystal violet solution with time was proved better with the first order kinetic model:
dC
(5)
= −kC
dt
Where;
C : Concentration of dye (mg/L)
-1
k : First order reaction rate constant (min )

20

t : Electrolysis time (min)

0
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TABLE 2 - The first order reaction rate
constants with correlation coefficients.
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FIGURE 5 - The effect of conductivity on the decolorization efficiency
(Dye concentration: 100 mg/L, current density: 17.36 mA/cm2)

Current density
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0.1040
0.0424

0.909
0.939

0.1153
0,1167
0.1176
01163

0.903
0,981
0,952
0,941

0.1449
0.1624
0.1629
0.1681

0.943
0.878
0.871
0885

0.1167
0.1135
0.1148

0.981
0.852
0.814

The values of k for dye removal at operation conditions were determined graphically and shown in Table 2.
The conformity between the experimental data and the
model was expressed by the correlation values (R2). A
relatively R2 value indicates that the model successfully
describes the kinetics of the electrocoagulation system.

Experiments were performed in order to examine the
effects of operational parameters on dye removal by electrocoagulation. The decolorization of crystal violet by means
of electrocoagulation was effected by the current density,
initial pH of the solution, conductivity and time of electrolysis. The results show that when initial concentration was
100 mg/L, the dye was effectively removed (>99%) at pH
ranging 3 to 8, electrolysis time of 30 min, current density
of 17.36 mA/cm2. The kinetics of dye removal was described by the macro-kinetic model. The removal of crystal violet dye followed first order rate equations for concentration diminution. Values of kinetic rate constants for
dye removal at various current densities, initial concentrations, initial pH and conductivities were calculated. Consequently, crystal violet dye has been successfully removed
by electrocoagulation using aluminum electrodes.
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A mixed approach based on general regression neural
network (GRNN) and geostatistical models was employed
for the analysis and modeling of the Büyük Menderes
catchment water quality data, obtained during the period of
2002-2004 at 21 different sites. At first, GRNN approach
was efficiently applied for spatial predictions of polluted
surface waters, and then the results and residuals were analyzed by using geostatistical interpolators. Geostatistical
tools for spatial correlation analysis (variography) were
used to qualify and quantify the estimation results. Leaveone-out cross validation technique was employed to select
the optimal value of unknown smoothing parameter, h, in
the GRNN model. The smoothing parameter was chosen as
10 km. Using coefficients of variation, all observed water
quality parameters, except Cl, are moderately variable. The
GRNN estimates of pH, EC, SS, Cl, and DO are verified
and compared with the observed data and the results from
Kriging method. The verification indicates that the GRNN
model demonstrates better performance than the Kriging
model does. Correlation between the GRNN estimates and
the observed data are ranged from 0.93 to 0.97. The results
obtained on spatial predictions of pH, EC, SS, Cl, and DO
by using GRNN are promising. Experimental variogram
analysis indicates presence of nugget variance for all the
GRNN estimated data and the observed water quality dataset. Variogram analysis emphasizes that the spatial patterns
of pH, EC, SS, Cl, and DO in the basin are affected by
factors, such as parent material (source of water), hydrogeology, groundwater-surface water interaction, mineral
deposits in the river bed, climate, water table, industrial
pollution, agricultural activities (land-use), and human interactions. Strong spatial autocorrelations are noted with
the GRNN estimates of SS, Cl and DO, whereas pH and
EC have weak spatial autocorrelations. Spatial distribution
of observed data and the GRNN estimates are illustrated with
the maps where the GRNN estimates qualitatively follow the
observed dataset. Thus, an approach based on GRNN and
geostatistical methods could be accurately used to predict
polluted surface waters and to evaluate spatial distribution
of the water quality parameters in the Büyük Menderes
catchment.

INTRODUCTION
Concentrations of nutrients and toxic chemicals in excess can lead to diverse problems, such as loss of oxygen,
coal reefs and biodiversity. Rivers in the Büyük Menderes
catchment, located in southwest Turkey, play a vital role in
carrying the municipal and industrial wastewater as well as
the runoff of the agricultural land. Pollution of the rivers
with contaminants, such as pesticides, nutrients, hydrocarbons and heavy metals, comes from both point and nonpoint sources, which are the results of discharge from ditches
and creeks, flow from agricultural lands, storm water runoff
and groundwater seepage. The rivers in the basin are main
water resources for domestic, industrial and irrigation purposes. Therefore, it is essential to prevent and control surface water pollution for effective water management. High
variability of the surface water contamination by different
pollutants at different geographical scales complicates analysis of the data and the results. There is a great variety of
modern approaches and tools (artificial neural networks,
geostatistics, wavelets) dealing with analysis and modeling
of spatially distributed and time-dependent data. Geostatistical methods have the ability to quantify the quality of
spatial predictions with the help of error maps. Most of
the geostatistical models rely on deep expert analysis (e.g.,
exploratory variography and modeling of spatial correlation
structures) and are based on some theoretical assumptions,
which rarely can be verified [1]. Alternative to geostatistical
approaches, artificial neural networks (ANN) for analysis
and modeling of spatial data offer two primary attractions:
learning and representation. One of the principle advantages
of the neural networks is their ability to discover patterns
in data when data exhibit significant unpredictable nonlinearity [1]. ANNs have got a remarkable feature of learning from data and the ability to reproduce data pattern at unsampled locations according to the learned experience [2].
In recent studies, geostatistical models and ANNs have been
coupled in a mixed approach for the analysis and modeling
of spatially distributed data. For example, Kanevski &
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Arutyunyan [3] presented a combined method of neural network residual Kriging and neural network residual simulated
annealing models. It was shown that feed-forward networks
(multilayer perceptrons (MLP)) could be efficiently used
to model non-linear large-scale trends, and then residuals
could be easily analyzed with geostatistical simulators. MLP
belongs to the class of global universal approximators. The
computational time of constructing the MLP network is
exceedingly high for a large network. Several local ANN
universal approximators, such as radial basis function (RBF),
neural networks and general regression neural networks
(GRNN), have been employed for the analysis and modeling of the spatially distributed data in previous studies [1,
2, 4, 5]. GRNN approximator comes from the well-known
nonparametric kernel regression models [6]. The vital advantage of the GRNN model is the ease of its training due
to a single pass of learning process. The computational time
is less when compared to the other neural network models
[5]. Spetch [7] developed a GRNN model based on the
Nadarya-Watson estimator with Gaussian type kernels.
Kanevski [1] and Timonin & Savelieva [4] described an
application of GRNN to spatial predictions of radioactivity. GRNN also has been successfully applied to the water
quality assessment of the Taihu Lake of China P.R, which
included the dissolved oxygen concentration of water quality
index and the spatial distribution of the water quality level
[8]. The objectives of the present study are to adapt a GRNN
for spatial predictions of polluted surface waters, and to
analyze and qualify the results by using geostatistical tools
and variography.
MATERIALS AND METHODS
Monitoring area

The Büyük Menderes basin holds 3.2% of the total
area of the country and drains a total area of 25000 km2
into the Aegean Sea (Fig. 1). Annual rainfall ranges between 350 and 1000 mm and total mean annual evaporation,
measured by Class A pans, is 2122 mm. Precipitation
occurs mainly in the winter, while during the summer
irrigation period there is very little rain. The main river of
the basin is called Büyük Menderes. Kufi, Banaz,
Dokuzsele, Çürüksu, Dandalaz, Akçay and Çine rivers are
the main tributaries of the Büyük Menderes. The river discharge varies considerably at different locations showing
an increasing trend towards downstream due to inputs
from its tributaries [9]. The agricultural economy of the
basin de-pends on the irrigated cotton cultivation, corn,
figs and olives. The total population of the basin is 2.5
million, and 37% of this population is involved in agricultural activities. A large part of the basin depends on the
Büyük Menderes river, for its irrigation water supply. The
river course of about 584 km receives pollution load both
from point and non-point sources. It receives agricultural
run-off from its vast catchments area directly or through
its tributaries and wastewater drains. The coastal waters of
the Aegean Sea have been plagued by algal blooms, lead-

ing to fish kills and unpleasant conditions for tourism
[10]. These problems indicate that the eutrophication in
the Aegean Sea has increased over the last century as a
result of the increased nutrient inputs from the catchment.
Therefore, the improvement of the water quality in the
Aegean Sea requires appropriate monitoring and assessment of nutrient pollution in the Büyük Menderes basin.

FIGURE 1 - Location of Büyük Menderes catchment and sampling
locations (1. Söke, 2. Koçarlı, 3. Çine, 4. Aydın, 5. Yenipazar, 6.
Kemer, 7. Nazilli, 8. Feslek, 9. Çubukdağ, 10. Sarayköy, 11. Yenice,
12. Çürüksu, 13. Adıgüzel, 14. Bekilli. 15. Dokuzsele, 16. Ortaklar,
17. Sarıçay, 18. Işıklı, 19. Dandalaz, 20. Banaz, 21. Kabaklı).
Monitored parameters

The dataset of the 21 selected water quality monitoring stations, comprising 5 water quality parameters monitored over 2 years (2002-2004), were obtained from the
State Hydraulic Works (DSI). Although there were more
than 50 water quality parameters available, only 5 were selected, based on their sampling continuity at all the selected
water quality monitoring stations. The selected water quality
parameters were water pH, electrical conductivity (EC), suspended solids (SS), chloride (Cl) and dissolved oxygen
(DO). All the water quality parameters were expressed in
mg L-1, except pH and EC (µS cm-1). The DSI [11] has
sampled and preserved all the water quality parameters
according to the standard methods [12]. In this study, all
the mathematical and statistical computations were performed using Microsoft Office Excel 2003 and ArcGIS 9.2.
General Regression Neural Network

GRNN is originated from a non-parametric density
estimator and a kernel regression estimator. It was originally proposed and developed by Specht [7]. GRNN is a
newly kind of neural network, which is based on mathematical statistics and nonlinear (kernel) regression [8].
The kernel density estimator can be generalized to the
multivariate case in a straightforward way. Suppose we
have pollution observations Z1,….Zn where each of the
observations is a m-dimensional vector Zi = (Zi1,….Zim)T.
The multivariate kernel estimator at point can be expressed as follows [1, 4]:
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Z − Zi , m ⎞
⎛ Z − Zi ,1
1 n 1
⎟⎟
fˆ ( Z ) = ∑
K ⎜⎜ 1
,....... m
n i =1 h1...hm ⎝ h1
hm
⎠

(1)

where K is denoting a multivariate kernel function
operation on m random variables and the bandwidth vector (smoothing parameters) h = (h1,….hm)T is the same for
each variable. Generally, kernel functions are symmetric
and smoothly decreasing functions from maximum value
at zero. Discontinuities in kernel functions lead to discontinuities in the predictions. The smoother the kernel functions, the smoother the estimated function [1]. Based on
the original datasets Z(xi,yi), i = 1,..n (measurements of the
water quality parameters), the spatial data prediction algorithms consist of three steps: 1) develop a spatial predictor
and estimate concentrations of pollution at unsampled points
Z(x,y), 2) give indication of the quality of this prediction
(variance of estimates), 3) derive a probabilistic map [1].
In this study, there are 21 measurement points (x, y), thus
21 (n) observations Z(xi,yi) are available. Each observation
contains 12 (m) dimensional random (predictor) variables.
Assume that if the data come from a sampling process that
measures output values with additive random noise, then:

f ( Z i ) = E ( Z | x, y) + ε i

(2)

where εi is a random residual drawn from a white noise
process of zero mean and variance σ2(x,y). The conditional
mean of Z given (x,y) known as a regression of Z on (x,y) is
the solution minimizing mean-squared error [1]. If (x,y,Z)
represents the known joint continuous probability density
function of a vector random variable, then the conditional
mean of Z given (x,y) is given by [7]:

number of measurements in the dataset, and Di2 = (x-xi)2
+ (y-yi)2. The probability estimator f(x,y,Z) is based upon
sample values xi, yi, and Zi of the random variables x,y and
Z. A physical interpretation of the probability estimate
f(x,y,Z) is that it assigns sample probability of width h for
each sample xi, yi, and Zi, and the probability estimate is the
sum of those sample probabilities [7]. Substituting Equation (4), the joint probability estimate function, into Equation (3), the conditional mean, gives the desired conditional
mean Z given (x,y), also called Nadaraya-Watson kernel
regression estimator [1]:

Di2
)
n
2h 2
Z m ( x, y ) = i =1n
= ∑ wi ( x, y ) Z i
2
D
i =1
exp(− i 2 )
∑
2
h
i =1
n

∑Z

∫ zf ( x, y; Z )dZ

−∞
∞

(3)

∫ f ( x, y; Z )dZ

If the error is normally distributed and homoskedastic, εi = N(0,σ2), the regression estimate becomes the best
linear unbiased estimate in the maximum likelihood sense
[1]. When the density function f(x,y,Z) is not known, it
must usually be estimated from a sample of observations of
(x,y) and Z [7]. For a non-parametric estimate of the density
function f(x,y,Z), a non-parametric consistent estimator, proposed by Parzen [13] and shown to be applicable to the multidimensional case by Cacoullos [14], may be used. The
basis for the formulation is a kernel, denoted by K(x), which
has properties similar to those associated with a probability
density function [4]. Consider that (xi,yi,Zi) are independent, identically distributed random vectors, the density
estimator of joint probability density function f(x,y,Z) in
the joint input-output space can be expressed as [7]:
⎡ ( Z − Z i ) 2 ⎤ (4)
D2
1
1 n
exp(− i 2 ) exp⎢−
∑
⎥
3/ 2 3
(2π ) h n i =1
2h
2h 2 ⎦
⎣

[

(5)

Di2
)
n
2h 2
wi ( x, y ) = n
=
wi ( x, y ) = 1
∑
Di2
i =1
exp(
−
)
∑
2h 2
i =1
exp(−

(6)

The conditional variance of the estimate is [1]:
n

VarZ m ( x, y ) = ∑ σ 2 ( x, y )ω i2 ( xi , y i )

(7)

i =1

−∞

f ( x, y, Z ) =

exp(−

where the denominator term represents the Parzen density estimator as a sum of n multivariate Gaussian distributions centered on the data points and the weights are expressed as [1]:

∞

E [Z | x, y ] =

i

]

where h is the smoothing parameter which is a positive number called bandwidth or simply width, n is the

Equation (7) can be modified to reflect both the additive noise in the sampling (measurement errors) at the new
point (x,y) and the prediction error of the estimator [1].
Usually, bandwidth parameter, h, in the above equations
varies for the mean value estimations from the one of conditional variance estimations. Equation (5) can be implemented in terms of a neural network structure and the corresponding neural network is called a General Regression
Neural Network (GRNN). Fig. 2 is a graphical representation of the conditional mean prediction neural network.
GRNN structure consists of four layers: input, pattern,
summation and output. The input layer sends an input signal to the pattern layer. Usually the input layer is a distribution layer which provides measurement variables (x,y) to
the neurons on the pattern layer. Neurons in the pattern
layer are equal to the measurement variables, n, and each
neuron corresponds to a measurement variable. Pattern
layer’s neurons compute the Euclidian distance between the
input vector and the corresponding neuron location. These
distances are assumed as an activation function and transferred to the summation layer [4]. In this study, an exponential activation function is used. The summation layer
contains two neurons that calculate the numerator (V) and
denominator (U), respectively, in Equation (5). Numerator
computes the summation of exponents of the distances, and
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denominator computes the summation of each exponential
value weighted by the known output, Zi [8]. These two
neurons compute a weighted sum of the output from a previous layer. Neuron in the output layer transfers the output
of predicted value. Output layer divides U by V to obtain
estimate of Z water quality parameters’ concentration. The
only unknown parameter in the GRNN model is the smoothing parameter h. When h approaches zero, the estimated
value is that of the some observed point, which is nearest
to input variable. When h approaches infinity, the estimated
value is the average of all the samples’ observed value Zi.
Assigning the value of the width parameter h is vital for the
GRNN model, but problem-dependent. The ordinary GRNN
training procedure is a mean-square-error (MSE) minimization procedure, accomplished using a cross-validation approach. A value of h which minimizes MSE can be adopted
as a solution [4]. In this paper, since the input vector was a
two-dimension coordinate, each dimension could be considered as the same effect on model and they could be assigned the same h value. Leave-one-out cross validation
technique was employed to select the optimal value of
smoothing parameter h. Approximately at 10 km, error curve
reached a minimum, and this value of smoothing parameter h is then applied for spatial estimations. Since the crossvalidation technique does not make any special assumptions, it can be a robust method for tuning parameters.

FIGURE 2 - The structure of the GRNN network.
Kriging method

Kriging is an estimation technique that uses known
values and a semi-variogram to determine unknown values.
It firstly considers the variation distribution of the spatial
property in the dimensional location, secondly ascertains
the influential scope of the interpolation point, and, finally,
estimates the expected interpolation point using the sampling points [8]. This provides an optimal linear unbiased
error estimation in mathematics and a smooth interpolation method. If there are many measurement points, the
result of interpolation technique has a high reliability. The

Kriging estimator should be based on a variogram model,
representing the spatial structure of observations in order
to obtain an unbiased estimate with the minimum variance
of estimation errors. An experimental variogram is an estimation of the variogram based on sampling. In this study, a
spherical-type variogram model was used:
⎡ 3h h3 ⎤
− 3 ⎥ , for 0 < h ≤ a →γ (h) = Co + C , for h > a(8
⎣ 2a 2a ⎦

γ (h) = Co + C ⎢

)

where Co is the nugget, Co + C is the sill, and a is the
range. The experimental variogram values increase with increases in distance of separation until it reaches the maximum (C) at a distance known as the range (a). If at a distance nearly equal to zero, i.e., h = 0, the variogram value is
greater than zero, this value is known as the nugget-effect
(Co). The total-sill of the variogram is C+Co. Often C is
also treated equal to the sill of the variogram model fitted
to the experimental variograms and the nugget effect (Co).

RESULTS AND ANALYSIS
Basic statistical analysis

The observed surface water quality parameters, which
included pH, electrical conductivity (EC), suspended solids
(SS), chloride (Cl), and dissolved oxygen (DO), were used
for the analysis and modeling of the water quality data
using the GRNN approach. The present study was carried
out in the Büyük Menderes basin. The study area is less
than 6000 km 2 and the terrain is more or less flat with
gentle undulation. For each water quality parameter, there
were 12 measurements in two years of the study period.
The resultant composited data available for the study is
1260. The basic statistical parameters of the datasets are
presented in Table 1. The minimum, maximum, median,
average, variance, standard deviation (SD), skewness, kurtosis and coefficient of variation (CV) can describe the
variability of a water quality parameter. Among these,
CV is the most discriminating factor. When CV is less than
a value of 0.1, the parameter shows low variability; and if
CV is more than 0.90, it shows great variability [15]. The
basic statistical data in Table 1 shows that all CVs, except
for Cl, are between 0.1 and 0.9. This indicates that the
water quality parameters are moderately variable and that,
throughout the catchment, Cl has high variability. There is
a little relative difference between the median and average
values for pH, SS and DO, but a greater relative difference for EC and Cl. It should be noted that large coefficients of skewness and kurtosis of water quality data might
be attributed to regional pollution effects. EC and SS are
the only water quality variables that have a low skewness
coefficient at all sites. The skewness of the water quality
data is further demonstrated by the fact that the mean and
median values are different for Cl. Probably the mean in a
dataset is heavily influenced by the presence of a few
extreme values.
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TABLE 1 - Basic statistical parameters of
measured data on the basis of 1260 water sampling.
Minimum
Maximum
Median
Average
Variance
SD
Skewness
Kurtosis
CV

pH EC (µS/cm) SS (mg/L)
3.20
90
0.38
7.98
2642
3.06
7.68
1222
2
6.85
1188
1.9276
1.6064
582320
0.6693
1.2674
763.09
0.8181
-1.2423
0.2132
-0.2095
4.2662
1.7707
1.8443
0.185
0.642
0.424

Cl (mg/L) DO (mg/L)
9.22
1.78
404.14
9.1
85.08
6.82
113.241
6.4781
13819
2.7280
117.553
1.6517
1.4446
-1.2892
4.1340
4.7014
1.038
0.254

Model verification and comparative analysis

The GRNN network model is verified and compared
with the results from Kriging method. Since the sampled
data is limited, a rolling combinatorial technique is employed to verify the calculation precision. In other words,
the first sample in data is taken as the verification sample,
and then the rest samples are used to train the GRNN model.
The coordinates of the validation point are employed as the
input vector, and the pollution parameter index is taken as
the output vector. After this, the second, the third, etc. samples are taken as the validation samples, and then the rest
samples construct GRNN network to get the pollution parameter estimation of validation point. During the GRNN
training procedure, a leave-one-out cross validation method
is used to obtain an optimal value of bandwidth for each
water quality parameter. For example, approximately at
10 km, error curve reaches a minimum and this value of
bandwidth parameter is then applied for spatial estimations
of water quality parameters. Comparison of the observed
data, GRNN and Kriging estimates is illustrated in Table 2.
It is obvious that the GRNN model demonstrates better
performance than Kriging model does. The average estimation error of the GRNN and the Kriging models is de-

scribed in Table 3, for each sampling location. The comparison of the average errors of the two models indicates
that the calculation precision of the GRNN model is higher
than that of the Kriging (Table 3). Kriging model considers the diffusibility of the contamination sources and the
water movement. Because it takes the water as a flowing
system, the consistence of the calculation point is affected
by the surrounding environment. The closer to the calculation point, the bigger the influence is. The GRNN model
employs the weight to calculate the influence of different
points. The closer the calculation point, the bigger the
weight is. In the case of few sample data, the output of the
GRNN model can be in convergence to the optimal regression surface. As a result, GRNN model has a better computational precision and can be employed for the investigation of spatial distribution of water quality parameters. As
shown in Fig. 3, the comparison between the GRNN estimate and the measured water quality parameters indicates that the results are globally in good agreement. In
comparison to the GRNN estimates, Kriging estimates are
more scattered.
Variogram analysis

In order to identify variance structure of the GRNN
estimates and the observed parameters over the basin, omnidirectional-experimental-semi-variance values are calculated. Experimental variography of the observed data and
the GRNN estimates are presented in Figs. 4 and 5, respectively, with omnidirectional variograms. The variogram
of the GRNN estimates qualitatively follows the variogram
of the observed data. The difference between the observed
data variogram and the GRNN estimates variogram corresponds to the variogram of the residuals. Correlation between the GRNN estimates and measurements (observed

TABLE 2 - Comparison of observed values with GRNN and Kriging estimated values of water
quality parameters on the basis of 12 samplings for each parameter at 21 measurement locations.
Location
Söke
Koçarlı
Çine
Aydın
Yenipazar
KemerOut.
Nazilli
Feslek
Çubukdağ
Sarayköy
YeniceReg.
Çürüksu
Adıgüzel
Bekilli
Dokuzsele
Ortaklar
Sarıçay
Işıklı Göl.
Dandalaz
Banaz
KabaklıReg.

