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CONVERSION OF AGRICULTURAL AND INDUSTRIAL
WASTES FOR SINGLE CELL PROTEIN PRODUCTION
AND POLLUTION POTENTIAL REDUCTION: A REVIEW
Mustafa Özyurt and Ece Ü. Deveci
Mersin University, Engineering Faculty, Department of Environmental Engineering, 33343 Çiftlikkoy, Mersin, Turkey

SUMMARY
Single cell protein (SCP) is the dried form of various
microorganisms, such as bacteria, fungi and algae, grown
on various substrates. The most economic substrates used
in SCP production are agricultural wastes and the Mediterranean district is rich in citrus residues, cotton stalk and
residues after harvest in agricultural fields, but also sugar
cane and cassava wastes are widely used in the world.
SCP is used as animal feed and also supplemental
feedstuff material. Thus, agricultural and industrial wastes
can be evaluated as enriched animal feed and considered as
human supplemental foodstuff for the future instead of
being discarded to the environment. This work is a review
related to the evaluation of wastes and also a contribution
to prevent environmental pollution.

KEYWORDS: Agricultural waste, biodegradation,
waste, single cell protein, waste evaluation.

SCP is a microbial protein or biomass obtained from
agricultural and industrial wastes as substrates to cover
the protein need in animal and human nutrition [1]. According to description in Oxford’s Scientific Dictionary,
SCP is the production as biomass pieces of microorganisms, such as bacteria, yeasts, molds or micro algae
for human and animal foodstuff, commercially improved
in fermentation processes [2].
TABLE 1 - The protein contents of some
food and microorganisms containing SCP [3].
Foodstuffs and Microorganisms
Wheat (medium)
Potato
Soybean and products
Orange
Beefsteak (medium fat)
Egg (hen)
Fish (rich for fat)
Aspergillus niger M1
Fungi grown on citrus residue
Candida utilis
BP yeast obtained from pure n-paraffin
Chlorella spp.
Bacteria

industrial

INTRODUCTION
The rapid population growth has increased the food
production demand in the third world countries. Due to
this situation, the number of human societies has been
faced with hunger problems, directing research workers to
explore alternative food sources. SCP production is one of
the greatest steps on this way. SCP covers bacteria, fungi
and algae, which could be used as supplemental foodstuff
instead of expensive sources, such as soybean and fish.
Besides, by conversion of agricultural and industrial wastes
to protein-enriched feed and foodstuff, cheaper products
are available and, thus, wastes can be recovered. SCP is
also a richer protein source compared with those in our
daily life (Table 1). SCP is known as microbial protein
and was firstly mentioned at a meeting held in the Massachusetts Institute of Technology (MIT) in 1968.

Protein %
12
2
38
0.9
18
12
20
35
39-42
48-52
60-63
45-60
47-87

Using microorganisms as foodstuff source may be
considered as not acceptable by most of the humans, but
this idea is not new to solve global food problem. In the
past centuries, humans have used microorganisms as
biomass in production of various products, such as alcoholic drinks, cheese, yogurt and soybean paste [4]. Today,
there are many works worldwide using microorganisms in
food and feed production. The usefulness of SCP is determined by the parameters related to nutritional value
and content. The parameters essential and definitely to be
analyzed in this context are nutrients, vitamins, nitrogen,
carbohydrates, fats, cell walls, nucleic acids, profile of
proteins and amino acids. The usefulness of a certain
species depends on development rate, substrate utilization
and toxin content.
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In SCP production solid, liquid and submerged fermentation type technologies are used [5]. After fermentation, the biomass is washed, dried and mixed up to animal
feed or directly used. It is also used for various purposes,
such as protein extraction and purity processes [6]. At the
moment, Japan, Russia, France, Finland and England are
involved with SCP production.

TABLE 2 - Time periods for two-fold increase
of biomass of micro- and higher organisms [9].
Organisms
Bacteria and yeasts
Filamentous fungi and algae
Grass and some plants
Chicken
Pig
Cattle
Human

The agricultural and industrial wastes used in SCP
production are lignocellulosic wastes (wastes of cereal
grains, residues of agricultural fields normally discarded
after harvest), fig wastes, cassava (a plant cultivated for
starchy roots), olive waste, carob beans, molasses of
sugar beet and sugar cane, wheat and cotton stalks, corn
cob, wheat bran, peanut shell, wastes of fruit juice factories, sorghum (a kind of grass), sisal (a plant with fiber
cultivated in Mexico), confectionery wastes, petrol
wastes, whey, methanol, sulphite and dairy farm wastes.
Lignocellulosic wastes are differently composed of hemi
cellulose, cellulose and lignin. Wastes of fruit juice factories among the cellulosic wastes are agriculturally significant and mostly found at the Mediterranean coast countries. Dried citrus residues have high-energy value and
are widely used as cattle feed. These wastes are also used
in production of organic products, such as ethylene, pyruvic acid, ethanol and citric acid or in pectin extraction
[1]. Particularly, at the southern coasts of Italy, orange
and grapefruit peels are abundantly produced as agricultural waste [7]. Grapefruit and lemon residues are used as
animal feed by directly drying them, while orange residues formed at the end of production are evaluated in
various ways [8].

Time for Doubling Mass
20-120 minutes
2-6 hours
1-2 weeks
2-4 weeks
4-6 weeks
1-2 months
3-6 months

The reason why microorganisms are preferred in SCP
production is their fast growth and content of high-protein
ratio. The acceptance of a species as food or feed depends
on growth rate, substrate utilization and toxicity. The
principal criteria for microorganisms to be used in SCP
production are outlined as follows:
• The composition and nutritional value of microorganisms
• The ability to separate microorganisms easily from
culture media
• Non-toxicity of microorganisms
• Using carbons completely as energy source
• Obtaining high yields by carbon source used
• Using substrates in wide range
Filamentous fungi are preferred in SCP production
due to their easy separation from medium and growth on
lignocellulosic wastes. They have also 9.7 % less nucleic
acid compared with bacteria and as given in Table 3, the
amino acid composition of Aspergillus niger is suitable
according to FAO standards [10, 11]. The results for A.
niger have indicated that solid state fermentation is more
suitable than either agar-surface fermentation or submerged
fermentation for the growth of filamentous fungi [12].

MICROORGANISMS
USED IN SCP PRODUCTION
When compared from the viewpoint of SCP production, the time period to double microorganisms is shorter
than that of other protein source livings. This is shown in
Table 2.

Many fungal species, such as yeasts and filamentous
fungi, are being used as protein-rich feedstuff. Among
these the most known yeast species are Candida, Hansenula, Pichia, Torulopsis and Saccharomyces [13]. Adoki [14] has indicated that supplementation with organic
carbon and inorganic nitrogen compounds has resulted in
highly increased biomass for Candida sp. The essential
filamentous fungi used in SCP production are Aspergillus
niger, A. oryzae, Sporotrichum pulverulentum,

In recent years, SCP is being produced from many
species of microorganisms, especially fungi, bacteria and
algae, which are widely used practically. Use of bacteria
and fungi for SCP production is more economic, when
they are grown on easily available wastes.

TABLE 3 - Comparison of FAO standards with SCP obtained from A. niger [6].
Amino acids (%)
Valine

Leucine

Isoleucine

Lysine

Methionine

Phenylalanine

Cystine

Tyrosine

FAO
Standard

4.20

4.80

4.20

4.20

2.20

2.80

2.80

2.80

A. niger

4.36

6.80

3.75

4.50

0.35

5.70

Very low

3.00
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TABLE 4 - Various fungi and substrates already used in SCP production.
Microorganisms used
A. niger
A. niger,S. pulverulentum
Candida kresui, Saccharomyces sp.
C. tropicalis
Chaetomium cellulolyticum
Chrysenilia sitophilia
Fabdrium graminearum
Paecilomyces variotii
P. eyclopium
Penicillium roqueforti, P. camemberti
Pichia pastoris
Pichia guilliermondii
C. utilis, P. variotii
T. reesi, K. marxianus
A. terreus
Yeasts
Various fungi
A. niger M1
Micro fungi

Substrate
Corn cob
Cotton stalk, corn
Sorghum hydrolysate
Sulphite waste liquor
Cellulosic wastes
Lignin
Starch hydrolysate
Sulphite liquor
Whey
Citrus peels
Methanol
Kimchi waste
Paper wastes
Sugar beet pulp
Sugar cane bagasse
Liquid wastes of plant orig.
Olive waste
Carob bean
Date waste

Chaetomium cellulolyticum, Chrysonilia sitophila,
Fusarium granearum, some Penicillium species and white
rot fungi. Cellulomonas and Alcaligenes are the most used
species in SCP production. Fungi have abundant B vitamin complex quantity and 9.7 % less nucleic acids [23].
The samples of SCP products manufactured by the use of
various fungal species and substrates are given in Table 4.
Bacterial SCP is rich in protein and raw protein content is about 80 % of total dry weight. Kurbanoglu and
Algur [24] determined total protein to be 66 %, 68 %, and
71 % for E. coli, B. cereus, and B. subtilis, respectively, in
their work with ram horn hydrolysate. Nucleic acid content, particularly RNA (dry), is quite high (15-16 %). Bacterial SCP is rich in methionine, which is one of the essential amino acids, and contains 2.2-3 % [16, 23]. However,
bacterial SCP production is not economic, since their small
cells` separation from the medium increases the costs.
Algae are also used in SCP production and the essential species are Alaria, Ascophyllueum, Fucus, Laminaria,
Caulerpa, Rosemosa, Durvillea antartica, Ulva, Nostoc,
Pelvetia, Rhodymenia, Chlorella, Spirulina, Scenedesmus,
Syncococcus, Sargassum, and Oedogonium [19, 25]. The
required substrates for the growth of algae are CO2 and
sunlight. Algae are rich in protein; fat, but also A, B, C, D
and E vitamins. Dulse-type algae have 50% of vitamin C in
oranges. Fucoids and Porphyra are also rich in vitamin C.
The limiting factor for algal cultivation is the climate,
since their growth outdoors is possible.
There have been also some mutation studies. Duru and
Uma [26] have indicated that nutrient content of SCP produced by the mutants was comparable to that of the wild
type. Stateva et al. [13] have found that the original mutant
of Saccharomyces cerevisiae and its hybrids possessed
ability for lysis, when suspended in hypotonic solutions.

References
Anupama, Ravindra [6]
Anupama, Ravindra [6]
Konlani et al. [15]
Anapama, Ravindra [6]
Singh [16]
Anupama, Ravindra [6]
Singh [16]
Singh [16]
Anapama, Ravindra [6]
Scerra et al. [17]
Anupama, Ravindra [6]
Ho and Park [18]
Gupte, Madamwar [19]
Anupama, Ravindra [6]
Pandey et al. [20]
Chanda, Chakrabarti [21]
Özyurt [3]
Tate and Lyle [22]
Tate and Lyle [22]

SCP production has some advantages, such as availability in small areas, independence of climatic conditions
except algae, continuous growth in continuous fermenters,
genetic controlling and role in precaution against pollution, when compared with conventional protein sources.
The most disadvantageous point of this product is its high
nucleic acid content. Therefore, when used for human
nutrition, high nucleic acid contents cause uric acid accumulation, one of the disease symptoms [27]. However,
works on decreasing this uric acid content have also been
carried out [28].
The most significant element of determining the quality of proteins is the amino acid content. Some amino
acids are indispensable to be present in human and animal
nutrition. These are leucine, isoleucine, valine, methionine, tryptophane, lysine, threonine and phenylalanine.
Analyses carried out on SCP products have shown that
microorganisms contained the necessary amino acids in
sufficient amounts, but methionine level was too low.
Therefore, amino acid supplementation has been proposed. But this means extra costs, the same as for lowering nucleic acids [29, 30].
SUBSTRATES USED IN SCP PRODUCTION
The most important factors for microbial growth are
both energy and carbon source and utilization of them. In
SCP production some criteria must be taken into consideration for substrate choice. These are price, availability
and abundance, toxicity, carbohydrate content and its
usage by microorganisms. Liquid wastes, such as olive
waste and whey, must be used within a short time due to
breaking down easily. Solid and semi-solid wastes,
which are not cellulosic, have high moisture contents.
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The wastes of fruit juice industry are to be included in
this group. The significant compositional part of solid
wastes is cellulose. These wastes have 25-90 % moisture,
their storage is easy and up to date many of them have
been used for SCP production. Cheese whey [31, 32],
corn roots [33], potato wastewater [34], methane [35], oil
free rice bran waste [36], waste brine [37], shrimp-shell
wastes [38], kinnow-mandarin waste [39, 40], forest
residues [41], olive waste [3, 42], ground orange waste
[43], discarded dried figs [44], sugarcane bagasse [45,
46], orange peel [47], steam-exploded-hemi cellulose
autohydrolysate liquor [48], beet pulp [10], alkali-treated
maize cobs [49], grape wastes [50], sweet orange (Citrus
senensis) residue [51] and pretreated rice husk [52], rice
straw [53] are among the substrates used for SCP production. Mixed substrate utilization has also been studied
with Candida shehatae in a chemostat. Kinetic data indicated that C. shehatae was an excellent candidate for
chemostat production of value-added products (SCP)
from renewable carbon sources, since simultaneous
mixed-substrate utilization was observed over a wide
range of growth rates in a mixture of glucose and Dxylose [54].

Sugar cane bran is used as raw material for electricity
production, also for paper and pulp industries. The bran is
also used in production of protein-rich biomass [56]. ElNawwi and El-Kader [57] have worked on protein production by Aspergillus terreus in alkali-treated bran under
various cultural conditions.

CITRUS WASTES
Citrus residues and wastes are by-products produced
seasonally and mainly discarded in packing houses [58].
The residue includes peel, pulp and seeds. The chemical
composition changes according to citrus type, cultivation
conditions and harvest time [59]. Citrus wastes are one
of the suitable and cheap raw materials for SCP production [17]. At the end of fruit juice production about 40455800 tons of residues are produced in Turkey [60]. 50 %
of these wastes are evaluated to be used and the rest is
discarded to the environment or burned [7, 17]. In Turkey, these residues are stored in silos before being evaluated [61]. The microorganisms used in SCP production
with citrus wastes are generally bacteria, yeasts and filamentous fungi [59, 62, 63].

SCP PRODUCTION FROM
LIGNOCELLULOSIC WASTES

OLIVE WASTES

Lignocellulosic wastes are agricultural and renewable
wastes and the most significant substrates for SCP production. In general, due to the seasonal production, the
amount of lignocellulosic material changes and continuous use is quite difficult. The residues after harvest cause
high environmental pollution, since humans and animals
do not use lignin and hemicellulose. Usually these residues are burned or used as fuels in winter. Thus, they may
cause air pollution and give harm to the natural structure
of soil. In case of discarding these wastes to the environment, the ecological balance spoils. Therefore, thorough
evaluation of these wastes is important.

CASSAVA BRAN
Cassava bran is generally used in production of ethanol, SCP, mushrooms, enzymes, organic acids and amino
acids. Two types of cassava wastes are produced during
processing, namely solid and liquid wastes. The solid
wastes are transported to storage fields, which cause very
serious problems in environment.

SUGAR CANE BRAN
This waste is a lingo-cellulosic residue and generally
used as fuel in sugar factories [20]. Various processes are
used for the recovery of bran [55].

Olive waste or olive black water is discarded during
olive oil production and both affect the ecological balance,
when given to the environment without treatment (about
50 % of the olive). The annual harvest of olives changes
approximately between 400.000-800.000 tons according to
subsequent years. This waste has also been worked up for
SCP production in Mediterranean countries, such as Spain
and Turkey [3, 64].

MOLASSES
This is a by-product of sugar industry. It is appreciated
generally in ethanol production [65] and used for yeast
production of bread or cake manufacture. Hansenula fungus has been cultivated on the wastewater produced after
ethanol production and biomass has been determined to
be 5.7 g/m3. After nitrogen and phosphorus supplementation, the biomass amount has increased up to 8.5 g/m3.
The use of molasses produced after sugar production for
SCP production and its use as animal feed have been
examined by Wal [66].
As an economical approach, it has been shown that
the use of low-pressure air blowers instead of air compressors lowered the capital costs of air delivery and reduced the energy consumption in the fermenter section
below 1 kw/kg protein. This is corresponding to a total
saving of more than 70 %, compared to a conventional
stirred tank fermenter.
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THE LIMITATIONS OF SCP USE
OBTAINED FROM VARIOUS SOURCES
Particularly, the presence of mycotoxins in A. parasiticus and A. flavus are the biggest obstacle for the use of
these species. It is well known that these mycotoxins
cause many allergic reactions, diseases and liver cancer in
both humans and animals. Therefore, microorganisms
containing mycotoxins must not be used for SCP production [6]. Using of bacteria-produced SCP also necessitates
high costs. Although proteins of bacteria are in high
amounts, since the cells are small, the costs of separation
from medium are higher than with the other microorganism
groups. Besides, the cystine/ methionine level is low and
affords supplementation work for this gap. The high nucleic acid contents can be diminished by some processes [30].
For example heat shock at 60 0C for 1 min followed by
incubation at 50 0C for 2 h, has caused 72.6 % reduction
in the nucleic acid content [67].
NUTRITIONAL STUDIES

production was 22.9 % in 1989 and 32 % in 1993 in Turkey [74]. These raw materials are generally sorghum, tapioca, corn, fish flour and soybean bran. SCP has been added
to the above materials [16]. SCP seems to be an alternative
fodder raw material due to its amount and quality of proteins. Since many years, SCP is produced from algae,
yeasts and bacteria at the factories of various countries by
different techniques and presented at the world’s market. It
has also been realized that these products can be used in
undeveloped and developing countries due to their economic character.
At the moment, agricultural and industrial wastes enabling SCP protein production, but also ethanol and biogas
with their evaluation potential are increasingly used day by
day. The direct discharge of these wastes into the nature
spoils the ecological balance. Therefore, evaluation of these
wastes makes a profit both for the waste itself and also
provides supplemental foodstuff having an economic value.
It seems to be an expensive investment initially, but when
considering the food gaps in future, it gains an increasing
international significance.

There are many researches focusing on nutritional
value of SCP. Uysal et al. [68] have investigated the effects of biomass of Phanerochaete chrysosporium at
various concentrations on the growth of Drosophila melanogaster. It has been found to cause increments in both
body size of larvae and the numbers of offsprings, especially at higher concentrations. Christensen et al. [69]
have worked on bacterial SCP produced by fermentation of
natural gas and shown that ingested bio-protein has induced
specific immune responses. Molck and Poulsen [70] have
studied to establish the safety of a nucleic acid-reduced
bio-protein (NABP) in a sub-chronic toxicity for rats and
feeding of NABP has induced a humoral immune response. Chiou et al. [71] have reported on Aspergillus
niger inoculation into the waste liquor from glutamate
manufacturing and also used a dietary protein source for
broilers. Pathological results have not shown any abnormality due to the SCP inclusion. Ozyurt [72] has not
found any significant pathological or toxic effects on mice
and rats during 10 week trial with Aspergillus niger M1
produced on olive waste. Also not any difference between
control and test mice could be observed for weight gain.
Shacklady [73] has studied hydrocarbon-grown yeast and
not found any deleterious effects on albino rats after six
weeks` duration testing the acute toxicity and 2 years’
duration with carcinogenicity tests. In literature, we can
also see some negative results basically due to high nucleic acid contents of microorganisms.
CONCLUSION
As known, deficiency of raw material production and
high prices cause difficulties in the fodder market. Decreasing the problem of raw material can be provided by
imports. The ratio of imported raw materials in fodder
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COLOR REMOVAL FROM TEXTILE INDUSTRY WASTEWATER
BY POLYMER RESIN ADSORPTION
Rabia Köklü and Bülent Şengörür
Department of Environmental Engineering, Sakarya University, Esentepe Campus, 54140, Sakarya, Turkey.

SUMMARY
The effectiveness of color removal from textile
wastewaters by adsorption on polyacrylamide was investigated varying pH value, amount of adsorbent and agitation rate, the parameters important for the removal activity of the polymer resin. The adsorption followed the
Langmuir isotherm. Optimum color removal efficiency
(68%) was achieved at pH 3 using 0.4 g polyacrylamide
agitated at 150 rpm, respectively. Simultaneously, color
removal efficiency increased when the settling time was
between 4 to 6 hours. These results indicate that polyacrylamide is one of the most effective polymer resins to
remove colors from textile wastewaters.

KEYWORDS:
Adsorption, color removal, polymer resin, textile wastewater.

So, many workers have searched for the application of
cheap and efficient alternative materials as polymer. Recently, studies related to these polymer resins have been
developed. Especially, polyacrylamide is used with different aims like wastewater treatment and biological research. In other studies, polymer resin is observed to be
more effective than activated carbon to remove organic
pollutants [6]. Besides, loaded resin can be simply regenerated by washing with acidic or alkaline solutions at
ambient conditions [7]. In this study, the performance of
polymer resin as adsorbent has been investigated. Because
pH is known to be a critical factor influencing the adsorption capacity, its influence and also the amount of adsorbent on color removal were evaluated. The applicability
of polymer resins as adsorbents for color removal of textile wastewater is discussed.
MATERIALS AND METHODS

INTRODUCTION
Dye wastewater discharged from textile and dyestuff
industries have to be treated due to their impact potential
on water bodies [1]. Once in the environment, they can
show their toxic and genotoxic effects on organisms [2]. It
has been rather difficult to treat dye wastewater by conventional biological and physical-chemical processes
because of the complex molecular structure of the dyes.
All these techniques have shortcomings. So, an effective
and inexpensive alternative method would be of great
value [3].
It is difficult to remove the dyes from effluents, since
they are biologically non-degradable. Although some
existing technologies, such as conventional chemical
coagulation, flocculation, oxidation, adsorption, may have
certain efficiency in the removal of reactive dyes, their
initial and operational costs are so high that they constitute an inhibition to dyeing and finishing industries [4].
Activated carbon is the most widely used adsorbent
for the removal of color and treatment of textile effluents,
but due to its high price it is not used on a great scale [5].

The polymer resin (CT 175) used as an adsorbent was
obtained from Bayer. Wastewater samples were obtained
from a cotton-dyeing factory in Sakarya, Turkey, which
applied different reactive dyes (remazol, everzol, and
evercion groups). Wastewater samples were taken from
equalization tank, where all wastewaters were combined.
The characterization of wastewater is shown in Table 1.
TABLE 1 - Characteristics of wastewater sample.

pH
Temperature (oC)
COD (mg/l)
BOD (mg/l)

8-9
35-40
2500
1500

In order to study the effect of pH, different values (2,
3 and 4) were adjusted using sulphuric acid. Then color
removal was carried by using the jar test method and shaking 100 ml of wastewater samples in 500 ml beakers with
different amounts of polymer resin (0.3, 0.4, and 0.6 g) for
1, 2, 3, 4, 5 and 6 hours at the above pHs, and agitation
rate was also varied using different rotational speeds (50,
100, 150, 200 rpm) and an equilibrium was reached with-
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in 6 hours. Then wastewater samples were centrifuged for
10 min to remove the turbidity and to enable color measurement. The precipitation time was determined to be
between 4 to 6 hours. Finally, the wastewater samples
were analyzed and adsorption isotherms determined. Absorbance was measured with a Dr. Lange model
UV/Visible spectrophotometer at 343 nm and 25 °C.
According to EN ISO 7887, the unit of measured color parameter is stated as m-1 and absorbance values must
be transformed using the following formula:

ducted. The color removal efficiency at different pH values is shown in Figure 1.
The effect of adsorbent amount

Figure 2 shows that maximum color adsorption obtained using 0.4 g polyacrylamide. High amounts of polyacrylamide seem to intensify the turbidity and, therefore,
cause lower color removal efficiency as shown in Table 2.
In this respect, a series of experiments must be carried out
and optimum conditions determined for color removal.

α = (A/d)*f

TABLE 2 - The absorbance results of initial
experiments changing polymer amount.

α: m-1 in color unit
A: absorbance value
d: wideness of tube (mm)
f: factor (1000) [8]

Amount of polymer
(g)
0.5
1.0
1.5
2.0
2.5

RESULTS AND DISCUSSION

Absorbance
0.760
0.756
0.924
0.936
0.822

Effect of pH

Color adsorption properties of polyacrylamide were
significantly influenced by the initial pH value as shown
in Table 2. The color adsorption capacity of polyacrylamide was the highest at pH 3 and then strongly decreased
with further increase in pH. Wastewater sample pH influenced both the polyacrylamide surface color-binding sites
and the dye chemistry in water. When pH was adjusted to
7-9, color removal efficiency was found to be very low.
The higher uptake rates obtained at lower pH values
may be due to the electrostatic attraction between dye and
adsorbent ions. Initial absorbance of wastewater was
measured to be 0.823, before the experiments were con-

The effect of agitation rate

The wastewater sample was mixed at agitation rates
from 50 rpm to 200 rpm in the jar test experiments and
color removal efficiency is shown in Figure 3. Adsorption
of color on polyacrylamide changes with agitation rate
and is highest at 150 rpm.
As stated in EN ISO 7887, the unit of color parameter
was calculated as m-1. The optimum color removal time
was found to be 6 hours at pH 3, using 0.4 g polymer and
150 rpm as described above. Then color removal efficiency at optimum conditions is shown time-dependently in
Figure 4.
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FIGURE 1 - Color removal efficiency at different pH values.
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FIGURE 3 - Color removal efficiency for agitation rate.
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FIGURE 5 - The linear form of the Langmuir isotherm.

Adsorption isotherm

The Langmuir and Freundlich equations are in common use for describing adsorption isotherms for water and
wastewater treatment applications. In this study, adsorption
isotherms were analyzed according to the linear form of the
Langmuir isotherm agents, where Ce is the dye concentration of wastewater sample at equilibrium (mg/L), qe is the
amount of adsorbed dye (color unit/g), aL and KL are the
constants of the Langmuir isotherm model [9].

removal from textile effluents and its adsorption capacity
can be fully achieved by washing already loaded polyacrylamide with acid.
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(Ce/qe)= 1/aL + (aL/KL).Ce
The experimental data were well described by the
Langmuir isotherm model (Fig. 5) with a correlation coefficient (R2= 0.9758) indicating favorable adsorption. The
high KL /aL ratio signifies an excellent color removal efficiency.

CONCLUSION
The optimum pH and temperature values for color
removal were found to be 3 and 25 oC, respectively. The
adsorption capacity increased when using 0.4 g polyacrylamide. The wastewater sample pH played a significant role in influencing both the capacity of an adsorbent
and dye ions. The adsorbed color amount reached an
equilibrium after 6 hours of experiment.
The results indicated that polyacrylamide was more
effective than activated carbon for color removal. The
latter agent is expensive and its regeneration is essential.
The polymer resin provides an economical means of color
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SUMMARY
High concentration of heavy metals is a toxic factor
for most microorganisms. As a result, such metals give
rise to severe disruption in wastewater treatment operations. It has been noticed, however, that biological systems may adapt to heavy metals when their concentration
is limited. In fact, such systems can even produce some
degree of metal elimination provided that an optimal
exposure rate is guaranteed. On the other hand, irreversible damage may occur when metal concentration is sufficiently high.
It is the aim of the present study to examine the inhibiting effects due to the presence of cadmium by the activated
sludge treatment method. To this end, different Cd concentrations were tested (ranging from 0.25 to 14 mg l-1) in a
Sequential Biological Reactor, using synthetic wastewater
without recirculation. The feed water provided 325 mg l-1
COD and 30 mg l-1 NH4+-N. The process was screened by
checking elimination percentages for COD and ammonia,
as well as the evolution of ciliate protozoa. In addition,
research was carried out on Cd assimilation by the activated sludge system by means of measuring in the mixed
liquor and in the effluent.
Results showed a marked decrease in purification efficiency when Cd-concentration rose over 14 mg l-1, in
which case COD elimination dropped from 98% to 41%,
while ammonia elimination went down from 98% to 32%.
A Cd concentration above 10 mg l-1 would result in a reduction of more then 80% of protozoa in the activated
sludge.