Obs.
pH
7.98
7.98
6.32
7.90
7.88
4.76
7.78
7.86
7.74
7.74
6.28
7.80
6.18
6.34
6.12
7.68
3.20
6.42
7.90
5.84
6.14

GRNN
pH
7.79
7.87
6.51
7.88
7.88
4.89
7.78
7.65
7.64
7.37
7.10
7.49
6.17
6.18
6.13
7.79
4.04
6.33
7.77
6.06
6.19

Krig.
pH
7.38
7.72
7.36
7.86
7.26
6.59
7.92
7.92
7.60
6.96
7.67
6.81
5.95
5.68
6.46
8.26
6.95
6.08
7.17
6.24
5.58

Obs.
EC
1222
1234
374
1460
1616
356
1816
1830
1904
1806
604
2642
678
424
2222
2202
90
308
1150
618
396

GRNN
EC
1153
1416
526
1521
1526
357
1644
1762
1925
1742
1435
1914
584
541
2176
1849
407
380
1415
567
382

Krig.
EC
1706.85
1378.91
1073.63
1317.53
1275.01
612.80
1550.63
1669.96
1677.34
1466.90
1808.23
1353.48
666.72
624.89
642.85
1469.99
1476.40
736.26
1558.45
1018.91
112.92

Obs.
SS
2.30
2.08
1.18
2.00
2.42
0.86
2.56
2.86
2.94
3.06
1.60
3.02
1.24
1.36
2.80
2.46
0.38
0.84
1.82
1.74
0.96
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GRNN
SS
2.14
2.12
1.34
2.17
2.23
0.89
2.45
2.67
2.84
2.65
2.40
2.77
1.38
1.39
2.75
2.30
0.80
0.98
2.14
1.50
0.95

Krig.
SS
2.12
1.97
1.86
2.12
1.92
1.26
2.38
2.52
2.72
2.23
2.98
2.38
1.66
1.20
1.74
2.46
1.91
1.44
2.39
1.66
0.54

Obs.
Cl
95.72
85.08
23.40
124.08
117.00
16.30
134.10
143.98
137.82
162.54
44.66
293.68
44.66
22.70
404.14
393.50
9.22
15.60
72.30
24.12
13.46

GRNN
Krig. Cl
Cl
91.50 292.78
130.90 136.17
35.60
48.07
148.27 107.30
124.56 108.37
16.90
11.92
120.90 119.24
135.76 119.77
164.45 141.81
166.64 145.88
133.97 164.56
184.62 116.53
33.79
34.78
29.40
66.48
394.78
34.53
268.43 121.43
34.77 132.15
22.71
99.10
98.75 115.68
27.83 127.29
13.94
6.28

Obs.
DO
7.90
7.72
6.76
7.88
7.52
4.92
7.72
7.60
6.30
6.12
6.92
5.24
6.88
6.84
1.78
5.50
3.26
6.82
9.10
6.76
6.50

GRNN
DO
7.72
7.52
6.83
7.44
7.71
5.07
7.89
7.20
6.37
6.10
6.32
5.97
6.84
6.83
1.90
6.50
3.99
6.69
8.30
6.80
6.56

Krig.
DO
5.82
7.55
7.56
7.48
7.31
7.62
8.13
7.69
7.14
6.25
6.15
5.82
6.67
5.66
7.23
7.92
6.15
5.44
6.93
5.78
5.86
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TABLE 3 - Average errors (AE) of GRNN and Kriging estimated values on
the basis of 12 samplings for each parameter at 21 measurement locations.
GRNN pH Kriging pH GRNN EC Kriging EC GRNN SS Kriging SS GRNN Cl Kriging Cl GRNN DO Kriging DO
AE (%)
AE (%)
AE (%)
AE (%)
AE (%)
AE (%)
AE (%)
AE (%)
AE (%)
AE (%)
Söke
2.35
7.48
5.65
39.68
6.96
7.72
4.41
205.87
2.34
26.27
Koçarlı
1.33
3.27
14.75
11.74
1.92
5.36
53.86
60.05
2.66
2.21
Çine
2.96
16.44
40.64
187.07
13.81
57.38
52.14
105.41
0.99
11.82
Aydın
0.25
0.52
4.18
9.76
8.50
6.05
19.50
13.53
5.65
5.09
Yenipazar
0.01
7.86
5.57
21.10
7.93
20.63
6.46
7.38
2.53
2.76
KemerOut.
2.69
38.46
0.28
72.14
3.02
46.53
3.68
26.88
3.05
54.88
Nazilli
0.04
1.77
9.47
14.61
4.49
6.99
9.84
11.08
2.24
5.32
Feslek
2.67
0.76
3.72
8.75
6.82
11.78
5.71
16.82
5.30
1.20
Çubukdağ
1.28
1.84
1.10
11.90
3.33
7.65
19.32
2.90
1.11
13.32
Sarayköy
4.77
10.04
3.54
18.78
13.40
27.13
2.52
10.25
0.29
2.08
YeniceReg.
13.12
22.17
137.58
199.38
49.81
86.08
199.98
268.47
8.73
11.10
Çürüksu
3.94
12.65
27.56
48.77
8.31
21.22
37.14
60.32
13.91
11.11
Adıgüzel
0.16
3.76
13.86
1.66
11.21
34.11
24.34
22.12
0.54
3.03
Bekilli
2.52
10.48
27.59
47.38
2.50
11.91
29.52
192.87
0.13
17.21
Dokuzsele
0.10
5.54
2.07
71.07
1.64
37.83
2.32
91.46
6.80
306.26
Ortaklar
1.39
7.56
16.03
33.24
6.59
0.15
31.78
69.14
18.24
43.98
Sarıçay
26.38
117.15
352.22
1540.44
111.11
401.63
277.12
1333.32
22.42
88.58
Işıklı Göl.
1.42
5.37
23.38
139.05
16.43
71.70
45.58
535.26
1.92
20.29
Dandalaz
1.63
9.23
23.04
35.52
17.53
31.37
36.59
60.00
8.81
23.86
Banaz
3.82
6.92
8.25
64.87
13.85
4.85
15.37
427.73
0.62
14.47
KabaklıReg.
0.75
9.09
3.54
71.49
1.56
43.56
3.58
53.36
0.85
9.89
EC = electrical conductivity; SS = suspended solids; DO = dissolved oxyygen
Location

FIGURE 3 - Observed data versus GRNN and Kriging estimates.

1612

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

data) of pH, EC, SS, Cl and DO are 0.97, 0.93, 0.95, 0.93
and 0.97, respectively. Experimental variograms for each
water quality parameters are computed by averaging one
half the differenced squared of the observed values over
all pairs of observation with the specified bandwidth and
direction. As shown in Figs. 4 and 5, the experimental
variograms for all water quality parameters increase progressively with distance, and exhibit random fluctuation
around a sill value beyond the range of influence, implying that a spherical model can show a good fit. The results,
shown in Fig. 4 and Table 4, illustrate presence of nugget
effect for all observed datasets. In other words, as distance
goes to 0, variograms do not approach zero variance. The
sampling locations are coming close to each other but the
difference between the measurements is not zero. The
range of the variograms is the distance at which variance
attained the maximum value (sill) and the sill approxi-

pH

2.5

Experimental Variogram

Experimental Variogram

3

mately equaled the sample variance [15]. The range expressed as distance could be interpreted as the diameter of
the zone of influence that represented the average maximum distance over which a water quality data of two samples is related. At distances less than the range, measured
water quality data of two samples become similar with
decreasing distance between the two points. Therefore, in
Tables 4 and 5, the range provides an estimate of areas of
similarity. Table 4 indicates that the zones of influence for
observed pH, EC, SS, Cl, and DO are approximately from
8 to 11 km. However, for the GRNN-estimated pH, EC,
SS, Cl and DO, they are being only from 7 to 10 km (Table 5). These distances stand for the minimum distances on
the average, at which maximum variation occurred, and are
larger than the distances among sampling locations. Also
Figure 5 and Table 5 indicate presence of nugget variance
for all GRNN estimated water quality parameters. The com-
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FIGURE 4 - Experimental variograms of observed water quality parameters.
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FIGURE 5 - Experimental variograms of GRNN-estimated water quality parameters.

parison of nugget effects of the GRNN estimates and the
observed data illustrates that the GRNN estimates of pH
and EC parameters have higher nugget effects than those
in the observed data. Whereas, the GRNN estimates of
SS, Cl and DO have lower nugget effects in comparison
to the observed data (Table 5). Estimation errors and short
TABLE 4 Theoretical variogram model parameters of observed data
on the basis of 12 samplings for each parameter at 21 measurement
locations.
Water
Quality
Parameter
pH
EC
SS
Cl
DO

Model

Nugget

Spherical
0.55
Spherical 499000
Spherical
0.5
Spherical 4500
Spherical
0.35

Sill

Range (km)

Proportion

1.45
574000
0.650
11000
2.5

8
8
8
11
9

0.37
0.87
0.77
0.40
0.14

TABLE 5 - Theoretical variogram model parameters of GRNN
estimates on the basis of 12 samplings for each parameter at 21
measurement locations.
Water
Quality
Parameter
pH
EC
SS
Cl
DO

Model

Nugget

Sill

Range (km)

Proportion

Spherical
Spherical
Spherical
Spherical
Spherical

0.97
405000
0.03
300
0.04

1
435000
0.54
6100
2.32

10
10
10
7
10

0.97
0.93
0.055
0.050
0.017

scale variability may cause estimated values, separated by
extremely small distances, to be quite dissimilar. Higher
percentages of nugget effect indicate that a lesser percentage of the overall data variance is explainable by spatial
autocorrelation. Any water quality parameter with a large
nugget effect indicates that this parameter is greatly af-
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pH observed

pH GRNN estimated

pH Kriging estimated

EC observed

EC GRNN estimated

EC Kriging estimated

SS observed

SS GRNN estimated

SS Kriging Estimated

Cl observed

Cl GRNN estimated

Cl Kriging Estimated

DO observed

DO GRNN estimated

DO Kriging estimated

FIGURE 6 - Spatial distribution of observed values, GRNN estimates and Kriging estimates in
the Büyük Menderes catchment. The reference point was defined as 38o 40’ 00’’ N and 27o 15’ 00’’ E.
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fected by point source or non-point source pollution processes over a small scale. These studies prove that water
quality parameters display spatial autocorrelation and the
factors, such as parent material (source of water), hydrogeology, groundwater-surface water interaction, mineral
deposits in the river bed, climate, water table, industrial
pollution, agricultural activities (land-use), and human interactions, co-determine water quality parameters. The relative
degrees of <0.25, 0.25-0.75, and >0.75 could be used to
describe the proportion of the spatial structure (nugget/sill)
that shows strong, moderate, and weak spatial autocorrelation, respectively [15]. This proportion of spatial structure presents the ratio in which random factors bring spatial variability. Results in Table 4 demonstrate that the
observed EC and SS have weak, whereas pH and Cl have
moderate spatial autocorrelations, suggesting that several
factors co-determine them. Results also show that some
factors induce strong spatial autocorrelation for DO. Since
the Büyük Menderes catchment and its rivers are under influence of geothermal water activities, DO level changes
from region to region [10]. Low DO occurs more often in
the region where hot thermal water intrudes to surface
waters. Warm water holds less oxygen than cold water,
and the presence of other organisms consumes the oxygen
available. This fact is also supported by the Denizli Environmental Case Reports [16] where it is indicated that discharge of the geothermal wastewater into the river causes
both ecological and environmental problems because of the
high water temperature. Table 5 displays that the GRNN
estimates of EC and pH have weak spatial autocorrelations,
whereas, the GRNN estimates of SS, Cl and DO have
strong spatial autocorrelations. Spatial autocorrelations of
the observed data and the GRNN estimates are not similar.
Because the GRNN model uses weighting factor to show
the influence of different surrounding observed points to
calculation points, the essential of which is according to the
rest observed points to calculate. The possible causes for
spatial variability with pH, EC, SS, Cl, and DO include
wastewater discharges, thermal and industrial discharges
and return agricultural flows through drainage structures.
The study performed by Boyacioglu & Boyacioglu [17]
also supports the idea that extensive agricultural activities
and uncontrolled fertilizing are the source of contamination in the basin. This fact is also supported by the Aydın
Environmental Case Reports [18] where it is explained that
discharges from agricultural runoff and agricultural industries located near the rivers are major water pollution
threats. Some of the cities in the western part of the basin
discharge their wastewater into the Büyük Menderes river
or its tributaries. Also thermal wastewater discharge in the
mid-basin is a major concern for surface water temperature. As water temperature increases, the growth and respiration rates of aquatic organisms increase, leading to increased oxygen (DO) consumption. In the western part of
the basin, return agricultural flow causes increase in some
pollutant parameters in the surface waters of the basin.
Spatial distributions of the observed data, GRNN estimates
and Kriging estimates of water quality parameters are shown

in Fig. 6. The spatial map of each water quality parameter
emphasizes that the GRNN estimates qualitatively follow
the observed data. The observed and the GRNN estimates
of pH, EC, SS, Cl, and DO have a similar spatial variability, namely, all water quality parameter concentrations
increased from east to southwest. The reason for that is
the fact that the northeast part of the basin is less populated and industrialized, in comparison to the southwestern
part.
CONCLUSIONS
This study presents a mixed approach based on artificial neural networks, that is GRNN, and geostatistical
models for the analysis and modeling of the Büyük Menderes catchment’s spatially distributed data, obtained
during 2-years (2002-2004) monitoring of 5 parameters at
21 different sites. GRNN models are fast, simple and
clear. They are based on well-elaborated mathematical
multivariate kernel regression methods. Taking the Büyük
Menderes catchment as an example, on the basis of the
observed water quality parameter concentration values at
limited points, a GRNN model is employed to study the
spatial predictions of pH, EC, SS, Cl, and DO concentration levels in the surface waters of the Büyük Menderes
basin. First, GRNN approach is efficiently applied for
spatial predictions of polluted surface waters, and then the
results and residuals were analyzed by using geostatistical
interpolators. Geostatistical tools for spatial correlation
analysis (variography) are used to qualify and quantify the
estimation results. The observed data, the GRNN estimates and the Kriging interpolations are compared towards the verification of the GRNN model. Correlations
between the GRNN estimates and the observed values of
pH, EC, SS, Cl and DO are ranged from 0.93 to 0.97. The
results obtained for spatial predictions of pH, EC, SS, Cl,
and DO by using GRNN are promising and the GRNN
estimation technique to study the distribution of water
quality achieves perfect and credible results. The GRNN
model employs a weighting factor to exhibit the influence
of different surrounding observed points to the calculation
points, the essential of which is according to the rest observed points to calculate. If the observed points are affected by agricultural activities, industrial pollution or
wastewater discharges, the estimated error will become
bigger. The classic statistical analysis shows that all observed water quality parameters, except Cl, have moderate variability with 0.1≤CV≤0.9, while the results of geostatistical variogram analysis show that EC and SS have
weak, pH and Cl have moderate, and DO has strong spatial autocorrelations, whereas the GRNN estimates of SS,
Cl and DO have strong spatial autocorrelations. Weak
spatial autocorrelations are noted with GRNN estimates
of pH and EC. Spatial maps of the observed data and the
GRNN estimates show the spatial distribution of the water quality parameters, where the GRNN estimates qualitatively follow the observed dataset. In general, results
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show that the GRNN estimates could be useful in identifying spatial features of water quality parameters, such as
pH, EC, SS, Cl, and DO, in the Büyük Menderes catchment, and thus could play an important role in water quality assessment and help to identify factors causing water
pollution in such basins.
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THE MECHANISM OF PHOSPHATE REMOVAL
FROM AQUEOUS SOLUTION BY FLY ASH AND SLAG
Nana M. Agyei
Department of Chemistry, University of Limpopo, PO Box 235, MEDUNSA 0204, South Africa

ABSTRACT
Fly ash (FA) and slag as well as their blends with ordinary Portland cement (OPC) have been used to remove the
nutrient pollutant phosphorus (phosphate ions) from aqueous
solution. Under the batch conditions studied (sorbent/liquid
ratio 1/100 g/ml, 80 mg/L PO43-, 25 °C, and initial pH 9.0),
ad-sorption was evidently the major phosphate removal
mechanism, with a contribution from Ca-P precipitation
that appeared to decrease with decreasing percent CaO in
the adsorbent. Both intrinsic adsorption and Coulombic
inter-action evidently contribute to the observed adsorption. The relative contribution of chemical precipitation to
the overall phosphate sorption was estimated to be 1.2,
4.8, 8.6, 8.8, and 9.8 % for FA, slag, OPC/FA, OPC/slag
and OPC, respectively, by using flame atomic absorption
spectroscopy (FAAS). This trend appears to mimic the
trend of the CaO content of the sorbents.
KEYWORDS:
Phosphate, adsorption, fly ash, slag, ordinary Portland cement

indirectly (by the use of FA and slag). This study was specifically aimed at investigating the effect of added phosphate levels on the amount of dissolved calcium, and then
using the data to estimate the relative contribution of Ca-P
precipitation to the overall phosphate sorption by the cementitious sorbents under study.
MATERIALS AND METHODS
Samples of OPC (Hercules OPC, CEM I 42,5), coal
fly ash (Matla fly ash, M432), granulated blast furnace
slag (slagment, M223) and two cement blends, Hercules
OPC/ fly ash and De Hoek OPC/slag, were obtained from
PPC Technical Services (Germiston, South Africa). All
chemicals used were of analytical grade. Double-distilled
water was used for preparing solutions. A Labcon thermostatic water bath shaker from Labotech (Johannesburg,
South Africa) was used for solution agitation. A Varian
SpectrAA220 instrument supplied by SMM Instruments
(Pty) Limited (Johannesburg, South Africa) was used for
FAAS measurements.

Phosphorus is usually the limiting nutrient for the onset
of the well-known environmental problem of eutrophication;
therefore, the control of phosphate concentrations in effluents is especially important [1]. Chemical precipitation is the
commonly used process for the large-scale removal of phosphate from wastewater. However, the process requires very
high doses of lime, which makes it rather costly. Adsorptive removal is usually achieved using activated carbon,
which is also expensive. This has led to on-going studies
into the possible use of lower cost materials, such as the
industrial by-product materials coal fly ash and blast furnace slag. Several workers [2-11] have reported on the
removal of phosphate from aqueous solution using lowcost sorbents, such as slag and fly ash. While the sorption
has been attributed in the literature to several phenomena, it
appears that their relative contributions have not been quantified.

The amount of PO43- removed by Ca-P precipitation was
determined as follows: 2 g of sorbent were shaken continuously with 200 ml of 0, 20, 40, 60 and 80 mg/L PO43solutions (a uniform ionic strength of 0.01 M was maintained
by adjusting with NaNO3) in 250-ml Erlenmeyer flasks at
120 cpm, 25 °C and initial pH 9.0 for 7 h to ensure equilibration (based on the data shown in Fig. 2). Each supernatant
solution was filtered through a 45-µm membrane after which
the concentration of calcium in the filtrate was measured
by FAAS. The experimental conditions used for the measurement were as follows: N2O-C2H2 flame; 10 mA lamp
current; 0.5 nm slit width; λ = 422.7 nm. The molar amount
of dissolved Ca2+ present in 200 ml of a blank solution after
equilibration with 2 g sorbent was compared with the molar
amount of dissolved Ca2+ present in 200 ml of 80 mg/L
PO43- solution after equilibration with 2 g sorbent under the
same conditions; the decrease was taken to be the amount
of Ca2+ removed by Ca-P precipitation. The amount of PO43required to remove this amount of Ca2+ was then calculated
stoichiometrically.

The main focus of this paper is environmental waste
management, both directly (from the aqueous solution) and

The overall amount and overall % of PO43- removed by
both adsorption and precipitation was determined as fol-

INTRODUCTION
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lows: 2-g samples of sorbent were weighed and placed in
several 250-ml Erlenmeyer flasks, each containing 200 ml
of 80 mg/L PO43 solution at initial pH 9.0 and 25 °C (anhydrous KH2PO4 was used to prepare a 500 mg/L PO43
stock solution). The flasks were closed with rubber stoppers and continuously shaken on a mechanical platform
shaker at a speed of 120 cycles per min. The shaking was
interrupted momentarily at pre-determined time intervals
for a flask to be removed. Fifty ml of the supernatant solution was decanted, filtered (Whatman No. 42), and 35 ml
of the filtrate transferred to a 50-ml volumetric flask. Ten
ml of vanadate-molybdate reagent was then added and the
solution made up to the mark with de-ionized water. After
the yellow colour had developed for 10 min, the absorbance was measured at 470 nm [12], and the PO43- concentration obtained from a calibration curve. Comparison with
the initial PO43- concentration of 80 mg/L and solution
volume of 200 ml yielded the overall amount and % of
PO43- removed. The phosphate monitoring was carried out
at 10-min intervals for the first hour, then at longer intervals, thereafter, until the absorbance values levelled off,
indicating attainment of equilibration.
−

−

RESULTS AND DISCUSSION
Some physical characteristics, calcium oxide content
and phosphorus sorption capacity of the sorbents is shown
in Table 1. The effect of added concentration of phosphate
on the amount of dissolved calcium is illustrated in Fig. 1.
The amount of dissolved calcium was observed to decrease
as the concentration of the added phosphate solution increased. It can be seen from the figure that this decrease is

quite small. This was taken as evidence that Ca-P precipitation does take place but its relative contribution to the
overall PO43- removal is minor. This phenomenon (i.e. CaP precipitation) appears to be relatively more pronounced
for OPC and its blends than it is for slag and fly ash, which
is hardly surprising. OPC can be expected to release more
Ca2+ ions into solution via partial dissolution of calcium
minerals, since it contains a larger amount of CaO to begin
with, and also has a greater tendency to undergo hydration,
which releases additional Ca2+ ions into solution. The efficiency of PO43- removal has been reported to increase gradually with increasing specific surface area [3]. This may be
taken as evidence that intrinsic surface adsorption contributes to the sorption of PO43-. The sorption was also found
to increase gradually with decreasing pH [3]. This increased
sorption at acidic pH, when the net surface charge is expected to be positive, may be taken as evidence that Coulombic interactions leading to adsorption also play a role.
The overall % PO43- removal by both adsorption and precipitation is shown in Fig. 2. The data of interest was the
overall amount of PO43- removed after the attainment of
equilibration (at about 7 h), which is shown in Table 2.
TABLE 1 - Percent by mass of CaO in the sorbents.
__________________________________________________________
Sorbent
% CaO
__________________________________________________________
FA
4.1a
Slag
33.3a
OPC/FA
57.3b
OPC/Slag
58.2b
OPC
63.2a
__________________________________________________________
a
Determined by XRF; bDetermined by EDTA titrimetry after 1:4 fluxing
with anhydrous Li2B4O7.

Added concentration of phosphate, mg/l PO43--P
FIGURE 1 – Effect of added concentration of phosphate on the amount of
dissolved calcium (2 g sorbent, 200 ml PO43- solution, 25 °C, initial pH 9.0).
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Contact time, hrs
FIGURE 2 – Overall % PO43- removal from 80 mg/L solution (2 g sorbent, 200 ml PO43- solution, 25 °C, initial pH 9.0).