KEYWORDS: Cadmium, activated sludge, inhibition, toxicity,
wastewater treatment plant.

in the inhibition of purification processes or, rather, the
reduced elimination rates of carbonaceous and nitrogenous materials. Cadmium is one of the most important
metals that can potentially cause inhibition in active
sludge and is highly toxic possibly because of its high
bioaccumulation capacity.
Most of the studies carried out on the inhibition effects
of heavy metals on biological wastewater treatment systems are static and, therefore, differ considerably from
real-scale wastewater treatment plants. In this study, we
use a Sequential Biological Reactor (SBR) on a pilot plant
scale to simulate a discontinuous flow activated sludge
treatment system. Experiments were performed on a previously stabilized activated sludge maintaining constant
certain parameters that directly affect its character: inflow
characteristics, nutrients, pH, temperature and dissolved
oxygen. To this sludge, different concentrations of cadmium were added and the following were studied: a)
Changes in purification rates: elimination of carbonaceous
material (measured as COD) and nitrogenous material
(measured as NH4+-N); b) alteration of the microbial population of the activated sludge: studying biocenosis (biotic
index) of the sludge; c) Bioaccumulation of the toxin:
speciation study of cadmium in the suspended cell matter
(cadmium associated to the biomass) and in solution.
The aim of this work is to obtain accurate information
that permits the effect of cadmium metal on the biological
purification process of activated sludges to be estimated,
which will be useful for treatment plants and for the management of industrial wastes entering the sanitation system or natural systems.
MATERIAL AND METHODS
Pilot plant

INTRODUCTION
There is a wide range of published works about the
toxic effect of certain metals on the microorganism community of active sludges [1-4]. This toxic effect is reflected

The experimental study was carried out at the Centre
for New Water Technologies in Seville, Spain. A prototype of a SBR was used (Figure 1), consisting of a 10 L
methacrylate cylindrical container suitably equipped for
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FIGURE 1
Diagram of sequential biological reactor.

continuous operation. The system is completely automated and when preset with certain parameters, it can operate
without supervision. The plant was furnished with the
following equipment: a) Level sensors: they control the
inflow and exit of water to and from the plant and, therefore, the volume of water to be treated.; b) Aeration system: this system switches on automatically when the
oxygen level decreases below a previously programmed
level of 1.5 mg l-1; c) Oxygen probe: this measures the
dissolved oxygen in the biological reactor and is connected to a machine that starts up aeration of the reactor if the
level of dissolved oxygen decreases below a specific
value; d) Electrical resistance: it is connected to a temperature probe and is switched on when the temperature falls
below a predetermined level (25ºC) and e) Reactor’s
homogenisation system: Mechanical shaker device.

5 hours of aerobiosis and 1 hour of decantation. In each of
the cycles, 4.8 L of treated water were collected, corresponding to 4 samples of 0.7 l each taken at hourly intervals during aerobiosis and 2 L of effluent taken during the
decantation phase.

Control parameters of the plant

During the experimental phase, one cycle was sampled per day and a total of five samples were taken: four
during the aerobic stage and one after decantation (effluent). The following parameters were analysed for each of
the samples: pH, conductivity, dissolved oxygen, COD,
NH4+-N, cadmium metal [7] and microbiological and
ciliate count [8, 9].

Control parameters of the plant (Table 1) were chosen
on the basis of previous research and data published in the
literature [5, 6]. The following values were selected for
the operational parameters:
Hydraulic retention time (HRT): ≈ 2.4 days
Volume collected daily of 19.2 L
(the same volume of treated water)
Mass load: ≈ 0.4 Kg Kg-1 day-1 (high value of mass
load to obtain yields of 88%)
Volumetric load ≈ 0.8 Kg m-3·day
Total suspended solids in the liquor mixture (SSLM):
≈ 1700 mg l-1
The volume collected daily of 19.2 L was taken during four operational cycles of 6 hours each, comprising of

Inflow to the plant

The activated sludge used to feed the plant came from
the wastewater treatment plant in the North of Seville. To
obtain a more representative and homogenous inflow during
the study period, a synthetic wastewater was prepared in the
laboratory. Its composition is given in Table 2. The characteristics of this wastewater feed were: pH 7.5; 325 mg l-1 of
COD; 30 mg l-1 of NH4+-N and 15 mg l-1 of PO43--P.
Sampling and analytical procedures

Cadmium metal was studied by speciation analysis
and the amount of cadmium associated with suspended
matter in the water and also in solution was quantified.
This test was to assess bioaccumulation of the toxin.
From the microbiological count of ciliates in the activated sludge we estimated its quality according to, i.e. its
purification capacity by calculating the Sludge Biotic
Index (SBI, Table 3) by Madoni [10]. This index classifies the sludge into one of four groups or classes in relation to this value (see Table 4).
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TABLE 1
Empirical formulae for operational parameters of the process.

Operational parameters

Definition

Empirical formula

Mass load

Relationship between the organic matter
mass that enters the reactor per unit time and
the mass of microorganisms in the reactor.

Cm = Q·S0/(V·X)
Q: flow of wastewater entering the reactor (m3 day-1)
S0: BOD5 of inflow (mg l-1)
V: reactor volume (m3)
X: concentration of SSML (mg l-1)

Volumetric mass load
Hydraulic retention time

Relationship between the mass of organic
Cv: Q·S0/V
material entering the reactor per unit time
and reactor volume
Relationship between the flow of wastewater
HRT: Q/V
in the reactor and the reactor volume

TABLE 2
Composition of wastewater entering the biological reactor.

Substance

Concentration (mg l-1)

Sodium acetate dihydride
Ammonium chloride
Hepta-hydrated magnesium sulphate
Potassium hydrophosphate
Potassium dihydrophosphate
Bacteriological peptone

880
120
92
52
28
1
7.5 ml of solution containing the following substances:
FeCl3·6H2O 1500 mg l-1; HBO3 150 mg l-1; CuSO4·7H2O 30 mg l-1;
KI 180 mg l-1; MnCl2·4H2O 120 mg l-1; NaMoO4·2H2O 60 mg l-1;
ZnSO4·7H2O 120 mg l-1; CoCl2·6H2O 150 mg l-1; EDTA 10000 mg l-

Nutritive solution

1

TABLE 3
Double entry table to calculate the SBI [10].

Dominant functional group and total
density of microfauna
DOMINANT GROUP E
Free living and sessile ciliates
and/or thecamoebae
Sessile ciliates >80% free living
+ sessile and/or thecamoebae
Opercularia spp
Vorticella Microstoma
Ciliate swimmers
Bacteriophages
Small flagellate swimmers

Density
(ind l-1)
≥106
<106
≥106
<106
≥106
<106
≥106
<106
≥106
<106
≥106

Total number of taxonomic units in the microfauna of the active sludge
and number of small flagellates (F)
F<1
0
10
9
9
8
7
6
6
5
5
4

>10
10<F<100
8
7
7
6
5
4
4
3
3
2
4

F<1
0
9
8
8
7
6
5
5
4
4
3

8-10
10<F<100
7
6
6
5
4
3
3
2
2
1
3
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F<1
0
8
7
7
6
5
4
4
3
3
2

5-7
10<F<100
6
5
5
4
3
2
2
1
1
0
2

F<1
0
7
6
6
5
4
3
3
2
2
1

<5
10<F<100
5
4
4
3
2
1
1
0
0
0
1
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<106

(>100)

3

2

1

0

TABLE 4
Conversion of SBI values into classes of sludge.

SBI

Class

Diagnosis

8-10

I

Stable, well-colonized sludge with excellent biological activity. Very effective.

6-7

II

Stable, well-colonized sludge, reduced biological activity. Effective.

4-5

III

Low rate of biological purification in reactor, mediocre efficacy.

0-3

IV

Very little biological purification in the reactor. Low efficacy.

RESULTS AND DISCUSSION

Experimental phases

The experiment takes place in two main phases: a first
sludge conditioning phase and a second phase to study the
inhibition of the purification process by cadmium metal.

As mentioned previously, a study of the inhibitory effects of cadmium was based on estimating the purification
rates measured as percentages of elimination of carbonaceous material (COD) and ammoniacal nitrogen. Also, the
microbiological evolution of the sludge was studied by
calculating the biotic indices.

The sludge conditioning phase was difficult because
of the microbiological characteristics of the sludge used
as raw material. Sometimes it was necessary to use sodium hypochlorite or polyelectrolyte or to increase the dose
of dissolved oxygen to improve the conditions of the
sludge. This stage lasted for approximately two months
and produced a high quality sludge: elimination rate of
COD and NH4+-N of 90%, SBI between 7-9 (Class II) and
a total density of 7400 individuals ml-1.

In relation to the elimination of organic matter measured as COD, the results obtained show that inhibition
effects are not detected with the addition of cadmium levels
lower than 12 mg l-1 to the reactor. However, above this
concentration inhibition effects are clear and a reduction in
elimination rates to less than 50% are observed (Figure 2).
In relation to the elimination of ammoniacal nitrogen, inhibition effects are first observed at lower cadmium concentrations in the reactor, more specifically at concentrations
of 4 mg l-1 and above (Figure 3). In this case, a stronger
toxic effect is observed that is due to the fact that autotrophic bacteria (responsible for oxidising ammoniacal
nitrogen) are more sensitive to the toxin than heterotrophic
bacteria (responsible for oxidising organic substrate) [11].

The aim of the second phase was to test the toxic effect of the cadmium. Therefore, the amounts of cadmium
were added on a total of 10 occasions in the form of a
cadmium solution of 1000 mg l-1 to obtain a concentration
gradient in the reactor ranging from 0.25 to 14 mg l-1.
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FIGURE 2 - Changes in elimination rates of carbonaceous matter (COD)
with increasing cadmium concentration. Variation over one experimental cycle.
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FIGURE 3 - Change in elimination rates of ammoniacal nitrogen (NH4+-N)
with increasing cadmium concentration. Change over one experimental cycle.

With regard to the study of the sludge biotic index, a
reduction in the biological quality of the sludge was
observed at levels of cadmium above 4 mg l-1, when it
decreased from 6 to 5. At cadmium concentrations above
10 mg l-1, the SBI decreases to zero producing a Class IV
sludge that cannot be used for wastewater treatment (Figure 4). A reduction of more than 80% of the total number
of individuals was observed per millilitre of sludge. This
procedure for analysing the quality of the sludge has been
shown to be a valid tool to be used complementarily with
COD analysis and analysis of ammoniacal nitrogen.

On the other hand, it would be useful to carry out bioaccumulation studies of the toxin discussed here [12-15].
The high bioavailability of this metal is shown in Figure
5. Here, it can be seen that, when the metal solutions are
first added, it remains in solution but at concentrations
above 4 mg l-1, the cadmium forms part of the active
sludge. This would explain the strong inhibition observed
at concentrations above this [16].
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FIGURE 4 - Evolution of sludge quality based on SBI calculations and diagnosis.
FIGURE 5 - Percentage distribution of cadmium in dissolved and bioaccumulated fractions.

CONCLUSIONS

-

The following conclusions can be drawn from the experimental study:
- The presence of cadmium in biological purification
systems produces inhibition of microbial activity. The
degree of this inhibition depends on the concentration
of the toxin. The microorganisms, responsible for assimilation of the ammoniacal nitrogen, are more sensitive to the toxin studied than the heterotrophic microorganisms responsible for breaking down the carbonaceous organic matter.

-

The effects of the toxin on the biological system are
reflected in a deterioration in sludge quality as cadmium concentrations rise. This deterioration of the active
biomass is reflected in an SBI of zero and sludge with
a low density of species.
As a result of the rise in cadmium concentration in the
system, bioaccumulation phenomena of the toxin
begin to appear that increases inhibition of the biological activity, although the system continues to function, provided that further doses of the toxin are not
incorporated into the feed.

Finally, we would like to point out that our experimental research carried out in the prototype sequential
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biological reactor we designed has permitted us to reach
conclusions about the behaviour of the biomass that
should be similar to what occurs in a real wastewater
treatment system. This could, therefore, be used in future
research into the conditioning factors of the biological
activity responsible for purification in wastewater treatment plants. It could be used to develop a database that
would be a useful source of information for managers of
wastewater treatment plants.
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SUMMARY
Analysis of the polychlorinated biphenyls (PCBs) in
the soil from a number of points at the 110/35 kV Zadar
Transformer Station indicates significant contamination.
Because there is some speculation about other potential
PCB sources in the city of Zadar, investigations of the
chlorinated hydrocarbon content of the atmosphere and
soil from several parts of the city of Zadar were performed and are presented in this paper.
Air samples and five soil samples for analysis were
collected by RECETOX-TOCOEN & Associates, Brno,
CZ, May 13 to 23, 2003. Four samplers were from the
city of Zadar and one was 150 km north on Mt. Velebit.
All the other soil samples were collected and analyzed by
the Rudjer Boskovic Institute, Zagreb, Croatia. The results of the determination of the atmospheric samples
include 7 PCB congeners (PCB 28, PCB 52, PCB 101,
PCB 118, PCB 153, PCB 138 and PCB 180). The highest
values were observed at the Zadar TS within a range from
1.111 to 5,147 ngm-3 of air. At the same position, the
ranges of PCBs in dried soil are from 30.8 to 17,780 ngg-1
as seven congeners, and from 120 to 420,000 ngg-1 as
Aroclor 1248.

KEY WORDS:
Croatia, war wastes, POPs, soil, atmosphere.

ecological sensitivity and the unfortunate unscrupulous
destruction of its natural resources, infrastructure, homes
and enterprises. There are great fears and concrete evidence that significant quantities of polychlorinated biphenyls (PCBs), various flame-retardants, explosives and
the by-products thereof were released into the environment by warfare. During 1996, waste oil and soil samples
near damaged transformer stations were collected in the
Delnice, Zadar, Šibenik, Split and Dubrovnik areas and
analyzed for polychlorinated biphenyls. The results
shown do not indicate significant soil contamination with
polychlorinated biphenyls at the transformer stations or in
the oil samples taken from the oil trenches of the Delnice
TS and Split TS. Concerning the distance from a capacitor
battery hit by rocket fire at the transformer installation in
Komolac near Dubrovnik, the soil showed significant
levels of polychlorinated biphenyls. PCB levels indicate
significant soil contamination below the capacitor battery
hit by a rocket fired in the area of the 220/110/30 kV
Bilice Transformer Station in Šibenik. Results of an analysis of the polychlorinated biphenyls in the soil from the
four locations (in some locations, at two depths) indicate
significant contamination of the area of the 110/35 kV
Zadar Transformer Station [1] This was the reason for conducting a thorough investigation of this site for PCB levels in the soil and atmospheric samples around the damaged transformer station.

AREA OF INVESTIGATION

INTRODUCTION
During the recent war in Croatia, the karstic area of
this country was endangered by hazardous waste. This
area warrants particular attention because of its exceptional

The soil sample points at the Zadar transformer station are present in Figure 1. One square = 1 m2: 0 is the
zero point for the presentation in Figure 3; C1, C2 and C3
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FIGURE 1 - Soil sample points at Zadar electro trafostation (1 square = 1 m2:0 Zero point; C1, C2 and C3 capacitors;
Black square = sampled 08- and 10-1996; Grey square = sampled 07-2001; numbers = sampled 05-2002. C1 capacitor was damaged.

are capacitors; black square = samples sampled in August
and October 1996; grey square = soil samples sampled in
July 2001; only numbers = soil samples sampled in May
2002. The C1 capacitor was damaged during the war from
an air attack in 1991.
Scheme of asphalt-concrete base of ETS Zadar with
position of removed capacitor batteries and sampling
points of soil/dust from holes (H1-H3) and slide soil layer
(SSL) and samles of asphalt-concrete surface pollution
obtained by cotton wipping (Wp-1 to Wp-3) are presented
in Figure 2. Beside these samples, Rudjer Boskovic Institute, Croatia and RECETOX, Czech Republic sampled
the atmosphere and soil of several parts of the city Zadar.
In Zadar, the four locations were as follows: the Zadar
historical center; the Zadar industrial zone; the Zadar
Electrical Transformer Station between the industrial and
residential zones; and the Zadar meteorological station.
As an air background area, the meteorological station
Zavižan was selected. The Zavižan Meteorological Station is located at the foot of Vučjak Hill of Mt. Velebit, at
the altitude of 1,594 m above sea level, which makes the
highest meteorological station in Croatia. Rudjer Boskovic
Institute collected soil samples from cross dimensions
10x10 m. Soil samples from 21 subsamples (every 1 m
from the extensions of the cross were mixed and from the
mixture about 0.5 kg of soil was taken for analysis. RE-

CETOX collected soil samples from the point at the location.
METHODOLOGY
Air sampling and analysis were performed by RECETOX - TOCOEN & Associates, Brno, CZ on May 13
to 23, 2003. Four high volume ambient air samplers -PS-1
(Graseby-Andersen, USA) were used (flow and volume:
20-25 m3h-1, 250-400 m3 per 24 h, resp.). Two sorbents
were used for collection of particles (quartz filter Whatmann, fraction dae < 50 µm) and gas phase (polyurethane
foam, Gumotex Břeclav, density 0.03 gm-3). Frequency of
sampling was 24 hours. Ten samples of the ambient air
from every sampling site were collected during the 10 days
sampling campaign (24 hours, about 300 m3 each). There
was one field blank quartz filter and one field blank PUF
taken in each location. All filters were cleaned before the
campaign. PUF filters were extracted with acetone in
Soxhlet extractor, quartz filters were heated to 450°C.
All the field air samples and field blanks were extracted with dichloromethane in Büchi System B-811
automatic extractor (quartz and PUF filters separately).
One laboratory blank, one field blank and one reference
material were analysed with each ten samples. PCB 121
was used as an internal standard, PCB 30 and PCB 185
were used as recovery standards.
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Volume of extracts was reduced to 1 ml. Clean up and
fractionation was achieved on 5g silica gel column (50g of
Hitted condenser batteries

Wp1

Wp2

SS
H1

H2

FIGURE 2 - Scheme of asphalt concrete base of ETS Zadar with position of condenser batteries and sampling
points of soil from holes (H) and slide soil layer and samples of surface pollution obtained by cotton wiping (Wp).

silica gel was modified by 22 mL of concentrated sulphuric acid). Samples were analysed for PCB 28, PCB 52,
PCB 101, PCB 118, PCB 153, PCB 138, PCB 180, alphaHCH, beta-HCH, gamma-HCH, delta-HCH, p,p´-DDE,
p,p´-DDD, p,p´-DDT using GC-ECD HP 5890. All results
were confirmed on GC HP 6890 equipped with a mass
selective detector HP 5972. Recoveries varied from 72 to
98 % [2, 3].
Soil and cotton wiping samples air dried at the Rudjer
Boskovic Institute, CMER, were extracted for 24 hours
with n-hexane by Soxhlet extraction. The analytical
method used for the analysis of the extracts included
filtration through a column of Na2SO4 anh. cleaning on an
alumina column [4], while chlorinated insecticides are
separated from polychlorinated biphenyls with miniature
silica gel column [5]. After concentration down to 1 cm-3,
eluates were analyzed by EC HR gas chromatography.
During all the analytical procedures, the Mirex standard
was used as the internal standard [6]. More circumstantially details of used methods were described in numerous
published papers [7-11]. The CMER laboratory has very
successively participated in 17 intercalibration exercises
for the analysis of organochlorinated contaminants in
various matrixes of marine ecosystem from 1972 until
2002 organized by IAEA, Monaco, [12 13].

RESULTS AND DISCUSSION
Statistical investigation of the chlorinated hydrocarbon levels in many biotic and abiotic samples from the
Adriatic Sea and other environments has shown that the
standardized coefficients of the kurtosis and skewness are
much higher than 2, which means that these data may
depart significantly from a normal distribution.
Consequently, medians and geometric means ought to
be more appropriate measures of the central tendency of
the investigated pollutant data than arithmetic means
(averages). For this reason, besides providing the year and
level of sample collection, Table 1 also presents the minimum, maximum and geometric means of the levels. Due
to the extremely high range of PCB levels found in the
investigated soil samples, an arithmetic mean would not
represent the central tendency of the PCB levels in the
investigated samples.
The dispersion of the PCB levels in the soil samples
around the damaged capacitor is presented in Figure 3.
Far higher PCB levels are observed at points closer to the
damaged capacitor. The diminishing of the PCB levels
only several meters from the point of pollution is highly
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significant. The surface spreading of the spilled oil was
highly circumscribed in the observed area.
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TABLE 1
Polychlorinated biphenyl content in soil samples from transformer station in Zadar area (mgkg–1 d.w.).

Sampling
year

Depth
(cm)

Number of
samples

PCB - total*
minimum

PCB - total
maximum

PCB - total
(Geometh. mean)

1996
1996
2001
2002
2002

0 -10
20 -30
0 -10
0 -10
20 -30

6
4
5
23
6

0.2
1.3
0.2
0.1
0.1

214.4
124.5
1.2
7922.2
104.6

19.2
4.3
0.5
3.6
1.1

PCB - total* = sum of equivalents of Aroclor 1248 + Aroclor 1254
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FIGURE 3 - Levels of PCB as Aroclor 1254 in soil samples collected from
1996 to 2002 depended about distance from zero point present in Figure 1.
a) PCB data of samples with the sample from the hole under the capacitor K1;
b) PCB data of samples without sample from the hole.

From Figure 4, it is obvious that the spreading of the
pollutants on the asphalt/concrete base of the investigated
transformer station was also highly circumscribed because
the PCB levels markedly diminished only several meters
from the source of pollution in the holes, surface slides of
soil and samples taken with cotton wipes.
Comparison of the PCB levels in the soil samples collected and measured by RECETOX-TOCOEN & Associates, Brno, CZ (TOCO) and the Rudjer Boskovic Institute, Zagreb, Croatia (CMER) shows relatively good
agreement, except at the Zadar TS (Figure 5). RECETOX
performed analysis at this location on only one sample in
May 2003, while CMER performed analysis on 10 samples in November 2002.
Comparison of the PCB levels in the daily atmospheric samples obtained from the Zadar Transformer Station

with samples from other locations is presented in Figure
6. The PCB levels are significantly higher at the Zadar
Transformer Station than at the other localities. It is interesting that the PCB levels in the atmosphere of other
localities in the city of Zadar are not significantly different in comparison to a “pristine” area at the top of Mt.
Velebit - Zavižan.
The regression lines between the natural logarithmic
levels of the PCBs in the soil and atmosphere (median
values of ten days of measurement) for all the investigated sites are presented in Figure 7. The PCB levels in the
soil are taken from both institutions, except for the PCB
level in the soil at the Zadar TS, which was sampled by
CMER in November 2002. There is relatively good correlation (p < 0.01) between the sum of all the congeners in
the soil and air of the investigated localities.
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FIGURE 4 - Levels of PCB as Aroclor 1254 in holes, surface slide of soil and cotton wiping samples
collected 2002 from asphalt - concrete base of the investigated Electro Transformer Station, Zadar.
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FIGURE 6 - Comparison of PCB level in daily atmospheric samples
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CONCLUSION
1) Results of the PCB analysis of the soil from the Zadar
TS indicate significant contamination of the area with
polychlorinated biphenyls. Comparing the given PCB
levels in the soil from the Zadar TS with the tolerance
criteria accepted in the Netherlands, the levels of contamination in some locations exceed the tolerated
levels that do not require remediation by more than
two hundred times.
2) The PCB levels in the atmosphere at the Zadar Transformer Station were significantly higher in comparison to the other investigated localities during this investigation. In comparison to similar data from various European countries, the PCB levels in the atmosphere of the Zadar ETS are higher.
3) From a comparison of the PCB concentrations in the
air at the Zadar TS as vapor and particulate phases, it
is obvious that most of the investigated PCB congeners exist as the vapor phase. The same is observed
from the other investigated sites.
4) There is relatively good correlation between the levels of the sums of all the congeners in the soil and air
at the investigated localities.
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ANALYSIS OF EL NINO SIGNALS ON TURKISH STREAMFLOW
AND PRECIPITATION PATTERNS USING SPECTRAL ANALYSIS
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SUMMARY
Interannual variability of Turkish stream-flow and
precipitation patterns were analyzed in the frequency domain to justify the signals of the warm phase of the Southern Oscillation (El Nino) that were previously detected
using a different approach. For this purpose, spectral analysis was carried out to record these two climatic parameters
from 1964 to 1993. Some statistically significant periodicities in the 2-6 years band, which are assumed to be
associated with the El Nino occurrences, were found in
the regional modular series of both parameters in Turkey.

KEYWORDS:
El Nino, spectral analysis, precipitation, streamflow, Turkey.

INTRODUCTION
Large-scale atmospheric oscillation patterns, such as
Southern Oscillation (SO) and North Atlantic Oscillation
(NAO), have not only traditional importance for hydrologic and climatic researches, but have also far-reaching
effects on the nature-including ecosystems, fisheries and
wildlife [1]. El Nino events are the extreme phases of SO
and known as the most notable signal in interannual global climatic variation, since they modulate the global climate by disturbing the large-scale atmospheric oscillation
[2]. The El Nino-related physical anomalies are known to
have a broad spectrum ranging from fires to cloudiness. In
a similar context, some more recent studies questioned the
influences of El Nino events on water contamination and
marine ecosystems [3-6]. The understanding of climatic
processes and underlying atmospheric phenomena is,
thus, substantial in dealing with environmental processes.

Recent studies by the authors regarding Turkish
streamflow and precipitation patterns in association with
the extreme phases of the SO indicated that there were
two core regions, which had consistent and coherent El
Nino signals [7, 8]. Kahya and Karabörk [7] detected that
streamflow patterns in northwestern Anatolia region
(NWA) reveal a wet El Nino signal season from April(0)
to October(0), whereas eastern Anatolia region (EA) has a
wet signal season from April(0) to November(0). It
should be noted that the notation (0) denotes the year in
which an El Nino event occurs. Moreover, Karabörk and
Kahya [8] demonstrated that precipitation patterns show
wet anomalies in response to El Nino events during the
April(0)-July(0) season in western Anatolia region (WA),
but the February(0)-June(0) season in eastern Anatolia
region (EA). The geological extents of the abovementioned regions were given in Figs. 1 and 2.
Climatic time series contain periodic components
with different frequencies, which result from some natural
phenomena (i.e., the sunspot cycle, the sun’s magnetic
cycle, El Nino-Southern Oscillation (ENSO) and QuasiBiennial Oscillation). Examples are sunspot cycle with a
period of about 11 years, sun’s magnetic cycle with a period of 22 years and ENSO events with periods of 2-3 and 46 years [9]. In this context, the work of Allan et al. [10]
implied that the periodicities in the 2.5-8 years band can
be considered as a signal of classical interannual ENSO
phenomenon. Rajagopalan and Lall [11] argued that interannual periodicity in a climatic series in the 3-6 years band
(could be considered as a return period of the events) can
be assumed to be associated with El Nino events. Generally, low-frequency variations in a climatic time series
represent large-scale aspects of atmospheric circulation,
whereas high frequency variations refer to local phenomena [12]. Recently, Tiwari and Rao [13] studied Indian
rainfall records and coral growth rate records of the Arabian Sea using various spectral analysis techniques. Their
results showed significant periodicities in the 2-7 years
band, emphasizing the role of ENSO signal in the Indian
monsoons.
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BLACK SEA

NWA
EA

MEDITERRANEAN SEA
FIGURE 1
Borders of the core regions in which streamflow patterns have consistent and coherent El Nino signals (adopted from
Kahya and Karabörk [7]). In this study, arrows imply the locations of the streamflow stations used in the spectral analysis.