TABLE 2 - Estimated relative contributions of Ca-P precipitation to the overall phosphate sorption.
______________________________________________________________________________
Sorbent
Overall
Amounts of PO43- removed
Relative contribution
% PO43- removal
(mol)
of Ca-P precipitation
____________
_______________________
(%)
Overall
By Ca-P
precipitation
______________________________________________________________________________
FA
33.8
1.8×10 4
2.1×10 6
1.2
Slag
64.6
3.3×10 4
1.6×10 5
4.8
OPC/FA
81.5
4.2×10 4
3.6×10 5
8.6
OPC/Slag
83.1
4.3×10 4
3.8×10 5
8.8
OPC
92.3
4.7×10 4
4.6×10 5
9.8
_______________________________________________________________________________

From the experimental data, the exact Ca-P solid phase
preferentially formed during precipitation was not clear.
Assuming that it was hydroxyapatite Ca10(PO4)6(OH)2 (as
suggested for slag by Johansson and Gustafsson [4]), the
stoichiometric amounts of PO43- required to precipitate the
observed decreased amounts of dissolved Ca2+ were calculated. The results are shown in Table 2 as the amounts
of PO 43- removed by Ca-P precipitation. The calculated
amounts of PO43- removed by precipitation were then compared with the overall amounts of PO43- removed by both
adsorption and precipitation, resulting in estimated values
for the relative contribution (expressed as %) of precipitation to the overall removal. The results are shown in Table 2.
As can be seen from the entries in Table 2, the molar
amounts of phosphate removed by Ca-P precipitation are
one (two in the case of fly ash) order of magnitude smaller
than the overall amounts sorbed. Similar results were obtained when the calculations were repeated for other known
Ca-P solid phases, such as tricalcium phosphate Ca3(PO4)2,
amorphous calcium phosphate Ca4H(PO4)3 and brushite

−

−

−

−

−

−

−

−

−

−

CaHPO4.2H2O. The relative contribution of Ca-P precipitation appears to be marginal for fly ash, and even for OPC
is less than ca. 10 %.
Adsorption (both intrinsic and Coulombic) is evidently
the major contributing mechanism to the overall phosphate
removal by these cementitious adsorbents under the conditions studied. This finding appears not to be in agreement
with reported results from some studies [4, 5] that indicate
precipitation to be the major contributing mechanism. Yan
et al. [5] also reported that sorption isotherms of fly ash
fitted the Langmuir isotherm, whereas the Frumkin isotherm
was reported [3] to be the most appropriate isotherm for
the fly ash used in this study. It must be pointed out that
the Yan study used lignitous fly ash (16.3 % CaO) from
Canada whereas the South African fly ash (4.1 % CaO)
used for this study originated from anthracite coal. In
addition to the experimental conditions used for a study,
the origin of the sorbents (which invariably influences the
chemical composition) may well play a role in determining which mechanism predominates.
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CONCLUSIONS
For these cementitious sorbents and under the experimental conditions used in this study, adsorption is evidently
the predominant phosphate removal mechanism compared to
precipitation, the relative contribution of the latter estimated
to be less than 10 %. The relative importance of Ca-P precipitation appears to mimic the CaO content.

[11] Ugurlu, M. (2008) Adsorption of phosphate from paper mill
effluent onto sepiolite and fly ash. Fresenius Environmental
Bulletin 17, 1307-1215.
[12] Arnold, E. (1985). Phosphorus, In: Standard methods for the
examination of water and wastewater, American Public
Health Association.
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ABSTRACT

INTRODUCTION

Arsenic (As) is generally known for its toxicity while
chromium (Cr) in an appropriate amount is an essential
element to man and becomes quite toxic in excessive
amount. Anthropogenic activities such as industrialization,
agricultural and urbanization have led to the contamination by toxic elements into aquatic environment which finally ends up in the sediment system. Environmental process
such as diagenetic process causes the toxic metals to migrate from the bedrock materials into the sediment surface
and finally into the water column. This process has been
recognized to be the cause of arsenic contamination in
well water in several countries such as Bangladesh, Taiwan,
USA and Canada. Samples of freshwater sediments collected from identified rivers and lakes around Johor
Bharu, in the Peninsular of Malaysia had been analyzed to
determine the concentrations level of As and Cr using neutron activation analysis (NAA) technique. Certified Reference Materials (CRM) namely BCSS-1 and IAEA Soil-7
were used to provide good quality assurance control. The
results obtained showed that the concentrations of As in
the rivers and lakes are in the range of 10 - 33 µg.g-1 and
18 - 62 µg.g-1, respectively. The concentrations of Cr
range between 25 µg.g-1 to125 µg.g-1 and 173 µg.g-1 to
301 µg.g-1 in the river and lake sediments, respectively.
The lakes sediments have higher As and Cr contents than
the river sediment. The results of the As and Cr concentrations were then compared to the ‘baseline value’ proposed by the National Oceanic and Atmospheric Administration (NOAA), USA and interim freshwater sediment quality guidelines values established by the Canadian
Sediment Quality Guidelines for The Protection of Aquatic
Life.

KEYWORDS:
arsenic, chromium, freshwater sediment, NAA

Arsenic and chromium are among the inorganic contaminants which have become of evolving environmental
concern lately. The accumulation of As and Cr in soils,
aquatic sediments and drinking water through various pathways has threatened the health of plants, wildlife and human beings. The presence of these elements in the environment is regulated by many environmental and public health
authorities through drinking water and sediment quality
guidelines.
Sources of As and Cr contamination are predominately
associated with anthropogenic activities arising from the
applications of agriculture fertilizers and pesticides, disposal of industrial wastes, sewage discharge and combustion of fuels [1]. Indirect sources of contaminants from diagenetic process can generate an enrichment of toxic chemicals in the sediment. This process may induce the vertical
migration of multi oxidation state of element such as As
from bottom of anoxic sediment to surface that can act as
input of the toxic chemicals to the water column. The diagenetic process may have developed in sediments of anoxic condition in the aquatic system occurring as a result of
exhausted oxygen due to excessive utilization in the degradation of biodegradable materials such as municipal waste.
Arsenic contamination in Bangladesh, North East India,
Taiwan, USA and Canada are some examples of serious
consequence of migration of multi oxidation states of toxic
elements into the water column in anoxic sedimentary
conditions [2].
Freshwater systems such as rivers, lakes, and ponds
are among the sensitive aquatic ecosystems which have
been utilized in many aspects of life from drinking water to
food resources and agriculture activity. Therefore, sediment
analysis is particularly useful in detecting pollution sources
and in the selection of critical sites for routine water sampling for contaminants that, on discharge to surface water,
they do not remain solubilized but are rapidly adsorbed by
particulate matter [3]. Local sources of pollution can be determined and evaluated with the lateral distribution analysis.
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In an aquatic system, the sediment acts as a sink to a
major number of contaminants. It also serves as an important medium for the transformation and migration of
toxicants. Beyond this environmental system, the chemistry
of some chemicals may have changed due to environmental, biological and physical processes. Some chemicals are
not biodegradable but may be biotransformed through the
food chain that reaches human beings where they will
ultimately cause in chronic and acute ailments and illnesses.
After the Industrial Revolution, rapid development in
urbanization and industrialization took place including at
some strategic areas close to the freshwater ecosystem
especially river or lake. Without proper planning, enforcement in environmental controlling, environmental education
and awareness, man has allowed contaminants to enter the
river and lake ecosystem. In Malaysia, most rivers and lakes
are still providing raw water for daily consumption. On
the other hand, contaminants entering the freshwater system cannot be avoided. Studies and investigations of contaminants conducted at those stressful freshwater areas especially in sediment provides significant information regarding
the possible sources of contaminant, mobility, potential environmental and health risk.

river and lake sediments; (2) compare the quality of sediments particularly of arsenic and chromium content with the
Sediment Quality Guidelines and (3) estimate on the enrichment of arsenic and chromium in the sediments.
MATERIALS AND METHODS
Study area

This study was conducted on two types of freshwater
systems, namely river and lakes which are both situated at
the southern region of the Peninsular of Malaysia. Potential sites for this study were surveyed prior to commencement of sampling. The survey identified industrial area,
land use patterns and other human activities that could have
an impact on the aquatic system at the proposed sampling
sites.
A total of 15 sediment sampling locations were established consisting of three major rivers in Johor Bahru and
three main lakes in the university campus (Figure 1) with
eight samples taken along the rivers and seven samples
from the lake, respectively. Samplings were carried out three
times at both rivers and lakes for a period of five months
from August to December 2006.

The aims of the present study are to (1) determine and
quantify the total concentration of arsenic and chromium in

1623

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

FIGURE 1 - Map showing sampling sites of rivers and lakes.

Three main rivers namely Sungai Skudai (SGS),
Sungai Tebrau (SGT) and Sungai Buluh (SGB) have their
estuaries at the Johore Straits. The rivers are in polluted
and slightly polluted conditions which categorized by the
Department of Environmental in the Malaysian Environmental Quality Reports 2006 [4]. The sampling points are
located approximately within 10 km to 20 km along the
rivers. The study area along Sungai Skudai and Sungai
Tebrau consist of industries, palm oil plantation and housing estates while heavy industrial activities such as petrochemical, oleo chemical, biodiesel, machinery and chemical
plants are found along Sungai Buluh.
Lake sediments were collected from three lakes located
in the campus. The lakes have an average area of 0.5 km2
with depths ranging from 0.5 m to 5 m. The first lake
(known as TKR) is located behind a deer pen. This lake
has a fountain which provided water circulation. The second lake (known as TUP) is surrounded by student residencies whose rain drainage system ends into the lake.
Previously, horticulture activities were conducted by
students at one side of the lake bank. The final lake
(known as TB) is used for water recreational activities. It
also acted as a water catchment pond where it is situated
at the low land of the hilly campus area.
Field sampling and analytical method

Samples were collected at a distance of about 1 m from
the bank and at a depth of 0 - 15 cm using PVC corer sampler of diameter 71 mm. The samples were scooped up with
a polypropylene spade into polyethylene bags and kept
sealed. They were then transported in ice loaded containers
to the laboratory on the same day and stored in a freezer.
Freeze-drying technique at approximately -40°C was employed to dry the sediments. Samples were dried between
48 to 72 hours. Next, the dried sediments were ground
with a swing mill grinder for at least 15 minute in order to
obtain a homogenous powdered form, then passed through
a 200 mesh (≤75 µm opening) sieve. The ground sediments
of ≤ 75 µm were stored in polyethylene bottles in preparation for further analysis.
Measurement of arsenic and chromium content was performed using the Instrumental Neutron Activation Analysis
technique (INAA). Triplicates of powdered samples and
two certified reference materials (CRM) namely Marine
Sediment Reference Material BCSS-1 and IAEA Soil-7
were accurately weighed between 0.1 g to 0.15 g into polyethylene vials and then heat-sealed prior to irradiation. Aliquots of the appropriate single element standard solution
and an empty vial for blank correction were also irradiated
along with the samples.
The irradiations were performed in a TRIGA Mark II
nuclear research reactor and the samples were irradiated
for 6 hours at 750kW power with a neutron flux of 2 x
1012 neutron cm-2 s1. For arsenic, the cooling period took
at least 3 days while chromium, underwent 3 to 4 weeks of

cooling before counting commenced. After a proper decay
time, the batch of irradiation samples was counted in identical condition by the same detector and at the same geometry. A high resolution coaxial CANBERRA hyper-pure germanium detector (HPGe) with a resolution of 1.9 keV at
1332 keV gamma-rays line of Co-60 was used for counting over a period of 3600s. Arsenic and chromium were observed for their specific gamma-rays energy. The signals
from the 559.0 keV gamma-rays of 76As and 320.1 keV of
51
Cr were used to determine the elemental concentration
in the standards and samples. The spectral data from the unknown standards, samples, and CRM were processed using
the spectrum analysis software namely GINIE 2000.
The accuracy and precision of the analytical technique
were evaluated by analyzing the CRM using a Z-score calculation [5]. The z-score of an element concentration is
computed based on the following equation:

Z − score =

x−c
u x2 + u c2

where x is the analytical results; c is the certified value,
ux is the uncertainty of analytical results, and uc is the uncertainty of certified value. The uncertainty of the analytical results is based on counting statistics whilst the uncertainty of the certified value is based on the certificate. For
acceptance of results: -2 < z < 2 is anticipated. However,
if z < -3 or z > 3, it is consider that the result is “out-ofcontrol” and corrective action will be taken.
Method for Estimating Degree of Enrichment

Enrichment factor (EF) and geoaccumulation index
(Igeo) are the most suitable methods to evaluate and estimate the degree of contaminant enrichment in sediments by
giving a broad descriptive bands of contamination ranging
from low to high intensity.
Enrichment factor is defined by the ratio of chemical
concentration of an element in a soil or sediment to that in
its fresh parent material [6]. The enrichment factor is expressed as:
EF = (M / Fe) sediment / (M / Fe) crust
where: (M / Fe) sediment = the ratio of the metal concentration detected in a sample to the Fe (normalizing
metal) concentration detected in the same sample. (M / Fe)
crust = the ratio of the average metal concentration in the
crust to the average Fe concentration in the crust.
Metal ratios for the parent rock usually are determined
by referring to published metal concentration data.
Wedepohl continental crust derived values were applied in
this study for calculating the ratio of crustal abundance
metals [7]. A value of EF ≤ 2 can be considered to be of
lithogenic origin for a metal whereas EF > 2 indicates the
addition of an anthropogenic component and/or a biogical
enrichment process [8]. Iron was chosen as an element of
the normalization in this study because Fe is abundant in
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crustal-derived sediments particularly in Malaysia and has
a reactive fraction associated with particle surfaces
similar to contaminant metals. Anthropogenic Fe is usually small compared to the amount of Fe naturally present
[9].
An approach of geoaccumulation index, Igeo was used
to quantify the degree of anthropogenic contamination and
compare different metals that appear in different ranges of
concentration in contaminated sediments [10]. This index
is calculated as follows:
Igeo = log2 Cm / 1.5 Bn
where: Cm = measured concentration at sampling
point;
Bn = background concentration value for element;
1.5 = the background matrix correction factor due to
lithogenic effects.
The geoaccumulation index scale consists of seven
grades ranging from unpolluted to very highly polluted and
those classes are as follows:
Igeo value
>5
4–5
3–4
2-3
1–2
0–1
0

Igeo class
6
5
4
3
2
1
0

Designation of sediment quality
Extremely contaminated
Strongly to extremely contaminated
Strongly contaminated
Moderately to strongly contaminated
Moderately contaminated
Uncontaminated to moderately contaminated
Uncontaminated

In this study, the background value was taken from
the value established by the NOAA [11].

Z-score
0.37
0.30
Recovery (%)
104
103
RSD (%)
7.1
5.6
“n” refers to the observations
Arsenic and chromium concentration

1.24
117
5.7

The average concentration of As and Cr in surface
river and lake sediment were presented in Table 2. The values of EF and Igeo in the sediment analyzed from the rivers
and lake sampling sites were shown in Table 3.
TABLE 2 - Result of average concentration of arsenic and
chromium in sediment of each sampling sites at river and lake.
Element Concentration (µg.g-1)
As
Cr

Sites
River
SGS1
SGS2
SGS3
Average
SGT1
SGT2
Average
SGB1
SGB2
SGB3
Average
Lake
TKRA
TKRB
TKRC
Average
TUPA
TUPB
Average
TBA
TBB
Average

RESULTS AND DISCUSSION

19.40 ± 0.80
30.59 ± 1.30
33.80 ± 1.25
27.92 ± 7.60
12.26 ± 0.63
13.46 ± 0.85
12.86 ± 1.00
10.90 ± 0.91
10.17 ± 0.75
24.29 ± 1.46
15.12 ± 7.00

122 ± 14
125 ± 16
103 ± 9
117 ± 11
50.36 ± 5.50
77.04 ± 8.83
63.90 ± 19.00
26.83 ± 7.32
50.82 ± 7.81
59.27 ± 8.85
46.04 ± 15.00

48.49 ± 3.60
60.34 ± 5.11
61.60 ± 8.43
56.81 ± 7.23
38.86 ± 2.67
44.07 ± 3.59
41.46 ± 3.70
45.68 ± 2.51
17.62 ± 1.60
31.65 ± 15.00

173 ± 19
198 ± 21
195 ± 23
189 ± 14
301 ± 22
244 ± 17
273 ± 40
242 ± 15
188 ± 17
215 ± 39

TABLE 3 - Enrichment factors (EF) and Index of
Geoaccumulation (Igeo) in sediment of rivers and lakes.

Data quality

The applicability of the analytical procedure for analysis of As and Cr were examined by analyzing certified
reference material. Certified reference material namely
Marine Sediment Reference Material BCSS-1 provided by
the National Research Council of Canada (NRCC) and
IAEA Soil-7 supplied by the International Atomic Energy
Agency were applied as quality control material of each
analytical regiment implemented. The accuracy of the analytical result of the elements in the CRM was evaluated
using Z-score calculation and showed As and Cr are within
the acceptance criteria (Table 1). The result also show a fair
level of consistency between the certified and the measured
value where the recovery ratios of As and Cr were 103 117%. Analytical results disclosed that the precision of the
analysis was satisfactory; generally better than 7% RSD.
TABLE 1 - Summary of data for BCS-1 and IAEA Soil – 7.
BCSS -1
As
Cr
Certified value (µg.g-1) 11.1 ± 0.7
123 ± 7
Measured value (µg.g-1) 11.5 ± 0.8 126 ± 7
(n = 10)

0.67
103
3.3

IAEA Soil-7
As
Cr
13.4 ± 0.4 60 ± 7
13.8 ± 0.5
70 ± 4

Sites
River
Sungai Skudai (SGS)
Sungai Tebrau (SGT)
Sungai Buluh (SGB)
Lake
TKR
TUP
TB

EF

Arsenic
Igeo

Chromium
EF
Igeo

18.1
13.6
17.7

2.8
2.1
2.1

1.0
0.9
0.7

1.8
1.2
0.8

33.1
35.0
21.9

3.5
3.3
2.9

1.5
3.2
2.2

2.3
2.6
2.4

The concentrations of As in the sediment collected from
the rivers ranged from 10.17 µg.g-1 to 33.80 µg.g-1. The
highest average concentration was obtained from sampling
site SGS3 (Sungai Skudai) and the lowest concentration
was obtained from sampling site SGB2 (Sungai Buluh).
The sediment from Sungai Skudai has the highest concentration of As followed by Sungai Buluh. The result of EF
for As showed that enrichment at the rivers were elevated
by more than a factor of 2. This indicated that anthropogenic inputs are present in the study area. The effluent discharged from the industries and the use of agricultural
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chemicals containing arsenic in the palm oil estates near the
rivers could contribute to high enrichment of As in the
sediment and Sungai Skudai is highly enriched of As [12].
Sediment from all the rivers showed concentrations of
Cr of between 26.83 µg.g-1 at sampling site SGB1 (Sungai
Buluh) to 125 µg.g-1 at SGS2 (Sungai Skudai). The highest level of Cr was found in sediments of Sungai Skudai
with an average of 117 µg.g-1 followed by Sungai Tebrau
and Sungai Buluh with average values of 63.90 µg.g-1 and
46.04 µg.g-1, respectively. A previous study done by Thanapalasingam [12] reported that the average Cr level in
Sungai Skudai from 16 sampling points is 135.57µg.g-1.
This was explained by high concentrations of Cr in the
effluents from the active zones along the Sungai Skudai.
Chromium showed of an EF less than 2 at all rivers. High
level of Cr content in sediment could be due to the weathering of litogenous materials of the river bed and along
the river bank.
The pollution levels of As in the river system expressed
in terms of the geoaccumulation indices indicate that the
river sediment was moderately contaminated. Sediments
from Sungai Skudai showed the highest contamination
level of As and Cr. Chromium level from most rivers was
found in Igeo Class 1 and 2 with uncontaminated and moderate contaminated indication.
Concentration between 17.62 µg.g-1 to 61.60 µg.g-1
was recorded for As in the lake sediment. The highest average concentration was obtained from sampling site TKRC
and the lowest concentration was obtained from sampling
site TBB. The As level at Lake TKR showed the highest
average concentration of 56.81 µg.g-1 compared to the other
two lakes. The lake sediments showed concentration of Cr
ranging from 173 µg.g-1 to 301 µg.g-1. Sampling site TUPA
recorded the highest average of Cr concentration while
sampling site TKRA showed the lowest concentration.
Lake TUP showed the highest Cr level in the sediment with
an average value of 273 µg.g-1 followed by Lake TB and
TKR.
Similarly to river, As also showed high EF in the lake
sediments. The EF values for As in the lake was found to
be 21.9 to 33.1. Lake TUP was observed as having a high
enrichment of As and Cr. A high EF value for As and Cr
suggested that previous usage of fertilizers and pesticides
for horticulture activities in the vicinity of the lakes may
have contributed to the high level of As and Cr in the sediments. The As enrichment at lake TKR could be explained
by an excessive input of deer manure and their food waste
by run-off process. Meanwhile, there is no clear explanation on the elemental enrichment at Lake TB. However,
the location of the lake at the low land of the hilly area
could promote the input of the elements through the runoff process from the surrounding area.
The lakes sediment can be described as strongly contaminated with As based on the high Igeo value. Hence, Cr
was categorized in Class 3 with moderate to strong contamination indication. Sediments from Lake TUP showed

the highest contamination level of As and Cr compared to
the other two lakes. Besides human factor, another possible source of As and Cr was the vertical migration of the
elemental species resulted from diagenetic process that
normally takes place in anoxic sedimentary conditions as
notified from the characteristics of the sediments, for
example the odor due to H2S and the greasy appearance of
the column of the sediment [13].
Comparison of arsenic and
chromium to sediment quality guideline

Several sediment quality guidelines were established to
estimate the possible toxicological significance of chemical
concentrations in the sediments. The Canadian Council of
Ministers of Environment had used the sediment quality
guidelines in ranking areas that warranted further detailed
study on the actual occurrence of adverse effects such as
toxicity [14]. They were also intended for use in ranking
chemicals that might be of potential concern.
The probable effect level represents the lower limit of
the range of chemical concentrations that are usually or
always associated with adverse biological effects. Sediments with measured chemical concentrations equal to or
greater than the probable effect level are considered to represent significant and immediate hazards to exposed organisms. Biological assessment is recommended at these
sites to determine the nature and extent of effects that are
being manifested as a result of the sediment associated contaminants [14]. The severe effect level values is also known
by the 50th percentiles or median represents the concentrations above which biological effects frequently occur and
the analysed sediments are considered to be severely impacted if exceeded the criterion value [15].
The range in concentration of As and Cr from both rivers and lakes were found to exceed the background value
for freshwater sediment. Several sampling sites at the river
were below the probable effect level for As and Cr concentration. However, concentrations of As and Cr have reached
102% and 114% of the severe effect level, respectively, in
very few samples.
The arsenic concentrations level in most lake sediments
were substantially elevated over the probable and severe
effect level. Similar conditions were also observed for Cr
concentration in lake sediments. The results indicate that
the level of As and Cr contamination in lake sediments is
potentially significant with regard to aquatic life.
TABLE 4 - Several sediment quality
guidelines value for arsenic and chromium.
Observed ranges
in the river system
Observed ranges
in the lake system
Background by NOAA
Canadian probable
effect levels for
freshwater sediment
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Arsenic (µ g/g)

Chromium (µ g/g)

10.17 – 33.80

26.83 - 125

17.62 - 61.60

173 – 301

1.10

7 - 13

17

90
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33

110

CONCLUSION
The investigation carried out revealed a considerable
loading of the freshwater sediment with arsenic and chromium. Arsenic and chromium contamination in the respective river and lake sediments are at a level of concern.
Evaluation and estimation of sediment impact pollution
and the level of contamination viewed through EF and Igeo
had highlighted significant arsenic contamination at both
freshwater systems by human activities. Chromium levels
in rivers had shown different pattern of input that may
have been originated from natural weathering process and
sedimentation. Currently there is no sediment quality guideline established locally. An establishment of a national sediment quality guideline would be useful in gaining better
estimation of contaminants impact and assessing level of
pollution by taking into consideration factors such as local
climate, geological and environmental conditions.
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ABSTRACT
In 2007, an attempt was made to study the biomass
production and the economic results of sorghum (Sorghum
bicolor L. Moench, variety H 132), growing in Greece,
under two different irrigation methods, surface and subsurface, and three different amounts of irrigating water:
100%, 70% and 50% of the daily evapotranspiration (ET).
The study is part of a wider research concerning the potential growing of energy plants, and using biomass for energy
production. A field experiment comprising of a completely
randomized block design with six treatments and four replications was conducted at the Experimental Farm Station
of the University of Thessaly. Water needs were satisfied
by using full (100% ET) and supplement (70% and 50% ET)
amounts of irrigating water. Crop production was measured in terms of dry biomass, while gross revenue, production expenses and gross margin were the economic parameters measured and examined. The comparative data analysis of the two irrigation methods showed that the subsurface drip irrigation method significantly excels the surface
one, in biomass production and other economic results.

KEYWORDS: Surface and subsurface drip irrigation, fiber sorghum, yield, production cost, gross margin

INTRODUCTION
In the last decades, a word-wide crisis related to energy needs has dramatically emerged. This energy crisis is
due to industrial revolution and the rapid growth of the
world's population. The main impact of the industrial activity is the emission of air pollutants into the atmosphere
creating hazard upon human being [1]. These pollutants

contribute to the perpetuation and further development of
global warming [2]. Therefore, the preservation of the environment should set the international energy policy in front
of its liability, at present and in the future. The reduction
of emitted pollutants in conjunction with the use of renewable energy is the first step against environmental pollution.
Besides the continuing increase of the fossil fuel prices,
particularly the last two years, is another factor defining
the use of renewable energy. Under those circumstances,
new development strategies and rules of identifying energy
production and consumption must be formed globally. Directive 30/2003 of the European Commission, which stipulates that by the year 2010 a proportion of 5.75% of fuel
consumed in transport means should be produced from renewable energy sources, is one of those strategies and
rules [3]. Generally, 56% of biomass is used to produce
energy (renewable source). Specifically, the biomass from
plants covers 18% of that percentage. Taking into consideration the productivity potential of energy plants, an approximate number of 5 million hectares with energy plants
should be cultivated to cover the European commission
goals [2].
Biomass is one of the renewable energy forms. Any
material derived from living or recently deceased plant and
animal organisms is characterized as biomass [4]. In the last
20 years, biomass has been identified as the most effective
renewable energy source which contributes to the maintenance of carbon dioxide emissions at a fixed level, or even
to its reduction [2, 3]. The quantity of CO2 produced by biomass is exactly the same as the quantity absorbed by the
plants to build themselves during the growing season [2].
This means that the amount of CO2 in the atmosphere remains stable. The residues of biomass combustion for energy production are biodegradable, and thus fewer pollutants are emitted to the atmosphere in comparison with
the pollutant-by-products from the fossil fuels use. Biomass produces and emits low or zero quantities of sulphur
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dioxide, nitrogen oxides, and aromatic hydrocarbons
during its combustion. Furthermore, energy-dependent
countries gain the opportunity to become independent from
imported fossil fuels. The use of biomass creates conditions for economic development and provides opportunities for restructuring the conventional crop rotation system. It also creates new jobs while reducing unemployment [3]. Biomass plants can be used to produce biogas,
biodiesel, ethanol, methanol, oil, gasoline and hydrogen
[5]. They can also be used for direct combustion and generation of heat for heating buildings and electricity production. However, energy from fossil fuels cannot be totally
replaced by energy production plants. What can be done is
to use fossil fuels in activities that re-quire high quality
fuels, such as industrial uses, and renewable energy sources
in activities where low quality fuel is required, such as
heating and electricity production [2].
Sorghum plants are cultivated in 99 countries around
the world covering 44 million hectares of land, mainly poor
and semiarid areas, where maize cannot be cultivated [6].
Sorghum sowing takes place when the temperature reaches
up to 20 οC in depths of 2.5-5cm, depending on the soil
type. Sorghum cultivation does not require large quantities of fertilizers. Generally, a quantity of 40-100 Kg/ha of
complete fertilizer is satisfactory [7].
Various species of plants can be used for biomass production: fibre sorghum, sweet sorghum, sugar beet, corn,
sun-flower, rapeseed and many arboraceous species, such
as eucalyptus, the phoenix, rubber tree etc. [5]. Among
those species, sorghum (sweet and fibre) is the most interesting one. Sorghum (Sorghum bicolor L. Moench) is a
tropical C4 plant. As a C4 plant, sorghum has high photosynthetic rates when cultivated under proper conditions of
light and temperature and it shows a high potential for
biomass production. Even though it is a tropical plant, it can
be grown in temperate climates where the growing season
lasts from spring to autumn. The cultivated types of sorghum
are commonly known as forage sorghum [8].
Sorghum is more productive than corn under deficit irrigation conditions [9, 10]. For maximum production, 450560 mm of irrigating water is required, depending, however, upon the environmental conditions of the area. Sorghum plants have the ability to extract soil water at a lower
percentage of available soil water without yield loss, when
water is limited in the upper root zone [9]. The general
irrigation-management recommendation is to maintain soil
water at or greater than 50% of the available water. However, grain sorghum can survive in conditions where the soil
water is depleted to an average of 30-40% available water
before grain yields are severely reduced [9].
Fiber sorghum is the main type of sorghum grown for
dry biomass production suitable for direct combustion.
Secondarily, it is also used to produce liquid fuels. Dry
biomass production in European countries ranges from 27
to 40 tons/ha or more [4, 11, 12], when irrigated water
covers the proportion of 100% of water requirements,

supplied by the subsurface drip irrigation method. The
equivalent of sugars, on the other hand, reaches up to
19.5% of the dry biomass [11]. Lack of water during the
flowering stage causes considerable damage to sorghum
plants (reduction of dry biomass by 52%, reduction of
grain production by 61%). At the stage of filling the grain,
sorghum has less water requirements [1]. The frequency
of irrigation affects grain production. The plants’ height,
the leaf area index and, ultimately, the production of dry
biomass increase as the amount of irrigated water declines. Thus, semiarid areas grain sorghum should be irrigated frequently with small amount of water [13].
From the above-mentioned, it becomes clear that sorghum cultivation should be considered as one of the most
promising energy crops for future use under deficit irrigation conditions. This is particularly true for the areas where
lack of irrigated water is becoming keener. In these cases,
sorghum could replace other conventional crops, such as
corn, sugar beet and cotton, which require the same or even
more amounts of water. For this purpose, the aim of the
present study focuses on investigating the effect of different irrigation methods (surface and subsurface drip irrigation), the impact of different amounts of water upon the
biomass production and the economic results of the energy plant sorghum.
MATERIALS AND METHODS
A field study concerning the fiber type of Sorghum
bicolor L. Moench ssp. variety H132 was conducted during 2007, at the Experimental Farm Station of University
of Thessaly in Velestino, Magnesia, Greece (latitude 39o
23΄N, longitude 22o45΄E). The crop was sown on a typical
Xerorthent soil, characterized by a particle-size distribution of 48% sand, 29% silt and 23% clay. Value of pH was
7.8, and organic matter was 0.97% [14]. Six fully randomized treatments in four replications were organized, and
a total area of 2,000 square meters was covered. Two irrigation methods, the conventional surface and the modern
subsurface drip irrigation, were used. Each treatment area
occupied 224 square meters. Any treatment consisted of 6
rows of 14 m length and 4 m width. The total area of each
replication was 56 sq meters. The six treatments were:
a. Surface drip irrigation with amount of water equal to
100% of the daily evapotranspiration (DI100% ET),
b. Surface drip irrigation with supplied amount of water
equal to 70% of evapotranspiration (DI70% ET),
c. Surface drip irrigation with supplied amount of water
equal to 50% of the daily evapotranspiration (DI50%
ET),
d. Subsurface drip irrigation with supplied amount of
water equal to 100% of evapotranspiration (SDI10%
ET),
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e. Subsurface drip irrigation with supplied amount of
water equal to 70% of evapotranspiration (SDI70%
ET), and
f. Subsurface drip irrigation with supplied amount of
water equal to 50% of evapotranspiration (SDI50%
ET).
Forty-eight soil samples at depths of 0-30 cm and 3060 cm were taken from the experimental field and tested
for determining the field capacity (FC = 32.68%, v/v) of the
soil and its permanent wilt point (PWP = 18.50%, v/v). The
practical amount of water, which is the maximum acceptable water loss during two consecutive irrigations, was
de-termined by using those values [15].
Each treatment was connected to an electric valve, and
when the control valve was open, the system was irrigated.
When the valve was closed, the system was disabled. The
application depths were determined by an A class evaporation pan, for matching the 100%, 70% and 50% of evapotraspiration needs [16]. Polyethylene laterals of 20 mm inside diameter with self-regulated and self-cleaned emitters,
spaced 0.8 m apart and delivering water at a rate of 2.3 L h-1,
were used. Subsurface laterals were installed at a depth of
0.45 m and the subsurface drip irrigation system was additionally equipped with a vacuum breaker valve to prevent
any water suction and emitter clogging when irrigation
was paused, and with a disk filter enriched with the herbicide substance trifluralin, injected during irrigation to prevent root intrusion. Irrigation interval was three days. The
irrigation control valves were connected to a controller
(microcomputer miracle) in order to make irrigation fully
automated. The total amount of water was supplied in 25
doses. Four of them were supplied via the sprinkler method
while 21 of them were supplied as drip irrigation.
The average climate conditions of the area follow the
typical Mediterranean pattern with hot and dry summers
and cool-humid winters. However, 2007 was drier than the
previous years. Daily values of mean temperature and rainfall amounts were recorded by a weather station located at

the Experimental Station, as shown in Fig. 1. Rainfall
amount for the whole growing season reached up to 145 mm
while 116 mm of them had fallen till the end of the irrigation
period (14/9/2007). The evaporation pan (class A) was
placed inside the meteorological station. Under those conditions, all summer crops, including sorghum, needed irrigation to reach acceptable yields. The mean value of the
evapotranspiration (ET) reference of the area, from sowing
to maturity, was found to be 732 mm [17].
The growth of the crop was measured by means of
plant leaf area index and above ground biomass. The values
of leaf area index and above ground biomass were measured on two medium-sized rows of each replication. The
determination of gross margin was based on the dry biomass.
The period of maximum biomass production was determined by recurrent harvests of a random plant from the
same two medium-sized rows. The final production of a
hectare was determined by weighting those samples in an
accurate scale.
Both growth and economic data were recorded during
the whole growing season. Those data were necessary for
calculating production costs and economic results among
all treatments. The whole analysis of the relevant data was
based on the gross margin factor [18-20]. Because this is
a comparative study concerning production, costs and economic results, gross margin analysis gives a full and clear
view of the measured parameters.
All data recorded during the growing season were analyzed statistically. Analysis of variance (ANOVA) at 5%
level of significance was employed to evaluate the statistical effect of irrigation treatments upon sorghum biomass
and the relevant economic results. The SPSS 14 statistical
package was used, and Duncan’s multiple range tests were
applied to evaluate statistical differences between treatment
means [21].
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FIGURE 1 - Mean values of temperature and precipitation for an average year and 2007.

Seedbed preparation of the experimental field started
from autumn 2006, soon after the previous crop residues
were cut and spread in the field. Sowing sorghum took place
on May 14th. The quantity of seeds used was 0.65 kg/ha.
The germination started 7 days after sowing and completed 3 days later with a plant rate of 9.8 plants/m2. The
germination rate of sorghum seeds fluctuates between 65
and 70% [9]. No fertilization or any other chemical intervention was applied. After seed emergence, the same cultural practices were applied to all treatments. Those practices include 3 hand-weed controls and a chemical one by
glyphosate.
According to the climatic conditions, three or four
sprinkler irrigations are needed during the germination period, usually (4 sprinkler irrigations during 2007). These
irrigations started just after sowing and stopped when the
plants developed root systems to a length capable to extract
available water from deeper soil layers. The root system
of sorghum becomes capable to extract water from 45 cm
depth in late June. The irrigation period (the period when
the drip irrigation methods were used) lasts from early
July to mid-September. During the whole irrigation period
(from 2nd half of May to 2nd half of September), a number
of 25 irrigations were applied and the amount of used water
(sprinkler and drip irrigation) was 364.48 mm for treatments SDI50%ET, DI50%ET, 462.48 mm for treatments
SDI70%ET, DI70%ET, and 609.52 mm for the treatments
DI100%ET and SDI100%ET.

RESULTS AND DISCUSSION
Table 1 presents the relevant data recorded during the
growing season of the year 2007.
1. Biomass production lies between a lower level of
27195 Kg/ha for DI50%ET treatment and an upper one
of 42875 Kg/ha for SDI100%ET treatment. All the
other treatments were classified between those two treatments.
2. Total direct expenses present a similar picture with a
lower value of 2194 €/ha for DI50%ET treatment and
a higher of 2492 €/ha for SDI100%ET treatment, and
all the other treatments lie between those two amounts.
3. Finally, regarding gross margin of sorghum growing,
the picture is the following: All treatments appeared
with negative values except SDI100%ET treatment,
which is the only one that showed positive results with
a profit of 295 €/ha, very far from all other treatments.
Again treatment DI50%ET is the worst one exhibiting
the higher loss of -426 €/ha, while the remaining ones
had various losses fluctuating between 302 €/ha and
-98 €/ha.
Leaf Area Index

Fig. 2 illustrates the evolution in leaf area index (LAI)
under the various irrigation methods throughout the growing period of fibre sorghum, during 2007 in Central Greece.

TABLE 1 - Biomass production, revenue, expenses, cost and gross margin of sorghum growing 2007 in Greece.
Treatments
Items
Biomass (Kg/ha)
Biomass price (€/Kg)

DI50

SDI50

DI70

SDI70

DI100

SDI100

27195
0,065

32585
0,065

30380
0,065

33565
0,065

35525
0,065

42875
0,065
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Gross revenue (€/ha)
Herbicide cost (€/ha)
Seed cost (€/ha)
Strain cut 2006 (€/ha)
Heavy cultivator (€/ha)
Light cultivator (€/ha)
Sowing (€/ha)
Hand hoeing
Installation-uninstallation of surface
irrigation system (€/ha)
Harvesting (€/ha)
Irrigation (€/ha)
Subsurface Instalation (€/ha)
Other Equipment
PVC Laterals 20mm in diameter
(€/ha)
Vaccum Valve (€)
Land read (€/ha)
Subsurface Weed Control (€/ha)
Permanent Capital Interest
Running Capital Interest
Total Direct expenses (€/ha)
Gross margin (€/ha)

1768
30
15,66
20
50
60
40
900

2118
30
15,66
20
50
60
40
900

1975
30
15,66
20
50
60
40
900

2182
30
15,66
20
50
60
40
900

2309
30
15,66
20
50
60
40
900

2787
30
15,66
20
50
60
40
900

60

0

60

0

60

0

150
219
0
23,8

150
219
22
23,8

150
301
0
23,8

150
301
22
23,8

150
429,5
0
23,8

150
429,5
22
23,8

98

98

98

98

98

98

0
500
0
3,7
23,6
2194
-426

6
500
115
3,7
24,8
2277
-302

0
500
0
3,8
26,0
2361
-180

6
500
115
3,7
23,6
2194
-426

0
500
0
3,7
26,8
2407
-98

6
500
115
3,8
27,9
2492
295

10

Leaf Area Index (LAI)

8
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SDI100

6
4

2

0
53

81

109

137
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FIGURE 2 - The development of LAI of fiber sorghum under different
irrigation methods in Central Greece in 2007 [vertical bars reflect L.S.D. (P<0.05)]

Leaf area expansion is of great importance for light interception and for photosynthesis; it varies with the quantity
of assimilates allocated to the production of leaves and the
ratio of the leaf area produced per unit of leaf dry matter.
Many studies consider maximum assimilation when leaf
area index (LAI) takes values above 4-5, whereas LAIvalues rather lower than 3 characterize open leaf canopies
and considerable loss in photo-synthetically active radiation.
It can be observed that the LAI of the plants in treatments SDI100%ET, DI100%ET and SDI70%ET were always greater than the plants receiving supplement drip

irrigation water throughout the growing period. The final
leaf area index values had statistically significant differences (*P<0.05) between the two irrigation methods.
In 2007, the canopy results were already satisfactory
by the end of August (LAI >5), thus it might be interesting to determine for how long the mean values of LAI
were higher than values 3 and 5. Thus, the total time, that
the mean values of LAI were higher than value 3 in SDI
100%ET, DI100%ET and SDI70%ET treatments, was 84
days while it was higher than value 5 in SDI100%ET treatment 70 days, in DI100%ET and SDI70%ET treatments
63 days. This minor difference gave the plants, in those
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treatments, the opportunity to achieve higher productive
rates against the other treatments.
Further depression in the water inputs i.e., matching
less than half of the evapotranspiration needs would enhance the risk of an open canopy, and thus an appreciably
greater loss in assimilation and productivity and should be
seriously taken into consideration under xerothermic conditions [6].
Biomass production

Going a step further and analyzing statistically the
above data, the results obtained are shown in Table 2.
Focusing on two irrigation methods, it is obvious that
the subsurface method significantly exceeds the surface one
in biomass production [22], and other economic results. This
can be easily seen by comparing the biomass mean values
of the two methods. Mean production of the subsurface
treatments rises up to 36342 kg/ha, while the correspondent one of the surface treatments is only 31033 kg/ha. This
means a difference of 5309 kg/ha, or 17% higher in favor
of subsurface drip irrigation method. More specifically,

treatment SDI100%ET presents the highest average biomass
production that reaches 42875 kg/ha. This great performance shows the important role of the subsurface method
in supplying the necessary amount of water to sorghum
plants. The subsurface drip irrigation method brings the
whole amount of water near to plant roots resulting in a
more efficient use t and avoiding water evaporative losses.
So plants use the supplied water more efficiently.
Biomass production is presented in Fig. 3 and the following results can be drawn:
a. Biomass production of SDI100%ET treatment was
statistically significant from all other treatments.
b. Treatment DI50%ET has also statistically significant
lower production compared to other treatments, apart
from the two ones of DI70%ET and SDI50%ET.
c. Treatments DI100%ET, SDI70%ET, SDI50%ET and
DI70%ET differ, but not significantly. Among them,
treatment DI100%ET tends to be the best.
d. In pairs, treatments DI100%ET and SDI70ET%, SDI
50%ET and DI70%ET tend to have equal yield

Dry Biomass Mgr/ha

50
40
30
20
10
0
81

102

DI50

SDI50

DI70

SDI70

DI100

SDI100

123
144
Days since14/5/2007

165

FIGURE 3 - The development of the total (above ground) dry biomass of fiber sorghum
under different irrigation methods in Central Greece in 2007 [vertical bars reflect LSD (P<0.05)]

TABLE 2 - Biomass production and economic results of sorghum growing for 2007 period, in Greece.
Methods
-Treatments

Subsurface irrigation method (SDI)

Surface irrigation method (DI)

Items

50%ET

70%ET

100%ET

Average

50%ET

70%ET

100%ΕT

Average

Biomass production (Kg/ha)
Total expenses (€/ha)
Direct production cost (€/kg)
Gross margin (€/ha)

32585
2278
0,070
-160

33565
2361
0,070
-180

42875
2492
0,058
295

36342
2377
0,066
-15

27195
2194
0,080
-426

30380
2277
0,075
-302

35525
2407
0,068
-98

31033
2293
0,074
-275
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production because of the water losses in the surface treatments, or because of the effective use of
water in the subsurface ones.

equal to 0.065 €/kg along with production expenses less
than 2365 €/ha, can make sorghum growing profitable under Greek conditions.

Finally, according to biomass production, the treatments
are classified in decreasing order as follows: SDI100% ETa
(35525 kg/ha), DI100%ETb (35525 kg/ha), SDI70% ETb
(33565 kg/ha), SDI50%ETbc (32585 kg/ha), DI 70%ETbc
(30380 kg/ha) and DI50%ETc (27195 kg/ha), where the
different exhibitors represent statistical differences between
them or not.

Production expenses, on the other hand, could be reduced if some of the higher input expenditures could be
better controlled. A simple observation of Table 1 reveals
that the largest expenditure was the amount paid for hand
hoeing. The weed control cost for three applications was
900 €/ha. A second-high expenditure was also the amount
spend for irrigation fees of water use, which ranged between 219 €/ha (SDI50%ET and DI50%ET treatments)
and 425 €/ha (SDI100%ET and DI100%ET treatments).
Any reduction in those expenditures would significantly
improve the economics of the crop.