BLACK SEA

EA
WA

MEDITERRANEAN SEA
FIGURE 2
Borders of the core regions in which precipitation patterns have consistent and coherent El Nino signals (adopted from
Karabörk and Kahya [8]). In this study, arrows imply the locations of the precipitation stations used in the spectral analysis.

In this study, the interannual variability of Turkish
streamflow and precipitation patterns were analyzed by
the frequency domain in order to obtain an extra confirmation to El Nino signals, which have been already defined for Turkish streamflow and precipitation patterns
using a different approach. Since El Nino events are slowly progressing global events and occur more or less as
quasi-periodic phenomenon, the search of El Nino signals
in the frequency domain is reasonable.

DATA AND METHODOLOGY
Streamflow (known to be an integral form of land and
atmospheric processes) is here taken into consideration as a
monthly mean, compiled by EIE (Turkish governmental
data collection agency). For the sake of homogeneity, the
streamflow records from 76 gauging stations without
reported upstream regulations or diversions are selected
among several hundred stations all over Turkey. In addi-
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tion, monthly total precipitation records at 94 meteorological stations across Turkey compiled by DMI (State Meteorological Office) are used in this study. Homogeneity
analyses of a large portion of this data set were done by
Özçelik [14]. For both streamflow and precipitation, the
time period of the records is 30 years (1964-1993). This
period was chosen in such a way that the occurrences of the
El Nino events seem quasi-periodic, when comparing them
with the study period used by Karabörk and Kahya [8].
During this period seven El Nino events (1965, 1969, 1972,
1976, 1982, 1986 and 1991) have been registered. The
minimum recurrence (follow-up) period is 3 years, whereas
the maximum is 6 years, and the averaged return period is
4.3 years with regard to our study period. We looked for
the periodicities in the 2 - 6 years band, because a nonlinear climatic system is forced to oscillate at such a frequency; however, it also produces higher harmonics [9].
An example to this may be the sunspot cycles: a sunspot
forcing of 11 years periodicity results in 5.5 (11/2), 3.7
(11/3) and 2.75 (11/4) years periodicities.
Before performing the spectral analysis, the original
precipitation and streamflow series were converted to
modular value series by dividing the original monthly
values by the long-term mean (calculated over the entire
years) at each station in order to put all stations on an
equal footing without changing cyclic features of data at
the same time. Seasonal modular time series for each core
region are obtained by spatial and temporal averaging procedures. In the former averaging procedure, the monthly
modular time series belonging to the same core region are
spatially averaged. In the latter procedure, the spatially
averaged monthly series are temporally averaged over the
El Nino-related seasons, which are defined in our previous studies. Consequently, seasonal modular time series
were obtained for each core region. In addition, a spatially
averaged annual modular time series for each core region is
obtained for the same analysis. Although there are many
alternative approaches to determine the periodicities in a
time series, all approaches have their own disadvantages, as
well discussed by Benner [15]. Due to this reason, we
preferred to utilize two basic but easily applicable means
of computing power spectrum:

for i=15

A15 =

(1)

where

Ai =

2
N

N

⎛ 2πiτ ⎞
⎟ , i = 1, ..., 14
N ⎠

xτ cos⎜
∑
⎝
τ
=1

(2)

N

⎛ 2πiτ ⎞
⎟ , i = 1, ..., 14
N ⎠

(3)

⎛ 2πiτ ⎞
⎟ and B15 = 0
N ⎠

(4)

xτ sin ⎜
∑
⎝
τ

1
N

=1

N

xτ cos⎜
∑
⎝
τ
=1

In the above equations, x (τ=1, ..., 30) denotes the annual modular data. The periods of the harmonics are calculated dividing the data time period by harmonic number
(for example, in our study, the period of the third harmonic
is 30/3 = 10 years). After all Ci values are computed, then
the results are given by a discrete (line) spectrum.
τ

(ii) As the second approach, as suggested by WMO [17]
and Türkeş et al. [18], autocorrelation coefficients (rk)
of the series are computed for all lags from k = 0 to k =
m. Here, “m” can be considered about 1/3 of the data
time period (N). In this study, autocorrelation coefficients were calculated from lag 0 to lag 10. After this
step, the calculated rk values are used to obtain raw
spectral estimates as given below:

sˆ0 =

1
1 m −1
(r0 + rm ) + ∑ rk
2m
m k =1

sˆ L =

r0 2 m −1
πkL
1
+ ∑ rk cos(
) + rm (−1) L , (5)
m m k =1
m
m

L =1, 2, ....., m-1

sˆm =

1
1 m−1
r0 + (−1) m rm + ∑ (−1) k rk
2m
m k =1

[

]

Using raw estimates, the final spectral estimates are
calculated by a three-term weighted averaging procedure:

(i) As the first approach, to see the relative standings of
harmonics, Fourier components of the series are computed as described by Salas et al. [16]. In this approach, since our data time period is N=30 years, a total of 15 harmonics can be possibly computed. The
contribution of each harmonic (Ci) to the total variance is computed by

Ci = Ai2 + Bi2

2
N

Bi =

s0 =

1
( sˆ0 + sˆ1 )
2

sL =

1
(sˆL−1 + 2sˆL + sˆL+1 )
4

sm =

1
( sˆm −1 + sˆm )
2

(6)

Significance levels of the final spectral estimates can
be established depending on whether or not the “white
noise” or the “Markov red noise” continuum is assumed
as a null hypothesis for the computed spectrum. Markov
red noise continuum is assumed, if the lag-1 autocorrelation coefficient (r1) is positive and statistically significant
and autocorrelation coefficients at the lag-2 and the lag-3
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2 N − (m / 2)
υ=
m

(7)

For more details, the readers are referred to Salas et
al. [16], WMO [17] and Türkeş et al. [18].
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(r2 and r3, respectively) have an exponential relation with
r1 (that is, r2 ≅ r12 and r3 ≅ r13). If the conditions for a Markov red noise continuum are not satisfied by the computed spectrum, the appropriate null continuum is a white
noise. In this case, a horizontal straight line, whose value
is computed as the average of the computed spectral estimates, is the representative of the white noise continuum.
Hence, the ratio of the magnitude of the spectral estimates
to the local magnitude of the assumed continuum is assumed to follow a chi-square distribution, the confidence
limits of the computed spectrums are accordingly determined. In determining the significance levels of the spectral estimates, the degree of freedom (υ) of the chi-square
distribution is given by
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RESULTS

For the EA region, the spectrums for both annual and
El Nino-related season of April(0) - November(0) are
illustrated in Figs. 5a to 6b. In the discrete spectrum of the
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The spectrums of regional annual modular series for
the NWA region were calculated and the second harmonic
in discrete spectrum (Fig. 3a) has an important contribution
to the total variance with a 50% rate of explained variance.
Since the second harmonic has a period of 15 years
(30/2=15), it cannot be considered as an El Nino related
harmonic. The second spectrum (calculated by the WMO
approach) of the same series showed similar results in a
different manner (Fig. 3b). The null continuum for the
power spectra was selected as white noise, since the autocorrelogram did not satisfy the conditions for the Markov
red noise continuum (not shown here). This white noise
continuum is also valid for all other computed power spectra in this study. In the spectrum obtained from the WMO
approach, there was one value above the 99% confidence
level having a cycle of 20 years and a value above the 90%
confidence level having a cycle of 10 years. However,
these cycles cannot be related with El Nino events. Instead
of annual values, similar analysis was carried out using the
signal season averages. This is thought to be a more reasonable approach and expected to produce better results.
The spectrums of the modular series of El Nino-related
season (April(0) - October(0)) was calculated for the NWA
region. In the discrete spectrum of this seasonal series, the
second harmonic still appears as the most significant one
(Fig. 4a). The spectrum by the WMO approach displays
two values above the 95% confidence level having cycles
of 20 years and infinite ones (Fig. 4b).
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FIGURE 3
(a) Discrete spectrum, (b) the spectrum by the WMO approach
of the annual modular streamflow series of the NWA region. In
the spectrum by WMO approach (
): assumed white
noise continuum, (
,
,
): 90%, 95%, and 99%
confidence levels for the spectral estimates, respectively.
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FIGURE 4
Same as in the Fig. 3, but for the wet
signal season of April(0) - October(0).
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cycles of 10 years and 6.7 years are above the 90% confidence level. Although Fig. 5b showed a lack of significance in the 2-6 years band, the results of Fig. 5a illustrated important implications. Considering together the 5th,
6th, 7th and 8th harmonics in Fig. 5a, they account for a
large portion of the total variances indicating an important
periodicity around 5 years. This “scattered” appearance of
the periodicity centered about 5 years resulted from poor
frequency resolution of Fourier spectra at lower frequencies as stressed by Benner [15]. For the EA region, the
discrete spectrum of the April(0) - November(0) season,
shown in Fig. 6a, illustrates a similar pattern to those of
annual series. But the spectrum in Fig. 6b shows a spectral peak with a cycle of 5 years above the 90% confidence level. The findings of EA region can be considered
as implications of the existence of El Nino signals in
streamflow of eastern Turkey.
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FIGURE 5
Same as in Figure 3, but for the EA region.
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FIGURE 7
Same as in Figure 3, but for precipitation patterns in the WA region.
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FIGURE 6
Same as in Figure 5, but for the April(0) - November(0) season.

annual series (Fig. 5a), the 3rd harmonic is the most notable followed by the 5th, 6th and 8th harmonics that also
importantly contributing to the total variance. The latter
three harmonics totally explain 36 % of the total variance.
However, the spectrum in Fig. 5b indicates that only the

For the WA region, the two types of spectra of the annual modular series are given in Figs. 7a and 7b. It is observed in the discrete spectrum (Fig. 7a) that the 2nd and
12th harmonics have important contributions to the total
variance. The former harmonic has a period of 2.5 years
(30/12 = 2.5) and the latter a period of 15 years (30/2). The
spectrum by the WMO approach shows that all spectral
estimates are below the 90% confidence level. Despite
the lack of significance at the 90% level, as can be seen in
Fig. 7b, the observed peak in Fig. 7a with a periodicity of
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2.5 years is noticeable and can be considered in the ENSO
time scale. The spectrums of the modular series of El Ninorelated season (April(0) - July(0)) for the WA region are
depicted in Fig. 8a (previously calculated and adopted from
Karabörk and Kahya [8]) and Fig. 8b, respectively. In the
discrete spectrum of this seasonal series, the 8th harmonic
with 3.75 years period appears to be the most significant
one. This most likely corresponds to the spectral peak in
Fig. 8b, which is above the 90% confidence level and has a
cycle of 4 years. This periodicity can be considered as an El
Nino signal for precipitation patterns in this region. As an
overall consideration for the WA region, it can be said that
the results of spectral analysis evidence the existence of El
Nino signals in Turkish precipitation patterns.
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Same as in Figure 7, but for the EA region.
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Same as in Figure 7, but for the April(0) - July(0) season.
The upper panel was adopted from Karabörk and Kahya [8].
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The discrete spectrums for the EA region for both the
annual and the El Nino-related season of February(0) June(0) are given in Figs. 9a and 10a, respectively.
When comparing the annual and seasonal discrete spectrum diagrams, the spectrums become denser between the
3rd and 7th harmonics in both diagrams. It is noticeable that
in Fig. 10a (previously calculated and adopted from
Karabörk and Kahya [8]) the most significant harmonic
is the 13th one. This harmonic has a periodicity of 2.3
(30/13) years. No periodicities in these series were statistically significant beyond the 90% level according to the
WMO approach (Figs. 9b and 10b). However, the dense
appearances of the spectrums in Figs. 9a and 10a around
ENSO time scale are noticeable.
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FIGURE 10
Same as in Figure 9, but for the February(0) - June(0) season.
The upper panel was adopted from Karabörk and Kahya [8].
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CONCLUSIONS
In this study, the influences of somewhat quasi–
periodic El Nino occurrences on streamflow and precipitation patterns in Turkey were examined using the spectral
analysis. For this purpose, periodicities in the regional
modular series of previously detected core regions were
determined. The two spectrum types of the annual and
seasonal series showed that there is a significant cycle of
more than ten years in streamflow patterns of the NWA
region. This long cycle cannot be considered in association
with El Nino events. Seasonal modular series of the EA
region has a cycle of 5 years, that is significant at the 90%
confidence level. This can be considered as an El Nino
signal appearing in the streamflow patterns in the EA region. The precipitation patterns of the WA region based on
the El Nino signal season were found to have a significant
periodicity in 4-years band. For the precipitation patterns of
the EA region, although some spectral peaks were obtained
around the 4-5 years band, the WMO approach-based spectrum showed that these peaks are below the 90% confidence level. In conclusion, some lack of significance was
observed when calculating the harmonics in the ENSO time
scale for both streamflow and precipitation patterns; however, there are strong evidences for the existence of El Nino
signals over Turkey in frequency domain. Some further
analyses such as cross spectral analysis are suggested to
obtain a clearer teleconnection picture of ENSO-Turkish
climate variables.
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CRUSTACEANS DISTRIBUTION PATTERN ON VERTICAL CLIFFS
IN THE NORTH AEGEAN (EASTERN MEDITERRANEAN)
Antoniadou Chryssanthi
Aristotle University, School of Biology, Department of Zoology, P.O. Box 134, 540 06 Thessaloniki, Greece

SUMMARY

MATERIALS AND METHODS

The spatial dispersion of crustaceans as part of the sciaphilic algae community in the northern part of the Aegean
Sea was studied. The examination of the collected 1,611
specimens revealed the presence of 60 species. Multivariate
analyses showed high similarity between sites, however,
four distinct assemblages were recorded in accordance
with depth, the habitat complexity defined by the occurrence of different algal forms, the degree of hard substrates’ inclination and the water clarity.

Study area

The study area is located along the coastline of
Chalkidiki peninsula and the bay of Kavala, in the northern part of the Aegean Sea, where seven coastal stations
were selected (Figure 1). All sites share some common
physical characteristics, such as hard substrate down to 3040 m depth and inclination bigger than 50o [15]. At each
site, one to three depth levels were set (15, 30 and 40 m)
for the bathymetrical study of the lower infralittoral zone.
Sampling techniques

KEYWORDS:
biodiversity, crustacean, hard substrate, infralittoral, Aegean Sea.

INTRODUCTION
Crustacea is a highly biodiverse group, both numerically and functionally in marine ecosystems [1]. As regards the hard substratum communities in the Mediterranean, crustaceans are among the prominent biota, together
with polychaeta and mollusca, in terms of species richness and abundance [2-5]. Given their ecological weight,
there are many references suggesting their importance as
sensitive environmental indicators [2, 6-10]. However, very
few studies deal with biodiversity patterns of the crustacea, as information derives only from the photophilic
algae community and the port assemblages in the upper
layer of the infralittoral zone [2, 5, 10-13], whereas relevant data from the lower layer are missing [14, 15]. The
study of the biodiversity in the Mediterranean has been
intensified in recent years, since its value as an indicator
of environmental quality and function of ecosystems has
been recognized [16-18]. However, we are still far from
understanding the marine biodiversity, mainly due to
paucity of relevant data [1, 19].
This study took place at the lower layer of the infralittoral zone (below 15 m), where the sciaphilic algae community normally occurs on inclined hard substrate [14,
20, 21]. The basic aim was to detect crustaceans’ pattern
of dispersion along a vertical cliff and the most critical
factors that influence its distributional range.

At each site and depth level, sampling was carried out
by SCUBA diving using a 400- cm2 quadrate sampler [22],
by totally scraping off the substrate [23, 24]. Five replicates were collected during summer of 1997 and 1998.
Overall, 75 samples were obtained. All samples were
sieved (0.5 mm) and preserved in 10% formalin. After the
sorting process, the specimens of crustacea were identified at species level and counted. Algae were also identified and the dominant species were recorded. Concurrently, the main abiotic factors, e.g. temperature, salinity,
conductivity, dissolved O2 and pH, were measured in the
water column. Water clarity was measured with the Secchi disc, while the inclination of hard substratum was
calculated with a clinometer.
Data analysis

Data was first analyzed by common biocoenotic
methods [23, 13]. Thus, the numerical abundance on a
scale of 1m2 (A/m2), the mean dominance (mD), the frequency (F) and diversity indices (Margalef’s richness,
Shannon-Wiener and Pielou’s evenness, based on log2)
were calculated.
In order to check the null hypothesis that the abundance of crustaceans does not differ significantly between
sites and depth levels, a mANOVA test (2-way) was carried out. A logarithmic transformation (logx+1) was used
to normalize the variance of numerical abundances [25,
26].

728

© by PSP Volume 13 – No 8. 2004

Fresenius Environmental Bulletin

The data obtained per sampling site were analyzed by

multidimensional scaling techniques, based on the BrayCurtis similarity and root transformed numerical abunFIGURE 1 - Map of the study area indicating sampling sites.

dances, using PRIMER package [27]. The significance of
the multivariate results was assessed with ANOSIM test.
SIMPER analysis was applied to identify the contribution
of each species to the overall similarity within a site and
the dissimilarity among sites [27]. Finally, the BIOENV
procedure was used to examine which environmental
parameters are related to the observed biotic pattern
(MDS plot) and the degree of this relation [27].

RESULTS
Community structure

According to the morphology of the dominant phytobenthic species, in terms of percent coverage, e.g. the
‘pilot species’ [23] at each site, four distinct assemblages
were recorded: (1) fan-shaped and filamentous forms,
traced at sites 1, 2, 3 and 4, (2) bush-like and filamentous
forms at site 7, (3) encrusting forms at sites 1 and 3 at the
depth of 40 m, and (4) encrusting and filamentous forms
at site 5 [15].

TABLE 1 - Taxonomic list of the recorded Crustaceans.
Achaeus cranchii Leach, 1817
Alpheus dentipes Guérin-Méneville, 1832
Ampelisca scarsi Cheuvreux, 1888
Amphithoe ramondii Audouin, 1826
Aora spinicornis Afonso, 1976
*Apseudes intermedius (Milne-Edwards, 1828)
Athanas nitescens (Leach, 1814)
Balanus a. amphitrite Darwin, 1854
*Caprella acanthifera Leach, 1814
*Caprella rapax Mayer, 1890
Cestopagurus timidus (Roux, 1830)
Chelonibia sp.
Colomastix pusilla Grube, 1861
*Corophium acherusicum Costa, 1851
Corophium acutum Cheuvreux, 1908
*Corophium insidiosum Crawford, 1937
*Cumella limicola G.O. Sars, 1879
Cymodoce truncata (Montagu, 1804)
Dexamine spiniventris (Costa, 1853)
*Dexamine spinosa (Montagu, 1813)
Ebalia deshayesi Lucas, 1846
Eualus occultus (Lebour, 1936)
Eurydice truncata (Norman, 1868)
Eusirus longipes Boeck, 1861

Leptocheirus pectinatus (Norman, 1869)
*Leptochelia savignyi (Kroyer, 1842)
Leucothoe spinicarpa (Abildgaard, 1789)
Liljeborgia psaltrica Krapp-Schickel, 1975
*Lysianassa caesarea Ruffo, 1978
*Lysianassa costae (Milne-Edwards, 1830)
Lysianassa longicornis (Lucas, 1849)
Lysianassa plumosa Boeck, 1871
Lysmata seticaudata (Risso, 1816)
Macropodia sp.
Metaphoxus simplex (Bate, 1857)
*Microdeutopus anomalus (Rathke, 1843)
Orchomene humilis (Costa, 1853)
Paguristes eremita (Linnaeus, 1767)
Pagurus anachoretus Risso, 1827
Pagurus sp.
Paradoxostoma sp.
*Paranthura nigropunctata (Lucas, 1849)
Perioculodes longimanus (Bate & Westwood, 1868)
*Phtisica marina Slabber, 1749
Pilumnus spinifer H. Milne-Edwards, 1834
Pisa armata (Latreille, 1803)
Pisa mucosa (Linnaeus, 1758)
Pseudocuma longicornis (Bate, 1858)
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Gallathea intermedia Lilljeboorg, 1851
*Gnathia vorax (Lucas, 1849)
Gnathia sp. praniza
*Hyale camptonyx (Heller, 1866)

mA
8

*Stenothoe monoculoides (Montagu, 1815)
Synchelidium longidigitatum Ruffo, 1947
*Tanais dulongii (Audouin, 1826)
Thoralus cranchii (Leach, 1817)
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*Idotea baltica basteri Audouin, 1827
Iphinoe sp.

Urothoe elegans (Bate, 1857)
Verruca spengleri Darwin, 1854

FIGURE 2 - Mean abundance (mA) of Crustacea (left: sampling sites, right: depth level). Bar code = standard deviation.
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FIGURE 3 - Diversity indices per depth level (15, 30 & 40 m) and site (d =
Margalef’s richness, H’ = Shannon-Wiener index, J’ = Pielou’s evenness).

A total of 1,611 individuals were counted, belonging to
60 species of: Cirripedia (3 species), Ostracoda (1 species),
Amphipoda (28 species), Anisopoda (3 species), Isopoda
(6 species), Cumacea (3 species), Decapoda (17 species).
18 species were dominant (Table 1), according to population density and frequency values (over 60%). From these
species only Dexamine spinosa dominate at all sites.
The dispersion of Crustacea was not equal among the
seven sampling sites or the three depth levels (ANOVA
results: F=5.43, p=0.00; F=13.69, p=0.00 respectively).

The partial differences for each factor are depicted in
Figure 2.
The values of diversity indices were high, except of
richness values (d) that ranged from 2.71 to 4.66 (Figure 3),
indicating the relatively low number of species per sampling site. However, the numerical abundance was quite
evenly dispersed among species (H values ranged from
2.79 to 3.89 and J’ values from 0.72 to 0.95), as only at
the depth level of 15 m (at all sites but St.5) the occurrence of a specific species was observed.
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DISCUSSION

Affinity of sites and depth levels

Non-metric MDS indicates the separation of the sites
and depth levels in three main groups, while St.5 discriminates alone (Figure 4). Inside group A, a second minor
grouping according to depth is apparent. The main discrimination of the three groups is confirmed by one-way
ANOSIM (global R = 0.94 p < 0.1). The pair-wise test
showed significant differences among all group combinations (R ranging from 0.89 to 1). The SIMPER analysis
identified 10 species as most contributing to in-group
similarity and 22 species to among-groups dissimilarity
(Table 2).
The BIOENV procedure showed that the substrate inclination and the water clarity are the factors that relate
mostly with the community structure (Spearman rank
correlation 0.53).

The basic concept of biodiversity focuses on species
richness, e.g. composition that is the important indicator
of diversity across spatial scales and habitats [16, 17]. As
regards the biodiversity of Crustacea on hard substrate
macrozoobenthic communities, a total of 196 species
were quantitatively collected from the Aegean coasts,
according to literature review (Table 3). Thus, it came up
that two facies of the photophilic algae community, i.e.
the brown alga Padina pavonica and the mussel Mytilus
galloprovincialis, host the greater number of crustacean
species, followed by one facies of the sciaphilic algae
community, i.e. the filamentous red algae. The lower
biodiversity was recorded on port assemblages together
with the facies of the green alga Ulva rigida, both developed under the influence of organic pollution [11, 13, 23].

St.5
group A
St.2

group C

St.1

St.7

St.4
St.3
15 m
30 m
40 m

St.2
group B
St.3

St.1
St.3St.3* St.4

St.6

St.1

stress = 1.12

FIGURE 4 - Non-metric multidimensional scaling, based on Bray-Curtis
similarity index, calculated from root transformed numerical abundance data.

TABLE 2 - Species contributing to about 60% of the average in-group similarity or the average among groups dissimilarity.
Average similarity
A
57.16
Alpheus dentipes
Aora spinicornis
Apseudes intermedius
Balanus amphitrite
Caprella acanthifera
Colomastix pusilla
Corophium acutum
Cumella limicola
Cymodoce truncata
Dexamine spiniventris
Eualus occultus
Eurydice truncata
Gnathia vorax
Leptochelia savignyi

13.52
14.26
15.26

B
48.17

C
50.88

16.90

A-B
59.27

A-C
58.89

3.17
8.42
4.90
10.18
3.42

3.43
9.02
9.07
4.18

Average dissimilarity
B-C
A-D
68.84
75.48
10.05
5.13
4.64

21.99

B-D
72.71

C-D
69.99

4.61
6.97
8.80
2.91
3.27
6.72

4.24
5.31

6.00

3.76
9.85

4.75
11.23

3.70
5.42
2.65
4.49

3.64
4.02

7.08

6.78

3.21
17.11

20.01

3.96

8.02

10.27

4.81
3.36
3.17

7.49
3.02
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5.13
4.92

3.72
3.72
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Leucothoe spinicarpa
Liljeborgia psaltrica
Lysianassa caesarea
Orchomene humilis
Paranthura nigropunctata
Pycnogonum littorale
Tanais dulongii
Urothoe elegans
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2.81
4.95

8.97

2.78
3.14

4.89

4.41
7.82

22.91
17.67

2.96
4.05

3.23

3.51

5.73

9.07
5.56

5.74
11.32
5.26

15.37

13.71

6.42
3.90
5.30

TABLE 3 - Species richness of the Crustaceans communities in the Aegean.
Reference

[11]

Community

Photophilic Algae

[11]

[11]

[11]

[11, 10]

[11, 5]

[22,*]

*

**

**

**

Facies

C

Cy

Pa

U

P

Mg

A

PA

FF

E

BF

Species richness

44

53

69

39

21

62

36

35

60

33

26

Sciaphilic Algae

C = Corallina facies, Cy = Cystoseira facies, Pa = Padina facies, U = Ulva facies, P = Port assemblages, Mg = Mytilus facies, A =
Anemonia facies, PA = Photophilic algae facies, FF = Filamentous, fan-shaped algal facies, E = Encrusting algal facies, BF = Bush-like,
filamentous algal facies, * Chintiroglou, unpublished data, ** Present study
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FIGURE 5 - Hierarchical cluster analysis, based on Bray-Curtis similarity
index, calculated from presence / absence data (For abbreviations see Table 3).

Comparing the similarity of crustacean fauna in the
Aegean hard substrate communities (Fig. 5), a clear separation of the photophilic (PAC) and the sciaphilic (SAC)
communities is evident. In the PAC cluster, the higher
similarities occur among the facies of the genus Cystoseira, Corallina and Padina, which develop in clear waters
[11, 23]. The facies of the mussel shows increasing similarity to those of the common sea anemone and the algae
Codium fragile, Spyridia filamentosa, Gigartina teedii,
Gelidium pusillum and Dictyota spiralis, which are under
the loose influence of organically rich material [10, 28,

29]. The growth of mussel beds leads to accumulation of
organic load [3, 5], thus favors the settlement of species
related to eutrophic conditions [2, 10]. Finally, the port
assemblages discriminate as they host fairly low number
of crustacean species, all tolerant to organic pollution [2,
4, 6, 10]. Besides, the response of crustacea on various
levels of pollution has been well documented [2, 6-8, 10,
12]. As regards the SAC cluster, the three facies studied,
show increase similarity inter se, despite the different
species richness recorded (Table 3).
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All the recorded species in this study were previously
reported in the Aegean Sea [30, 31]. However, there is
another aspect in the study of their ecological preferences
added here, namely, their distributional pattern along a
vertical cliff. As the results of the quantitative analyses
showed, the affinity of the four stations located at Chalikidiki peninsula is high (St.1, St.2, St.3, St.4). This was
expected, since these four stations share some common
characteristics, as the highly incline rocky substrate (6090º), the great depth and the similar abiotic factors. However, St.5 -also located in Chalkidiki peninsula- discriminates as it hosts a low number of crustacean species and
individuals. The lowest value in water clarity was also
recorded at this station, where the inclination was slight
(55º) and the substrate is of purely organic material (dead
colonies of the scleractinian Cladocora caespitosa). St.6
was placed with the 40 m depth level group; the main
environmental factor is the reduced water clarity, due to
inflows of Strymonas River [19]. Finally, St.7 discriminates mostly due to low salinity. This is the most remote
station, with particular hydrological features [19].

which is reflected on the recorded impoverished fauna
[15].

Many authors suggest that zoobenthos is commonly
related to algal zonation and it is generally affected by the
presence of different algal forms [32-35, 15]. This seems
to be valid also for the distribution of crustacea, as the
recorded pattern corresponds well to the different algal
facies. Most of the dominant algal species are sciaphilous,
with the exception of the photophilous Padina padina [36].
The bathymetric distribution of these species is mainly
determined by light, which is the result of two key factors: substrate inclination and water clarity. Besides, the
BIOENV analysis identified these two factors as the most
related with the biotic pattern.
As SIMPER analysis showed, there is a large number
of species that contributes to both similarities within groups
and dissimilarities between groups. This indicates a diverse
community with a highly complex structure [37]. This
heterogeneity may be conditioned by the presence of
several algal species with different architecture [32, 34,
35, 38]. Thus, the fan-shaped and filamentous forms are
characterized by higher diversity and abundance, followed by bush like forms. These algal forms seem to
provide refuge, food and living space for several small
crustaceans [33]. Besides, a large amount of sediment is
entrapped among the entangled axes of the thallus increasing the complexity of the system, by offering microhabitats suitable for the settlement of many soft sediment
species [34, 39].
Lastly, the encrusting algal forms are very distinctive
as they occur mainly on vertical substrate at the deeper
parts of the infralittoral zone [36]. Their main feature is the
bio-construction of substratum through the biosynthetic
process of various calcareous algal (i.e. the genus
Peyssonnelia, Lithothamnion, Lithophyllum, Pseudolithophyllum, etc.), that solidifies loose sediments. These forms
create one-dimensional habitats with low complexity,
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SUMMARY
The mineral nutrient concentrations in soil are affected by factors such as pH, organic matter, clay and redox
potentials. The solubility of such micronutrients as Zn, Cu
and Mn is increased by lower pH, or vice versa. The alterations in concentration of these nutrients may affect the
growth and development of plants, but also lead to their
senescence and programmed cell death related to age and
mineral nutrient concentrations. This study aimed to explore the senescence rate due to lack of some essential
micronutrients, such as Zn, Cu and Mn, associated with
indole acetic acid (IAA). In addition to peroxidase and
protease activity, total chlorophyll, nitrogen and protein
values were determined. Decreased catabolic reactions
and delayed senescence were indicated in excised cotyledons from lack of Zn.

KEYWORDS: Senescence, zinc, copper, manganese, mineral
nutrient deficiency.

INTRODUCTION
Zinc (Zn), copper (Cu) and manganese (Mn) are some
of the micronutrients or trace elements essential for most
living organisms. Trace metals in geological sense are the
main source of metal toxicity problems in the environment,
since most organisms are not adapted to deal with them
when they occur locally at high concentrations [1, 2]. In
geological terms, trace elements are defined as those occurring at 1000 ppm or less in the earth’s crust. They may
become phytotoxic when in excess in plants.
Metals in the soil solution are the only soil fraction
directly available for plant uptake. Hence, factors which
affect the concentration and speciation of metals in the soil
solution will affect the bioavailability of metals to plants.
Soil factors, which have an effect on the metal bioavailability, include the total metal concentration in the soil, pH,
clay and content of hydrous oxides, organic matter and

redox conditions [2]. The availability of most micronutrients tends to decrease with increasing pH, because the
solubility of these elements decreases. Zn, Cu and Mn
deficiency also may be induced by increase in soil pH,
which stimulates their absorption to surfaces of various soil
constituents, such as metal oxides and clay minerals [1-3].
In accordance with these pH-related changes in metal bioavailability, many studies have found that plant uptake rates
of Mn and Zn increase with decrease in soil pH [2].
Zn deficiency is occurring in different climate regions
and almost all countries [4]. Of these, it especially occurs
more frequently in calcareous soils with high pH, such as
those found in arid and semiarid regions, and in the Mediterrenean region. Zn deficiency has also been identified as
the most widespread micronutrient deficiency in Turkey
[5]. High pH values decrease desorption of Zn, Cu and
Mn from soil surfaces, thus limiting Zn availability to
plants [2, 6].
Deficiencies of nutrients in plants have various visual
symptoms that are usually similar regardless of the species. Zn, Cu and Mn deficiency in plants lead to severe
reduction in growth and development [7]. Catabolic and
anabolic events related to senescence define it as a special
metabolism [8]. Senescence mechanisms are generally
examined by using whole plants, but many researchers are
known to prefer excised organs and tissues to study the
affecting external and internal factors [9-12], characterized by arrest of photosynthesis, degradation of organelle
structure, nutrient deficiency [14], rapid decline of chlorophyll [13-15] or protein contents [16], and dramatic
increase in lipid peroxidation [16, 17]. But those factor
studies resulting in the onset of senescence are quite considerable [18, 19].
Plants can grow in soils containing highly variable
amounts of mineral nutrients, such as the essential Zn2+,
Cu2+ and Mn2+, though the mechanisms of adaptation are
poorly understood. Sixteen elements are known to be
required for both synthesis and activity of enzymes responsible for catabolic reactions of senescence. Zn is
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involved in chlorophyll formation and inhibits its degradation. Chlorosis occurs from Zn defficiency and Mn
plays a structural role in membrane system in the chloroplasts activating many enzymes. Chlorosis and necrotic
lesions are symptoms of lack of Mn. As to Cu, it is involved in the synthesis of certain enzymes and proteins,
and acts as an electron transporter.

acidic protease, pH 6.6 for neutral protease) was employed
with Azocoll (Calbiochem) as substrate to determine protease activity and absorbance of supernatants was measured at
520 nm [24].

The purpose of this study is to find a possible relationship between senescence and the above-mentioned
elements.

The present study demonstrated that the fresh harvested cotyledons of 11-day old rocket seedlings incubated in the experimental solutions showed an increase in
weight in different ratios compared to initial fresh weights
prior to treatment (Figure 1). Fresh weights of cotyledons
incubated in control solutions without Mn and Cu decreased by 8%, whereas fresh weights of Zn-deficient
ones remained unchanged, compared to those incubated in
Hoagland medium only.

MATERIALS AND METHODS
11-day-old seedlings of rocket (Eruca sativa L.) were
grown on sawdust under climate room conditions (12-h
photoperiod, 8,000 lux light, 65-75% humidity, and 25 ±
2°C) and used as experimental material. Five pairs of cotyledons were harvested on the 11th day, exposed to a dark
period of 12 h, then transferred into petri dishes of 7 cm in
diameter filled with 7 ml of Hoagland solution as control
group and different test solutions [Hoagland solutions
contained no Zn (H-Zn), Cu (H-Cu) or Mn (H-Mn)] and incubated for 4 h in light.
Following incubation, the chlorophyll content of cotyledons was determined according to Arnon Method [20].
For determination of total nitrogen, a method combining
Kjeldahl and spectrometry was used [21]. Amounts of
soluble proteins were measured according to Bradford [22]
using Bovine Serum Albumin (BSA). Peroxidase activity
(POD) was measured spectrophotometrically (Shimadzu
UV 160) at 470 nm by using 0.1 M phosphate buffer (pH
5.8), 15 mM guaiacol and 5 mM H2O2 [23]. 50 mM citrate
phosphate buffer adjusted to two different pHs (pH 4.2
for

RESULTS

Since chlorophyll is degraded in the course of senescence [13-15], its measurement required to monitor senescence in case of lack of these minerals (Figure 2).
While chlorophyll content of excised cotyledons incubated in H-Cu and H-Zn solutions decreased by 30% in comparison to the initial, that of the ones with H-Zn incubation
did not decrease, on the contrary elevated by 23%, according to the ones in Hoagland solution, a result which is
quite difficult to understand.
Nitrogen amount in cotyledons, in which chlorophyll
was measured, also was determined (Figure 3). As can be
seen, declines in nitrogen levels are parallel to those of
chlorophyll contents. Yet, the highest level of nitrogen
was found in the cotyledons incubated in the solution
without Zn, compared to that before treatment. Results of
peroxidase (POD) enzyme activity, considered to be a
senescence parameter, are given in Figure 4.
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FIGURE 2
Chlorophyll amounts of the cotyledons before and after incubation in different solutions.
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FIGURE 3
Nitrogen amounts of the cotyledons before and after incubations in different solutions of the micronutrients tested.
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FIGURE 4
POD activities of the initial and incubated cotyledons in the solutions.
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FIGURE 5
Protein amounts of the experimental cotyledons.
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FIGURE 6
Protease activities of the cotyledons before and after incubation.

POD activities were seen to be elevated before treatment and the lowest elevation was found in cotyledons
incubated without Zn. Because it is known that protein
amount decreases while protease activity elevates during
senescence, we measured protein amount and protease
activity in the cotyledons. As the protein amount declined,
the acid and neutral protease activities elevated after incubation in different solutions, with the exception of H-Zn,
which inhibited protease activity (Figures 5 and 6).

Cotyledons incubated in H-Mn showed maximal acid
and neutral protease activity. However, the inhibition
ratios of acid and neutral protease activities in H-Zn were
58% and 47%, respectively. In addition, the initial protease activity was quite low. These findings reveal that
proteases are synthesized for protein degradation.
In conclusion, all catabolic reactions were slowed
down in the excised cotyledons from solutions lacking in
Zn, considering Zn deficiency supported senescence.
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DISCUSSION
The mineral nutrient concentrations of soil are affected by several factors, such as pH, organic matter, clay and
redox potentials [1, 2]. Mineral nutrient deficiency is one
of the most crucial factors for plant development and
researchers have studied the relationship between this
deficiency and senescence [14, 15], known as programmed
cell death [25-27]. Although a lot of were conducted to
explore the mechanisms of senescence, the primary cause
has not been understood yet. But, researchers continue
their investigations to obtain some clues. This study aims
to put some light in this complex subject.
Alterations in membrane systems of the cell, especially membrane degradation, was detected [28-30]. As a
matter of fact, decrease in fresh weight of cotyledons was
parellel to a decrease in chlorophyll content (Figure 1).
Buttler [31] reports about the degradation of tonoplast and
chloroplast membranes occurring in close succession,
degradation of the former starting later, but completing
earlier than the latter. Fresh weight of the cotyledons began to decrease earlier and prior to incubation, followed by
a reduction in chlorophyll content, which means that the
tonoplast membrane degrades rapidly resulting in water
loss.
Unlike the situation in mineral deficiencies, higher
fresh weight of the cotyledons incubated in full Hoagland
solution, which does not affect cholorophyll content, revealed that degradation of tonoplast membrane starts later
than that of chloroplast membrane in the presence of the
minerals tested. This is in concordance with Buttler’s
findings [31], and from this, one can conclude that minerals in Hoagland solution preserve integrity of tonoplasts,
which is not affected by lack of Zn.
Likewise, integrity of choloroplast membranes can be
said to be maintained in Zn deficiency, since chlorophyll
content is very close to the initial level, indicating retaining senescence. In contrast, a decrease in chlorophyll content occurred in cotyledons incubated in both full Hoagland
and the solutions lacking Cu and Mn.
If the same case is considered for total nitrogen and
protein content, one can say that certain substances were
degraded as a result of metabolic reactions in the course of
4-h incubation of harvested rocket cotyledons under 12-h
photoperiod, the degradation being less in medium lacking
Zn. Protein synthesis failed to function in harvested cotyledons incubated in the solutions, and the resulting effect
was seen to be less in the cotyledons in the solution lacking Zn. Cu and Mn deficiencies did not affect biochemical
reactions selectively, because they were not different to
those in the full Hoagland solution cotyledons.

tease activity versus decline of protein amount has long
been known to occur during senescence [32-35]. Protein
degradation was detected in harvested cotyledons incubated in the solutions, but being less in the solution lacking Zn. Negative correlation between protease activity
and protein amount is quite significant for senescence.
However, there was no prominent difference between the
cotyledons incubated in full Hoagland and the solutions
lacking Cu and Mn. Definite decrease in protease activity
in the cotyledons incubated in Zn-lacking solution may be
interpreted that Zn delays senescence.
Negative correlation between POD activity increment
and chlorophyll value in Zn deficiency reveals that POD
activity may be a parameter for senescence in this study.
However, there are workers claiming opinions contrary to
this [12, 36].
It is clear from the results of this study that Zn is effective on senescence, and the results are of value on the
basis of physiological functions of Zn. It has long been
known that Zn stabilizes IAA in plant tissues, and IAA
amount decreases in Zn deficiency [37, 38]. In another
study, cotyledons of sunflower seedlings grown under
lack of Zn showed delayed senescence, and higher chlorophyll and nitrogen amount, in comparison to those
grown in the presence of Zn [39]. Moreover, carbohydrate synthesis was indicated to have decreased Zn deficiency [40]. The fact of elevated chlorophyll, nitrogen
and protein amount versus reduced carbohydrate synthesis
under Zn-deficient conditions may be a clue to the question of a relationship between senescence and carbohydrate metabolism.
The effects of Mn2+ on auxin levels, which is oxidized by Mn2+, have been reported previously [41, 42]. A
recent study reported that Mn oxidizes IAA and Cu causes IAA degradation [43].
The statement of Sağlam and Okatan [44] that senescence signal is a IAA-like substance is in accordance with
our results, which indicate decreased IAA and delayed
senescence from Zn deficiency, and also elevated IAA in
tissues in connection with IAA oxidation in Mn and Cu
deficiencies. In conclusion, IAA can be considered as a
factor which triggers senescence.

Thayer et al. [8] emphasized that proteases must be
synthesized for protein degradation. Acceleration of pro-
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SUMMARY
The concentration of seven different elements in fifteen lichen species from different regions in ArtvinMurgul (Turkey) and their ash was determined using
radioisotope excited energy dispersive X-ray fluorescence
method of multiple standard addition. An annular 50 mCi
241
Am radioactive source and an annular 50 mCi 55Fe
radioactive source were used for excitation of characteristic K X-rays. An Si(Li)detector, which has a 147 eV full
width at half maximum for 5.9 keV photons, was used for
intensity measurements. A qualitative analysis of spectral
peaks showed that the samples contained potassium, calcium, titanium, iron, copper, strontium and barium.

KEYWORDS: Lichens, metal pollution, heavy metal, energy
dispersive X-ray fluorescence (EDXRF) elemental analysis.

INTRODUCTION
As it is known, environmental problems are among
daily life problems in Turkey as well as in the world in
the last 20 years. Problems caused by the destruction of
forests, erosion, rapid increasing of population, distorting
urbanization and decreasing green areas, distortion of
shores, chemicals used in industry, nuclear energy and
thermic power stations are the ones to be solved not only
in our country, but also all over the world. Air, water and
soil pollution related to industrialization and urbanization
is above the biological tolerance limits, and, especially the
overlapping of the above both risks, has been the reason
for increasing air pollution in recent years.
The plant materials, such as fungi, lichens, tree bark,
tree rings and leaves of higher plants, have been used for
many years to detect the deposition, accumulation and
distribution of metal pollution. Lower plants; especially
mosses and lichens; in view of their higher capacity for
metal accumulation, are probably the organisms most frequently used for monitoring metal pollution in urban environments [1-2].

Although lichens are often treated as a separate plant
division, most lichenologists now consider them to be a
part of the fungi [3]. It is known that lichens have widely
been used as resources of medicine and dye for ages [47]. Today it is possible to utilize lichens for quantitative
and/or qualitative determination of SO2, heavy metal and
radioactivity-derived air pollution [8-17].
The studies on lichens in Turkey are not as extensive
as in other countries. So the lichen flora of Turkey is still
largely unknown. If lichen flora of Turkey is completely
determined; reliable results will be obtained about air and
heavy metal pollutions according to species amounts,
species diversity in different areas and pollutant values in
these species. About 1000 lichen species have been reported from Turkey [18], as the addition of species lists in
recent publications show. These include studies carried out
in the provinces Eskişehir [19], Oltu (Erzurum) [20], Erzurum, Artvin and Kars [21], Van (Akdamar İsland) [22], and
Bursa [23, 24]. Moreover, new records have been published in recent years [25-31] and some lists of lichen
species compiled from previous research [32, 33]. Unfortunately, these lichenological works do still not cover
many regions of Turkey.
Qualitative estimations of sulphur dioxide air pollution
using lichens were introduced by Gilbert [34] and Hawksworth [35]. Such estimations give supposed information on
the levels of SO2 in the air describing the behavior/ occurrence/ absence of lichen species. The use of lichens for an
estimation of different metal amounts in the air is scarce.
Furthermore, most lichens have never been analyzed for
elemental content (Wetmore [36]). In the present study we
use data on metal content in some lichens collected in
Murgul (Artvin) district for two purposes:
a) to obtain information about the ability of different
lichen species growing in the same location to accumulate metal ions.
b) to obtain information about the relative quality of the
air with reference to different metal ions in some rural,
suburban and urban sites in Murgul (Artvin) district.
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Such information is assumed to be provided by comparison of the metal levels detected in some lichen species
growing in different sites. Some sites considered are urban ones and the air in such locations is expected to be
polluted by dense car traffic and industry. Some selected
sites are considered as suburban, i.e. close to tourist centers and recreation sites, while the rest of the sites can be
regarded as rural.
The aim of this study was to determine Fe, Ba, Sr,
Cu, K, Ca and Ti concentration in some lichen species,
but also soil surface, Pinus sylvestris and rock particles.

MATERIALS AND METHODS
Among the methods of elemental analysis are atomic
absorption spectrometry, neutron activation analysis and
X-ray fluorescence (XRF) analysis. XRF techniques can
be divided into two, namely, the wavelength dispersive
method and the energy dispersive method. Energy dispersive X-ray fluorescence (EDXRF) method offers several
unique advantages over other analytical methods [37, 38].
It allows simultaneous detection and determination of
several elements, and is sensitive and reproducible. Sample preparation is usually simple and fast. Also, the
equipment is much cheaper than that of conventional
wavelength XRF techniques, especially when a radioisotope is used instead of an X-ray tube for excitation. The
EDXRF method gives also a possibility of trace analysis
in biological and geological samples. In recent years,
EDXRF method has been used for elemental analysis by
several authors [39-46].
The method involves the addition of known quantities
of the analyte to the specimen. If the analyte is presented
at low levels and no suitable standards are available,
standard addition may prove to be an alternative, especially if the analyst is interested in only one element. The
principle is the following: Adding a known amount of
analyte i(ΔWi) to the unknown sample gives an increased
intensity Ii +ΔIi. Assuming a linear calibration, the following equations are applied:
Ii =Mi Wi
for the original samples and

(1)

Ii +ΔIi =Mi (Wi +ΔWi )
for the samples with addition.

(2)

Thus, the method assumes that linear calibration is adequate throughout the range of addition, because it is assumed that an increase in the concentration of analyte by
amount ΔWi will increase the intensity by MiΔWi. These
equations can be solved for the weight fraction of element i
(Wi ). To check the linearity of the calibration, the process
can be repeated by adding different analyte amounts to the
sample and plotting the intensity measured versus the concentrations added. The intercept of the line on the concen-

tration axis equals Wi. The intensities used for calibration
must be corrected for background and line overlap [37].
Fiveteen lichen species (Table 1) were collected from
nine different stations in Murgul (Artvin) District in October 1999. They were identified in the laboratory of lichenology at the Department of Biology by Dr. Aslan using
various floras [47-51]. Sample specimens have been
stored in the herbarium of Kazım Karabekir Faculty of
Education, Atatürk University, Erzurum (Turkey). These
species are Cetraria pinastri (Scop.) Gray, Cladonia squamosa Hoffm., Evernia prunastri (L.) Ach., Flavoparmelia
caperata (L.) Ach., Hypogymnia physodes (L.) Nyl., Hypogymnia tubulosa (Schaer.) Hav., Lecanora muralis
(Schreb.) Rabenh., Parmelia saxatilis (L.) Ach.,
Platismatia glauca (L.) W.L.Culb.& C.F.Culb.,
Pseudevernia furfuracea (L.) Zopf., Ramalina pollinaria
(Westr.) Ach., Umbilicaria polyrrhiza (L.) Fr., Usnea
florida (L.) F.H. Wigg., Usnea filipendula Stirt. and Xanthoparmelia somloensis (Gyeln.) Hale. Species were
collected on trees, rocks and soil, dried in a Heraeus furnace and then ground in a Spex mill. To reduce particle size
effects, the powders obtained were sieved using a 400 mesh
sieve and then mixed during 20 min. One hundred mg aliquots of this powder were spread homogeneously on a mylar film stretched across a fibre frame. Samples were positioned according to the geometry [52] and irradiated by 59.5
keV photons emitted by an annular 50 mCi 241Am annular
radioactive source for Fe, Sr, and Ba determinations and
irradiated by 5.9 keV photons emitted by an annular 50 mCi
55
Fe radioactive source for K, Ca and Ti. To detect the
radiation scattered from a sample, a PGT Si (Li) detector
having 147 eV full width at half maximum (FWHM) for
5.9 keV photons was used. Two thousand and forty-eight
channels of a multi-channel analyzer were employed in
data acquisition. In qualitative analysis, the characteristic
X-rays emitted by excited atoms of the sample were registered for time intervals of 1000 and 2000 s.
Qualitative analysis of spectral peaks showed that the
samples contained K, Ca, Ti, Fe, Ba, Sr and Cu. A representative example of a spectrum is given in Fig. 1 for elements excited by the 241Am radioactive source and Fig. 2
for elements excited by the 55Fe radioactive source.
RESULTS AND DISCUSSION
Murgul (Artvin) district is located in northeast Anatolia and this province with a marine climate is rich in lichen species diversity. The cities are characterized by
moist hot summers and warm winters. Heavy metals are
emitted into the Murgul District`s environment from different sources, i.e., transportation, industrial activities,
fossil fuels, agriculture and other human activities.
The concentrations of the seven elements examined in
eight lichens are shown in Table 2. K, Ca and Fe concentrations were always higher than those of the other elements.
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TABLE 1
Site descriptions of the nine collecting stations in Murgul district of Artvin province.
Location
3 km North of Plantation
Road of Damar town
Cerrah hill of Damar town
Gonullu neighborhood of
Baskoy village
Center of Korucular village
and Gonullu neighborhood
of Baskoy village
Saz duzu area of Kabaca
village and Around Akolsen of Baskoy village
Around Akolsen of Baskoy
village
Center of Korucular village
Up from mezra area of
Korucular village
Around Akolsen of Baskoy
village and Kokolet area of
Korucular village
3 km North of Plantation
Road of Damar town
Up from Mezra area of
Korucular village
Cerrah hill of Damar town
Down from Mezra area of
Korucular village
Kokolet area of Korucular
village
Kokolet area of Korucular
village

Species of
Lichen
Cetraria pinastri
Cladonia squamosa
Evernia prunastri

Substrate

Number of
Herbarium

Latitude

Longitude

Altitude

Nature of
site

On Fagus
orientalis

1216

41° 12'

41° 39'

1200 m

Subrural

On soil

1217

41° 15'

41° 35'

1050 m

Urban

On Fagus
orientalis

1218

41° 18'

41° 33'

550 m

Subrural

Flavoparmelia
caperata

On Fagus
orientalis

1219
1220

41° 16'
41° 18'

41° 42'
41° 33'

675 m
550 m

Rural
subrural

Hypogymnia
physodes

On Pinus
sylvestris

1221
1222

41° 12'
41° 19'

41° 39'
41° 26'

1700 m
1000 m

Subrural
rural

1223

41° 19'

41° 26'

1000 m

Rural

1224

41° 16'

41° 42'

675 m

Rrural

1225

41° 20'

41° 41'

1275 m

Rural

1226
1227

41° 19'
41° 15'

41° 26'
41° 43'

1000 m
450 m

Rural
Rural

1228

41° 12'

41° 39'

1200 m

Subrural

1229

41° 20'

41° 41'

1275 m

Rural

1230

41° 15'

41° 35'

1050 m

Urban

1231

41° 17'

41° 42'

910 m

Rural

1232

41° 15'

41° 43'

450 m

Rural

1233

41° 15'

41° 43'

450 m

Rural

Hypogymnia
tubulosa
Lecanora muralis
Parmelia saxatilis
Platismatia
glauca

On Pinus
sylvestris
On calcareous rock
On Fagus
orientalis
On Pinus
sylvestris

Pseudevernia
furfuracea
Ramalina pollinaria
Umbilicaria
polyrrhiza
Usnea florida
Usnea filipendula
Xanthoparmelia
somloensis

On Pinus
sylvestris
On Fagus
orientalis
On siliceous
rocks
On Fagus
orientalis
On Fagus
orientalis
On Fagus
orientalis

20000

SnKα

Counts

15000

10000

FeKα

5000

BaKα

CuKα

0
0

500

1000

1500

2000

Channel
FIGURE 1
Spectrum of 1230 (number of herbarium) samples obtained with excitation by a 241 Am source.
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Counts

40000

20000

KKα

CaKα

TiKα

0
0

500

1000

1500

2000

Channel
FIGURE 2
Spectrum of 1230 (number of herbarium) samples obtained with excitation by a 55Fe source.