Gross margin

Finally, gross margin, the main economic result of
comparison in this study, was deeply examined [18-20].
Observing Table 2, one can see that the data have shown
negative results for both methods, subsurface and surface,
by considering the average values. The subsurface irrigation method had an average gross margin value of -15 €/ha,
while surface method had a very lower one of -275 €/ha, a
difference of 260 €/ha, or 1733% lower for surface method.
The statistical analysis of gross margin data showed:
a. Treatment SDI100%ET presents the highest gross profit value, which differs statistically from the gross profit
values of the other treatments.
b. Treatment DI50%ET presents the lowest gross profit
than the remaining treatments, but not significantly different.
c. According to gross profit values, the treatments are
classified in decreasing order as follows: SDI100%
ETa (+295 €/ha), DI100%ETb (-98 €/ha), SDI50%ETb
(-160 €/ ha), SDI70%ET b (-180 €/ha), DI70%ET b
(-302 €/ha) and DI50%ETb (-426 €/ha).
To improve the performance of the other treatments,
the gross revenue of sorghum growing must be increased.
This can be done either by increasing biomass production,
as selling prices are out of the farmers’ sphere, or by decreasing production cost. An increase of biomass production can be achieved by improving cultural techniques of
irrigation, fertilization, weed control etc. A decrease of production expenses, on the other hand, can be achieved by
eliminating or better manipulating cultivation inputs and/
or by using new technologies.
From the above analysis, it can be concluded that the
yield and gross profit are positively correlated.
To expand the above investigation a step further, the
concept of the break even point was employed. The break
even point shows the situation where gross revenue and
production expenses have the same value [18, 19, 23, 24].
At that point, production expenses and gross revenue have
the value of 2365 €/ha. Gross revenue of 2365 €/ha corresponds to a biomass production of 36385 kg/ha (2365/
0.065). To achieve this biomass value, the average sorghum
yield must be increased by 2697 kg/ha. Thus, biomass production above the level of 36385 kg/ha with selling price

Concerning the first case, a reduction of production expenses could be achieved if herbicides were used parallel
to hand hoeing. For example, a double or triple chemicalweed-control costs from 120 (2x60) to180 (3x60) €/ha,
and such a procedure could radically reduce the number
of weeds. If weed control was carried out in combination
of three chemical applications and two hand hoeing, production expenditures could be eliminated by 120 €/ha or
by 420 €/ha if three chemical applications were combined
with only one hand hoeing. This could have a positive economic result for all treatments, except for treatment DI
50%ET, whose gross margin value equals to -426 €/ha. In
the second case, because the fees of irrigation water are
standard, maximizing the production per water unit reduces
the cost and, consequently, increases the gross margin.
Water use efficiency (WUE)

The water use efficiency (WUE), ratio of dry biomass
divided by the total amount of water (irrigation, effective
precipitation and water storage) [25], of fiber sorghum under different irrigation methods and different amounts of
water, is shown in Table 3.
The effective precipitation is the product of precipitation multiplied by a coefficient according to the intention
of the rainfall (0.8 for the area). It was also assumed that
because of the special weather conditions (2007 was one
of the driest years during the last 25 years), the available
soil water content was equal to zero. From the results of
that table, it can be concluded not only that the amount of
water was supplied more efficiently under subsurface drip
irrigation but also that it was supplied even more efficiently in SDI treatment. Previous researches have shown
that, through subsurface drip irrigation, the amount of water
is supplied directly to the root zone and, as a consequence,
the nutrients are absorbed more efficiently by the plant
roots. On the other hand, less amount of water is being
lost through evapotranspiration and, consequently, more
water is available to the plants. Thus, in general, crops, as
well as sorghum, are able to achieve acceptable dry biomass production, even with supplement irrigation (50% of
the daily evapotranspiration).
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TABLE 3 - Total water use efficiency.
Parameters
Total dry biomass (Kg/ha)
Drip irrigation (mm)
Sprinkler (mm)
Precipitation (mm)
Total water inputs (mm)
WUE (g dry Biomass/ L total water Inputs)

DI50%ET
27200
301.48
63.00
116.04
480.52
56.6bcd

SDI50%ET
32590
301.48
63.00
116.04
480.52
67.8a

CONCLUSIONS

DI70%ET
30380
399.48
63.00
116.04
578.52
52.5bcd

SDI70%ET
33570
399.48
63.00
116.04
578.52
58.0bc

DI100%ET
35530
546.52
63.00
116.04
725.56
49.0cd

SDI100%ET
42880
546.52
63.00
116.04
725.56
59.1ab
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Based on the first-year study, the conclusions drawn
are summarized as follows:
1. Biomass production and economic results of sorghum
growing in Greece were affected when different irrigation methods (surface and subsurface drip irrigation) and different amounts of water were applied.
2. Higher biomass production and gross margin along
with the lower production cost were achieved when
the subsurface drip irrigation method was used. The
full subsurface drip irrigation treatment produced
42875 Kg/ha with a gross margin value equal to
+295 €/ha.
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3. Treatment SDI100%ET, which was fully irrigated by
the subsurface drip irrigation method, has statistically
significant differences from the other treatments concerning biomass production and gross margin.
4. Treatment DI50%ET, which was supplement-irrigated with 50% of the daily needed amount of water
by the surface drip irrigation method, achieved the
lowest biomass production (27195 Kg/ha) and was
the least profitable treatment (-426 €/ha) among all
treatments.
5. Treatment SDI50%ET achieved the highest water use
efficiency (WUE = 67.8 g dry biomass per L of total
water inputs) among all treatments.
6. The biomass production and economic results of the
other treatments fluctuated between those two treatments with no statistical differences.
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CHARACTERIZATION OF ORGANIC
PARTICULATES IN THE AIR OF PANCEVO (SERBIA)
Graziano Nervegna, Catia Balducci and Angelo Cecinato*
Italian National Research Council, Institute for Atmospheric Pollution (CNR-IIA), I-00016 Monterotondo Stazione RM; Italy

ABSTRACT
The organic fraction associated to airborne particulates
of Pančevo, Serbia, was characterized from July 2006 to
March 2007 at 5 sites suffering different degrees of pollution. n-Alkanes resulted to be associated principally to anthropogenic sources. Polynuclear aromatic hydrocarbons
(PAHs) concentrations in winter were ca. one order of magnitude higher than in the rest of the year and also exceeded
those usually detected in Western and Central Europe.
Looking to Nitro-PAHs, their behavior in the industrial
district was peculiar when compared to the other locations
and showed features typical of direct emission rather than
secondary formation. The identified highly-polar chemicals
revealed the existence of plasticizers and petroleum manufacture/combustion sources, (e.g., benzenesulfonamides
or heterocyclic sulfonamides like AZA, respectively). Nicotine and caffeine occurred at levels typical of the cities. The
air contamination from polychlorinated organics seemed
to have a special concern. At this regard, two major compounds were detected in the industrial district, tentatively
identified as diisocyanobenzyl alcohol chloride and diisocyanophenylacetyl chloride. Moreover, the same site appeared heavily affected by polychlorobenzenes and polychlorotoluenes, and held trace of polychlorobiphenyls.

KEYWORDS: Particulate organic matter, polynuclear aromatic
hydrocarbons (PAHs), polychlorinated organic compounds, pollution sources, Balkan War.

oil refinery were almost destroyed, with huge amounts of
toxicants and chemicals poured into the river waters and
soil [3-6]. The Balkan War further affected the situation already compromised for concerns like air, soil and water
pollution. Indeed, even before the Balkan War, the industrial complex of Pančevo was obsolete as free of emission
control, waste treatment systems or adequate maintenance
[7], which was recognized to cause the insurgence of tumors and sickness (the so-called Pančevo’s cancer) [8].
After the war disasters, some lack of coordination among
institutions could cause failures in the remediation/ mitigation program. On the other hand, today new pollution
sources have gained concern due to their recent growth,
namely thermal plants for industry, house heating, and
motor vehicles powered overall with low-quality engines
and fuels.
Aiming at enhancing cooperation between the Republic
of Serbia, United Nations and European Union, and assisting the country in the accession process to EU, some Programmes were launched to promote the remediation strategy and clean technology adoption [9-10]. In this context, a
study was made aimed at characterizing the airborne particulates in the Pančevo region. The concern was focused
onto the organic fraction of aerosols to draw information
about ambient toxicity and nature of sources. Measurements were made between 2006 and 2007 in July, October,
January and March.

MATERIALS AND METHODS
Sampling locations and strategy

INTRODUCTION
The industrial town of Pančevo, ~ 80,000 inhabitants
living along the Tamiš river ~20 km NE of Belgrade, is
among the Serbian cities that were heavily struck in the
Kosovo War [1, 2]. The industrial complex of Pančevo
comprises fertilizer (HIP Azotara), refinery (NIS) and petrochemical (HIP Petrohemija) plants, which represent the
most important sources of employment for the population.
The city industry was seriously damaged by the NATO
bombardments; in particular, the fertilizer plant and the

The in-field experiments were conducted at 5 locations, namely: i) on the roof of the Public Health Institute,
located inside a park in the Pančevo centre (site A); ii) inside the Fire Brigade building, close to the new road to
Belgrade and downwind of the industrial district (site B);
iii) in a dwelling area hosting coal-stove heated houses (site
C); iv) inside the fertilizer plant (site D); and v) in the outskirts (site E). These locations were classified as follows:
site A (city centre); sites B and C (mid/low-contaminated
residential zones); site D (industrial district); and E (urban
background).
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Airborne particulate was collected by means of air aspiration systems (Microdust PM10 Sequential Sampler,
Aquaria, Milan, Italy) running at low-flow conditions (2.0 L
min-1) and selectively retaining the PM10 fraction onto ultraclean Teflon filters (37 mm outer diameter, 2 µm pore diameter, purchased from Marbaglass, Rome, Italy). Aerosols
were collected daily, sealed in polypropylene plastic bags,
wrapped with aluminum foils and stored at low temperature (4 °C). Later on, the filters were reconditioned, weighed,
pooled into monthly groups and monthly processed for
chemical analyses. In this way, the reliability of the procedure adopted could be complied [11, 12]. With regards
to nitro polycyclic aromatic compounds (Nitro-PAHs) and
polychlorinated contaminants, the monthly extracts were
gathered together to obtain the average characterization of
each site over the four seasons. According to features of
the method adopted for chemical characterization and to
equivalent air volumes sampled (namely ≈150 m3), the
limits of quantification of analytes (LOQ, corresponding to
signal-to-noise ratios equal to 10) were better than ~0.02
ng m-3 for all n-alkane homologues, ~0.01 ng m-3 for
PAHs, ~0.01 for nicotine and N-PAC, and ~0.02 for caffeine and O-PACs [11, 12]. The LOQs of Nitro-PAHs up
to nitropyrenes ranged from 0.005 to 0.020 ng m-3, while
nitrated chrysene and benz(a)anthracene could not be investigated due to the low MS response in electron-impact
mode (LOQ ≥ 0.03 ng m-3). The overall uncertainty associated to the analytical procedure was calculated better
than 16 ± 7 % for all compounds studied.
Analysis of aerosols

The method adopted for chemical analysis of particulates was a multi-step procedure described extensively elsewhere [11-13]. Briefly, the samples were i) fortified with

CPI25 =

C25+C27+C29+C31+C33+C35

0.5 *

+

C24+C26+C28+C30+C32+C34

a set of reference species (i.e. perdeuterated homologues
of the target pollutants), necessary to apply the isotopic
dilution method; ii) Soxhlet-extracted with dichloromethane/
acetone, 4:1 in volume (16 h); iii) reduced close to dryness
and fractioned by means of alumina column chromatography. Three classes of polarity (i.e., non-polar, low-polar
and high-polar) were collected by eluting the column with
pure isooctane, isooctane/dichloromethane (3:2 in volume),
and dichloromethane/acetone (1:1), in sequence. Finally,
the air contaminants were identified and quantified through
gas chromatography coupled to mass spectrometry operated in electron impact, selected-ion-detection mode; three or
four diagnostic traces were recorded for each analyte. All
solvents used were of ultra-gradient HPLC grade, provided
by Delchimica Glassware (Naples, Italy), while alumina
was purchased from Sigma Aldrich Italia (Milan, Italy)
and chemical standards from Spectra2000 (Rome, Italy).
The gas chromatographic column (Restek RTX type phase,
30 m, 0.25 mm, 0.25 µm) was purchased from Superchrom
(Milan, Italy). The Trace GC-MSD (quadrupole) apparatus
with the dedicated Excalibur software was provided by
Thermo (Rodano MI, Italy). Analytes were injected into
the column in split-less mode and separated in temperature program conditions (60-290 °C).
Two main organic groups of compounds were studied,
namely non-polar hydrocarbons including pristane, phythane
and C17~C35 n-alkanes, and PAHs; however, for the extensive characterization of particulates, a set of Nitro-PAHs,
O- and N-heterocyclic compounds, and recreational drugs
was also evaluated. The molecular fingerprint of the nalkanes was studied through the Carbon Preference (CPI25)
and the Wax percentage (W %) indexes [14], calculated
through the following formulas:

C25+C27+C29+C31+C33+C35
C26+C28+C30+C32+C34+C36

and
⎧ ⎡

W% = ⎪⎪ ⎢∑ C2 n + 1 −
⎣
⎨
⎪
⎪⎩

(C2 n + C2 n + 2 )⎤ ⎫

∑C

2
2n + 1

⎥ ⎪⎪
⎦ × 100
⎬
⎪
⎪⎭

(where 12 ≤ n ≤ 17),
where Ci represents the n-alkane homologue with i
carbon atoms.
The two indexes are both indicative of biogenic sources
importance. In fact, all natural emissions are characterized
by marked odd-to-even carbon number predominance
among the n-alkane homologues exceeding C23, which leads
to CPI25 usually higher than 5 [15]. By contrast, petroleum
with its assorted products shows CPI25 values close to
unity [16]. Usually, in airborne particulates, the CPI25

ranges from 1.1 (sites heavily exposed to vehicle exhausts)
to over 7 (forest areas) [17]. Concurrently, W% takes values
varying from ≤ 0 to ~100.
With regards to PAHs, many congeners are recognized
to be carcinogenic and/or mutagenic, although only benzo(a)pyrene is taken into account in the Italian and European regulations [18, 19]. Among all formulas reported in
the technical literature to index the “whole” PAH toxicity,
that adopted by the California Environmental Protection
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Agency [20] was selected for our study. There, the particulate carcinogenicity is expressed as equivalent units (BaPE)
of benzo(a)pyrene concentrations, namely:
BaPE = BaA*0.1 + BbFA*0.1 + B(k/j)FA*0.1 + BaP + IPY*0.1
+ DBA*0.1 + + 1-NPY*0.1 + 4-NPY*0.1 + 2-NFL*0.01,

where BaA represents benz(a)anthracene, BbFA benzo(b)fluoranthene, B(k/j)FA the sum of benzo(j)fluoranthene and benzo(k)fluoranthene, BaP benzo(a)pyrene, IPY
indeno(1,2,3-cd)pyrene, DBA dibenz(a,h)anthracene; 1NPY, 4-NPY, and 2-NFL indicate 1-nitropyrene, 4-nitropyrene and 2-nitrofluorene, respectively. Both BaP and
BaPE were compared to the guideline value established by
Italian regulation, namely 1 ng m-3 of benzo(a)pyrene calculated as annual average [18].
The use of diagnostic ratios between concentrations
of selected PAH to draw qualitative information on the
nature of emissions was criticized by some authors [21, 22].
Nevertheless, it was approached to distinguish petrogenic
vs. pyrogenic sources [11, 23-29]) or to highlight the particle ageing [29, 30].
Nitro-PAHs were investigated since they are not only
potent mutagens (e.g., nitrofluoranthenes and nitropyrenes)
[31, 32], but also source-specific. In fact, the 2-nitrofluoranthene/1-nitropyrene ratio seems suitable for comparing
the aftermaths of PAH degradation vs. direct emission,
while that of 2-nitrofluoranthene/2-nitropyrene underlines
the predominance of day-time vs. night-time reactions. On
the other hand, both 9-nitroanthracene and 7-nitrobenz(a)anthracene are known to have mixed origins [33].
Four oxygen- (OPAC) and three nitrogen-containing
(NPAC) polyaromatic compounds were studied, namely
fluorenone, anthrone, anthraquinone and benzanthrone, and
acridine, carbazole and benz(c)acridine. OPACs are known
to be released from both direct emission and PAH deposition processes, while NPACs are anthropogenic by-products
of organic matter burning [34-36]. All these compounds are
of toxicological concern [37, 38]. Nicotine and caffeine were
monitored to trace tobacco smoking and food cooking,
respectively.
When analyses aimed at measuring the above air contaminants were completed, the organic extracts were processed again to obtain further information about the particulate composition at the 5 sites studied. For these purposes, two ways were followed. At first, the highly-polar
fraction was re-analyzed by GC-MS operated in scan
mode, and the principal components were tentatively identified by comparing the corresponding mass spectra to
those provided by the NIST and WILEY libraries. Identification was confirmed, whereas feasible, by processing
solutions of authentic standards at the same GC-MSD
conditions. Secondly, the three polarity fractions were
gathered together according to sampling site and further
eluted through a SiO2/H2SO4 column (1:1) with n-hexane
to cut-off all or-ganic compounds prone to be decomposed.
The eluate was further cleaned through column chroma-

tography on silica (n-hexane/chloroform 4:1), then it was
reprocessed by GC-MSD both in scan and selected-ionmonitoring modes to identify chlorinated organics, namely
polychlorinated benzenes (PCBz), toluenes (PCTo), biphenyls (PCB), naphthalenes (PCN), pesticides (OCP),
styrenes, cyclohexanes and cyclopentanes. This study was
restricted to the identification of contaminants without
any quantitative purposes, overall for two reasons. First,
the presence of these species was not foreseen when the
study was started; thus, the analytical procedure applied as
a whole was not necessarily reliable for their determination. Second, most chlorinated organics are semi-volatile
and occur in air overall in the gas phase; thus, the
amounts detected in the particulates did not correspond to
the true atmospheric burdens in the Pančevo air. Furthermore, heavy losses could occur along collection and
analysis of particulates.
Unfortunately, we did not have the opportunity of analyzing the airborne particulate samples by negative-ion
chemical ionization mass spectrometry, which would permit to lower the limits-of-detection of the chlorinated compounds. Nevertheless, most of information about the POM
composition was not lost, since the investigation about
chlorinated organics was restricted to qualitative purposes.
RESULTS AND DISCUSSION
Groups kept as total amounts

n-Alkanes showed a peculiar behavior among the
groups investigated, for two reasons. First, their concentration was minimum in March, and maximum in July. Second, the site- and season-related variability of n-alkanes
(±17% and 19%, respectively, of the gross average equal
to 90 ng m-3) was much lower than those shown by the
other groups. By contrast, the PAH, OPAC and NPAH
concentrations varied widely from site to site and with the
year season (Table 1). The corresponding monthly averages ranged from 10.3 ± 7.6 to 74.0 ± 26 ng m-3, from 2.6
± 0.8 to 22.8 ± 13.4 ng m-3, and from 0.9 ± 0.1 to 6.6 ±
3.4 ng m-3 (see Table 1). The minimum values were reached
in summer, except for NPAC (in autumn), and maximum
ones in winter.
Non-polar aliphatic compounds

Total n-alkanes reached 67 ± 21 ng m-3 in March, 86
± 12 ng m-3 in October, and 104 ± 28 ng m-3 in January
and July. The average values of CPI25 ranged from 1.39 ±
0.20 to 1.60 ± 0.60 at sites B and D, respectively, suggesting the common predominance of anthropogenic emission.
The calculation of W%, which did not exceed 20 ± 9, provided similar results. In agreement with this behavior, the
n-alkane fingerprint was invariant independently of locations and seasons (Fig. 1a). Pristane and phytane, usually
associated to petroleum-derived fuels, were recorded in all
samples.
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Seasonal PAH, OPAC and NPAC concentrations show-

ed wide variability. The corresponding total amounts ranged

TABLE 1 - Average concentrations of total n-alkanes (C17 to C35), PAH (fluoranthene to dibenzopyrenes), nicotine, caffeine,
OPAC and NPAC (ng m-3) in Pančevo during the 2006-2007 campaign. The CPI25, W% and BaPE indexes are also reported.
site
time
n-alkanes
CPI25
W%
PAH
BaP
BaPE
nicotine
caffeine
OPAC
NPAC

A
Jul
90
1.25
10
19.0
0.64
1.43
7.0
1.50
n.e.
n.e.

Oct
80
1.78
28
16.0
0.97
1.50
37
0.96
4.6
0.91

B
Jan
94
1.28
16
116
7.1
11.7
38
6.7
25
8.2

Mar
57
1.41
27
19.2
1.29
1.86
26
5.5
7.3
2.2

Jul
92
1.12
1.7
18.1
0.62
1.38
2.2
0.24
2.42
0.25

Oct
79
1.59
23
17.7
0.95
1.54
13.8
0.76
3.6
0.73

C
Jan
70
1.38
13
66
3.6
6.1
3.3
14.9
24.1
7.8

Mar
63
1.46
16
19.9
1.37
2.06
8.5
14.5
17.4
8.7

15
10

C35

C33

C31

C29

C27

C25

C23

C19

C21

5
0

6.0
% of the total

b

PAH

5.0
4.0
3.0
2.0
1.0

BPE

DBP

IP

DBA

PE

BaP

BeP

BjkF

BbF

CH

BaA

CPP

BghiF

FA

0.0
PY

Oct
74
1.84
31
19.8
1.03
1.60
42
5.0
2.6
1.02

D
Jan
147
1.31
14
73
7.2
9.9
30
11.8
9.4
10.6

Mar
64
1.52
23
22.6
1.78
2.57
16.8
22.8
16.3
8.4

Jul
91
2.54
39
6.5
0.06
0.36
20
1.38
3.5
2.91

Oct
99
1.42
16
72
1.41
6.1
38
6.0
4.4
1.03

E
Jan
110
1.20
5.0
73
4.9
7.5
12.0
2.50
12.0
2.00

Mar
103
1.24
7.2
15.6
0.88
1.34
7.2
4.4
7.7
1.33

Jul
106
1.35
15
4.4
0.08
0.20
6.4
0.17
1.52
0.54

Oct
99
1.64
22
14.3
0.96
1.45
10.9
0.87
5.1
0.77

Jan
86
1.32
12
42
4.0
5.6
10.5
1.10
43
4.5

Mar
50
1.56
23
18.3
1.17
1.77
6.0
2.39
6.0
1.79

associated to abundances of semi-volatile congeners (see
Fig. 1b). It is worth-noting that the relative contents of light
congeners (phenanthrene, anthracene) seemed higher in
July than in the rest of the year (~ 1.2% of the total vs.
0.7%, or ~1.7 times the sum of fluoranthene and pyrene vs.
1.2), despite ambient temperature would favor their passage into the gas phase. This seems to suggest that a special PAH source was active in summer.

a

n-alkanes

pri
phy
C17

(%) of the total

20

Jul
153
1.19
8.7
3.6
0.13
0.25
10.3
4.8
2.9
0.43

FIGURE 1 - Normalized composition of the n-alkane (a) and PAH
(b) fractions associated to aerosols in Pančevo.
a) pri: pristane; phy: phytane; Ci: n-alkane homologue with i carbon
atoms.
b) FA: fluoranthene; PY: pyrene; BghiFA: benzo(ghi)fluoranthene;
CPP: ciclopentapyrene; BaA: benzo(a)anthracene; CH: chrysene; BbFA:
benzo(b)fluoranthene; Bk/jFA: benzo(j)fluoranthene + benzo(k)fluoranthene; BeP: benzo(e)pyrene; BaP: benzo(a)pyrene; PE: perylene; IPY:
indeno(1,2,3-cd)pyrene; DBA: dibenz(a,h)anthracene; BPE: benzo(ghi)perylene; DBPs: sum of dibenzopyrenes.

from 10.3 ± 7.6 to 74.0 ± 26 ng m -3, from 2.6 ± 0.8 to
22.8 ± 13.4 ng m-3, and from 0.9 ± 0.1 to 6.6 ± 3.4 ng m-3,
respectively (see Table 1), with minimum in summer, except for NPAC (in autumn), and maximum in winter.
PAHs and Nitro-PAHs

All PAH congeners from fluoranthene to dibenzopyrene
reached high concentrations in winter. For instance, BaP
touched 4~7 ng m-3. By contrast, in July, this compound
reached only ~0.63 ng m-3 in A and B, and was very low
(0.09 ± 0.04 ng m-3) at the other sites. Small differences
among the PAH fingerprints of the 5 sites were basically

Four diagnostic ratios R were calculated upon the
yearly averages of PAHs [16, 17], namely fluoranthene vs.
pyrene (FA/PY, R ~ 1.32), benz(a)anthracene vs. chrysene
(BaA/CHR, R ~ 0.37), indeno(1,2,3-cd)pyrene vs. benzo(ghi)perylene (IPY/BPE, R ~ 1.11), and benzo(a)pyrene vs.
benzo(ghi)perylene (BaP/BPE, R ~ 0.50) (Table 2). Comparing these values to the data associated by the scientific
literature to various anthropogenic sources, all sites appeared
characterized by huge diesel vehicle emission (see Table 3),
with a minor contribution of coal/wood stoves. Important
differences were observed in the industrial site D (FA/PY
~ 2.70 and BaA/CHR ~ 0.26) suggesting the presence of
another unknown source. As suggested by the benzo(a)pyrene/ benzo(e)pyrene ratio (BaP/BeP) [29, 30], some PAH
decomposition developed in summer (R ~ 0.38 in July vs.
0.80 ± 0.10 in the remaining periods). Although total PAH
concentrations recorded in Pančevo were not dissimilar
from those detected in Italy [39], and quite usual in the
Balkan Region, however the carcinogenic species resulted
1.5-3 times more abundant in Pančevo than in Northern
Greece [40], and the BaPE index exceeded up to 4 times
the Italian and European guidelines for BaP [18, 19].
The low contents of 2-nitrofluorene, 3-nitrophenanthrene and 1-nitropyrene indicate that nitro-PAHs were
of secondary origin in the sites A, B, C and E (Table 4).
By contrast, in the industrial district, the three compounds
reached concentrations as high as 1.70, 1.33 and 0.04 ng
m-3, respectively. Looking to the residential district (C),
both 2-nitrofluoranthene (2-NFA) and 2-nitropyrene (2NPY) exceeded the concentrations reached in Athens at a
site of similar characteristics [41], i.e. ~0.5 vs. less than
0.1 ng m-3. By contrast, 1-nitropyrene (1-NPY) did not
reach the detection limit (0.02 ng m-3).
Highly polar compounds
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Nicotine and caffeine were found quite abundant in the

air of all locations, in agreement with the wide consume

TABLE 2 - PAH diagnostic ratio values calculated at the five stations of Pančevo during the 2006-2007 campaign.
site

Month
FA/PY
BaA/CH
IP/BPE
BaP/BPE
BaP/BeP
July
1.20
0.30
1.15
0.30
0.44
October
1.07
0.43
1.07
0.38
0.82
A
January
0.82
0.56
1.09
0.85
0.36
March
1.28
0.31
1.04
0.51
0.92
July
3.39
0.15
1.24
0.98
0.21
October
1.16
0.43
1.13
0.36
0.79
B
January
1.10
0.30
1.16
0.56
0.47
March
1.00
0.37
1.13
0.47
0.88
July
1.68
0.22
1.01
0.36
0.39
October
1.01
0.38
1.08
0.39
0.82
C
January
0.82
0.56
1.24
0.82
1.36
March
0.93
0.34
1.15
0.55
1.09
July
2.49
0.18
0.97
0.13
0.41
October
4.34
0.04
1.28
0.47
0.16
D
January
2.96
0.49
1.19
0.84
0.55
March
1.01
0.32
1.08
0.40
0.76
July
2.37
0.25
0.89
0.11
0.45
October
1.23
0.44
1.09
0.45
0.92
E
January
1.16
0.46
1.18
0.70
1.17
March
1.09
0.33
1.11
0.45
0.85
PAH identification: FA: fluoranthene; PY: pyrene; BaA: benz(a)anthracene; CH: chrysene; IP: indeno(1,2,3-cd)pyrene; BaP: benzo(a)pyrene; BPE: benzo(ghi)perylene; BeP: benzo(e)pyrene.