Net peak areas are determined using Origin 7.0 version software program with least-squares method. Partly
overlapped peaks are resolved by a method proposed by
Şahin et al. [53].
The results obtained are shown in Table 2. The precision is indicated by standard deviation percentage and
found to be satisfactory. To test the homogeneity of samples, sets of measurements were made at different mixing
times. Each sample was analyzed and all the results were
in good agreement. Furthermore, the correlation coefficients of curves` intensity as a function of added concentration were higher than 0.997 (Fig. 3). Based on the results, we could assume that all the samples were homogeneous.
In our measurements maximum relative errors due to
the counting system were of the order 0.5–5 %. Errors
originating from sample weighing, source intensity and
system geometry were about 4 %. The combined relative
error in our results was according to the order of 5-8 %.
EDXRF technique is fast, economical and fully suitable
for simultaneous quantitative determinations of many
matrix elements. Therefore, it presents some advantage
over other spectrometric methods. The total time for
EDXRF analysis is also much lower than that for a conventional chemical analysis [44].
In this work, 15 different lichen species were collected from 10 different stations in Murgul district of Artvin
province. Both, identical species from different stations
and different species from the same stations, were collect-

ed for a better comparison of metal contents and determination of different metal-accumulating abilities of the
species. Morphologically one species was crustose, ten
were foliose and seven were fruticose. Uptake of metals
and metal accumulating abilities of lichens are directly
related to morphological and anatomical features of the
species. The presence of copper mines in Murgul is of
particular importance for determining metal contents in
lichens from this region.
Of the fruticose lichens, one was collected from soil,
one from Pinus sylvestris and five from Fagus orientalis.
The K concentration, which is most similar to that of the
soil sample from Murgul Centrum, was detected in terrestrial lichen Cladonia squamosa, but K levels detected in
the other fruticose species were quite similar. When Ca,
Ti, Fe, Ba, Sr and Cu concentrations of the soil sample are
considered, Cladonia squamosa had a higher Ca concentration despite having lower Ti and Fe, but no Ba, Sr and Cu
concentrations. Pinus sylvestris bark sample had 4.737 K,
3.478 Ca, 0.037 Ti concentrations and no concentration of
Fe, whereas Pseudevernia furfuracea on Pinus sylvestris
from Damar region, a distant area, had 3.175 K, 3.719 Ca,
0.023 Ti and 0.630 Fe concentrations. This clearly shows
that this species does not take up metals only from substrates, but also from the atmosphere.
Cladonia squamosa had the highest concentrations of
K, Fe, Ba and Cu, while Pseudevernia furfuracea had
highest Ca, and Ramalina pollinaria highest Ti and Sr
levels. This shows and underscores the sensitivity of these
lichen species to those metals.
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Our only crustose sample, Lecanora muralis, had
highest concentrations of Ca, Ti, Ba and Cu, but lower
concentrations of K, Fe, and Sr, when compared to its
substrate. Particularly interesting results are the high levels
of Ca in Lecanora muralis and Fe in its substrate rock.
When the element concentrations of ten foliose species are compared to bark samples, percent K concentration of bark samples was similar to all lichen concentrations, except for Hypogymnia physodes collected from

Kabaca village Sazdüzü station. The sample had K concentrations about 25% lower. Ca amount related to substrate is about three times of that in Flavoparmelia
caperata collected from Başköy Gönüllü neighborhood,
while samples of the same species from Korucular village
center contained two-thirds lower Ca concentration, Umbilicaria polyrrhiza showed about eight times lower concentration levels of Ca, when compared to substrate.
Flavopamelia

TABLE 2
Elemental Concentrations in lichens from Artvin-Murgul District.

Species of lichens
Cetraria pinastri
Cladonia squamosa
Evernia prunastri
Flavoparmelia caperata
(From Center of Korucular village)
Flavoparmelia caperata
(From Gonullu neighborhood
of Baskoy village)
Hypogymnia physodes
(From Sazduzu area of
Kabaca village)
Hypogymnia physodes
(From Akol sen of Basköy village)
Hypogymnia tubulosa
Lecanora muralis
Parmelia saxatilis
Platismatia glauca
(From Akol şen of Basköy village)
Platismatia glauca
(From Kokolet area of
Korucular village)
Pseudevernia furfuracea
Ramalina pollinaria
Umbilicaria polyrrhiza
Usnea florida
Usnea filipendula
Xanthoparmelia somloensis
Sample of soil from
Murgul district of Artvin
Sample of rock from
Murgul district of Artvin
Sample of bark of Pinus sylvestris

K
3.547
±0.281
4.063
±0.203
2.882
±0.144
5.175
±0.259

Ca
4.844
±0.242
0.828
±0.041
2.601
±0.130
2.305
±0.115

Elemental concentration(%)
Ti
Fe
Ba
0.055
1.140
±0.003
±0.057
0.057
2.453
0.343
±0.003
±0.123
±0.017
0.014
0.367
±0.001
±0.018
0.036
0.854
±0.002
±0.043

3.557
±0.028

8.936
±0.045

0.032
±0.002

0.714
±0.036

1.346
±0.067

3.510
±0.176

-

0.990
±0.050

4.480
±0.224
4.991
±0.250
3.214
±0.161
4.450
±0.223
3.761
±0.188

2.964
±0.148
3.858
±0.193
12.322
±0.616
2.171
±0.108
2.224
±0.111

0.025
±0.001
0.021
±0.001
0.262
±0.013
0.040
±0.002
0.021
±0.001

0.650
±0.033
0.344
±0.017
4.575
±0.229
0.820
±0.041
0.399
±0.017

0.040
±0.002

0.012
±0.001
0.011
±0.001
0.039
±0.002

-

-

-

0.019
±0.001

0.013
±0.001

-

4.961
±0.248

3.971
±0.199

0.062
±0.003

1.675
±0.084

0.021
±0.001

-

-

3.175
±0.159
3.339
±0.167
4.501
±0.225
3.744
±0.187
3.762
±0.188
3.846
±0.192
5.784
±0.323
4.753
±0.294
4.737

3.719
±0.186
3.801
±0.190
0.435
±0.022
2.177
±0.109
2.760
±0.138
1.721
±0.086
1.019
±0.045
1.312
±0.076
3.478

0.023
±0.001
0.093
±0.005
0.034
±0.002
0.018
±0.001
0.013
±0.001
0.045
±0.002
0.210
±0.011
0.123
±0.007
0.037

0.630
±0.032
1.621
±0.081
38.544
±1.927
0.451
±0.023
0.299
±0.015
0.188
±0.009
7.122
±0.398
14.551
±0.843
-

-

-

-

0.020
±0.001
1.110
±0.056

0.016
±0.001
0.021
±0.001

-

-

-

-

0.022
±0.001
1.760
±0.087
0.367
±0.016
-

0.017
±0.001
0.030
±0.002
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Sr
0.014
±0.001
0.013
±0.001

0.059
±0.003

-

-

-

-

0.036
±0.002

-

-

-

-

-

-

-

Cu
-

-

0.055
±0.003
0.027
±0.001
0.117
±0.006
0.033
±0.001
-
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from Murgul district of Artvin

±0.292

±0.146

±0.001

2400
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2
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= 0.99767
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1600
1400
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1000
800
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0
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4

5

Ca Added Concentration (%)
FIGURE 3
Calibration curve for Ca.

caperata from two different stations contained extremely
different (3 times more and 2/3 times less) Ca concentrations supporting the suggestion that metal concentrations
in lichen species change in parallel to that of the stations.
Fe was found to be 38.544% in Umbilicaria polyrrhiza,
but is not present in bark samples. Platismatia glauca
samples from different stations contained different
amounts of Fe. These data may be explained with different metal-accumulating abilities of these species.

per will be a preliminary one for forthcoming papers on
this subject.
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QUANTITATION FOR PHOTOINDUCED
FORMATION OF HYDROXYL RADICALS IN THE
WATER-CONTAINING FE(III) AND OXALATE SALTS
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SUMMARY
Hydroxyl radical (•OH) is one of the most important
oxidants. Analyses of hydroxyl radicals can give us better
understanding on the redox reactions in natural waters and
the mechanism for degradation of pollutants. By using 2propanol as the scavenger to produce acetone, the photogeneration of •OH in the water containing Fe(III)-oxalate
complexes was determined with GC/FID. In the solution
containing 9.3/120.7 µmol l-1 Fe(III)/oxalate and 1 mmol l-1
2-propanol at pH 3.5, 65.9 µmol l-1 •OH produced after
irradiation by 125W high pressure mercury lamp (λ ≥
313 nm) for 80 minutes. Hydroxyl radical generation
kinetics accorded with pseudo-zero-order reaction model
with a rate of 0.73 µmol l-1 min-1. Effects of pH, and concentrations of Fe(III) and Oxalate on •OH generation
were examined.

KEYWORDS:
hydroxyl radical, photolysis, ferric-oxalate complexes.

HO2•/O2-•+ Fe(II) + H+ → Fe(III) + H2O2

The H2O2 formed in the Fe(III)-oxalate system can
react with Fe(II) according to the Fenton mechanism [7]:
Fe(II) + H2O2 → Fe(III) + •OH + OH

Since the 1950s, numerous investigations have found
that Fe(III)-oxalate complexes photolyse with high efficiency [1-5]. Zuo and Hoigné [5, 6] have shown that the
photolysis of Fe(III)-oxalate complexes is a major pathway for the formation of H2O2 in atmospheric waters. The
possible photochemical reactions in the Fe(III)-oxalateoxygen system are shown as below [5]:
(1)

-

(2)

O2 • + H → HO2•

(3)

C2O4 • + O2 → O2 • + 2CO2
-

+

(5)

•OH + (HO)CH(CH3)2 → •C(OH)(CH3)2 + H2O

INTRODUCTION

-

-

Although the production of hydroxyl radicals from
the photolysis of ferric-oxalate complexes has been theoretically proposed, no systematically experimental identification and quantification has been reported. Zuo [8]
only reported the qualitative detection of •OH in the illuminated aqueous solutions containing Fe(III)-oxalate
complexes. In his experiment, 1-chloro-butane was used
as a reference compound for •OH. However, no data was
given on the formation rate of •OH. In fact, there have
been several methods for detecting •OH radicals, one of
which is adding scavengers into the photochemical systems. When 2-propanol is used as the scavenger for •OH,
acetone forms as the oxidized product [9, 10]:
•C(OH)(CH3)2 + Fe

Fe(C2O4)n(3-2n)+ + hν → Fe(C2O4)n-1(4-2n)+ + C2O4-•

(4)

3+

2+

→ Fe + (CH3)2CO + H

+

(6)
(7)

Recently, Hislop and Bolton [11] used 2-propanol as
the scavengers to study the •OH formation in a homogeneous photocatalytic system containing Fe(III), oxalate
and H2O2.
Since the photolysis of Fe(OH)2+ can produce •OH,
the difference, when oxalate is added into the system, has
to be elucidated. Both Fe(III)-OH complexes and Fe(III)oxalate complexes were used as the catalysts in the photodegradation of dyes [12, 13], and atrazine [14]. Wu [15]
pointed out that Fe(III)-oxalate complexes were more
efficient than Fe(III)-OH complexes to promote the photodegradation and decolorization of dye solutions. It is to
be examined if this result is related to •OH production
rate in the different systems?
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Hydroxyl radical is one of the most important oxidants and active species. Analyses of hydroxyl radicals
can give us better understanding on the redox reactions in
natural waters and the mechanism for degradation of
pollutants. In this work, we investigated the photogeneration of •OH in the Fe(III)/oxalate system in order
to (i) quantify the generation efficiency of •OH; (ii) examine the generation kinetics of •OH ; (iii) interpret the
photo-reactivity of Fe(III)-oxalate complexes for degrading organic compounds.
MATERIALS AND METHODS
Materials: All reagents were of analytical grade and the
water used for all preparations was doubly distilled. Ferric
chloride and potassium oxalate were used as iron source
and oxalate source, respectively. The pH of the aqueous
solutions was adjusted with HCl or NaOH. 2-propanol and
acetone standards were used for GC analyses.

Irradiation by near-UV light was performed
with a 125 W high pressure mercury lamp with wavelength
≥ 313 nm (Yaming, Shanghai, China) in a concentric photochemical reactor [15]. The lamp was hang in the center of
a plate with a big hole in the center and 8 small holes symmetrically around it. Eight identical 10-ml-color-comparison-tubes (Pyrex, 1.5 cm od and 11.5 cm length) were
placed vertically in each hole as photochemical reactor
cells, so that the light and the cells were kept parallel with
a fixed distance of 7 cm. The tubes were kept rotating at
50 rpm. Irradiation influx was well distributed throughout
the cells.

as solid phase was prepared and used in GC/FID analyses.
The temperature of the column was 80 °C, that of injection port 150 °C. Nitrogen gas was used as carrier gas at a
flow rate of 42 ml min-1. The volume of each water sample injected into GC was 10 µl. The retention time for
acetone and 2-propanol was 56 s and 85 s, respectively.
Procedure: Reaction solutions were prepared in water
containing Fe(III), oxalate ions and 1 mmol l-1 2-propanol
(excessive for scavenging •OH), and the pH of the solution was adjusted to a certain value. The solutions prepared above were irradiated by near-UV light. In the course
of irradiation, the concentrations of the acetone were detected by GC/FID at time intervals of 10 minutes. External
standard was prepared and applied for quantitative analyses
of acetone. Measurements for each sample were made in
triplicate, the error for peak area is less than 4.9%.

RESULTS AND DISCUSSION

Apparatus:

GC/FID analyses were conducted on a chromatograph
GC-7A with CR-3A data processor (Shimadzu, Tokyo,
Japan). A packed column with 5% PEG-20M/Chromosob W
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Generation of hydroxyl radical in
the irradiated Fe(III)/oxalate system

Generation of Hydroxyl radicals in the irradiated
Fe(III)/oxalate system is confirmed by using 2-propanol as
scavenger and detection of the consequent formation of
acetone. Since Fe(III)-OH complexes can photolyse to
produce •OH (reaction 8), we did the control experiment
in the solutions without oxalate. As Fig. 1 shows, under
the same irradiation and pH value, the •OH concentration
generated in the irradiated water containing Fe(III)-oxalate
complexes is higher than that of the system without oxalate, while no •OH was produced without radiation.
Fe(OH)2+ + hν → Fe3+ + •OH

Fe(III)/Ox + light
Fe(III) + light
Fe(III)/Ox

COH /µmol l

-1

60
40
20
0

0

20

40

60

Time/min
FIGURE 1 - Control experiments in different systems.
(CFe(III) = 11.1 µmol l-1，Cox = 120.5 µmol l-1，pH = 3.0±0.1)
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TABLE 1 - Kinetics analyses of • OH generation (pH = 3.0±0.1).

Fe(III)/Ox ratio
(µmol l-1/µmol l-1)
11.1/120.5

Correlation
coefficient r0

Pseudo-zero-order reaction
kinetic equation

0.9978

COH = -1.23 + 0.86 × t

11.1/0

0.9019

COH = 0.39 + 0.10 × t

rc: critical correlative coefficient (n=9, α = 0.001, rc = 0.8982)
r0: calculated correlative coefficient of pseudo-zero-order reaction
t: time of the irradiation in the unit of minute

1.2

-1

kOH /µmol l min

-1

1.0
0.8
0.6
0.4
0.2
0.0

2

3

4

5

6

7

pH

FIGURE 2 - pH effect on • OH generation rate.
(Fe(III)/Ox = 11.1/120.5 µmol l-1)

Zuo and Hoigné [5] detected the H2O2 formation in the
solutions containing 10 µmol l-1 Fe(III) and 120 µmol l-1
oxalate at pH 4, and found the observed formation rate of
H2O2 in September noon sunlight was 4.8 µmol l-1 min-1.
This value is about 6 times as that of our result for •OH
generation under the conditions in this section. So, we can
confirm that H2O2 is one of the precursors for •OH in the
irradiated water containing Fe(III)-oxalate complexes.
The photochemical systems containing Fe(III)oxalate complexes or Fe(III)-OH complexes are all able to
produce • OH, which has high oxidizing potential for the
degradation of organic pollutants in water. The feasibility
of these two systems for degradation of several kinds of
pollutants have been examined [16], and the former is
better than the later in efficiency of • OH production. We
believe that the water containing Fe(III)-oxalate complexes for photochemical treatment of organic compounds
will play an important role in water pollution control and
remediation.

Kinetics of • OH production

Kinetics analysis in Table 1 indicates that photogeneration of hydroxyl radicals in the irradiated water containing Fe(III)-oxalate complexes is pseudo-zero-order
reaction. The •OH generation rate in irradiated water
containing Fe(III)-oxalate complexes was 0.86 µmol l-1
min-1, while that of the system without oxalates was only
0.10 µmol l-1 min-1. The latter value is close to that reported
by Faust and Hoigné for the atmospheric waters [17].
pH effect

The pH value of the reaction solution has great effect
on the photolysis of Fe(III)-oxalate complexes in producing H2O2 and degrading organic compounds [5, 13, 14].
The •OH generation rates as a function of pH of reaction
solutions is shown in Fig. 2. The results indicate that the
•OH generation rate at pH range of 3 ~ 4 is higher than
that at other pH values, which is in accordance with the
results of H2O2 photo-formation in the same system [5].
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FIGURE 3 - Effect of the Fe(III) and oxalate concentrations on • OH production (pH = 3.5± 0.1).
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BEHAVIOUR OF DISSOLVED Cd, Cu, Pb
AND Zn IN THE ESTUARINE ZONE OF THE
FERROL RIA (GALICIA, NW IBERIAN PENINSULA)
Antonio Cobelo-García and Ricardo Prego
Marine Biogeochemistry Research Group, Instituto de Investigaciones Marinas (IIM-CSIC), C/ Eduardo Cabello 6, 36208 Vigo, Spain

SUMMARY
The behaviour of dissolved Cd, Cu, Pb and Zn was
studied during estuarine mixing in the Grande de Xubia
Estuary (Ferrol Ria) in four surveys during 2000 from lowto-high freshwater discharges. Concentrations of metals in
the freshwater end-member were within the range of World
uncontaminated rivers. All the metals showed a clear deviation from conservative mixing resulting in a net addition
within the estuary. Typical concentrations within the estuary (0<Salinity<35) were found to be in the range of 0.50 ±
0.19 nM for Cd, 1.05 ± 0.50 nM for Pb, 34 ± 12 nM for Cu
and 71 ± 46 nM for Zn. The relative importance on this net
addition by processes such as the discharge of contaminated streams within the estuary or the release from resuspended metal-rich bed sediments is discussed.

KEYWORDS: Trace metals, estuarine mixing, contamination, ria,
Ferrol, NW Iberian Peninsula.

INTRODUCTION
The fresh and saline water mixing area of the coastal
zone is characterized by a number of physical and chemical
processes. Such processes influence drastically the behaviour of trace elements, leading in most circumstances to a
non-conservative mixing (i.e. deviated from the theoretical
mixing line) [1]. These processes may include release
from riverine particulate matter [2], sediment resuspension and pore water intrusion [3], flocculation of colloidal
material [4], biological scavenging [5], changes in redox
conditions [6], and changes in the end-member (fresh and
saline) trace element concentration [7]. The concentrations
and distribution of trace metals in the estuarine systems
may be also influenced by the discharge of anthropogenic
inputs [5]. To date, extensive work on the geochemistry of
trace metals in different World estuaries has been carried

out (see for example [8-12]). It has been shown that the
behaviour of trace elements in one estuary cannot be extrapolated to others, since the importance of biogeochemical processes (as well as anthropogenic discharges) differed from one estuary to another.

STUDY SITE
The term ria is commonly used to define several estuary-type coasts of Spain, Portugal, Brittany, SW England,
SW Ireland, several parts of the Mediterranean, SE China
and SE Australia [13]. Studies of metal behaviour in this
type of coastal systems has been scarce [14] and, therefore,
further research is needed. An important feature of the rias
is that these coastal systems correspond to the low catchment area of a river flooded by the sea; the fresh and saline
water mixing takes place within the basin, and is generally
restricted to the innermost part of the ria. Accordingly, the
Grande de Xubia Estuary is located in the innermost part of
the Ferrol Ria (Figure 1), which is situated at the NW of
the Iberian Peninsula between 43º27’ to 43º30’ (N) and
8º9’ to 8º21’ (W) occupying an area of 21 km2. Due to the
low freshwater discharge – the Grande de Xubia River
has a watershed of 182 km2 and a mean annual discharge
of 5.5 m3 s-1 [15] – the estuary is normally very short with
less than 3 km from the limit of Salinity<30 to the freshwater end-member that corresponds to the Grande de
Xubia River. Highest discharges usually occur during
February-March due to abundant rain, whereas lowest
discharges are observed during August-September. Besides the Grande de Xubia River, the estuary has received
other tributaries, such as the Belelle River (Figure 1),
which is the second most important freshwater discharge
to the ria with a mean annual flow of 0.8 m3 s-1. Other
smaller inputs come from the Salgueiro and Santa Cecilia,
which are polluted streams (Figure 1) with relatively high
concentrations of dissolved and particulate metals [16]. The
anthropogenic influence arises from the metallurgic factory
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4

Grande de Xubia Estuary

Ferrol Ria

1

*

3

2

Freshwater
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Galicia
200 m

43º30’N
40 km

Limit of
S < 30

Ferrol

2.5 km

8º10’W

8º20’W

FIGURE 1 - Map of the Ferrol Ria showing the Grande de Xubia Estuary.
1 Denotes the Grande de Xubia River; 2 the Belelle River; 3 and 4 the Salgueiro and
Santa Cecilia streams, respectively. Black circles indicate the reference sites at the Pia
narrows and outer channel. Asterisk denotes the location of the metallurgic industry.

located in the estuarine shores (Figure 1). Moreover,
water exchange with the rest of the ria is limited by a
Narrows railway bridge (Figure 1) and masses of brackish
water occur within the estuary. The limited water exchange, the high primary production of these waters [17]
and the anthropogenic impact has led to the accumulation
of organic matter (and metals) in the sediments of the
estuary leading to poor oxic conditions [15] and a poorer
diversity of the benthic community compared to the rest
of the ria.
The main aims of this study are to examine the distribution of dissolved trace elements (Cd, Cu, Pb and Zn) in
the estuarine area of the Ferrol Ria (Galicia, NW Iberian
Peninsula) and investigate what processes are controlling
their behaviour during saline and freshwater mixing. This
study is a part of a larger project designed to examine the
biogeochemical cycles and the status of contamination of
trace elements in the Ferrol Ria.
MATERIALS AND METHODS
Samples of the Grande de Xubia estuary were taken
at floods in March, May, July and September 2000, comprising different freshwater discharges: from very low

discharge of the Grande de Xubia River in July and September (0.7-1.3 m3 s-1), low discharge in March (2.0 m3 s-1)
and high discharge (9.3 m3 s-1) in May, which will obviously influence the position of the limit of Salinity<30.
Samples were taken from a boat by hand wearing polyethylene gloves, using 0.5 L acid-washed new low-density
polyethylene (LDPE) bottles that were first filled with
Milli-Q (Millipore) water at pH 2 (HNO3 Merck Suprapur)
and just before collecting the sample emptied and rinsed a
couple of times with ambient water. In order to avoid
contamination from dust particles, bottles were kept in
zip-lock bags. After collection, the samples in bottles
were stored at 4 ºC in a cooler for transport back to the
onshore lab at the Instituto de Investigaciones Marinas
(IIM-CSIC) for subsequent filtration, storage and analysis.
Samples were vacuum filtered using acid-cleaned 0.45 µm
polycarbonate filters (Pall Gelman) mounted on an acidprewashed polycarbonate filter holder (Sartorius AG,
Germany). The first 100 mL of filtered sample was discarded, and the subsequent filtrate was stored in 0.5 L
acid-washed new LDPE bottles, acidified to pH 2 (HNO3
Merck Suprapur), bagged and stored until analysis.
The determination of Zn, Cd, Pb and Zn was carried
out by means of differential pulse anodic stripping volt-
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centrations higher than in the fresh and saline endmembers (Figure 3a-b). The only exception to this general
distribution trend was the Zn behaviour in May and July
(2000), when a near-conservative mixing was found. All
the four metals were highly correlated (P<0.001 – with
the exception of Zn and Cd, with P<0.05), which suggests
a common source for them.

RESULTS AND DISCUSSION
Ancillary Data

Temperature (ºC), pH and oxygen saturation (%) are
plotted against salinity in Figure 2. Temperature shows a
clear seasonal variability, with the highest mid-estuarine
temperatures (20-23 ºC) in July-September and minimum
(∼12 ºC) in March; in this survey, temperature was nearly
constant through the estuarine mixing due to homogenizing influence on the waters during winter. The high midestuarine oxygen saturation found in May and July (120140 %) coincides, as expected, with the highest pH values. This is suggested to arise from the photosynthetic
activity and is in accordance with the very high productivity of this ria [17]. Lowest pH values were observed in
September, when the prevalence of organic matter remineralisation is supposed to take place.

160

140

Oxygen Saturation (%)

ammetry (DPASV) using a hanging mercury dropping
electrode (HMDE). The equipment consisted in a Strand
VA694, a Processor VA693 and an Autosampler 695
from Metrohm (Herisau-Switzerland). Prior to determination, samples were partially digested using a ‘weak’ wet
acid digestion with HClO4 (Fluka Trace Select). This
procedure was shown to yield comparable results than
complete UV-digestions, when estuarine and coastal waters
with concentrations above background values are considered [18]. The accuracy of the analytical procedure was
checked with two certified reference materials: CRM403
(North Sea water) and CASS-4 (nearshore water from the
Halifax harbour). The results obtained were in agreement –
generally within ±5% – with the certified values.
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Results presented in this study constitute one of the
first reliable measurements of dissolved trace elements in
any of the Galician rias. Freshwater – Grande de Xubia
River – concentrations: 0.02-0.05 nM of Cd, 14-24 nM of
Cu, 0.2-0.6 nM of Pb and 25-50 nM of Zn were within the
established background values for World rivers as reported by Hart and Hines [19]. Whereas for Cu, Pb and Zn,
the freshwater concentrations are higher than the offshore
value (Figure 3a-b), they are lower for Cd (Figure 3a),
which is typical for other Galician estuaries [18, 20] indicating an oceanic Cd source at the Galician coast. Mean
concentrations
of
metals
within
the
estuary
(0<Salinity<35) for the four sampling times were found to
be 0.50 ± 0.19 nM for Cd, 1.05 ± 0.50 nM for Pb, 34 ± 12
nM for Cu and 71 ± 46 nM for Zn (Table 1). Metal concentrations found in this estuary fall within those found in
pristine areas (e.g. Tay Estuary, Lena Estuary, Anllóns
Estuary, etc.) and those in highly anthropogenicallyimpacted estuaries, such as the Mersey or the Thames
(Table 1). The distribution of dissolved metals showed a
net addition during estuarine mixing (0<S<35), with con-
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FIGURE 2
Plots of oxygen saturation (%), temperature (ºC) and pH vs. salinity
in the Grande de Xubia Estuary for March (open triangle - ∇), May
(closed circle - ●), July (open circle - ○) and September (close triangle - ▼). No data for oxygen saturation was collected in March.
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FIGURE 3a - Distribution of dissolved Pb and Cd versus salinity in the Grande de Xubia Estuary during March, May, July and
September 2000. Typical concentrations at the Pia narrows (square) and outer channel (diamond) are included for comparison.

250

March
May

120

March
May
200

80

Zn (nM)

Cu (nM)

100

60

150

100

40
50

20

0

0

0

5

10

15

20

25

30

35

0

5

10

15

Salinity

20

25

30

35

Salinity
250

July
September

120

July
September
200

80

Zn (nM)

Cu (nM)

100

60

150

100

40
50

20

0

0

0

5

10

15

20

25

30

35

0

Salinity

5

10

15

20

25

30

35

Salinity

FIGURE 3b - Distribution of dissolved Cu and Zn versus salinity in the Grande de Xubia Estuary during March, May, July and
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TABLE 1 - Average dissolved metal concentrations (nM) found in the Grande de Xubia
Estuary (0<S<35) compared to other World estuaries of varying anthropogenic impact.

Grande de Xubia Estuary
Thames Estuary, UK
Mersey Estuary, UK
Port Jackson Estuary, Australia
Loire Estuary, France
Tay Estuary, UK
Anllóns Estuary, Galicia (Spain)
Lena Estuary, Russia

Cd

Cu

Pb

Zn

Reference

0.5 ± 0.2

34 ± 12

1.1 ± 0.5

71 ± 46

This study

1.3 ± 1.0
0.4 ± 0.2
0.2 ± 0.1
0.2 ± 0.1
0.03 ± 0.02
0.18 ± 0.14

80 ± 33
50 ± 11
26 ± 4
15 ± 6
12 ± 3
8.2 ± 4.0
12 ± 3

3.5 ± 1.4
0.3 ± 0.1
0.20 ± 0.10
0.24 ± 0.07

270 ± 80
210 ± 50
99 ± 30
15 ± 2
10.2 ± 4.2
4.1 ± 4.7

[26]
[8]
[27]
[28]
[12]
[18]
[29]

TABLE 2 - Average metal concentrations (µg g-1) in the SPM of the fresh and saline end-members
of the estuary together with the concentrations in the estuarine sediments (taken from [16, 18]).

Freshwater End-Member SPM
Saline End-Member SPM
Estuarine Sediments

Cd
0.51 ± 0.34
0.07 ± 0.03
1.3 ± 0.7

Metal concentrations and distribution in estuaries
greatly depend on the contaminant loads and the flushing
time; the estuarine area and the middle ria (Figure 1) are
connected by a Narrows railway bridge, restricting the
water exchange and allowing the existence of stagnant
waters. Therefore, this favours that a significant part of
the contaminant loads – mainly from Salgueiro and Santa
Cecilia streams and the metallurgic industry – are trapped
within the estuary (especially in the sediments), and thus
could play a significant role on this broad estuarine maxima. This mid-estuarine maximum can either be caused by
direct waste and freshwater discharges (including tributaries) or metal desorption from metal-rich resuspended bed
sediments, or a combination of both. A simple box model
[21] was applied to the estuary in order to ascertain if this
broad maximum could be explained by metal inputs from
the contaminated tributaries (Salgueiro and Santa Cecilia
streams) discharging within the estuary. Results showed
that the inputs from those tributaries could only account
for 10-20% of the total metal inputs observed. This indicates that other factors are, therefore, playing a major role
on the mid-estuarine metal addition. The metallurgic
industry located in the northern shore of the estuary may
have an impact on increasing trace elements concentrations
in the estuary, but the current role of this on the broad midestuarine maxima could not be stated due to lack of information on the wastewater outflow.
The sediments of the Ferrol Ria are rich in organic
matter [22, 18], reaching the highest concentrations in the
Grande de Xubia Estuary. This organic matter arises from

Cu
44 ± 34
19 ± 1
78 ± 32

Pb
51 ± 26
13 ± 2
78 ± 34

Zn
105 ± 93
61 ± 6
277 ± 63

the rivers and effluents discharges into the ria, the restricted water exchange with the coastal waters and the
high primary production of this ria. Sedimentation being
the ultimate fate of this organic matter [23], therefore,
metals accumulate in the sediments (Table 2). The high
concentration of organic matter in the sediments of the ria
(average organic matter (AOM) = 13 ± 4 %), reaching the
maximum values in the Grande de Xubia Estuary (AOM =
18 ± 4 %), has led to the existence of poor oxic or anoxic
sediments in this area. Accordingly, López-Jamar et al. [24]
found in this ria negative redox potentials in the sediments at organic matter concentrations from 16%.
Particulate metal concentrations both in the fresh and
saline end-member suspended particulate matter (SPM) of
the estuary are substantially lower than those in the sediments (Table 2). In these situations when the SPM concentrations are lower than those in the underlying sediments,
there exists the possibility of desorption of metals from
resuspending bed particles [8]. This is specially enhanced if
a change in redox conditions takes place, which is the case
of the Grande de Xubia Estuary; sediments under poor oxic
or anoxic conditions are resuspended to well-oxygenated
waters, as observed in Figure 2. This suggests that sediment
resuspension, which is a main factor controlling the metal
concentrations in the SPM of the water column in the Ferrol Ria [18], is playing a significant role on the net addition
of trace elements during estuarine mixing.
Despite the above background values, they are generally below the proposed water quality guidelines values. For
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example, Matthiessen et al. [25] proposed guideline values
of 80 nM for Cu and 150 nM for Zn in estuaries. Values
found in the Grande de Xubia Estuary are below - with the
exception of one sample for Zn and one sample for Cu these values indicating the low or null impact on biota.
Moreover, the high organic complexation of metals found in
this ria [18] would help to ameliorate the potential toxicity.
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SUMMARY
The phosphorodithioate pesticides are widely used for
crop production and fruit tree treatment, but their disposal
causes serious environmental problems. Two commercial
phosphorodithioate pesticides (dimethoate and malathion)
were treated by an electrolysis system using Ti/Pt as anode and stainless steel 304 as cathode. A number of experiments were run in a laboratory scale pilot plant and
the results are presented. For dimethoate the achieved
COD reduction was over 70%, while for malathion it was
over 40%. Dimethoate had the lowest energy demand.
The COD / BOD5 ratio was improved considerably after
electrolysis for the two pesticides examined. As a conclusion, electrochemical oxidation could be used as a pretreatment method of the pesticides detoxification.

KEYWORDS:
pesticides, electrochemical oxidation, dimethoate, malathion.

INTRODUCTION
The disposal of pesticides can cause serious problems
due to the chemical nature of the active ingredients in
pesticide formulation and due to the large quantities of the
unwanted products. These products undergo physical and
chemical alterations either due to extended storage, beyond the recommended expiry date, or due to storage
under improper conditions (high humidity and temperature). In many countries, large quantities of pesticides have
accumulated, since they have lost their desirable characteristics. Pesticides that have passed their shelf-life can be
included in this category. Although these products are not
suitable for use, they still contain toxic compounds. In
addition, many surplus pesticides, still within their expiration limits, may become useless, when their future use is
prohibited due to toxicological or environmental concerns.
FAO (Food and Agricultural Organization of the United
Nations) estimated that more than 400,000 tonnes of obsolete pesticides are stocked worldwide [1].

The biological degradation of pesticides is generally
difficult due to their high content in toxic matter [2, 3]. An
ideal treatment method for pesticide surplus should be nonselective, should achieve rapid and complete mineralization, and should be suitable for small-scale wastes [4, 5].
Today the main disposal method of obsolete pesticide stock
is incineration, an impractical and expensive procedure.
High-temperature incineration in dedicated hazardous
waste incinerators is the currently recommended method
for obsolete-pesticide treatment. However, sophisticated
incinerators do not exist in developing countries [1].
However, safety on environmental and processing
grounds may be questioned in many cases. For products
for which a suitable inactivation method does not exist,
long time storage in concrete tombs is recommended [2].
However, oil-water emulsions and/or organic solvents
from the solvent-based preparations may destroy the bituminous coatings on the concrete walls of the tomb. It is
possible that the unprotected concrete walls might be
corroded and that toxic chemicals may subsequently migrate to the surrounding area [1, 2].
Various innovative technologies have been proposed
for methyl-parathion treatment. These include the use of
UV and hydrogen peroxide [6, 7], ultrasonic radiation [8]
or mercury-promoted hydrolysis [9]. The major disadvantage of these technologies is that they are designed for
decontamination of aqueous solutions with a very low
active ingredient content and are not suitable for the higher
concentrations of unwanted pesticides.
Recently, there has been increasing interest in the use
of electrochemical methods for the treatment of recalcitrant toxic wastes. The organic and toxic pollutants present in such wastes, such as phenols which are present in
many pesticides, are usually destroyed by anodic oxidation as a result of the production of oxidants such as hydroxyl radicals, ozone etc. [10-13]. These methods are
environmentally compatible and do not produce new toxic
wastes. Electrochemical methods have been successfully
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applied in the purification of domestic sewage [14, 15],
landfill leachate [16], tannery wastes [17], olive oil
wastewaters [18], textile wastes [19] etc.

Malathion

C10H19O6PS2
MB=330

The electrochemical reactions, which take place during the electrolysis of a brine solution, are complicated
and not entirely known. The electrochemical oxidation of
aqueous solutions, which contain organic matter, by the
use of Ti/Pt anode, proceeds in two steps [10]. The first
step is the anodic discharge of the water, forming hydroxyl radicals which are absorbed on the active sites of the
electrode surface M[ ].
H20 + M[ ] → M[OH-] + H+ + eS-1,2-bis(ethoxycarbonyl)ethyl O,O-dimethyl
phosphorodithioate

After this the absorbed hydroxyl radical oxidizes the
organic matter.
R + M[OH-] → M[ ] + RO + H+ + e- ,

MATERIALS AND METHODS

where RO represents the oxidized organic matter
which can be produced continuously by the hydroxyl
radicals which are also continuously formed, since the
anodic discharge of the water goes on. The radicals OH,
O. and ClOH have a very short life-time due to their high
oxidation potential and are either decomposed to other
oxidants (such as Cl2, O2, ClO2, O3, and H2O2) or oxidize
organic compounds (i.e., direct oxidation). The primary
(Cl2, O2) and secondary (ClO2, O3, and H2O2) oxidants
that are produced from the destruction of radicals have
quite a long life-time and are diffused into the area away
from the electrode, thus continuing the oxidation process
(indirect oxidation). Effective pollutant degradation is
based on the direct electrochemical process (that takes
place in a closed area around the electrode), because the
secondary oxidants are not able to convert totally all the
organic species into water and carbon dioxide. From previous investigation [11], using acid solutions, oxygen,
free chlorine and maybe some ozone and chlorine oxides
are the main secondary oxidants, by-products of the direct
oxidation process.
This paper deals with the treatment of the following
two commercial phosphorodithioate pesticides by an
electrochemical method, using a Ti/Pt electrode:
Dimethoate

C5H12NO3PS2
MB=229

O,O-dimethyl S-methylcarbamoylmethyl phosphorodithioate

Laboratory pilot plant for the electrolysis

The experimental plant is shown in Figure 1. The
electrolytic cell was a cylindrical vessel (V), which contained 6 l of brine solution (H2O + NaCl). A Ti/Pt cylindrical electrode (14 cm long x 1.5 cm dia.) was used as
anode. It was covered by platinum alloy foil approximately 0.22 mm thick. The electrode was located inside a
perforated stainless steel 304 cylinder (14 cm long x 8 cm
dia.) which served as cathode. This construction ensured
homogenous dynamic lines between anode and cathode and
provided good contact of the waste with the electrode. The
electrochemical system was operated at 30-36 D.C. Amperes. In all cases, to mix the brine solution and ensure the
continuous presence of untreated organic matter close to
the anode, an agitator at 300 rpm was used in the cell operated. The temperature was kept constant at 45 oC by using a
water cooling system and a temperature controller.
Methodology

Two different phosphorodithioate pesticides (dimethoate and malathion) were used. For each pesticide, 250
ml were diluted in distilled water to a final volume of 400
ml. Sodium Chloride 4 % (w/v) was added as electrolyte.
The mixture was added in the electrolytic cell with a
centrifugal pump at a flow rate of 3 ml/min. The total
time of electrolysis was 2h. Every 15 minutes, a sample of
such volume was taken from the cell for further analysis
so that the liquid volume remained constant.
Two experiments were run under the same conditions
and for the presented results mean values have been used.
In order to examine how the waste was detoxified, the
chemical oxygen demand (COD) and 5-days biological
oxygen demand (BOD5) were measured, according to the
Standard Methods for Examination of Water and
Wastewater [20]. Using the experimental results the following parameters were estimated: % COD reduction, %
BOD5 reduction, electrode efficiency, electrolysis efficiency and COD/BOD5 ratio as detoxification indicator.
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FIGURE 1 - The Laboratory Scale Pilot Plant

The parameters mentioned above change asymptotically to their limit values. These values correspond to the
steady state reactor operation and are theoretically
achieved at infinite time. An accurate estimation of the
limit values can be made by a mathematical processing of
the data that came up during the two-hour oxidation according to the following theoretical approach.

Solving equation (2), equation (3) is obtained.

Theoretical approach

and by changing logarithms:

⎛ C ∞ ⎞
⎟⎟ = k ⋅ t
ln⎜⎜
⎝ C ∞ - C ⎠

By transforming equation (3) the resulting expression is:

(

C = C ∞ 1 - e -k⋅t

(1)

where C is a measured or calculated parameter, C ∞ is
the limit value of parameter C, t is the time of oxidation
and k the rate (time-1) of approaching C ∞ .

(2)

where

Κ=0.434 k

(5)

The method first proposed by Thomas [21] can be fitted in this case and the following equations can be used.

F1 = 1 - 10 -x

t

dC
∫0 C ∞ - C = ∫0 k ⋅ dt

(4)

The solution of equation (5) is not easy since only the
variables C in relation to t can be experimentally measured, while k and C ∞ have to be evaluated.

The integration of the equation 1 using the limits 0-C,
0-t results in equation (2).
C

)

C = C ∞ (1 - 10 -Kt )

The basic equation that describes the changes of any
parameter is:

d(C)
= k ⋅ (C ∞ - C)
dt

(3)

⎡ 2.3 ⋅ x ⎤
F2 = (2.3 ⋅ x )⎢1 +
6 ⎥⎦
⎣

(6)
-3

(7)

where F1 and F2 are two independent mathematical
functions of parameter x.
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But equation (6) can be transformed in series as follows:

and
2

(2.3 ⋅ K ) 3
B=

1
1
⎡ 1
⎤
2
3
F1 = (2.3 ⋅ x )⎢1 − (2.3 ⋅ x ) + (2.3 ⋅ x ) - (2.3 ⋅ x ) + ...⎥ (8)
2
6
24
⎣
⎦
and equation (7) can be transformed in series as follows:
1
1
⎡ 1
2
(2.3 ⋅ x )3 + ...⎤⎥ (9)
F2 = (2.3 ⋅ x )⎢1 − (2.3 ⋅ x ) + (2.3 ⋅ x ) 6
21.6
⎣ 2
⎦

The first three terms of the above two series are similar and the small difference between the rest of the terms
will affect F1 and F2 very little. Hence F1~F2. Subsequently, since equation 5 has the form of F1, it can be transformed through equation (7) into equation (10) by replacement of K·t into parameter x.
−3

⎡ 2.3
⎤
C = (2.3 ⋅ K ⋅ t )⎢1 +
⋅ K ⋅ t ⎥ C ∞
6
⎣
⎦

(10)

The intersection of the straight line with the vertical
axes determines parameter A and parameter B is determined by the line’s slop. By solving equations (12) and
(13) K and C are obtained as shown below.
∞

B
B
or k = 4.8387
A
A
1
C∞ =
6A 2 B
K = 61

1

3

=

1

(2.3 ⋅ K ⋅ C ∞ ) 3

(2.3 ⋅ K ) 3 t
+
6⋅C∞

Equation (11) is linear with axes (t/C)
form (t/C)1/3=A+Bt where
-1

A = (2.3 ⋅ K ⋅ C ∞ )

1/3

1

(11)

3

and t of the
(12)

3

COD reduction

In Figure 2 the % COD reduction for the two pesticides is presented. It is observed that the application of
electrolysis for these pesticides has the ability to highly
reduce the COD. For dimethoate the achieved reduction
was over 70%, while for malathion it was over 40%.

80.00

% COD reduction

70.00
60.00
50.00
40.00
30.00
20.00
Dimethoate
Malathion

10.00
0.00
0

10

20

30

(15)

RESULTS

2

1

(14)

Thus, using the equations above K and C ∞ can be estimated using experimental data of time variation of C.

Then equation (10) can be rearranged into following
expression.

⎛ t ⎞
⎜ ⎟
⎝ C ⎠

(13)

1

6 ⋅ C ∞3

40 50 60 70 80
Oxidation time, min

90 100 110 120

FIGURE 2 - %COD reduction for dimethoate and malathion for 120 min of electrolysis.
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FIGURE 3 - %BOD5 reduction for dimethoate and malathion for 120 min of electrolysis.

BOD5 reduction

In Figure 3 the % BOD5 reduction for the two pesticides is presented. It is observed that the application of
electrolysis for dimethoate has the ability to reduce the
BOD5 by a considerable level; the achieved reduction was
around 36%, while for malathion it was around 26%.
COD/ BOD5 ratio

In Figure 4 the COD/ BOD5 ratio for the two pesticides during the applied electrochemical treatment is
presented. The COD/ BOD5 ratio can be used to estimate
the relative degradability of a waste. A low COD/ BOD5
ratio would indicate a large biodegradable fraction. In
contrast, a waste with a high COD/ BOD5 ratio has a large
non-biodegradable fraction [22]. The use of the COD/
BOD5 ratio as an indicator of biodegradability is advantageous over the single BOD5 measurement, since this ratio
also takes into account the extent of the total oxidation
that occurs during electrolysis [23]. It is acceptable that a
waste with COD/ BOD5 ratio < 2 can be treated by a
biological system, while a COD/ BOD5 ratio >5 indicates
a toxic waste [22].

As it is observed from Figure 4 the initial COD /
BOD5 ratio was for malathion 5.61 and for dimethoate
7.65. These high values indicate that the two pesticides
have high toxicity and biological methods for their degradation cannot be recommended. After electrolysis the
respective ratios were considerably lower. This means
that the final product was detoxified and a biological
method can be applied. The COD / BOD5 ratio for dimethoate was around 2.0, while for malathion it was a little
higher (about 2.9).
pH

Figure 5 illustrates the pH of the brine solution during
electrolysis. In all cases the pH after 40min of electrolysis
was significantly reduced. Finally the pH in all cases
became strongly acidic (pH = 1.0 – 1.8). It is obvious that
the continuous addition of high levels of organic matter in
the electrolytic cell, resulted in the drop in the pH. The
electrolysis was more effective in terms of % COD reduction, when the pH was in the acidic range. This drop in
the pH during pesticides degradation was also noted from
Kotronarou [8], using ultrasonic irradiation for the decomposition of parathion in aqueous solution.

767

© by PSP Volume 13 – No 8. 2004

Fresenius Environmental Bulletin

9.00
8.00
7.00

COD/BOD

6.00
5.00
4.00
3.00
2.00

Dimethoate
Malathion

1.00
0.00
0

10

20

30

40

50

60

70

80

90 100 110 120

Oxidation time, min
FIGURE 4 - COD/BOD5 ratio for dimethoate and malathion for 120 min of electrolysis.

8.00
7.00
6.00

pH

5.00
4.00
3.00
2.00
Dimethoate
Malathion

1.00
0.00
0

10

20

30

40

50

60

70

80

90 100 110 120

Oxidation time, min
FIGURE 5 - pH reduction for dimethoate and malathion for 120 min of electrolysis.
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Energy consumption

Electrode efficiency

The efficiency of the electrolysis system depends on
the energy consumption for the reduction of 1Kg COD of
organic matter (in terms of COD), which is one of the most
important factors in the economics of electrolysis. It is
obvious that a low ratio of kWh / Kg CODr is desirable.

Another important factor for the evaluation of the overall electrolysis performance is the electrode efficiency in
terms of g COD reduced/h-A-m2. The electrode efficiency
for the two pesticides examined is illustrated in Figure 7. It
is obvious that malathion had the lowest electrode efficiency, while dimethoate presented a higher efficiency.

The energy consumption according to this ratio for
the two pesticides is depicted in Figure 6. As it is observed from this figure, dimethoate had the lowest energy
demand. It must also be noted that in all cases there is a
considerable drop in energy consumption after approximately 40min of electrolysis. After that period there is a
considerable increase in % COD reduction, which probably resulted in lower energy demands. Generally the low
observed kWh / Kg CODr values indicate that this method
for the treatment of pesticides obsolete stockpiles require
low energy consumption, comparable to the energy consumption required for any biological system.

DISCUSSION AND CONCLUSIONS
This work studied the efficiency of an electrochemical oxidation system for the treatment of phosphorodithioate pesticides. Electrochemical oxidation is a method
that has never been applied for the treatment of this type
of wastes. In the present study a high reduction of COD
and BOD5 of the oxidized pesticides was observed. Furthermore with electrolysis, an improvement of the biodegradability index (COD / BOD5 ratio) of the investigated
pesticides was achieved.

Oxidation efficiency, kWh/kg CODr
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100
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FIGURE 6 - Energy consumption (kWh/Kg CODr) for dimethoate and malathion for 120 min of electrolysis.
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FIGURE 7 - Electrode efficiency for dimethoate and malathion for 120 min of electrolysis.

TABLE 1 - Limits and rates of the parameters examined.

Parameter
% COD reduction
% BOD5 reduction

Dimethoate
Increasing rate, min

-1

Upper limit
Increasing rate, min

-1

Malathion

0.0034

0.0030

89.96

51.83

0.0016

0.0016

Upper limit

44.93

32.84

Anode efficiency,
g CODr/A-h-m2

Increasing rate, min-1

0.0031

0.0030

Upper limit

821.89

520.02

Oxidation efficiency,
Kwh/kg CODr

Degradation rate, min-1

0.0031

0.0036

2.3

3.9

0.0043

0.0035

2.1

2.8

0.0171

0.0048

1.0

1.8

COD/BOD5 ratio
pH

Lower limit
Degradation rate, min-1
Lower limit
Degradation rate, min

-1

Lower limit

By using the data of Figure 2-7 for the estimation of limit values according to equations 11-15, Table 1 is derived.
According to Table 1, the COD and BOD5 reduction of
the oxidized pesticides was very high, although higher for
Dimethoate. Furthermore, a significant improvement of the
biodegradability index (COD / BOD5 ratio) was observed.

Using electrolytic oxidation, the obsolete phosphorodithioate pesticides stocks can be treated effectively
in terms of COD reduction. In addition the efficiency of
the electrolysis system in terms of consumed energy
(kWh / kg COD reduced) was high in all cases. This ratio
is one of the most important factors in the economics of
electrolysis. In the present study this ratio was found to be
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low, which is a strong advantage for a large-scale implementation of the method.
The electrochemical oxidation process also leads to a
considerable decrease of pesticides’ BOD5 and a very
important decrease in their COD/BOD5. This is an indication that the initial toxic pesticides solution was strongly
detoxified.
Overall electrochemical oxidation could be a feasible
method for obsolete pesticide stockpile treatments. Moreover it could be used as a pretreatment method for pesticide detoxification, followed by a biological method.
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SUMMARY
A total of 65 stranded and 2 injured turtles were found
in 2001 along the southwestern Mediterranean coast of
Turkey during the monitoring program and the majority
(n=42) of the stranded ones were loggerhead turtles and the
others (n=23) green sea turtles. The main causes of turtle
mortalities were fishing-industry related injuries and trawl
nets drown. Damages, such as broken carapace shell or cuts
from boats as well as other injuries related to fishing industry could be found on 25 of the stranded turtles. The concentrations of Cd, Pb, Fe, Cr, Ni, Se, Sb, As and Cu were
measured in tissue samples collected from these stranded
loggerhead and green turtles. The levels of essential elements, such as Fe and Cu, were detected to be the highest
in most of the specimens. The other heavy metals were
found to be present in tissues at important levels and, therefore, more likely to affect the health of these endangered
turtle varieties in the Mediterranean.

KEYWORDS: Green turtle, loggerhead turtle, stranding, heavy
metals, Turkey, Mediterranean.

INTRODUCTION
Marine turtle species of the Mediterranean Sea are the
green turtle Chelonia mydas, the loggerhead turtle Caretta
caretta, the leatherback turtle Dermochelys coriacea, the
hawksbill turtle Eretmochelys imbricata and the Kemp’s
Ridley turtle Lepidochelys kempii [1]. The worldwide
population of adult loggerhead or green turtle females is
estimated to be about 100.000 or 200.000 [2], according to
the investigations made so far. There may be, on average,
some 2000 female Caretta caretta and 300-500 Chelonia
mydas turtles nesting annually in the Mediterranean [1], but
also 2280-2787 loggerhead turtles and 339-360 green
turtles [3]. Occasional sightings of the non-nesting leath-

erback turtle have also been reported from the Turkish
Mediterranean and Aegean coasts [4]. Genetic studies have
shown that Mediterranean green and loggerhead turtles
originate most probably from Florida and have colonized in
the Mediterranean Sea about 10,000-12,000 years ago [5].
The major nesting beaches of C. caretta were observed in
Greece and Turkey, with smaller numbers recorded in
Cyprus, Libya, Tunisia, Israel and Italy [1]. The distribution of nesting C. mydas was found to be much more localized, the only substantial nesting areas being Turkey and
Cyprus, with a few nests also recorded in Israel. Recent
surveys in Libya, Egypt and Syria have added these countries to the list of minor nesting areas for C. caretta. Using
the averaged assumption that each female nests 3 times a
season every 2-3 years [1], this means that approximately
453-903 C. caretta and 235-385 C. mydas nest annually on
the beaches of Turkey [6]. According to Groombridge's [1]
estimate, at least 25-50 % of the loggerhead and up to 70 %
of the green turtles in the Mediterranean could nest on
Turkish beaches and their protection is critical with respect
to the survival rates of these species.
Heavy metal contamination, mainly from factories,
mining industry, fertilizers or motorcar exhaust, is a serious worldwide problem contributing to global pollution of
natural resources, the environment and human health. The
major categories of potential pollutants having impact on
marine turtles are solid debris, oil and tar [7-9]. The heavy
metal contaminants in eggshells, yolk and embryonic
livers of loggerhead turtles from Turkey have already been
investigated [10]. Tomas et al. [11] have investigated the
marine debris ingestion of loggerhead sea turtles from the
Western Mediterranean, but also sea turtles and their eggs
have been analyzed for heavy metals and organochlorine
compounds [12-17]. The heavy metal concentration of
loggerhead eggshells differed significantly between Florida
and Georgia/South Carolina rookeries [12], and heavy
metals were found at higher concentrations in liver than in
eggs of loggerhead turtles [8]. No significant relationship
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between heavy metals and sea turtle mortality was found
by Godley et al. [15]. Bjorndal et al. [18] found plastic
bags, hooks, lines, aluminium foils and tar in the stomachs and oesophagi of some turtles, and stated that these
can block the digestive system and cause mortalities. The
heavy metal residues in sea turtle tissues have been reported recently [19].
The general reasons for population decline include direct exploitation in the past, incidental capture, pollution
and plastic wastes, tourism and its related activities. Since
sea turtles inhabit coastal waters, human activities may
pose dangers to these animals. Other problems are the
drowning of sea turtles by trawling, deliberate killing of sea
turtles, increased juvenile and adult mortality, boat collisions and underwater explosions. Especially fishing nets,
speedboats and lines cause trouble to adult turtles in the
sea as they may become entangled and drown. There is
clearly a need for better data on fishing-related mortality,
primarily concerning the adult turtles. Without reliable
data it will be difficult to minimize the risks affecting
them, for example by restricting fishing close to known
turtle feeding grounds and nesting beaches. In one study,
306 green and 116 loggerhead turtles became entrapped in
the trawl nets of 12 boats from September 1996 to May
1997 in the Mersin-İskenderun area [20]. In the Çukurova
region, up to 10-15,000 sea turtles were captured per year
in the 1950s and 1960s [21]. Although capture data were
not available since that time, there is also clear that
stranding is one of the reasons declining Turkish turtle
population. Despite of all the human activities causing sea
turtle mortalities, they are additionally affected by marine
pollutants and there is a need for monitoring these pollutant chemicals to conserve their populations [8]. Determining all the specific causes of sea turtles` death seems
not to be possible. Mass stranding of turtles, apparently in
good

body condition, following a sharp drop in water temperature might suggest acute infection or a hypothermic stunning event, whereas a similar stranding event in the summer might result from an acute infectious disease agent, a
toxin or fishing-related mortalities.
The purpose of this study was to document the possible cause of mortalities of stranded sea turtles and also the
heavy metal concentrations in the tissues of these loggerhead and green sea turtles stranded along the southwestern coast of Turkey during the summer of 2001.