TABLE 3 - Anthropogenic PAH sources and typical values of FA/PY, BaA/CHR, IP/BPE and BaP/BPE diagnostic ratios.
Source
vehicles

PAH ratio
mixed
leaded gasoline
unlead. gasoline

FA/PY
0.60
0.50
0.54

BA/CH
0.5~0.9
0.8~1.3

0.8~1.1

0.38
0.65
0.64
0.70
0.78
1.01
1.90
0.56
1.30
0.84
0.53
0.71

IP/BPE

BaP/BeP

0.37
0.2~0.35

BaP/BPE
0.55
0.45
0.35

0.65~1.1
0.9~1.3
1.1~1.6
1.2~1.6
1.10
1.61
1.21
2.01
0.18
0.76
1.82
0.92

0.8~1.1
1.57
1.94
1.77
1.91
0.81
0.78
0.88
0.23
0.70
0.14
~0.12

0.50

Ref.
(23, 24)

0.95
0.95

(23, 24, 27, 29)
(23, 24, 27, 29)
(23, 24, 27, 29,

diesel
domestic heating
coal
wood, pine
wood, oak
syntetic fuel
heavy oil
iron/steel plant
coke (coal)
power plant (coal)
tobacco smoke
particulate
landfill
fumes
clay plant
fumes
urban incinerator
fumes
PAH identification: as in Table 2.

0.78
0.75
1.19
0.83
0.30
0.66
0.96
1.30
~2.65
~17.

49)
(25)

2.10
1.77

(47)
(47)
(25)

0.52
1.65
2.57
0.38
0.55
0.02
0.01

(25)
(25, 26)
(25, 26)
(50)
(25)
(25)
(25, 29 )

TABLE 4 - Average concentrations of Nitro-PAHs (ng m-3) measured in Pančevo at the five sites investigated from July 2006 to March 2007.
Compound
2-nitrofluorene
9-nitroanthracene
9-nitrophenanthrene
3-nitrophenanthrene
2-nitroanthracene
2-nitrofluoranthene
4-nitropyrene
1-nitropyrene
2-nitropyrene
Total Nitro-PAHs

Site

A
n.d.
0.02
0.01
0.02
n.d.
0.15
0.09
n.d.
0.14
0.44

B
n.d.
0.04
0.04
0.02
n.d.
0.09
0.08
n.d.
0.12
0.37
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C
0.02
0.16
0.10
0.08
0.21
0.44
0.25
n.d.
0.49
1.76

D
1.70
n.d.
n.d.
1.33
0.20
0.08
0.15
0.04
0.06
3.55

E
0.00
0.02
0.02
0.02
0.03
0.10
n.d.
n.d.
0.05
0.25
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of both recreational drugs by population. The former
ranged from 7.0 ± 5.6 ng m-3 (site B) to 27.1 ± 14.5 ng m-3
(site A), and the latter between 1.1 ± 0.9 (site E) and 11.1 ±
8.5 ng m-3 (site C). These figures are comparable to those
recorded elsewhere in the cities [13].
The Pančevo aerosols were not particularly rich of
OPACs nor NPACs (see Table 1). Anthrone was the most
abundant OPAC in March and October (~43% and 78%
of total OPACs, respectively), anthraquinone in January
(~38%), and benzanthrone in July (~63%). High percentages of the secondary anthrone and benzanthrone were observed in E [42, 43], according to site characteristics. Among
NPACs, acridine (64 ± 23% of the congeners sum), carbazole (24% ± 16%) and benzo(c)acridine were identified
as petrol-processing residues. As for highly polar contaminants, the signatures of various emission sources were found
in all samples, namely common plasticizers (e.g. phthalate
esters and benzenesulfonamides [44, 45]), biomass burning (C16~C32 alkanols, β-sitosterol, and the two diterpene alcohols sugiol and totarol [46, 47]), and meat cooking (cholesterol and glyceryl acetates [48]).

FIGURE 2 - (EI)-mass spectra of the two major chlorinated compounds found in the highly polar fraction of organic particulate
matter in the industrial district of Pančevo. The former compound
was tentatively identified as diisocyanobenzyl alcohol chloride (A),
and the latter as diisocyanophenylacetyl chloride (B).

a

b

Chlorinated Organic Compounds

The highly polar fraction of particulates collected in
the industrial district was rich of two chlorine-containing
components with molecular weights equal to 224/226 and
236/238 atomic mass units and tentatively identified as
diisocyianobenzyl alcohol chloride and diisocyanophenylacetyl chloride (see Fig. 2). The two compounds were absent in the other locations. Due to the presence of PVC
and fertilizer factories, the occurrence of other polychlorinated organics was investigated. Again, chlorine compounds
were detected solely in the site D. Important amounts of
polychlorinated benzenes (PCBz) and toluenes (PCTo)
were detected there, accompanied by traces of PCBs, halogenated cyclohexanes, styrenes and pesticides (Fig. 3). That

c

FIGURE 3 - GC-MSD profile of the fraction rich of polychlorinated
organics associated to airborne particulates collected in the industrial district of Pančevo: a) polychlorobenzenes; b) polychlorotoluenes; c) polychlorobiphenyls.
a) T3CBz: trichlorobenzenes; T4CBz: tetrachlorobenzenes; P5CBz:
pentachlorobenzene; H6CBz: hexachlorobenzene.
b) T3CTo: trichlorotoluenes; T4CTo: tetrachlorotoluenes; P5CTo: pentachlorotoluenes; H6CTo: hexachlorotoluenes; H7CTo: heptachlorotoluenes.
c) T3CB: trichlorobiphenyls; T4CB: tetrachlorobiphenyls ; P5CB: pentachlorobiphenyls ; H6CB: hexachlorobiphenyls.

finding was in agreement with the heavy pollution caused
by bombardments of PCB-oil transformers and other plants
during the Balkan War [1, 5]. The huge PCB releases into
the environment were quantified, but subsequent investigations declared that the PCB leakage was enough remedied
and mitigated [1, 6-9]. Nevertheless, this study suggests
that high amounts of PCBz and PCTo are released into the
air by an unidentified source at the in-field campaign time.
Since these substances occur overall as vapors in the air,
they would reach relevant concentrations to be detected in
the Pančevo particulates. Thus, the atmosphere was suspected to be enough contaminated to induce health problems
on the city population.
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With regard to toxic dioxins and furans, the identification was hindered by the insufficient equivalent air
volume and airborne particulate amount processed. Also
in this case, the availability of NICI-MS detection would
favor the investigation, at least to check their occurrence.
Although the PCDD/PCDF contamination of particulates
was suspected to occur as a consequence of war damages,
however, no information about this issue could be drawn.

Radetic and Lucia Paciucci for their personal contributions
to the in-field experiments, literature acquisition and manuscript edition.
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ALGAL GROWTH POTENTIAL AND NUTRIENT LIMITATION
IN SPRING IN THREE-GORGES RESERVOIR, CHINA
Guangjie Zhou, Yonghong Bi, Xuemin Zhao, Lin Chen, and Zhengyu Hu
State Key Laboratory of Freshwater Ecology and Biotechnology,
Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, P. R. China

ABSTRACT
In China, especially in Three-Gorges Reservoir, our
knowledge of the algal growth potential and nutrient limitation was still limited. In the spring of 2006, the water column ratios of total nitrogen/total phosphorus were investigated and algal bioassays performed to determine algal
growth potential of waters and nutrient limitation of mainstream and Xiangxi Bay of Three-Gorges Reservoir. The
results showed sampling sites in mainstream were co-limited
by N and P or P-limited alone, and sites in Xiangxi Bay
were N-limited alone. Fe likely played an important role
in determining the appearance and disappearance of algal
blooms of Three-Gorges Reservoir. Native algae, Pseudokirchneriella subcapitata and Cyclotella meneghiniana,
had high growth potential in Three-Gorges Reservoir.

KEYWORDS: algal growth potential, nutrient limitation, ThreeGorges Reservoir, Xiangxi Bay.

INTRODUCTION
The Three-Gorges Dam is the largest water conservancy
project built in China, and so in the world. With the normal water level at 175 m, the total storage capacity of the
reservoir is 39.3 billion m3 [1]. Damming of the ThreeGorges brought many benefits in controlling flood, producing hydroelectric power, navigating, irrigating the fields,
and other aspects [2]. However, it also exerted far-reaching
and profound impacts on the ecological environment since
water was dammed in 2003. For example, in the mainstream and tributaries of the Yangtze River, there were no
algal blooms reported before the impoundment of ThreeGorges Dam. However, blooms were observed in the tributary of Xiangxi Bay during the first spring after the suc-

cess of the closure of the sluice gate on June 1st, 2003 [3],
and phytoplankton blooms occurred repeatedly in many
tributaries every spring since then. Spring was known for
its special conditions in which phytoplankton blooms
seem to be caused by high nutrients, slow velocity of flow
and optimal water temperature. Except some of the earlier
studies on phytoplankton investigation in Xiangxi Bay,
there were no studies focusing on algal growth potential
and nutrient limitation in spring in Three-Gorges Reservoir. However, ascertaining how much growth potential
is, and determining which nutrients limit phytoplankton
growth, are important steps in the development of effective
reservoir management strategies [4-8].
In general, nitrogen is most often the limiting nutrient
for phytoplankton growth in marine systems [9-11], while
phosphorus limitation prevails in freshwater systems [12,
13]. Other nutrients, such as iron, zinc and silicate, have
been reported to be limiting in some situations [14-17].
Measurements of elemental ratios (for example: the ratio
of total nitrogen to total phosphorus) in a water body have
been often used to determine nutrient limiting status [8,
18-20]. Algal bioassays have also become a widely used
experimental technique for detecting potential nutrient limitation and growth potential in phytoplankton communities
in a particular water-body [5, 6, 8, 21, 22]. This type of bioassay involves placing water samples in containers supplied with one or a number of nutrients, and measuring the
phytoplankton growth over time [23, 24]. If growth is rapid
in a sample containing a particular nutrient, but is very poor
in samples not containing that nutrient, then it is considered
that the nutrient is limiting phytoplankton growth in the
system [24, 25]. In our study, the nutrient limiting status
of phytoplankton in Three-Gorges Reservoir was examined
in two ways: (i) Comparison of nitrogen to phosphorus
ratios. (ii) Algal bioassays.
The present research aims to study in mainstream and
Xiangxi Bay of Three-Gorges Reservoir: (i) the chlorophyll a concentration, physicochemical conditions and
their relationships; (ii) algal growth potential; (iii) which
nutrient or combination of nutrients (N, P, or N and P) most
commonly limits phytoplankton growth; (iv) whether Fe
and Ca are important elements in stimulating algal growth.
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MATERIALS AND METHODS

Growth potential

Study areas and field sampling

The mainstream area of the Three-Gorges Reservoir
in Hubei Province and its tributary of Xiangxi Bay were investigated in March 2006. Surface water samples were collected by using 5-L samplers at 5 sampling sites in the mainstream (C1-C5) and 11 sampling sites in Xiangxi Bay (X1X11) (Fig. 1, Table 1). The mainstream had an average
maximum depth of 99.2 ± 6.6 m and the Xiangxi Bay had
an average maximum depth of 39.0 ± 22.0 m (Table 1).
Environmental factors analysis

Physical factors of water, such as temperature, pH and
transparency, were determined using in situ instruments.
For measuring ammonium, phosphate and ferrous iron, the
water samples were filtered after collection through precleaned 0.45 µm pore-size Whatman GF/C glass-fiber filters. Total nitrogen, total phosphorus, nitrate, ammonium,
phosphate, total iron and ferrous iron were measured spectrophotometrically [26, 27]. Calcium ions were measured
by EDTA titration [26]. Chlorophyll a was extracted from
the filter for 24 h with 90% acetone, centrifuged for 10 min
at 3000 rpm, and analyzed spectrophotometrically following the method described in SEPB [27].

The test organisms were native algae (initial cell density were 3.76×102 cells/ml and 9.23×103 cells/ml at C0 and
X0 sampling sites, respectively), Pseudokirchneriella subcapitata (formerly known as Selenastrum capricornutum)
(initial density 104 cells/ml), Cyclotella meneghiniana (initial density 104 cells/ml), and Microcystis aeruginosa (initial density 5×104 cells/ml). All samples were incubated
with bottom illumination under controlled temperature
(24 ± 2 °C), light (65-75µmol m-2 s-1) and photoperiod (12 h
light:12 h dark). The culture volume was 100 ml. Every two
hours, the bottles were repositioned randomly to minimize
effects of variation in irradiance with the cabinet, and gently shaken in order to prevent epiphytic growth. The as-

Algal bioassay experiments

Surface samples for bioassays were collected from sites
C0 and X0 on 5 March, 2006. The C0 and X0 sites were representative of water areas of mainstream and Xiangxi Bay,
respectively. The water sample used for native algae bioassay was filtered through a 64-µm mesh to eliminate zooplankton, and the water samples used for other algal
bioassays were filtered through 0.45-µm (Whatman GF/C)
filters.

FIGURE 1 - Location of sampling sites in mainstream and Xiangxi Bay of Three-Gorges Reservoir.

TABLE 1 - Water quality data collected from each sampling site.
Sampling
sites
C0
C1
C2
C3
C4
C5
X0
X1
X2
X3
X4
X5
X6
X7
X8
X9
X10
X11

Latitude
(N)
30°57.498
30°51.386
30°53.240
30°53.404
30°57.713
30°59.283
31°07.005
30°58.076
30°58.930
30°59.597
31°00.517
31°02.147
31°03.277
31°04.368
31°05.265
31°05.960
31°06.950
31°07.696

Longitude
(W)
110°45.680
110°58.949
110°54.397
110°50.434
110°45.223
110°41.596
110°46.793
110°45.791
110°45.895
110°45.690
110°45.417
110°45.375
110°45.032
110°45.744
110°46.355
110°46.658
110°46.752
110°46.803

Depth
(m)
100
100
110
90
100
95
15
80
70
55
50
45
40
35
25
24
20
9

pH
8.15
8.11
7.99
7.99
8.02
8.08
8.50
9.37
9.32
9.36
9.31
9.29
9.02
9.21
9.27
9.16
8.96
9.10

Temp
( )
12.5
16.0
16.0
16.5
14.8
13.5
10.5
14.7
14.0
14.5
15.0
13.7
13.5
13.5
14.0
13.5
13.5
14.0

Secchi
depth (cm)
250
400
400
400
375
380
120
50
80
90
160
90
230
95
80
130
120
110

NH4+
(µM)
10.21
14.37
16.93
7.26
7.83
7.55
32.05
142.08
73.54
51.07
46.52
137.25
18.07
79.51
131.56
59.31
47.65
56.75

TN
(µM)
136.97
157.28
147.45
136.32
144.18
142.21
90.46
286.97
209.68
165.14
137.63
207.71
71.47
198.54
415.35
159.90
155.97
175.62

Tem = temperature; TN = total nitrogen; TP = total phosphorus; TFe = total iron.
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PO43(µM)
0.54
2.12
2.52
2.52
1.99
1.86
8.98
15.97
7.92
6.74
6.47
10.82
7.27
10.17
38.37
11.75
7.79
12.01

TP
(µM)
1.86
3.31
4.10
3.71
3.31
2.78
17.02
27.57
16.23
24.01
11.62
25.06
12.54
26.51
55.64
21.63
21.24
23.35

TFe
(µM)
0.88
2.33
1.42
1.51
2.24
1.24
1.87
6.03
2.42
1.96
2.78
4.13
1.96
2.60
5.58
2.15
3.14
2.87

Fe2+
(µM)
0.13
0.31
0.04
0.04
0.13
0.04
0.67
2.66
1.40
0.67
0.67
1.76
0.31
1.94
5.01
1.22
1.94
1.40

Ca2+
(µM)
1186.04
1186.04
981.55
1247.39
1226.94
1216.71
1063.35
1216.71
1186.04
1206.49
1145.14
1083.80
1042.90
1063.35
1145.14
1022.45
1042.90
1042.90

Chla
(µg l-1)
1.13
4.95
3.26
5.11
5.11
5.89
69.70
398.43
153.34
109.91
94.55
284.13
28.34
246.58
742.18
195.30
194.13
155.51
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says were carried out in triplicate. The number of algal
cells was counted when the population reaches stationary
phase. Algal growth potential was reported as a percentage of the increasing algal cells.

phosphate (p<0.001), total iron (p<0.001) and ferrous iron
(p<0.001).

70

Nutrient limitation

60

P. subcapitata, recommended in the EPA protocol [28],
was used and culture conditions were as previously described in algal growth potential. Treatments (in triplicate)
were control (no nutrients added), N addition, P addition,
N+P addition, N+P+Fe addition, N+P+Ca addition, and
N+P+Fe+Ca addition. In the bottles receiving nutrients,
the N concentration was increased by 300 µM (addition of
KNO3), P concentration by 6 µM (addition of KH2PO4), Fe
concentration by 0.60 µM (addition of C6H5O7Fe·5H2O),
and Ca by 30 µM (addition of CaCl2·2H2O). After nutrient addition, the bottles were incubated for 12 days and
algal cells were counted on a daily basis.

TN:TP (Molar ratio)

P limitation
50
40

co-limitation by N and P
30
20

N limitation
10
0

C0 C1 C2 C3 C4 C5 X0 X1 X2 X3 X4 X5 X6 X7 X8 X9 X10X11

FIGURE 2 - TN:TP (molar ratio) at each sampling site.

Statistical analysis

Nutrient limitation

Statistical analysis was carried out using the SPSS 13.0
package. Pearson correlations between chlorophyll a concentration and environmental factors were done. ANOVA
followed by Tukey’s post hoc test was used to check the
significance of treatments in bioassays. Levels of significance used were 5% and 1%, described as “significant” and
“highly significant”, respectively. Data are presented as
means ± standard deviation unless other stated.

Growth of P. subcapitata at C0 and X0 sampling sites
are shown in Fig. 3 and 4. At C0 sampling site, the cell
densities of P. subcapitata increased significantly in NP
and P treatments, compared with control (ANVOA, p<
0.05). However, at X0 sampling site, the cell densities of
P. subcapitata increased significantly in NP and N treatments, with regard to control (ANVOA, p<0.05). N nutrient addition at C0 site and P nutrient addition at X0 site
did not stimulate algal growth compared with controls
(ANVOA, both p>0.05). This showed that limitation by P
and N alone occurred at C0 and X0 sites, respectively. Both
C0 and X0 sampling site treatments (enriched with Fe)
showed markedly increased growth in comparison to treatments not Fe-enriched (ANVOA, p<0.05), but enrichment
with Ca alone did not result in a significant increase in
algal biomass (ANVOA, p>0.05). This showed that Fe was
an important element in stimulating algal growth at C0 and
X0 sampling sites.

Water temperature ranged from 10.5 to 16.5 °C and
pH from 7.99 to 9.37 during the study period. Transparency had wide variations from 50 to 400 cm among sampling sites, and the values in mainstream were higher than
those in Xiangxi Bay (Table 1). High nutrient (TN, TP,
ammonium, phosphate, total iron, ferrous iron and calcium
ions) levels were generally found in mainstream and Xiangxi
Bay of Three-Gorges Reservoir (Table 1). For example,
TN concentrations ranged from 136.32 to 157.28 µM, and
TP concentrations between 1.86-4.10 µM in mainstream.
TN levels ranged from 71.47 to 415.35 µM, and from
11.62 to 55.64 µM in Xiangxi Bay. The TN:TP ratio ranged
from 35.95 to 73.61, with a mean value of 48.08 ± 13.83 in
mainstream, and from 5.32 to 12.92, with a mean value of
8.21 ± 2.33 in Xiangxi Bay (Fig. 2). In mainstream, chlorophyll a was found between 1.13-5.89 µg L-1, with mean
value 4.24 ± 1.75 µg L-1. In Xiangxi Bay, chlorophyll a
ranged from 28.34 to 742.18 µg L-1, with mean value
222.68 ± 192.19 µg L-1 (Table 1). Significant correlations
did not exist between nutrient and chlorophyll a concentration (linear regression; all p>0.05) in mainstream. However, in Xiangxi Bay, chlorophyll a concentration was correlated significantly positive with total nitrogen (p<
0.001), total phosphorus (p=0.001), ammonium (p<0.001),
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FIGURE 3 - Growth of Pseudokirchneriella
subcapitata at C0 sampling site (mean ± SD (n=3)).
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FIGURE 4 - Growth of Pseudokirchneriella
subcapitata at X0 sampling site (mean ± SD (n=3)).
Growth potential

The algal growth potential at C0 sampling site was
greater for native algae than for P. subcapitata, completely
vice versa to that at X0 sampling site. The algal growth
potential at both sampling sites for C. meneghiniana was
al-most even and that for M. aeruginosa was null (Fig. 5).
18000

Growth (%)

16000

Native algae
Pseudokirchneriella subcapitata
Cyclotella meneghinana
Microcystis aeruginosa

14000
3000
2000
1000
0
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ing agricultural nitrogen fertilizers [29], which may be the
cause of P-limitation in some sites. Although phytoplankton growth in freshwater ecosystem is generally considered to be P limited, algal growth limitation by N and colimitation by N and P are also commonly observed [5, 22,
30-33]. In tropical and subtropical regions, N has been
identified as limiting nutrient caused by young volcanic
terrain and floodplains where P can be exceptionally abundant [6, 34]. The Xiangxi Bay had serious phosphorus pollution provided by untreated multiple industrial
wastewaters and urban sewage [35], which may be the
reason of N-limitation. Therefore, management efforts
should focus on controlling N and P loading in mainstream
and Xiangxi Bay, respectively. The bioassay also
showed Fe to be an important element in stimulating algal
growth. Iron limitation of phyto-plankton growth has been
reported in some marine ecosystems [36-40]. Iron limitation or co-limitation in freshwater, though less studied
than in marine systems, has also been documented in a
large number of systems [41]. Generally, iron limitation is
not expected to occur in lakes and reservoirs because of
the proximity of terrestrial influences [25], but our study
had seen a response by P. subcapitata to Fe addition, though
high iron nutrient (total iron, ferrous iron) levels were
generally found in mainstream and Xiangxi Bay of
Three-Gorges Reservoir. This suggested that most of Fe
forms in Three-Gorges Reservoir were unavailable for
algal growth. Therefore, Fe likely played an important
role in determining the appearance algal blooms in
Three-Gorges Reservoir. The high growth potential for
native algae, P. subcapitata and C. meneghiniana
demonstrated that Three-Gorges reservoir had enough nutrients for some algae. Maybe that was the reason that
blooms of diatoms and green algae were sometimes occurred during spring in Three-Gorges reservoir. Blooms
of the cyanobacterium M. aeruginosa are widespread in
eutrophic rivers, lakes and reservoirs worldwide [42- 44],
and blooms can cause harmful effects to aquatic environments and human health [42]. In this study, the
growth potential for M. aeruginosa was null.

X0
X0

FIGURE 5 – Algal growth potential at X0 site (mean ± SD (n=3)).

DISCUSSION
In our study, the limiting nutrient status in the mainstream and Xiangxi Bay of Three-Gorges Reservoir was
classified by comparing the results from the bioassay and
the water column (TN/TP ratios). Generally, N limitation
occurred at TN/TP ratios <20; co-limitation by N and P at
TN/TP ratios 20-50; and P limitation at TN/TP ratios >50
[19]. The results showed C1-C4 sites were co-limited by
N and P, C0 and C5 sites were P-limited alone and X0X11 sites were N-limited alone. And also, the results about
C0 and X0 sampling sites were in concordance with that
from bioassay experiments. The mainstream of ThreeGorges Reservoir had been mainly polluted by surround-

Usage of hydrodynamics to control algal blooms in
some estuaries and reservoirs [44-46], but also eco-hydraulic
regulation was suggested to control algal blooms in ThreeGorges Reservoir [2]. However, few research studies reported on assessment of the possible negative impact caused
by eco-hydraulic regulation. According to our study, P and
N were the factors limiting phytoplankton growth in the
mainstream area of the Three-Gorges Reservoir and its
tributary of Xiangxi Bay. Dam storage would allow water
with a high TN/TP ratio from the mainstream of ThreeGorges Reservoir into Xiangxi Bay, and dam discharge
would allow water with a low TN/TP ratio from the Xiangxi
Bay into the mainstream of Three-Gorges Reservoir. Thus,
dam storage and discharge would stimulate phytoplankton
growth because nutrient limitation status disappeared temporarily. A similar viewpoint was once mentioned by Ye et
al. [47], in accordance with our study.
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view of recent evidence on the effects of enrichment. Limnol.
Oceanogr., 33: 796-822.
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SUMMARY
In this study, it was aimed to decrease organic matter
and nutrient loads from the waters joining the drinking
water reservoirs like creeks and surface flows by a pilot
scale serial-operated constructed wetland (CW) system.
The serial system consisted of a horizontal-subsurface flow
(h-SSF) bed vegetated with Canna, Cyperus, Typhia, and
Juncus in the first stage, a free water surface flow (FWS-1)
bed vegetated with Salvina, Pistia, and Lemna in the second stage, and a free water surface flow (FWS-2) bed
vegetated with Elodea and Egeria in the third stage. Organic matter and nutrient removal performances in different hydraulic and loading rates were examined and contributions of plants on treatment were also investigated.
Planted systems operated at the same loading rates have
higher performances than unplanted systems. The results
showed that the serial system increases removal efficiencies from 67% to 84% for BOD, 56% to 73% for COD,
from 41% to 77% for TN and from 40% to 59% for TP.
The results of this study indicated that a serial-connected
constructed wet-land system had a potential for BOD,
COD, N, and P removal and the treatment of tertiary treated wastewater.

KEYWORDS: Combined constructed wetland systems, free water
surface-flow wetlands (FWS), horizontal-subsurface flow wetlands
(H-SSF), hybrid Systems.

been being developed by our research group in order to
both protect the raw water quality and reclamation and indirect reuse of treated municipal wastewaters. This concept was based on the constructing wetlands and restoring
natural wetlands as treatment wetland around the lakes,
reservoirs and on the creek beds. In order to ensure reuse
possibility, effluent should satisfy the quality criteria in terms
of organic, inorganic, and microbiological parameters. The
idea of recovery of the huge amounts of water as raw water
resource and protecting of reservoirs from point and nonpoint pollution were the underlying concept of objective
of this study [2]. Data in the literature show that the performance of constructed wetlands (CWs) used for water
purification depends especially strongly on the matter loading rates and hydraulic loading rates [3]. Removal percentages were generally high for SS and BOD. But, removal
rates for N and P were lower and more variable, and these
removal rates are not efficient [4]. To obtain efficient results
on CWs, designing a best configuration, which is known as
hybrid system, is one of the methods to overcome the problem [5]. However, only configuration of these systems may
not be sufficient enough to obtain best efficient results.
Could CWs be efficient by changing the loading rates in the
convenient environment conditions to the plants and the
microorganisms in addition to the configuration? One of the
aims of this paper is to investigate efficient results by changing the loading rates in the convenient environmental conditions under the hybrid configuration system (three serialconnected constructed wetland beds). The second aim of
this paper is to assess the removal of carbonaceous, nitrogenous and phosphorus originated pollutants from drinking water sources (the lakes and the reservoirs etc.).

INTRODUCTION
Organic matter, nitrogen, and phosphorus originated
pollutants reaching the reservoirs as point and non-point
sources are among the major and most concerning causes
of water quality impairment. An easily applicable and economical way to remove carbonaceous, nitrogenous, and
phosphorous loads from these waters is to transform into
stable end products by natural ways [1]. A new concept has

MATERIAL AND METHODS
The experimental system was installed at the campus of
the TUBİTAK-Marmara Research Center (MRC) in 2001.
The treatment performance of the system was investigated
during a 2-years period.
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The experimental system consists of three serial-connected constructed wetland beds as a hybrid system. In
considering the order of the beds, first bed with horizonIN

Emergent Plants

Canna

tal-subsurface flow (H-SSF), was designed eliminate suspended solid (SS) load flowing into the other beds.

Floating Plants

Submerged Plants

Salvina

Cyperus

Typhia

Juncus

The first stage
(H-SSF)

Pistia

Elodea-Egeria

Lemna

The second stage

The third stage

(FWS1)

OUT

(FWS2)

FIGURE 1-Profile view of the experimental facility.

The second and the third beds with free-water surface
flow (FWS) were designed accordingly to the needs of N
and P of the plants in each bed. The first bed was divided
into 4 sections the size of each 1 x 1m, the second and the
third one are the size of 1 x 4 m each. The second bed was
divided into three sections with the size of 1 x (4/3) m.
Accordingly to the flow direction, in the first bed, Canna,
Cyperus, Typhia,and Juncus were planted respectively, in
the second bed, Lemna, Pistia and Salvina were planted
respectively, in the third one there are two types of plants
exist, namely Elodea and Egeria. Experiments were carried
out as continuous and plug flow. In this configuration raw
wastewater flows into the H-SSF beds. Effluences of these
four beds are the influent of the second bed and so on. In
addition to this system, another separate system having the
same configuration without plants in them was constructed
to see the difference of outcomes from these planted and

unplanted systems. Fig. 1 shows the configuration and flow
direction. H-SSF systems were filled with gravel as substrate material (mean grain size=6 mm, range 2-10 mm,
porosity 0.43), however, FWS systems were only filled
with wastewater. It was spread a very thin gravel layer on
the bottom of FWS systems to ensure the ability of plants
to hold surface.
Water quality analyses were generally made once a
week during summer and winter period from September,
2001, to June, 2002. However analyses in January could
not be conducted due to freezing. The pH, dissolved Oxygen (DO), and temperature were measured in situ during the
experimental periods. Other analyses were made in
TUBITAK-MRC (Turkey Scientific and Technical
Research Council-Marmara Research Center) laboratory
in accordance with Standard Methods [6].

1654

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

Biologically treated wastewater from the outlet of the
wastewater treatment plant (Paşaköy Biological Nutrient
Removal Plant) was used to feed the system. The average
influent water quality was pH (7.37), Temperature (16 oC),
Dissolved Oxygen (9 mg/L), BOD (16 mg/L), COD (44 mg/
L), TN (10 mg/L) and TP (3.13 mg/L). Analyses of variance (ANOVA) and Tukey’s HSD tests were conducted
to determine changes on temperature, the MLR, the HRT,
and removal efficiencies of various pollutant parameters
using the excel software.
RESULTS AND DISCUSSION
The rain dilutes concentrations of pollutants in the
system and decreases the HRT, while the evapotranspiration concentrates pollutants, and increases the HRT [7].
Therefore, the measured effluent values may be higher or
lower than the actual values. Based on the rain (R) and
evaporation rates (ET), the average daily actual outflow
(QOUT) were calculated for each wetland system in accordance with Equation (1):

moval performances were satisfactory in the 1st stage. The
less efficiency was obtained in the second and the third
stages. The average removals were not increased to higher
than the first stage by adding the second stage (FWS1floating plants) and the third stage (FWS2-submerged
plants) into the first bed. This is probably due to substrate
material (gravel) used in the first stage. One explanation
to this is that less biodegradable organics and nutrient influent to the second and the third beds than the needed by
the floating and the submerged plants in them rather than
the configuration. Even if the average removals obtained
low in the second and the third stages, the average removal
efficiencies were increased about 17% for BOD and COD,
36% for TN and 19% for TP by the serial CW system. COD
removals were not as good as BOD removals. This is probably because of COD which is representative of less biodegradable substances than BOD. The average concentrations
in inlet and outlet water of wetland systems during operation period are shown in Fig. 2.

The average daily evapotranspiration rates (m/d) in
winter/ summer periods were 0.006/0.08 and 0.009/0.014
in FWS systems, respectively.

The average removals varied from season to season
for all the beds as a result of the variations in temperature.
The removals in the first stage were higher approximately
8% for BOD, 7% for TN, and 4% for TP in the summer
periods. This result implies that H-SSF systems have a more
extensive bacterial assimilation in the summer periods,
probably due to substrate and plants. COD removal was
found approximately at the same levels in the summer and
winter periods. The average removals in the second and
third stages were almost similar in both two seasons. The
effluent concentrations of TP in FWS systems were sometimes higher than influent concentrations. The main reason for this result was probably due to dead vegetation.

The average removal efficiencies in planted systems
were 84% BOD, 78% COD, 77% TN and 59% TP respectively. The average removal efficiencies in unplanted HSSF and FWS systems were 62% and 45% BOD, 45 and
29% COD, 27% and 28% TN, 20% and 9% TP respectively. All the average removals in H-SSF and FWS1 systems and the average TN and TP removals in all planted
systems were found higher than unplanted ones. All re-

During the study period, the hydraulic loading rates
(HLRs) were 30, 50, 70, 80 and 120 L/m2 d, respectively.
The relationships between hydraulic residence times (HRTs)
and the average removal efficiencies were logarithmic for
all wetland systems. The correlations between HRTs and
the average removals in FWS1 (R: 0.2-0.9) and FWS2 (R:
0.5-0.8) wetland systems were stronger than H-SSF system
(R: 0.02-0.5).

QOUT*=QIN+(R-ET)A

(1)

where QOUT* is the average actual outflow (m3/d), QIN
is the average inflow (m3/d), R is the rain rates (m/d), E=
the evapotranspiration rates (m/d), and A is the surface
area of wetland systems (m2).
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40
20
0
0

1

2

3

4

5

6

7

H-‐S S F
F WS 1
F WS 2

80
60
40
20
0

8

0

1

2

3

HR T ,	
  day

T P 	
  R emoval,	
  %

T N	
  R emoval,	
  %

80
60
H-‐S S F
F WS 1
F WS 2

20
0
0

1

2

3

4

5

5

6

7

8

HR T ,	
  day

100

40

4

6

7

80
40
0

H-‐S S F
F WS 1
F WS 2

-‐40
-‐80

8

0

HR T ,	
  day

1

2

3

4

5

6

7

8

HR T ,	
  day

FIGURE 3 - HRT-average BOD, COD, TN and TP removal relationships.

Fig. 3 represents the average percent BOD, COD,
TN, and TP removal efficiencies depending on average
HRTs. The average removals of the systems decreased in
the 2nd days, and then it started to increase during operation periods. The removal efficiencies at different temperatures and hydraulic loadings were evaluated by variance
analysis (F-test) and Tukey’s test. According to the test
results, in a constant HLR but in the average removals at
intervals of different temperatures, the only temperature
rather than plant species and HLRs were shown to be
effective at the significance level of 0.05 on all removals
in H-SSF systems.

On the other hand, only plant species rather than HLRs
and temperature in FWS systems were effective. According to the average removals at different HLRs and constant temperatures, only HLR in SSF systems and only
plants as for FWS systems were effective on the removal
rates . However, the annual averages at different temperatures and HLRs shown that there were a difference statistically between planted and also planted and unplanted wetland systems [8]. Furthermore, the results (F-tests) shown
that there were also statistically significant differences
between HRT and the removal of the measured parameters.
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The annual average loading rates in H-SSF, FWS-1
and FWS-2 wetland systems were 0.98, 0.32 and 0.22 (for
BOD), 2.75, 1.26 and 0.92 (for COD), 0.66 and 0.39, and
0.27 (for TN), 0.20, 0.12 and 0.10 g/m2 d (for TP), respectively. Fig. 4 shows relationships between annual average
mass loading rates (g/m2d) and the removal rates (g/m2 d).
A linear relationship was found between loading rates and
removal rates.
An according to Fig. 4, the removals increase with increasing loading rates. H-SSF systems have the higher
performance versus the same loading rates. Over the range
of loading rates, BOD and COD for H-SSF exhibits a strong
linear relationship (R2>0.80), with removal rate increasing
as loading rate increases. The relationships in FWS systems, especially for TP, were generally very weak. The
removals in H-SSF system, which has higher removal rates,
were higher than others.

F-test showed that the average annual performances of
the all systems were significantly different at a 95% confidence level. Additionally, the results show that the temperature and hydraulic loading are effective at the 95% confidence level on annual average removal efficiency.
Removal rate constants (k20, 1/d) were found according to a first-order kinetic model reported in literature [3].
In our earlier studies, we found the removal rate constants
(1/d) as 0.95 and 0.49 BOD; 0.82 and 0.39 COD; 0.293
and 0.355 TN; 0.45 and 0.24 TP, respectively in H-SSF
and FWS systems [8]. The constants we found were close
to the values reported in literature. However, the values for
TP were quite higher than the values (0,075 for planted,
0,061 for unplanted) reported in literature [9].

1657

BOD Removal Rate, g/m2 d

© by PSP Volume 18 – No 9. 2009

Fresenius Environmental Bulletin

2,00

0,25

0,25

1,60

0,20

0,20

1,20

0,15

0,15

0,80

0,10

	
  	
   H-‐S S F

0,40

0,05

2

R =0.97

0,00

0,10

F WS 1

0,05

0,00
0,0

1,0

2,0

3,0

F WS 2

0,00
0,0

0,5

1,0

0,0

0,5

1,0

2

COD Removal Rate, g/m2 d

BOD Loading Rate, g/m d
4,00
3,00
2,00

0,75

0,80

0,60

0,60

0,45

0,40

	
   	
   H-‐S S F

1,00

1,00

0,30
F WS 1

0,20

2

R =0.81
0,00

0,15

0,00
0,0

2,0

4,0

6,0

F WS 2

0,00
0,0

2,0

4,0

0,0

1,0

2,0

3,0

2

TN Removal Rate, g/m 2 d

COD Loading Rate, g/m d
0,60

0,40

0,50

0,30
0,25

0,30

0,40
0,30
0,20

	
  	
  	
  	
   	
   H-‐S S F

0,10

0,20

F WS 1

0,20

0,15
0,10

0,10

0,05

2

R =0.54

0,00
0,0

0,5

1,0

0,00

1,5

F WS 2

0,00
0,0

0,5

1,0

0,0

0,5

1,0

TP Removal Rate, g/m 2 d

TN Loading Rate, g/m2 d
0,25

0,10

0,10

0,20
0,15

0,05

0,10

0,05

F WS 1

	
   	
  	
  	
   H-‐S S F

0,05

F WS 2

2

R =0.68

0,00
0,0

0,2

0,4

0,6

-‐0,01

-‐0,01
0,0

0,1

0,2

0,3

0,0

0,1

0,2

0,3

TP Loading Rate, g/m2 d

FIGURE 4 - Removal rates versus loading rates.

CONCLUSIONS
The first stage (H-SSF bed) of serial system had higher
removal rates and performances than FWS systems. Results show that the presence of floating plants (Lemna,
Pistia and Salvina) in the second and submerged plants
(Elodea and Egeria) in the third FWS stage of serial system not enhances removal efficiencies. However, the average removal efficiencies were increased about 17% for
BOD, 22% for COD, 36% for TN and 19% for TP by the

serial system. Planted systems operated at the same loading rates have higher performances than unplanted systems. The seasonal variations were found for BOD, TN,
and TP in H-SSF bed with increasing in warm seasons.
The results of this study indicated that serial-operated
constructed wetland systems had a potential for BOD,
COD and nutrient removal and for the treatment of surface waters. Furthermore, these results also shown that
these systems could be used in the advanced treatment of
the tertiary treated wastewater.
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ABSTRACT
In the present study, the cytotoxic effects of different
concentrations of lead (Pb) and mercury (Hg) ions on Cicer
arietinum L. root tip cells were investigated. For this aim,
we used the germination percentage, root length, weight
gain, mitotic index (MI), the frequency of micronucleus
(MN) and chromosomal aberrations (CAs) as indicators of
cytotoxicity, and correlated these data with statistical parameters. Additionally to the cytogenetic analysis, lipid
peroxidation and DNA analyses were performed in root tip
meristems of C. arietinum treated with Hg and Pb.
The seeds were divided into 5 groups as control, Hg
and Pb treatment groups. They were treated with 10 and
50 ppm doses of Hg and Pb during 7 consecutive days. The
initial and final weights of all the seeds were measured by
sensitive balance to determine the effects of Pb and Hg on
the weight gain.
As a result, there was a significant alteration in germination percentage, root length, weight gain, MI, MN and
CAs frequency depending on treatment dose in the seeds
exposed to Hg and Pb when compared with the controls.
Heavy metal exposure significantly reduced the germination percentage, root lenght and weight gain in all the treatment groups. But, it caused an increase in the MN and CAs
formation. Pb and Hg metals caused various types of CAs
at a rate which increased systematically with increased levels
of Pb and Hg. It was also found that Pb and Hg metals
have a mitodepressive action on mitosis, and the MI was
decreased depending on the dose of Pb and Hg applied.
Besides, 10 and 50 ppm concentrations of Pb and Hg significantly enhanced the lipid peroxidation and caused an
increase in malondialdehyde (MDA) levels at both doses.
The investigated parameters (except MDA, MN and CAs
frequency) were higher in the seeds exposed to Pb than
those treated with Hg. In other words, Hg had much more
toxic effect on plant tissues than Pb. Moreover, it was observed that the yields of DNA in the seeds treated with Pb
and Hg were lower than in the controls. Hence, DNA yields
exposed to Pb and Hg were run ahead on agarose gel according to the control group. The results clearly indicate

that Hg and Pb have important cytotoxic effects on the
root tip cells, and C. arietinum seeds are very sensitive and
useful as biomarker for monitoring of these effects.
KEYWORDS: Chromosomal aberrations, Cicer arietinum L., cytotoxicity, lead, lipid peroxidation, mercury, micronucleus.