MATERIALS AND METHODS
The research groups investigated the nesting population of sea turtles on the beaches of Dalyan, Fethiye and
Kazanlı throughout the entire summer of 2001. A green
turtle monitoring program lasting from June 15th until September 9th, 2001 was carried out on a daily basis at Kazanlı
beach [22]. All stranded turtles were directly observed and
their data collected. The other beaches along the Turkish
Mediterranean coast (Fig. 1) were patrolled weekly for
stranded sea turtles. But also other research groups working
on sea turtles and volunteers engaged in their local regions
informed us immediately after spotting stranded turtles to
collect the necessary data.
The species, stage (sexually immature, juvenile or
adult), size, sex of the animals, but also the symptoms,
the onset, duration, and course of the problem (history),
the clinical signs observed and lesions were recorded. If
any tagged turtle was observed, its tag information was
recorded and the responsible institutions were informed.
Prior to collection, the distribution, colour, morphological description, size, and unpleasant odours of any lesion
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FIGURE 1
The nesting beaches of sea turtles in Turkey.

were noted and to determine the cause(s) of death, a thorough post-mortem evaluation was performed including
morphometric measurements. The carcasses of turtles
washed ashore between May and October 2001 were collected for dissection. The curved carapace length (CCL)
and curved carapace width (CCW) were measured, to the
nearest 0.5 cm, using a flexible tap. A tail length of more
than 20 cm in adults was accepted as identifying feature
for males, shorter than 20 cm for females and all the small
ones for juveniles or sub-adults. The exterior of the turtle
was thoroughly examined, describing all gross abnormalities. Wounds to the shell and soft tissues were also noted
as well as other changes, such as swellings in joint spaces
of long bones and coetaneous or subcutaneous masses. If
the turtle was found to be in an advanced state of postmortem change, attributes, such as being bloated with gas,
discoloured skins or scutes falling from the shell, were
noted. The plastron was removed intact by separating it
from the carapace along the marginal bridge, on both
sides, and from the skin at the areas of attachment. When
this was done, the plastron has to be removed from the
carcass. All lesions were noted and described in terms of
size, colour, and consistency.
All examined tissue samples were removed from the
carcass, air-dried for about 10 days and then in an oven at
50 oC for 4-7 days to a constant weight. Dried tissue aliquots (0.050 - 0.500 mg) were placed in 50 ml roundbottom flasks and digested by adding 10 ml concentrated
nitric acid and treating them overnight on a hot plate in a
fume cupboard, until they look clear. After cooling, the
clear samples were diluted to 10 ml using distilled water.
Concentrations of Cr, Cu, Ni, Pb, Fe, Se, Cd, Sb and As in
the tissues were measured by flame atomic absorption
spectrophotometry (Perkin Elmer AA Analyst 700 Model).
Standard solutions of the above elements were prepared
stepwise diluting a stock-standard solution of the pure
metal or its salts in 10% HNO3 and results were corrected
for reagent blanks. An air-acetylene flame was used for
burning and the current and wavelength of the one-hollow
cathode lamp and one (deuterium) background correction
lamp were changed automatically depending on the chosen metal. After calibration of the instrument standards
were used throughout each set of analyses for control. The
metal concentrations were calculated by multiplying the
spectrometer value with the dilution factor of 10 and
dividing this by the dry weight of the tissue.

RESULTS
Figure 2a shows the number of stranded turtles during the study period, but information about approximately 20 more strandings at inaccessible bays or obtained via
the press and local authorities were not recorded. The

majority of strandings was analyzed by fortnightly intervals, occurred in August 2001 and was statistically significant (X2: 12.36, df: 5, P<0.05) between the two species.
The majority of dead stranded turtles was recorded on the
most eastern beaches, such as Kazanlı (32 turtle carcasses),
Erdemli and Samandağ. Most of these turtles were loggerheads and only 16 of them greens stranded on Erdemli
and Samandağ beaches (Fig. 2b). At the western beaches
only 14 strandings were recorded evidencing also a statistical difference in the number of each turtle type found at
the beaches (X2: 34.37, df: 7, P<0.001). Only two adult
male green turtles were recorded at Erdemli and one adult
male loggerhead at Kazanlı. All the others were categorized as females or juveniles. The mean CCL was
53.68±15.41 (min. 30.0, max. 84.0) and the CCW 47.23±
15.06 (min. 27.0, max., 78.0) for green turtles. As it can
be seen from these results, most of the stranded green
turtles were either adults or juveniles close to being subadults. The mean CCL was 67.43±9.90 (min. 47.0, max.
80.0) and the CCW 60.38±9.23 (min. 35.0, max. 71.0) for
loggerhead turtles. All of the loggerhead turtles found
stranded were adults or sub-adults.
Damages such as a broken carapace shells and cuts s
from boats as well as other fishing industry-related injuries were found on 25 of the stranded turtles. One turtle
was killed by a human and lung puncture tests (water in
the lungs) suggested that 10 green turtles found at Erdemli may have drowned in trawl nets. The only specimens found fresh were from Erdemli and the rest was
nearly one or two weeks old, that means in an advanced
state of post-mortem change, such as being bloated with
gas, showing skin discoloration or scutes falling from the
shell, and collection of tissues for histopathologic evaluation has proved unrewarding. Therefore, they were merely
dissected for any internal debris. During necropsy of these
turtles, in the digestive tracts a hook was found in two and
a plastic bag in one of the loggerheads. Two injured loggerhead turtles were treated, one with a head injury by
cleaning the wound three times a day with topical antiseptics, and two weeks later after some healing effects had
occurred, the wound was packed with bone cement and
the turtle released at Fethiye beach. A hook in the wall of
the esophagus of another turtle was removed and it was
later released back into the sea on Dalyan beach. None of
the dead turtles were tagged except one (K207-208, addressed as Inst. Zoologia, Universita Roma, Italy, tagged in
Linosa - South of Sicily - by the Hydrosphera Association,
Via Oslavia 12, 00195 Roma, Italy on July 22nd, 2000).
This tag told us that this turtle had a 48 cm CCL, a 45 cm
CCW and was 12.4 kg in weight at that time. It stranded
two years later at the coast of Bodrum, Mugla. The CCL
was 48 cm and the CCW 46.5 cm showing just about 2 cm
growth in the two years. But no further information about
the beaches the turtles come from was available.
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The concentrations of Cr, Cu, Ni, Pb, Fe, Se, Cd, Sb
and As in turtle tissues were analysed and statistically
compared (Table 1) showing differences in Cr and Cu
concentrations between the tissues of loggerhead turtles,
but not between those of green turtles or the species. Also
no statistical differences in Pb concentrations within the
tissues of loggerhead and green turtles, but between the
species could be found. Essential Fe was analysed in the
highest concentrations in all specimens and reached maximum levels in muscle tissues, whereas Cr and Cu were
almost unformed and very low concentrated in all speci-

mens, but Cr mean concentrations being slightly higher
and Pb, Cd, As and Cu concentrations lower in green
turtles compared to loggerheads. Ni, Fe, Se, Cd, Sb and
As were statistically different both within and between the
tissues of the two species. Cr, Cu and Se were found at
higher levels in livers of loggerhead turtles, but also Cr in
kidney, Cu in muscle and Se in livers of green turtles.
Higher Pb and Cd concentrations were found in the kidneys of both sea turtle species. The concentrations of
antimony (Sb) were below the detection limits in all liver
tissues.
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FIGURE 2
The temporal (a) and spatial (b) distributions of the turtle strandings
along the Turkish Mediterranean coast during the summer of 2001.
TABLE 1
The mean (± Std. Dev.; Min.-Max.) values of heavy metal concentrations (µg g-1 dry weight) of turtle tissues collected
from the Mediterranean coast of Turkey and their statistical comparison (n: sample size, BDL: below detection limit).

Sample

Caretta caretta
Cr

Cu

Ni

Pb

Fe

Se

Cd

Sb

As

Liver
(n=32)
Bladder
(n=20)
Kidney
(n=20)
Lung
(n=10)
Muscle
(n=32)
Tissue
Comp.

2.77 ± 0.93
1.34-4.54
1.96 ± 0.62
0.75-2.93
2.06 ± 0.59
1.13-2.87
2.54 ± 0.83
0.61-3.46
1.51 ± 0.78
0.41-3.79
F=11.38
P=0.000

2.98 ± 0.90
0.27-4.18
1.48 ± 0.69
0.33-2.68
2.08 ± 0.60
1.18-3.08
2.76 ± 4.33
0.12-15.30
1.55 ± 0.82
0.86-5.45
F=5.08
P=0.001

11.56 ± 3.08
5.65-16.68
7.99 ± 1.94
4.07-11.57
9.63 ± 2.43
4.32-12.90
10.08 ± 3.97
2.08-14.13
10.02 ± 3.73
2.27-15.78
F=4.16
P=0.004

3.55 ± 1.31
1.18-5.38
3.96 ± 2.16
1.18-5.38
3.99 ± 2.11
0.89-11.05
3.95 ± 4.22
0.94-16.32
2.42 ± 3.24
0.76-19.78

15.74 ± 4.79
7.07-23.01
12.48 ± 3.62
1.29-17.00
15.31 ± 3.87
9.47-20.68
15.61 ± 3.65
7.70-20.42
20.62 ± 2.55
15.42-23.89
F=16.03
P=0.000

12.88 ± 5.98
3.17-22.33
8.82 ± 3.46
2.33-13.42
7.77 ± 3.58
2.57-13.98
7.44 ± 4.87
1.01-17.28
7.05 ± 3.42
2.35-13.43
F=8.31
P=0.000

10.84 ± 3.89
3.41-19.01
11.16 ± 4.61
3.61-17.27
16.96 ± 9.81
3.14-33.32
5.71 ± 3.56
1.24-12.20
3.57 ± 5.86
0.58-14.96
F=15.33
P=0.000

BDL

14.23 ±7.60
2.19-24.32
14.40 ± 10.72
1.48-34.08
18.99 ± 10.24
0.98-35.37
8.66 ± 7.72
1.41-22.90
20.80 ± 9.97
2.37-37.49
F=4.69
P=0.002

Liver
(n=22)
Bladder
(n=20)
Kidney
(n=14)
Lung
(n=15)
Muscle
(n=22)
Tissue
Comp.
Species
Comp.

2.46 ± 1.22
0.96-6.12
2.18 ± 1.71
0.96-9.05
2.60 ± 2.62
0.66-11.36
2.48 ± 1.17
0.31-4.02
2.22 ± 1.69
0.12-8.73

1.71 ± 0.80
0.56-3.02
1.92 ± 0.86
0.27-3.08
1.75 ± 0.68
0.70-2.56
1.55 ± 0.65
0.65-2.57
2.10 ± 0.85
0.94-3.54

2.47 ± 2.51
1.18-13.52
1.52 ± 0.95
0.52-5.01
1.96 ± 1.51
0.63-6.79
1.93 ± 2.26
0.40-9.80
1.44 ± 0.33
1.07-2.63

P>0.05

P>0.05

P>0.05

P>0.05

9.25 ± 1.93
5.94-12.69
7.32 ± 2.11
4.31-12.77
10.41± 2.83
4.29-14.06
6.40 ± 3.47
3.22-17.68
9.71 ± 3.76
4.63-19.93
F=5.61
P=0.000
F=5.45
P=0.000

10.67 ± 6.27
0.98-19.06
5.94 ± 2.94
1.36-9.97
7.83 ± 3.09
2.60-11.55
9.38 ± 5.15
1.94-16.69
6.30 ± 2.19
2.15-9.93
F=4.62
P=0.002
F=6.20
P=0.000

7.38 ± 2.72
3.75-15.86
9.34 ± 5.14
2.75-17.02
15.83 ± 6.44
5.49-23.73
1.84 ± 1.99
0.41-8.59
1.46 ± 0.54
0.64-2.38
F=38.82
P=0.002
F=19.39
P=0.000

P>0.05

0.96 ±0.52
BDL-1.66
2.35 ± 0.69
1.30-3.67
3.06 ± 1.53
0.97-5.43
2.51 ± 0.82
1.21-3.84
F=19.81
P=0.000

Chelonia mydas
12.48 ± 3.35
3.74-17.30
13.04 ± 4.85
6.65-19.87
12.61 ± 3.31
8.36-18.87
13.59 ± 4.15
0.67-17.96
17.48 ± 4.74
0.75-23.52
F=5.22
P=0.001
F=11.28
P=0.000

P>0.05
F=4.20
P=0.000

DISCUSSION
The two above sea turtle species only were found
stranded in the study area. Most of their carcasses had
some kind of external damage, but its percentage contributing to mortality rate could not be estimated. Fishing
gear and, in particular, monofilament fishing line, is one
of the most commonly encountered anthropogenic debris
that endangers sea turtles [9]. Most mortalities were found
to be fishing-related or the result of ingestion of marine
debris [7, 9, 11, 18]. Oruç et al. [20] investigated the
trapping as a by-catch of sea turtles in 12 trawls during a
period of 8 months in 1996-1997 and found 306 green
turtles and 116 loggerhead turtles incidentally caught by
fishermen in these trawls. They also observed that 87 %
of these trapped turtles were captured by mid-trawling
nets, the rest by bottom-trawling nets, mostly at depths of
11-30 m. In another study, Godley et al. [23] averaged
that 2.5 turtles were caught by a boat in the Mediterranean, but actually 4 turtles in the region of Cyprus. This
shows that incidental catches are more common in the
eastern Mediterranean region. They also calculated that
2,000 turtles were accidentally caught in nets by fishermen and 10% may be attributed to drowning. Further-

BDL
0.74 ±0.40
BDL-1.34
1.46 ± 0.76
0.55-2.59
2.71 ± 0.31
2.06-3.12
1.24 ± 0.48
0.36-1.94
F=43.92
P=0.000
F=26.03
P=0.000

9.70 ±5.04
1.43-16.89
10.89 ± 5.00
1.83-18.22
13.76 ± 5.42
5.16-20.69
7.51 ± 4.18
0.76-14.38
15.46 ± 6.93
5.38-27.74
F=5.75
P=0.000
F=6.15
P=0.000

more, some of the turtles may have deliberately killed by
fishermen. Silvani et al. [24] found in their study of incidental catches in the western Mediterranean that 0.32% of
the total catch in 1993 and 0.92% in 1994 were sea turtles,
mainly loggerhead turtles. Data of sea turtles stranded in
the north-western Adriatic Sea were reported by Affronto
and Scaravelli [25]. They observed the highest stranding
rates during the summer months, varied numbers of 10-95
strandings per year, and the area as the foraging habitat of
loggerhead turtles. They also reported 57 % (n =2 53) of
the recorded turtles as being stranded, 13 % (n = 56) entangled in fishing nets and 3% (n = 13) as hooked animals. The low adult male numbers found may be due
either to the end of the mating season or to the facts that
males may prefer deeper waters as feeding areas and
females generally dominate in hatchling populations [26].
Since the majority (n=42) of stranded turtles were loggerheads, we can speculate that the carnivore loggerhead
turtles and fishing activities are overlapping and cause
many incidental captures. All the green turtles are vegetarians and prefer sea-grass beds for feeding.
The effects of pollutants and heavy metals have also
been the subject of some studies on sea turtles [9, 11, 14,
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16-18, 27-29]. The metal concentrations in the different
tissues and organs of Japanese loggerhead and green
turtles have been reported recently [28]. Liver and kidney
were found to be significant for heavy metal accumulation
by mature green and loggerhead turtles and the latter
exhibited higher concentrations [8, 28]. This is in agreement with most of our results showing higher levels in the
liver than in other tissues, but highest Cd levels were
found in the kidney, as reported previously [14]. The
highest Pb values were found by these authors [14] in the
livers of loggerhead turtles, whereas we analysed them in
the kidneys of green turtles, but also in livers of loggerheads. Our low level results were according to those reported for loggerheads [14] and leatherbacks [13]. Essential metals, such as Fe, Mn, Zn and Cu, but also limited
amounts of toxic metals (Cd, As, Pb) are easily transferred from mother to sea turtle eggs [8]. Considerably
high concentrations of Cu and Fe were observed in the
livers, but slightly lower than those reported by Sakai et
al. [28]. Most of our specimens were females, having
lower tissue levels of metals partially transferred to the
eggs. Cd is regarded as one of the most toxic trace elements in the environment [30] and the primary routes of
Cd exposure are inhalation, dietary intake and cutaneous
absorption [31]. The highest Cd levels in our study were
found in kidneys, followed by bladder and liver of both
species according to Sakai et al. [28], but also Storelli et
al. [14] for leatherback turtles having very low Cd levels
in both the liver and the muscle [13]. Cr concentrations
were reported between 1.05 and 2.29 mg/kg [14], slightly
lower than our mean values varying between 1.51 and
2.77 mg/kg. Higher As (mean 7.51-20.88 mg/kg) and Se
concentrations (mean 5.94-12.88 mg/kg) were observed in
the muscle and liver of both species, as reported for loggerheads by Storelli et al. [14], but their concentrations
found being slightly lower. High accumulation rates of As
in the liver of loggerhead and green turtles were also
reported previously [28, 29].
Around 80 adult turtles may die due to incidental captures in one fishing season along the Turkish coast. We
found only one turtle hooked and another one hit by a
boat during our study. Both could be treated and released
into the sea showing that rescue centres for such cases are
necessary in Turkey, since many other Mediterranean
countries already have more than one. Bjorndal et al. [18]
stated that plastic bags, hooks, lines, aluminium foils and
tar found in stomachs and oesophagi of turtles may block
the digestive system and cause mortalities. The finding of
two hooks and one plastic bag underline the above results.
At least 25-50 % of the loggerhead and up to 70 % of the
green turtle population of the Mediterranean could possibly nest on the beaches of Turkey [1, 6]. The education of
fishermen is also important to decrease the mortality and
injury rates of loggerheads and green turtles, especially at
the eastern beaches of Kazanlı, Erdemli and Samandağ.
The use of turtle excluder devices (TEDs) in the waters of
South Carolina is believed to reduce annual loggerhead
strandings by 44 % [32]. Therefore, we clearly need the

development of fishing techniques and limitations to protect sea turtles from further population decline in the
Mediterranean Sea. Turtles show a wide range in depth
and duration of diving. The maximum depth for loggerheads is around 200 meters, but green turtles prefer much
shallower waters at 20-50 meters. The longest voluntary
dives vary from 2-5 hours, related to dive depths [33].
Although the exact number of marine turtles incidentally
caught every year in the Mediterranean is not known,
some extrapolations showed that the most common fishing methods, such as longlines, gillnet and trawling, are
threatening the survival of marine turtles [34]. There are
marine-protected areas (MPAs) in the Mediterranean
countries, namely 11 in Spain, 16 in Italy and one in
Greece, mainly designed to protect diversity and endangered species. Near-shore zones are critical nursery habitats for Mediterranean shallow water species and, therefore, MPAs provide opportunities for reproduction and
spawning and, especially in estuaries and coastal zones,
they can preclude dredging, dock construction, pollution,
ocean mining, and other physical damages. Such areas
may then develop more robust stocks, capable of dissemination to other unprotected areas. In order to diminish
marine pollution and physical degradation in the eastern
Mediterranean, the sensitive nesting and feeding grounds
as well as other fauna on the southern coast of Turkey
should be designated as marine protected areas.
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INFLUENCE OF pH ON LEAD ACCUMULATION,
CHLOROPHYLL AND NITROGEN CONTENT OF
Polygonum salicifolium Brouss. ex Willd
Muhittin Dogan and Saadet Saygideger
Department of Biology, Faculty of Arts and Sciences, University of Cukurova, 01330 Balcali, Adana, Turkey

SUMMARY
In the present study, effects of pH at 5.0, 7.0 and 9.0
levels on uptake of lead, content of chlorophyll and nitrogen were investigated in Polygonum salicifolium. Total
chlorophyll and nitrogen contents in P. salicifolium were
adversely affected by Pb2+ concentrations and toxicity of
them was pH-dependent. The plant was adversely affected
by pH 5.0, more than by pH 9.0. After 12-days examination of Pb2+ treatment, the results showed that lead accumulation among plant tissues was variable. The parts of
the plants of P. Salicifolium revealed Pb2+ accumulation at
all pH levels tested and the metal concentrations occurred
in the following order: root>stem>leaf . Pb2+ concentrations in plant tissues in relation to pH were generally
found in P. salicifolium in following order: in the roots:
9.0> 7.0> 5.0; in the stems and the leaves: 7.0> 9.0>5.0.

Metal bioaccumulation depends upon plant species, its
organ, and numerous abiotic factors like temperature, pH,
transportation of metal contaminated particles and dissolved ions in water [8, 9]. The pH of water has a major
influence on the physical and chemical forms of metals
and metal compounds in the aquatic environment, because
it controls the solubility and concentrations of major metal
species. Increasing the acidity of a solution increases the
concentrations of free metal ion in that solution. This is
due to the competition between H+ and metal ions for
binding sites on inorganic and organic ligands. Because of
the relationship between pH and concentration of free
metal ions, it has been assumed that metals are more likely
to be toxic to biota in acidic than in neutral waters [10].
The objective of the present study was to determine the
effects of pH on the accumulation and toxicity of Pb in
Polygonum salcifolium Brouss. ex Willd (willow weed).

KEYWORDS:
pH, lead, Polygonum salicifolium, chlorophyll, nitrogen.

MATERIAL AND METHODS

INTRODUCTION
According to the Environmental Protection Agency
(EPA), Pb is the most common heavy metal contaminant
in the environment [1]. It is one of the hazardous heavy
metal pollutants of the environment that originates from
various sources like mining and smelting of lead-ores,
burning of coal, effluents from storage battery industries,
automobile exhausts, metal plating and finishing operations, fertilizers, pesticides and from additives in pigments
and gasoline [2]. Lead has not been shown to be essential
in plant metabolism, although it occurs naturally in all
plants [3]. Excess Pb2+ content in plants interferes with and
inhibits various physiological processes [4]. Responses of
plants to Pb2+ exposure include decrease in root elongation
and biomass [5], inhibition of chlorophyll biosynthesis [6],
induction or inhibition of several enzymes [7].

The test plant, Polygonum salicifolium Brouss. ex
Willd. (Polygonaceae), is commonly available in Adana,
Turkey. The plants were collected from the wetlands of the
city and acclimatized in 10 % Arnon and Hoagland [11]
nutrient solution at 26-27 оC , 16-h light (6000 lux) and 8-h
dark periods. The concentrations of lead in polluted water
sources lie typically in the range of 1-100 µg mL-1. These
concentrations are, however, frequently reduced during
treatment, prior to discharge to the receiving waters [12].
According to this, the plants were treated with Pb as
Pb(CH3COO)2. 3H2O (MERCK) at 1, 5, 10, 25, 50 and
100 µg mL-1 during 12-days. A sample of 10 % nutrient
medium was used as control. Plants were placed in 1000 mL
plastic pods, and this trial repeated three times. Solution
pH was adjusted to 5.0 (±0.04), 7.0 (±0.04) and 9.0
(±0.04) via HANNA HI 9025 using N/10 H2SO4 or N/10
NaOH. The test media were changed every second day,
the Pb concentrations were replenished and pH’s of solution were adjusted.
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After 12 days of treatment, plants were harvested and
analyzed for lead, chlorophyll and nitrogen contents.
Chlorophyll contents of leaves were determined following
Arnon [13]. The extraction of pigment was done in acetone (80% v/v, MERCK). For extraction, 100 mg of
plants leaves (without midrib) were used. Then, the extract was filtered and the filtrate was analysed with a
spectrophotometer (UNICAM UV/VIS). Micro-Kjeldahl
method was used to determine of total nitrogen in the
plant leaves [14].
After the termination of experiment, the plants were
washed three times with distilled water and divided into
root, stem and leaf. Then, they were dried to a constant
weight at 80 оC in an electric oven (NÜVE FN 300) and
pulverized using mortar and pestle. The sample aliquots
(0.1 g) were dissolved in 14 M HNO3 and remaining
residues taken up in 1 M HCl. After mineralization the
metal was determined using an atomic absorption spectrophotometer (Perkin Elmer 3100). Control samples were
also treated by the same way. Values of uptake were given after deducting metal contents of control plants.
For statistical analyses we chose the analysis of variance (ANOVA) in Statistical Analysis System (SPSS 11.0
for windows). The significance of differences between
mean values was determined by a multiple range test
(LSD; Least Significant Difference). For this reason,
alpha (α) was preferred to be 0.05, which corresponds to a
confidence level of 95%.

RESULTS
Chlorophyll content of control plants were 1.95, 2.64
and 2.61 (mg g-1 fw) at pH levels of 5.0, 7.0 and 9.0, respectively. At all tested pH levels, a dose-dependent reduction was found in chlorophyll content of P. Salicifolium
leaves (Figure 1). While decrease in chlorophyll content in
the P. Salicifolium exposed to 1, 5, 10 and 25 µg Pb mL-1
at pH 5.0 were found to be insignificant (P>0.05), it was
statistically significant in plants exposed to 50 and 100 µg
Pb mL-1 (P<0.05), compared to the control. At pH 7.0, in
all tested Pb+2 concentrations the reduction in chlorophyll
contents was insignificant, compared to their control
(P>0.05). The highest chlorophyll content was determined
in the control of the plant grown at pH 7.0. The minimum
chlorophyll contents were found in plants exposed to 100 µg
Pb mL-1 at pH 5.0, 7.0 and 9.0 and reduction rates in chlorophyll in their controls were estimated to be 43.5, 16.6
and 47.5 %, respectively.
In this study, total nitrogen (N) content in the controls
of P. salicifolium were estimated to be 2.96%, 4.50% and
3.63 % at pH 5.0, 7.0 and 9.0, respectively. At all tested pH
levels, there was a decrease in total N content of P. salicifolium in parallel to increased Pb concentrations, as shown in
Figure 2. At all pH levels tested, the reduction of N in the
plant was found to be insignificant for 1 and 5 µg Pb mL-1
(P>0.05). But the reduction of N in the plants, at all pHs
applied, was found to be significant (P<0.05) in the media
with 10, 25, 50 and 100 µg Pb mL-1. The minimum N contents were found in P. salicifolium exposed to 100 µg Pb
mL-1 at pH 5.0, 7.0 and 9.0 and the reduction rates in N,
compared to their control, were estimated to be 54.0%,
32.6% and 37.1 %, respectively.

FIGURE 1 - Total chlorophyll content of P. salicifolium leaves at different Pb2+ concentration and
pH levels. Error bars represent the standard deviation about the mean of three replicates (p<0.05).
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FIGURE 2 - Total nitrogen (N; %) content of P. salicifolium leaves at different Pb2+ concentration and
pH levels. Error bars represent the standard deviation about the mean of three replicates (* p<0.05).

Tables 1, 2 and 3 show the concentrations of Pb2+
found in the root, stem and leaf tissues of P. salicifolium
depending on different metal concentrations and pH levels. According to our findings, there were differences in
Pb2+ contents among the parts of the plant. There was an
increase in the metal contents of all analysed tissues with
an increase in Pb2+ at all pH levels tested. The roots,
which were treated with different Pb2+ and pH levels,
sorbed a substantial amount of the metal, compared to
stem and leaf. Mean Pb2+ concentration of control plant
parts were determined as follows: in the roots 73, in the
stems 23 and in the leaves 18 (µg g-1 dw). The maximum
Pb2+ concentrations at 5.0, 7.0 and 9.0 pH levels were
measured at 100 µg Pb mL-1 concentrations in the roots of
P. salicifolium. These are about 404, 862 and 1318 times

greater than those of the control plants at the pH levels of
5.0, 7.0 and 9.0, respectively. The stems have accumulated more metal than leaves of P. salicifolium.
Concentration factor (CF) is estimated from the ratio of
metal concentrations in plant (µg g-1 dw) to metal in test
medium (µg mL-1). According to this, in P. salicifolium
treated with 1 µg Pb mL-1 at pH 9.0, the highest CF for root
was estimated (data not shown). The lowest CF for root
was observed in P. salicifolium exposed to 100 µg Pb mL-1
at pH 5.0. Low CFs were estimated in stem and leaf tissues
compared to roots in the plants. The highest CFs for stem
and leaf were observed at 1 µg Pb mL-1 pH 7.0 and the
lowest factors was determined at 100 µg Pb mL-1 at pH 5.0
(data not shown).