INTRODUCTION
The pollution of natural environment by heavy metals
as a result of human, agricultural and industrial activities
is nowadays fairly widespread [1]. Among the most hazardous heavy metals, especially Pb and Hg are recognized
as important source of environmental pollution [2]. They
are the major pollutants for both terrestrial and aquatic ecosystem. They occur naturally in the earth, but are spread
through the environment by human activities [3]. Although Pb and Hg are not essential for plant cells and not
known for biological functions, they are easily absorbed by
soil and accumulated in different plant parts, such as root,
stem and leaf [4]. It has been shown that Pb and Hg accumulation is highest in the root meristems of plants [5, 6].
Besides, Kıran and Şahin [7] reported various anomalies,
such as decrease in the germination percentage, retardation
in root and stem growth, inhibition of chlorophyll biosynthesis, decrease of photosynthesis and chromosomal aberrations in plants exposed to Pb. Hence, when the soils were
contaminated with Pb and Hg, decreasing harvest amounts
may be observed, a serious problem for agricultural economies [8]. Despite regulatory measures were carried out in
many countries, these metals continue to increase in the
environment.
Consequently, Pb and Hg are environmental pollutants
that caused inhibition in plant growth. Although many cytological studies have been carried out to detect the effects
of different heavy metals on plants, the mechanisms of
heavy metal toxicity in plants are still poorly understood.
The aim of the present study was to evaluate the cytotoxic
effects of different concentrations of Pb and Hg metal ions
on Cicer arietinum root tip cells.
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MATERIALS AND METHODS
Preparation of Root Tips and Heavy Metal Exposure

In this study, 10 and 50 ppm concentrations of Hg and
Pb metals were used. Healthy and proximate equal-sized C.
arietinum seeds were selected. The seeds were sterilized with
2.5% sodium hypochlorite solution for 10 min and washed
for 24 h in ultra-distilled water. The seeds in each treatment
group were placed on filter papers in Petri dishes, and 50
seeds of C. arietinum were planted in each Petri dish. The
seeds were divided into 5 groups. Group I (control) was
treated with tap water, Group II with 10 ppm dose of Pb,
Group III with 50 ppm dose of Pb, Group IV with 10 ppm
dose of Hg, and Group V with 50 ppm dose of Hg, for 7
consecutive days. Petri dishes were controlled and treated
with 2 ml of Pb and Hg solutions daily (24-h period) during 7 days. For the cytogenetic analysis, when the roots
attained a length of approximately 1-2 cm, they were treated
with distilled water, and temporary squash preparations were
made. The root lengths were determined by radicula formation bases. At the end of 7th day, the root lengths of
the germinated seeds were measured with a millimetric
ruler. The weight gain was determined by measuring the
differences between seed weights before and after heavy
metal treatment, using a sensitive balance. The germination
percentage of the seeds exposed to Hg and Pb metals was
cal-culated as follows (equation 1):
Germination (%) = Germinated / total seeds x 100

rated and squashed in 45% CH3COOH solution [10, 11].
For MN analysis, 1000 cells were scored for each slide.
Micronucleated cells were evaluated under a binocular light
microscope (Japan, Olympus BX51) at X500 magnification. For the scoring of MN, the following criteria were
adopted from Fenech et al. [12]: (i) the diameter of MN
should be tenth of the main nucleus, (ii) MN should be
separated from or marginally overlap with main nucleus as
long as there is clear identification of the nuclear boundary,
(iii) MN should have similar staining as the main nucleus.
Chromosome Obtain and Mitotic Index

The excised root tips were fixed in Clarke’s fixator for
24 h, and kept in 70% alcohol in the refrigerator at 4 °C.
These samples were sectioned routinely and stained by
Feulgen reaction. For each group, 10 root tip squashes were
prepared and 500 mitotic cells were counted from each slide
[11, 13]. Chromosomal analyses were made in anaphase
cells in order to identify chromosome alterations, such as
chromosome bridges, loops and fragments as well as alterations in the centromere and mitotic spindle disturbances,
through the appearance of multipolar anaphases.
The microscopic preparations were analysed to determine the cell division intensity calculating the MI. The
latter was determined as a ratio between the number of
dividing cells (N') and the total number of cells (N) analysed:

(1)

MI = N' /N 1000 (%) [10].

Quantification of Lipid Peroxidation

DNA Isolation Protocol

Lipid peroxidation was determined by measuring the
amount of MDA according to Unyayar et al. [9]. About
0.5 g of root tissues from control and treated groups were
cut into small pieces and homogenized by the addition of
5 ml of 5% trichloroacetic acid (TCA) solution. The homogenates were then transferred into fresh tubes and centrifuged at 12,000 rpm for 15 min at room temperature. Equal
volumes of supernatant and 0.5% thiobarbituric acid (TBA)
in 20% TCA solution were added into a new tube and
boiled at 96 oC for 25 min. The tubes were transferred into
an ice-bath and then centrifuged at 10,000 rpm for 5 min.
The absorbance of the supernatant was measured at 532 nm
and corrected for non-specific turbidity by subtracting the
absorbance at 600 nm, using 0.5% TBA in 20% TCA solution as the blank. MDA contents were calculated using the
extinction coefficient of 155 M−1 cm−1. Values of MDA contents were taken from measurements of three independent
samples, and SE of the means were calculated.

Modified DNA isolation protocol was applied according to Sharma et al. [14]. For DNA isolation, the plant
material was ground in liquid nitrogen (2 g of fresh tissue).
The ground material was transferred to a solution containing 1M Tris-HCl, 0.5 M EDTA, 5M NaCl, 1M β-mercaptoethanol, dH2O and incubated at 65 oC for 30 min. Centrifugation at 6800 rpm and room temperature for 15 min
was applied, the supernatant carefully transferred into a fresh
polypropylene tube and 5M potassium acetate was added.
The solution was incubated in an ice-bath and centrifuged
at 15,000 rpm at room temperature for 15 min. An equal
volume of chloroform-isoamyl alcohol (24:1) was added onto the supernatant and mixed by inversion for about 1 min.
After centrifugation at 15,000 rpm, the aqueous phase was
transferred into a new polypropylene tube and ethanol/sodium acetate (2/1) was added. The mixture was incubated
for 40 min at –20 oC and centrifuged at 15,000 rpm. The
pellet was washed with 80% ethanol, air-dried for 30 min
and dissolved in 0.5 ml TE buffer. The DNA solutions were
run on a 0.8% agarose gel, and molecular imaging and DNA
concentrations were achieved by using a “Biovision+
100/26MX” analyzer.

Micronucleus (MN) Assay

The root tips were fixed for 6 h in a Clarke’s fixator
(glacial acetic acid / distilled water = 3/1), washed for 15 min
in ethanol (96%) and stored in ethanol (70%) at +4 °C until
making the microscope slides. The root tips were hydrolyzed in 1N HCl at 60 0C for 20 min, treated with 45%
CH3COOH solution for 30 min and stained for 24 h in
acetocarmine. After staining, the root meristems were sepa-

Statistical Analysis

The statistical analysis was carried out using SPSS
for Windows (version 10.0 statistical software, SPSS Inc.
Chicago, USA). Statistically significant differences between
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the groups were compared using one-way analysis of variance (Anova) and Duncan’s test. The data are displayed
as means ± standard error (SE), and p-values less than
0.05 are considered to be “statistically significant”.
RESULT
Germination Percentage

As shown in Table 1, the germination percentages of
the seeds treated with Hg and Pb were rather different from
the control group. The highest germination percentage was
observed in the seeds of the control group (in proportion
as 98%). Hg and Pb metal ions caused a significant decrease
in germination percentage at all doses. Besides, the germination percentage of the Pb-treated group was higher than
that of Hg. 10 ppm and 50 ppm doses of Pb and Hg caused
20%, 36% and 30%, 48% decrease of seed germination,
respectively. These results showed that the effects of Hg
and Pb on germination percentage depend on their doses.

Weight Gain and Root Length

The results related with the weight gain and root length
are given in Tables 2 and 3. These data show that Hg and
Pb treatments significantly prevented the root length and
weight gain of the seeds. A correlation was observed among
heavy metal doses with root length and weight gain. The
highest root length and weight gain were reached in seeds
of the control group at the end of the experimental period.
The least root length and weight gain were observed in
the seeds treated with 50 ppm doses of Hg and Pb. In the
control group, final weights of all the seeds increased by
about 1.31 g according to initial weight. The mean root
lengths of the control group seeds were measured as
7.53±2.45 cm at the end of the experimental period. In Pb
and Hg groups, final weights of the seeds increased by
about 0.48 g and 0.28 g according to initial weight at 50 ppm
doses of Pb and Hg, respectively. Hg-treated seeds showed
a lower root length and weight gain than Pb-treated group,
but the differences between groups IV and III were not statistically significant (p>0.05). Nevertheless, there were signifi-

TABLE 1 - The effect of Pb and Hg on germination percentage of C. arietinum seeds.
Treatment time
Dose
Number of
Number of
Germination percentage
Groups
(days)
(ppm)
germinated seeds
not germinated seeds
(%)
7
I
–
49
1
98
7
II
10
40
10
80
7
III
50
32
18
64
7
IV
10
35
15
70
7
V
50
26
24
52
*All values represent means ± SE (each group contains 50 seeds). The group I (control group) seeds were treated with tap water, group II seeds with
10 ppm Pb, group III seeds with 50 ppm Pb, group IV seeds with 10 ppm Hg, and group V seeds with 50 ppm Hg.

TABLE 2 - The effect of Pb and Hg on root length (cm) of C. arietinum seeds.
Dose
Minimum
Maximum
Average root length
(ppm)
7
I
–
5.24
8.46
7.53±2.45a
7
II
10
4.68
5.79
5.35±0.93b
7
III
50
3.82
4.98
4.38±0.83c
7
IV
10
3.50
4.64
4.10±0.71c
7
V
50
1.82
3.16
2.64±0.79d
*All values represent means ± SE (each group contains 50 seeds). The group I (control group) seeds were treated with tap water, group II seeds with
10 ppm Pb, group III seeds with 50 ppm Pb, group IV seeds with 10 ppm Hg, and group V seeds with 50 ppm Hg. Statistical significance between
means was performed using one-way analysis of variance (ANOVA), followed by Duncan as a post ANOVA test (P<0.05). Means with the same
letter within the same parameter are not significantly different.
Treatment time (day)

Groups

TABLE 3 - Mean weight gain (g) of C. arietinum seeds at the end of 7th day.
Dose
Final weight
Initial weight of seeds
(ppm)
of seeds
7
I
–
0.45±0.06
1.76±0.09a
7
II
10
0.47±0.05
1.17±0.07b
7
III
50
0.44±0.06
0.92±0.06c
7
IV
10
0.44±0.05
0.98±0.06c
7
V
50
0.48±0.05
0.76±0.06d
*All values represent means ± SE (each group contains 50 seeds). For further details see legend of Table 2.
Treatment time (day)

Groups
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TABLE 4 - The effect of Pb and Hg metals on MDA content (µmol g_1 FW) of C. arietinum seeds.
Treatment
Minimum
Maximum
Groups
time (day)
MDA
MDA
7
I
9
22
7
II
16
27
7
III
20
35
7
IV
18
28
7
V
26
40
*All values represent means ± SE (each group contains 50 seeds). For further details see legend of Table 2.

cant differences among the control and treatment groups,
and differences were statistically significant (p<0.05).
Lipid Peroxidation

Lipid peroxidation in roots of C. arietinum plant, measured as MDA, is given in Table 4. MDA concentration in
the roots of C. arietinum exposed to 10 and 50 ppm of Pb
and Hg was significantly higher than in the control (p<
0.05). Pb and Hg metals significantly affected the MDA
production indicating altered lipid peroxidation. The increased MDA content was observed in the roots at both
concentrations of Pb and Hg. In the roots treated with 10
and 50 ppm doses of Hg, the increase of MDA was about
48% and 114% according to the control group, respectively. In Pb-treated groups, the increase of MDA was significantly lower when compared with Hg-treated groups, and
differences were statistically significant (p<0.05). In Pbtreated roots, the increase of MDA was about 34 and 78%
according to the control at 10 and 50 ppm doses, respectively. Besides, it is observed that the increase in MDA concentration is dose-dependent.

Average
MDA
15.60±1.22e
20.90±1.05d
27.80±1.50b
23.10±1.06c
33.50±1.46a

phase disturbed chromosome was the most common in all
the treatments. Moreover, their relative frequencies were
dose-related. The types of CAs observed included sticky
chromosomes, chromosome bridges, condensed chromatine,
chromosome loop, multi-polar distribution of chromosomes,
and fragmentations. Besides, Pb and Hg metals caused a
decrease in MI at all concentrations. As shown in Table 7,
the MI of the treatment groups was very significantly
different (p<0.05) from the MI of the control group. Besides, group VI’s MI was higher than that of the group III

a

Micronucleus (MN) Frequency

Microscopic examination of the squashes of C. arietinum root tip meristem cells showed that any example of
MN formation was not seen in the control group (Fig. 1a),
but a significant increase in MN formation was observed in
all the seeds exposed to Hg and Pb (Fig. 1b). The frequency
of MN increased with rising of Hg and Pb doses (Table 5).
There was a certain dose-effect relationship between the MN
frequency and heavy metal doses. Hg-treated seeds showed
a higher frequency of MN than Pb-treated ones. The highest
frequency of MN was observed at 50 ppm dose of Hg, and
the lowest one at 10 ppm of Pb. There were statistically significant differences between the MN frequencies of the control and treatment groups (p<0.05). There was also a statistically significant difference between 10 and 50 ppm
doses of Pb and Hg (Table 4, p<0.05).

b

Chromosomal Aberrations (CAs)

The effects of Pb and Hg metals on the CAs frequency
and MI are given in Table 6. In meristematic root tip cells
of the control group seeds, only several CAs were found.
But, Pb and Hg treatment caused an increase in the frequency of CAs in the root tip cells. The increment of the
frequencies was dose-related. In this study, CAs was induced by al1 doses of Pb and Hg metal ions. CAs at ana-

FIGURE 1 - The appearance (acetocarmine staining, X500) of nucleus
(N) in the control group (a) and MN in the treatment group (b).
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TABLE 5 - The effect of Pb and Hg metals on MN frequency of C. arietinum seeds.
Treatment
Number of scored
Minimum
Maximum
Groups
time (day)
cell
MN
MN
7
I
1000
0
0
7
II
1000
15
27
7
III
1000
27
40
7
IV
1000
23
35
7
V
1000
39
54
*All values represent means ± SE (each group contains 50 seeds). For further details see legend of Table 2.

Average
MN
00.00±0.00e
21.50±3.32d
34.20±2.74b
29.20±2.66c
45.70±2.13a

TABLE 6 - The frequency of Pb and Hg metals-induced CAs in C. arietinum root tip cells.
Number
Number of mitotic cell
Mean disturbed
Mean
Mean
of root tips (n)
scored in each root tip
chromosome
sticky chromosome
chromosome bridge
I
10
500
14.70±1.08e
8.00±0.77e
4.30±0.67e
II
10
500
64.60±1.73d
50.90±1.42d
20.60±1.40d
III
10
500
108.10±1.54b
92.90±1.49b
50.80±1.19b
IV
10
500
82.70±1.83c
76.90±1.39c
38.00±1.16c
a
a
V
10
500
136.70±1.69
110.20±1.21
72.00±1.78a
*All values represent means ± SE (each group contains 50 seeds). The group I (control group) seeds were treated with tap water, group II seeds with
10 ppm Pb, group III seeds with 50 ppm Pb, group IV seeds with 10 ppm Hg, and group V seeds with 50 ppm Hg. Five-hundred cells were analysed
for per root tip (10 root tips/group, for a total of 5000 cells/treatment) for CAs. Statistical significance between means was performed using one-way
analysis of variance (ANOVA), followed by Duncan as a post ANOVA test (P<0.05). Means with the same letter within the same parameter are not
significantly different.
Groups

TABLE 7 - Effect of Pb and Hg metals on mitotic cell division of C. arietinum.
Groups
Number of root tips (n)
MI
%
Group I
10
717.10±5.86
7.17a
Group II
10
654.67±7.33
6.54b
Group III
10
601.64±9.72
6.01c
Group IV
10
612.00±7.48
6.12c
Group V
10
528.60±6.10
5.28d
*All values represent means ± SE (each group contains 50 seeds). The group I (control group) seeds were treated with tap water, group II seeds with
10 ppm Pb, group III seeds with 50 ppm Pb, group IV seeds with 10 ppm Hg, and group V seeds with 50 ppm Hg. The MI has been calculated by
analyzing 1000 cells/root tip (for a total of 10000 cells/treatment) and percentage of the MI calculated for each treatment group. Statistical significance between means was performed using one-way analysis of variance (ANOVA), followed by Duncan as a post ANOVA test (P<0.05). Means
with the same letter within the same parameter are not significantly different.

(p<0.05); while the differences between groups IV and III
were not significant. These results revealed that the effects
of Pb and Hg on the MI of C.arietinum root tip cells depend on their doses.
DNA Content

To determine the effect of Pb and Hg metals on DNA
concentration, DNA isolation protocol was applied to root
tips of all the seeds. Especially, low DNA yields were observed in root tips of the seeds treated with 50 ppm dose
of Hg. In Fig. 2, it was observed that the yields of DNA in
the seeds treated with Pb and Hg were lower than those
recorded in the controls. Hence, DNA yields of Pb and Hg
were run ahead on agarose gel according to the control
group.
DISCUSSION AND CONCLUSION
FIGURE 2 - The DNA band lengths in root tip
meristems of C. arietinum (a: control, b: 50 ppm
Pb-treatment group, c: 50 ppm Hg-tretment group).

A negative correlation was observed between heavy
metal doses and the germination percentage. In C. arietinum, Pb and Hg metals reduced the number of germi-
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nating seeds when compared with controls, and there was
a reduction in the germination percent with increasing Pb
and Hg levels. The lowest germination rate was observed
at 50 ppm dose of Hg. The results showed that the germination percentage can be considered as a sensitive indicator for Pb and Hg toxicity. This information is parallel with
the other cytotoxicity data available so far. The research
results indicated that the test substances, such as heavy
metal ions, can lead to decrease of the germination percentage in seeds of different plant species. For example,
Kıran and Şahin [7] reported a dose-dependent decrease
in the germination percentage of Lens culinaris seeds after
exposure to different doses of Pb. Verma and Dubey [15]
showed a 2-fold decline of germination percentage in rice
seeds exposed to high concentrations of Pb. Many similar
studies were also designed to investigate the effects of
heavy metals on the germination percentage of Phaseolus
vulgaris, Pisum sativum, Brassica napus [16] and Triticum aestivum seeds [17].
The visual non-specific symptoms of heavy metal toxicity are inhibition of root growth and seed weight [18]. In
this study, we investigated the changes in the weight gain
and root growth of the seeds treated with Pb and Hg. The
results clearly showed that 10 and 50 ppm Pb or Hg significantly inhibited the root growth of seeds (50 ppm Hg:
root growth about 2.85 times lower than in control). The
decrease in root growth was more pronounced with the
increase in metal concentrations. The roots grew by about
29% at 10 ppm, but decreased by 42% at 50 ppm Pb, as
well as grew by 46% or decreased by 65% at 10 or 50 ppm
Hg, with regard to the controls, respectively. The root
growth of Pb-treated seeds was higher than that of Hgtreated ones. This result may be related to differences in
metal toxicity. As is known, Hg is much more toxic than
Pb. The inhibitory effect of heavy metals on root growth
was widely reported by bio-monitoring studies. In previous studies were reported that high concentrations of Pb,
Hg, Zn, Cd and Cu may lead to inhibition of vegetative
organ growth in different plant species [19]. Zengin and
Munzuroglu [20] investigated the effect of Cd and Hg on
root growth of bean seedlings exposed to Cd and Pb. As a
result, they showed inhibition of root growth in bean
seedlings treated with Hg and Cd. Besides, Godbald and
Kettner [21] observed a significant decrease in primary,
secondary and tertiary root growth of Picea abies seedlings
treated with different Pb solutions. In a similar study,
Obroucheva et al. [22] showed inhibition of primary root
growth by heavy metal toxicity in plants.
Our findings demonstrated that Pb and Hg affect the
weight gain depending on the doses used during the experimental period. Namely, the control group seeds showed an
increase of 391% while Pb and Hg-treated seeds showed an
increase of 209-249% and 158-223%,-at the end of the
experimental period, respectively. The results indicated that
Pb and Hg metals depressed and significantly decreased
the weight gain of seeds. Besides, the weight gains of Pbtreated seeds were higher than those of Hg-treated seeds.

In previous studies related to the weight gain, the effect of
heavy metals on seed weight was not reported with deserve. Although the ultimate mechanism of Pb and Hg toxicity on the weight gain is completely unknown, it seems
plausible that these metals act as a blocking agent by interaction with the cell components. For example, Sharma and
Dubey [1] reported that heavy metal ions may block the
entry of cations and anions into plant tissues. They also
determined that heavy metals may cause a decline in transpiration rate and water content of plant tissues. These conditions may cause significant alterations in nutrient status and
nutrient contents of tissues, and may reduce seed weight.
It is known that heavy metal ions in cells cause molecular damage to plants either directly or indirectly through the
formation of reactive oxygen species (ROS) such as hydrogen peroxide, hydroxyl radical and superoxide radicals. Harmful ROS can damage biological molecules such
as lipids, which are altered by peroxidation [23]. Measurement of MDA levels is routinely used as an indicator of
lipid peroxidation under stress conditions [24]. As a result,
we found that MDA levels increased significantly with Pb
and Hg metals in the root cells. We know that free radicals
are formed during metal stress, as measured by an increase
in MDA production. These radicals can interact with many
cellular constituents, including DNA, proteins, enzymes
and lipids, leading to radical chain processes, cross-links,
peroxidation, membrane leakage, and the production of
toxic compounds [9, 23, 25–27]. In our study, the frequency
of MN was also recorded. In the presence of metal ions,
there was a dose-related increase in the frequency of MN. On
the other hand, Pb and Hg metals induced dose-dependent
increases in the frequency of MN in seeds. The highest frequency of MN was observed at 50 ppm dose of Hg, and
least frequency of MN was observed at 10 ppm dose of Pb.
Moreover, the MN frequency was clearly higher in Hgtreated seeds when compared with Pb. These findings suggest that Hg and Pb metals have toxic activity which induced MN formation in the root tip cells of C. arietinum.
These observations are also in agreement with cytotoxicity
data reported by other authors. The results of many studies
indicated that the test substances such as heavy metal ions
induce MN formation generated by chromosomal, spindle
and mitotic apparatus damages in the root tip cells [13].
Especially, the inhibition of spindle formation has been
shown to lead to severe abnormalities such as stickiness,
unequal distribution, multi-polar anaphase, chromosomal
bridges and laggards. Hg and Pb metal ions interact with
biomolecules and bind them via reactive groups, such as
hydroxyl and sulphydryl. As a result, they cause breaks and
conformation changes in 3D structure of biomolecules (protein, nucleic acid) or alteration in metabolic pathways [28].
In our opinion about this matter, Pb and Hg metal ions
may enter the cell nucleus and bind to purine and pyrimidine bases or spindle proteins. These interactions may denature spindles and cause a delay in the formation of chromosome-spindle complex, and these conditions may cause
MN formation. Besides, the chromosomal analysis results
from our experiments supported these data and showed
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that Pb and Hg metals caused serious anomalies in the
process of cell division, thus inducing the formation of CAs
in C. arietinum root meristem. We suggested that the existing chromosomal damages resulted from different types of
CAs, such as sticky chromosomes, chromosome bridges,
condensed chromatine, chromosome loop, multi-polar distribution of chromosomes and fragmentations, associated
with a loss of genetic material. This knowledge is also in
agreement with results reported by Staykova et al. [10].
They reported that the high MN frequency is induced by
the lagging of whole chromosomes or the immobility of
large acentric fragments in Allium cepa. In a similar study,
a systematical increase in MN rate and chromosome aberrations was shown, with increased concentration of CrO3
in V. faba [11]. Consequently, it was concluded that the
C. arietinum MN assay may be used as an endpoint biomarker acceptable in biomonitoring environmental pollutants, such as Pb and Hg.
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new insights into the molecular mechanisms of metal toxicity.
In conclusion, Pb and Hg metal ions have serious cytotoxic effects on the root tip cells of C. arietinum, and the
parameters such as germination percentage, root length,
weight gain, lipid peroxidation, MI, the CAs and MN frequency, are suitable indicators for biomonitoring of these
effects.
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