TABLE 1
Lead amounts (µg g-1 dw) of P. salicifolium root tissues at different Pb concentrations (µg mL-1) and pH levels.

Pb
(µg ml-1)
1
5
10
25
50
100

5.0
*
1581±56
a
2072±164 a
3576±340 a
17955±1790 b
24875±1873 c
29517±2869 d

pH
7.0
*
1278±66
a
6793±303
b
12364±1245 c
13907±968 c
21212±2017 d
62931±6214 e

9.0
5587±290
9530±625
17815±1956
35154±2432
91890±2561
96214±5989

Values expressed as mean ± standard deviation.
* Means with different letters are significantly different from one another according to LSD test (P<0.05).
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TABLE 2
Lead amounts (µg g-1 dw) of P. salicifolium stem tissues at different Pb concentrations (µg mL-1) and pH levels.

Pb
(µg ml-1)
1
5
10
25
50
100

pH
7.0
*
117±16 a
178±20 a
1029±132 b
2299±163 c
2762±318 c
3780±416 d

5.0
*
88±7
a
191±13 a
304±20 a
472±35 a
565±42 b
1894±378 c

9.0
80±13
340±25
390±123
661±142
1891±475
3192±571

*
a
ab
ab
b
c
d

Values expressed as mean ± standard deviation.
* Means with different letters are significantly different from one another according to LSD test (P<0.05).

TABLE 3
Lead amounts (µg g-1 dw) of P. salicifolium leaf tissues at different Pb concentrations (µg mL-1) and pH levels.

Pb
(µg ml-1)
1
5
10
25
50
100

5.0
61±9
82±12
85±15
96±16
123±19
323±50

pH
7.0
76±8
87±10
142±13
287±32
616±46
811±56

*
a
ab
ab
ab
b
c

*
a
a
b
c
d
e

9.0
43±7
61±12
74±11
119±14
169±29
359±42

*
a
a
a
b
c
d

Values expressed as mean ± standard deviation.
* Means with different letters are significantly different from one another according to LSD test (P<0.05).

DISCUSSION
Every plant has an optimal pH for its growth. In the
medium without Pb2+, P. salicifolium was affected more
adversely by pH of 5.0 than that of pH 7.0 and 9.0. As
medium pH range of the plants collected were 6.9-7.3,
they showed the best development at pH 7.0. In addition,
during daily measurements, the plants at pH 5.0 appeared
to increase the medium pH to basic levels, which suggests
that the plants tend to change the medium pH to a convenient level to provide optimum living conditions for themselves. During the experiments, plants seemed to be affected in an adverse way from the increase of the metal
concentrations at each observed pH, especially at the
concentrations of 50 and 100 µg Pb mL-1.
Chlorophyll content is a parameter that is sensitive to
heavy metal toxicity [15]. Inhibition in chlorophyll level
by Pb2+ has been observed in aquatic plants [16]. It is reported by various investigators that Pb2+ inhibits chlorophyll synthesis and consequently leads to decrease in chlorophyll content [6, 17]. In many cases, heavy metal toxicity
reduced the acidic values, with often increased metal availability, possibly owing to decreased uptake [18]. In consid-

eration of our results, chlorophyll content at pH 5.0 was
lower than that observed at other pH values, which possibly occurs as low pH 5.0 have more adverse effects than
that of pH 7.0 and 9.0 as well as effects of the metal. Van
Assche and Clijters [7] reported that the reduction in chlorophyll content in the presence of the Pb2+ may be due to
an inhibition of chlorophyll biosynthesis. One of an important enzyme of chlorophyll biosynthesis is aminolevulinic acid (ALAD) which catalyses the formation
of porphobilinogen. It is explained that lead inhibits
ALAD activity by binding with –SH group of the enzyme
and overall chlorophyll biosynthesis through Mg2+ [19].
In plants N is mostly found in organic forms. N content
of plants depends on factors such as species, age and the
parts which samples are excised from plants. Generally,
total N in plants ranges from 0.2 % to 6.0 % [20]. In all
applied Pb2+ concentrations and pH levels the total N content was decreased compared to their controls (Figure 2).
The form of molecules present in solution can also be
affected by pH. For example, at a low pH, ammonia is
ionised to ammonium due to a large number of hydrogen
ions, while in solutions with pH above 7.2, ammonium
ions (NH4+) are deionised back to ammonia [21]. On the
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other hand, a study has revealed that lead reduces the
uptake and transportation of some nutrients in plants [22].
Particularly at pH 5.0 and 9.0, it was shown that reduction
in the uptake and transportation of nitrogen into plants
was related to increasing Pb2+ concentration. When the
coefficient of 6.25 (multiplication factor) is considered, the
reduction in nitrogen content indicates a decreased protein
content in plants.
Metal concentrations in plant tissue are generally a
function of the metal concentration in the growth solution
or in the soil, but the relationship differs according to
plant species and tissue [3]. Absorbed trace elements are
not uniformly distributed throughout the plant, so that
different organs may vary in their ability to concentrate
heavy metals. In aquatic plants, roots are frequently reported to contain higher concentrations of most metals
than above-ground parts [23]. Seedlings of Sonchus
oleraceus L. were transplanted to soil applied with lead
acetate at levels of 0, 800, 1600 and 3200 mg kg -1. At the
highest treatment, 3200 mg kg -1, Pb2+ concentrations in
leaf, stem and root were 67-, 64- and 40-fold higher than
the control, respectively. When compared between plant
parts, the Pb in the roots accounted for the majority of the
total Pb in the plants, 89%, 86%, 83% and 84% for the
control, 800, 1600 and 3200 mg kg -l Pb treatment, respectively. On the contrary, leaves usually contained
much lower Pb than stems and roots. The Pb in the leaves
only made up 3-5% of the total Pb in the plants [24].
There was an increase in the Pb2+ concentrations of the
plant tissues with the rise in the metal content in all pH
levels. The maximum metal concentrations in stems and
leaves of plant tissues were measured at pH 7.0, which
showed that this pH was more suitable environment for the
plant and more convenient for the plant to accumulate the
metal. The minimum Pb2+ values were found at pH 5.0.
This may be due to competition with H+ on the cell	
   membran surface. While solubility of Pb2+ increased at pH 5.0,
the metal uptake by the plant decreased probably due to
negative effect of low pH. Concentration factor (CF),
which indicates the efficiency of the plant in accumulating the metals, was decreased with increased external Pb2+
concentration in tissues of P. salicifolium.
At high external Pb2+ concentrations and all pH levels
nitrogen and chlorophyll content were decreased in the
species particularly at pH 5.0. Most trace metals are more
toxic to plants at lower pH levels [25]. Despite the fact
that in the plant high Pb2+ sorption was observed in root
tissues, low metal accumulation was measured in the
above-ground parts which indicates low root-leaf translocation. The present study indicated that uptake rate of
Pb2+ and toxicity on chlorophyll and nitrogen in the plants
were dependent upon pH value of the solutions.
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OXIDATIVE METABOLISM ACTIVITY IN
Hydra attenuata EXPOSED TO CARBAMAZEPINE
Brian Quinn, François Gagné and Christian Blaise
St-Lawrence Centre, Environment Canada, 105 McGill, Montréal, Québec, Canada, H2Y 2E7.

SUMMARY
The cnidarian Hydra attenuata has become an increasingly popular bioindicator species owing to its sensitivity to various environmental contaminants. In this
study, we examined the oxidative metabolism and biotransformation capacity of Hydra attenuata exposed to
the drug carbamazepine (CBZ), commonly found in municipal wastewaters. The organisms were first exposed to
increasing concentrations of CBZ for 48 h at 20 oC. They
were then tested for heme oxidase (HO) and lipid peroxidation (LPO) in addition to phase I (ethoxy/ benzyloxyresorufin, dibenzyloxyfluorescein and 3-cyano-7ethoxy-coumarin de-alkylase activities) and phase II (glutathione S-transferase and sulfotransferase activities) biotransformation reactions. Results showed that exposure to
CBZ led to the induction of HO activity and LPO in Hydra. The activity of benzyloxyresorufin de-alkylase was
induced by CBZ, while no significant change in 7-ethoxyresorufin O-deethylase activity took place. Glutathione Stransferase activity was also induced at low concentrations, but sulfotransferase activity was elevated only at
the highest concentration tested. Hydra appears to possess
both mixed function oxidase and conjugation capabilities
that are inducible upon exposure to this xenobiotic. The
estimated threshold effect concentration of CBZ on both
oxidative and conjugative metabolisms in Hydra was
found at environmentally relevant concentrations for this
pharmaceutical.

KEYWORDS: Hydra attenuata, carbamazepine, oxidative stress,
biotransformation.

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

potential environmental pollutants, with municipal
wastewaters representing the major source of these chemicals into the aquatic environment. Indeed, nonprescription drugs, such as analgesics (i.e., acetaminophen), non-steroid anti-inflammatory agents (i.e., ibuprofen) and prescription drugs such as carbamazepine
(CBZ), naproxen, artorvastatin, gemfibrozil, fluoxetine
and estradiol-17β, have been found in municipal
wastewaters at the µg/L range [1, 2]. Other related compounds, such as cotinine, caffeine and coprostanol, were
also identified. CBZ is relatively lipophilic with an octanol-water partition coefficient of 2.2 and consistently
found at relatively high concentrations in these
wastewaters (up to 2 µg/L). Based on the relationship
between bioconcentration factor and the octanol-water
coefficient in fish [3], CBZ is likely to bioconcentrate 10100 times. This compound was proposed as a suitable
anthropogenic marker of urban effluents because of its
persistence (100 days) in both municipal wastewaters and
surface waters [4, 5].
CBZ is an established drug for the control of epilepsy, trigeminal neuralgia and bipolar depression. It is predominantly metabolised into CBZ 10,11-epoxide and
other derivatives in humans [6], where cytochrome
P4503A4 is implicated. Drugs are generally recognized to
induce phase 1 and 2 biotransformation enzymes and
induce oxidative stress during the biotransformation process [7]. Indeed, induction of oxidative metabolism by the
hemoprotein family of cytochrome P450s is well-known
to release oxygen radicals that could lead to oxidative
stress. Exposure of aquatic biota to pharmaceutical compounds could lead to adverse effects, as water species are
not equally competent to eliminate lipophilic drugs by
means of oxidative metabolism. The cnidarian, Hydra
attenuata, is an ancestral metazoan that has recently
gained increased attention in aquatic toxicology as a sensitive and possible target species of the benthic community [8, 9]. Recent studies suggest that this organism is
affected by pharmaceutical products, undergoing morphological changes that are normally associated with
lethality [9]. However, the long-term effects and the
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mechanisms of action of these products in Hydra exposed
to low concentrations remain unknown. Moreover, the
capacity of Hydra to metabolize and eliminate pharmaceutical products is not well understood at the present time.
This study sought to examine the ability of Hydra to
metabolize CBZ using a molecular marker approach.
Phase I biotransformation potential was assessed by
measuring hemoprotein oxidase and mixed function oxidase activities, while phase II biotransformation was
characterized by following changes in conjugation reactions, such as glutathione S-transferase and sulfotransferase activities in CBZ-exposed Hydra . Oxidative stress
was determined by measuring the extent of lipid peroxidation. An attempt was also made to relate the biotransformation capacity and oxidative stress in Hydra after exposure to CBZ.
METHODS
Hydra preparation and exposure experiments

Hydra were cultured in crystallization vessels containing 1 L of Hydra medium and fed daily with Artemia
franciscana “brine” shrimp. They were exposed to increasing concentrations of CBZ in two series of exposures. In the first exposure (48 h at 18-20 oC) undertaken
with 1.25% DMSO as a solvent carrier, concentrations of
6, 60, 600 and 6000 µM and solvent control were appraised. A similar follow-up exposure using lower concentrations of CBZ (solvent control, 0, 0.1, 0.5, 1, 5 µM) was
conducted to measure threshold effects. After exposure,
Hydra were washed in 50 mM NaCl containing 25 mM
Mops, pH 7.2, and 1 mM EDTA. They were homogenized in 1.5 mL of this saline solution at 4 oC using a
Teflon pestle tissue grinder. A sub-sample of the homogenate was then centrifuged at 10 000 x g for 20 min at 2
o
C. The resulting supernatant was further centrifuged at
100 000 x g for 60 min at 2 oC to produce the cytosol
(supernatant) and microsomal (pellet) fractions. Total
protein content was determined in all homogenate and
supernatant fractions by the method of Bradford [10]
using serum bovine albumin for calibration. Gel electrophoresis was also performed on the S10, cytosolic and
microsomal fractions using high-resolving mini-gels (412 % polyacrylamide, Nupage, Invitrogen). Gels were
stained specifically for hemoproteins using benzidine
coloration [11]. Gels were de-stained in 40 % isopropanol
in 0.25 M sodium acetate, pH 5, and re-stained using the
Coomassie blue procedure (Bio-safe stain solution, Biorad, Missauga, Ontario, Canada).
Heme oxygenase activity and lipid peroxidation

Heme oxidase (HO) activity was determined according to the benzidine oxidation method [12]. Briefly, 25 µL
of the homogenate or S10 fraction was mixed with 0.1 mM
benzidine and 0.15 % H2O2 in 0.2 M sodium acetate, pH
5.0, containing 0.1 % triton X-100. The appearance of

oxidized benzidine was measured at 620 nm over a 60 min
incubation time. Data are expressed as the increase in
absorbance at 620 nm / (min * mg proteins). Lipid peroxidation was measured according to the microplate thiobarbituric acid methodology [13]. Data are expressed in
terms of thiobarbituric-acid reactants (TBARS)/mg proteins in the homogenate or S10 fraction. LPO was also
measured in the S10 fraction after incubating with cytochrome P450 substrates as described below [14].
Biotransformation activity

Phase I biotransformation activity was measured by
recording enzyme activity using different substrates [15].
Cytochrome P450 mediated activity was determined with
3-cyano-7-ethoxycoumarin (CEC), dibenzylfluorescein
(DBF), 7-ethoxyresorufin (ER) and benzoyloxyresorufin
(BzRes) as substrates. The reaction mixture consisted of
10 µM of each substrate, 0.2 mM NADPH (as the electron donor) in the presence of the S10 fraction (50 µL)
and the assay buffer (50 mM NaCl containing 25 mM
Mops, pH 7.2, and 1 mM EDTA). The rate of NADPH
oxidation was measured over time by microfluorometry
(350 nm excitation and 450 nm emission). The formation
of de-alkylated or de-benzylated products was also followed by microfluorometry as described by Crespi et al.
(1997) [15]. Enzyme activity was expressed in terms of
product formation (relative fluorescence units) / (min* mg
proteins). Phase II biotransformation activity was measured by following the activity of glutathione S-transferase
(GST) and sulfotransferase (ST) activities using 2,4dinitrochlorobenzene and p-nitrophenylsulfate substrates,
respectively [16, 17]. For GST, the S10 fraction was
mixed in the presence of 100 µM of the substrate and
reduced glutathione in the presence of the homogenization buffer. The appearance of glutathione conjugate was
measured at 340 nm over time (0-30 min) at 30 oC using a
microplate reader. For ST, the S10 fraction was mixed in
the presence of 200 µM of substrate and PAP (sulphate
ion acceptor) in the presence of the homogenization buffer. The formation of p-nitrophenyl anion was measured at
400 nm over time (0-30 min) at 30 oC. Enzyme activity
was expressed as the formation of product / (min* mg
proteins in the corresponding fraction).

DATA ANALYSIS
Experiments were performed in triplicate. The data
distribution was checked for normality using Levene’s
test before ANOVA and Dunnett t test to detect differences between treatments and control. Correlation analysis was performed using Pearson-moment procedure.
Significance was set at p<0.05. Threshold concentration
(TC) was determined from NOEC (no observed effect
concentration) and LOEC (lowest observed effect concentration) values with the following formula suggested by
the US EPA:
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TC = (NOEC x LOEC)1/2.
TABLE 1 - Sub-cellular fractionation of heme oxidase activity in unexposed Hydra.

Fraction
Homogenate
3 000 g supernatant
pellet (nuclei, debris)
10 000 g supernatant
pellet (mitochondria)
100 000 g supernatant (cytosol)
pellet (microsomes)
1

Heme oxidase
Activity1
4.0
0.3
0.6
0.4
0.3
0.5
0.2

LPO
(µg TBARS/mg proteins)
1.3
1.3
0.9
0.9
3.0
0.2
10.0

Enzyme activity expressed (A620/min/mg proteins) x 10-2

RESULTS AND DISCUSSION
Hydra were examined for evidence of oxidative metabolism and to investigate whether it could be induced
after exposure to a lipophilic drug. HO activity is a marker of the presence of hemoproteins in tissue due to their
intrinsic peroxidase activity. HO activity was found to be
present in all sub-cellular fractions examined indicating
that hemoproteins are ubiquitous in Hydra cells (Table 1).
Indeed, Hydra homogenate showed the highest specific
HO activity in comparison to the other sub-cellular fractions investigated. Hemoproteins in microsomes are usually associated with cytochrome P450 proteins, where
LPO takes place [14]. LPO was higher in membrane-rich
fractions such as mitochondria and microsomes (i.e.,
membrane vesicles from endoplasmic reticulum, cytoplasmic membranes and other light organelles). These
results indicate that microsomes possess marked peroxidase activity. Because LPO activity appears to be substantial, electron-transport activity leading to the production
of reactive oxygen intermediates is likely to occur in
Hydra and could lead to lipid peroxidation events. However, no significant correlation was observed between HO
activity and LPO in these fractions. Gel electrophoresis
analysis of microsomes revealed the presence of faint hemoprotein bands in the 46-56 kDa region, which are consistent with cytochrome P450 hemoproteins [11]. These
regions were also found to contain protein bands as determined by Coomassie blue staining. Heme-dependent
peroxidase activity was shown to be induced in Daphnia
magna exposed to kerosene [12], which corroborates our
findings that exposure to lipophilic chemicals stimulates
oxidative metabolism.

Microsomes were also tested for mixed function oxidase (MFO) activity with various substrates designed to
detect a wide spectrum of cytochrome P450 activities in
mammalian species [18, 19]: CEC (CYP1A1, CYP1A2
and CYP2C9), ER (CYP1A1, 1A2 and 1B1), DBF
(CYP2C9, CYP3A4 and CYP3A5) and BzRes (CYP3A4
and CYP2B6) (Table 2). Incubation of microsomes with
these substrates led to NADPH oxidation with varying
intensity. In fact, the rate loss of NADPH was found to be
significantly concordant (Kendall’s test for concordance;
p<0.05) with mixed function oxidase activity. Hydra
microsomes have low basal activity with the substrates
CEC and DBF, but relatively high activity towards ER
and BzRes, which suggests, at least, the presence of cytochromes of the CYP1A, CYP2B, CYP2C and CYP3A
families.
Hydra exposed with CBZ showed signs of lethal toxicity at the highest concentrations (0.6 and 6 mM) as
evidenced by characteristic changes in morphology (i.e.
some organisms having the tulip stage of morphology,
indicating death [20]). Exposure to CBZ led to the induction of oxidative metabolism as shown by the significant
increase of both HO activity and LPO in the S10 fraction
(Figure 1). The exposure experiment was repeated with
lower CBZ concentrations to more accurately determine
the inducible threshold concentration for HO. It was
found to be in the range of 0.03 µM after 48 h exposure
(results not shown). Furthermore, these two endpoints
were significantly correlated (R=0.96, p=0.011) indicating that hemoprotein-dependent oxidation reactions are
associated with oxidative stress in Hydra tissue.

TABLE 2 - Microsomal mixed function oxidase activity with various substrates in unexposed Hydra.

Substrate
3-Cyano-7-ethoxy-coumarin (CEC)
Dibenzylfluorescein (DBF)
7-Ethoxyresorufin (7-ER)
7-Benzoyloxyresorufin (BzRes)

Enzyme activity1
0.1
0.2
17
6
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Loss rate of NADPH2
1.14
2.54
4.64
3.77
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Activity is defined as formation of product (relative fluorescence units)/min.
Loss rate is defined as the decrease of NADPH fluorescence/min.

0,22

7

*

0,20
Mean

Mean

*

Stand. error

Stand. error

0,18

6

0,14

Lipid peroxidation
(ug TBARS/mg proteins)

Heme oxidase activity

0,16

0,12
0,10
0,08
0,06

*

0,04

*

5

4

*
3

*

0,02

2

0,00
-0,02
0

6

60

600

1

6000

0

CBZ (uM)

6

60
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FIGURE 1 - Heme oxidase activity and lipid peroxidation in Hydra treated with carbamazepine.
Hydra were exposed to increasing concentrations of CBZ for 48 h at 19 oC. HO activity was determined
in the S10 fraction. Data represent the mean with the standard error. * indicates significance at p<0.05.
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0,006
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Glutathione S-transferase activity
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FIGURE 2 - Biotransformation activity in Hydra exposed to carbamazepine for 48 h. Experimental
animals were analyzed for phase I (ethoxyresorufin (CYP1A1) and benzyloxyresorufin de-alkylase) and
phase II-related activities (glutathione S-transferase and sulfotransferase). * indicates significance at p<0.05.

Exposure of Hydra to CBZ leads to the induction of
BzRes dealkylase activity with an estimated 48 hthreshold concentration of 0.2 µM. CBZ is known to
require CYP3A4 for the formation of a 3-hydroxylated

product, but other cytochromes (i.e., CYP1A2, 2A6, 2B6
and 2E1) were also identified as minor contributors for 2hydroxy-CBZ formation [21]. Using either DBF or BzRes
substrates yielded similar results in displaying mixed
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function oxidase activity. The lack of EROD induction by
CBZ was not unexpected as CYP1A1 is usually induced
by coplanar poly-aromatic hydrocarbons [22] and not by
iminostilbenes (CBZ).
Phase-II conjugating enzyme activity was more pronounced with GST than ST, with CBZ threshold concentrations of 0.2 and 2000 µM, respectively. Hydra was found
to possess GST activity that could serve for biotransformation reactions as well as for basic functions [23]. Indeed,
GSH (mediated by GST) bound to external chemoreceptors stimulates feeding activity [24]. Thus, the occurrence
of oxidative stress and/or diminished amounts of GSH by
its extensive conjugation to xenobiotics could potentially
hamper feeding activity in Hydra. Based on the maximum
bioconcentration factor of 100 reported for CBZ in aquatic organisms, the observed 48-h threshold effects for
BzRes dealkylase, GST and HO activities suggest that
these enzymes, at least in Hydra, can be affected by concentrations of CBZ normally found in municipal
wastewaters.
In conclusion, Hydra attenuata possesses HO activity
and LPO was found to be prevalent in membrane-rich
organelles. This cnidarian displays cytochrome P450-like
activity that is specifically induced by CBZ, when using
substrates selective for cytochromes 3A and 2B. Cytochrome P450 1A1 activity was present in Hydra homogenates as determined by EROD, but was not induced by
CBZ, an iminostilbene. CBZ also led to significant increases of GST activity. The 48-h CBZ threshold concentration required to induce these responses reflects similar
levels reported to be present in municipal wastewaters.

The authors thank Eugénie Bérubé for performing the
biochemical assays. This research project was undertaken
under the Saint-Lawrence Centre’s Municipal Effluent
Research Program.
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PHYTOTOXICITY OF SOME TOLUENE NITRODERIVATIVES
AND PRODUCTS OF THEIR REDUCTION
Karel Picka and Zdeněk Friedl
Institute of Chemistry and Technology of Environmental Protection, Faculty of Chemistry,
Brno University of Technology, Purkyňova 118, 612 00 Brno, Czech Republic

SUMMARY
The phytotoxicity of 2,4,6-trinitrotoluene, 2,4-dinitrotoluene, 2,6-dinitrotoluene and seven products of their
reduction was tested on four terrestrial plant species: a
monocotyledon, wheat (Triticum aestivum L.), and three
dicotyledons, mustard (Sinapis alba L.), lettuce (Lactuca
sativa L.) and lentil (Lens culinaris Med.). The effects of
test substances on the seedling root elongation in water
solutions and the emergence of seedlings and the early
stage of plant growth in soil/sand mixture were assessed.
The highest no-observed adverse effect concentrations and
the median effective concentrations of substances tested
were determined. Lettuce was the most sensitive species
to the compounds tested, whereas wheat and lentil were
found to be the most tolerant. 2,4,6-Trinitrotoluene, 2,4and 2,6-dinitrotoluene were found to be moderately phytotoxic substances. The monoamines formed by reduction
of one nitro group of 2,4,6-trinitrotoluene or both dinitrotoluenes were sometimes either less or more phytotoxic in
comparison with the parent toluene nitroderivatives. The
diamines formed by reduction of both nitro groups of
dinitrotoluenes were found to be low toxic to all test
plants used. Provided that 2,4,6-trinitrotoluene or both
dinitrotoluenes are the predominant soil pollutants, the
contribution of their reduction products to soil phytotoxicity may be considered unimportant.

KEYWORDS:
phytotoxicity, 2,4,6-trinitrotoluene, dinitrotoluenes, aminodinitrotoluenes, aminonitrotoluenes, diaminotoluenes.

INTRODUCTION
Some toluene nitroderivatives belong to the common
organic energetic materials and 2,4,6-trinitrotoluene (TNT)
is one of the most extensively used military explosives. In
some explosives or propellant compositions, TNT is occasionally combined with 2,4-dinitrotoluene (2,4-DNT) or

with the mixture of 2,4-DNT and 2,6-dinitrotoluene (2,6DNT). Both dinitrotoluenes (DNTs) may also be present
as major impurities in production-grade TNT or be
formed as metabolites of aerobic microbial TNT transformation.
TNT and DNTs are highly persistent pollutants. Numerous cases of heavy soil contamination have been documented at many former ammunition plant areas and
other sites, where explosives and ammunition were
stored, manipulated with, burned or destroyed by detonation many decades ago [1-4]. The microbial biotransformation of TNT and DNTs usually proceeds as a sequence
of reductions of nitro groups yielding a vide variety of
identified intermediates, including some relatively stable
aminoderivatives [5, 6].
Until now, only limited information on effects of 2,4DNT, TNT and one product of its reduction, 4-amino-2,6dinitrotoluene (4-A-2,6-DNT), on terrestrial plants has
been published in the literature. Adema and Henzen [7]
determined the toxicity of 2,4-DNT to lettuce (Lactuca
sativa), tomato (Lycopersicum esculentum) and oat (Avena
sativa) cultured in two types of soil and in soil-less culture (nutrient solution). Melcher and Matthies [8] published the EC50 values of 2,4-DNT for soybean (Glycine
max) and barley (Hordeum vulgare) cultivated in nutrient
solutions. Simini et al. [9] determined the lowest observable effect concentrations of TNT in soil on the bases of
data obtained using three different ecotoxicity tests, including the early seedling growth and vigor tests on cucumber (Cucumis sativus) and radish (Raphanus sativus).
Peterson et al. [10] studied the effects of TNT and 4-A2,6-DNT on germination, early seedling development and
respiration of tall fescue (Festuca arundinacea) in nutrient-free agar. Gong et al. [11] carried out seed germination and early stage seedling growth tests to determine the
ecotoxicological threshold of TNT in two soils of different properties using cress (Lepidium sativum), turnip
(Brassica rapa), oat (Avena sativa) and wheat (Triticum
aestivum). Krishnan et al. [12] determined the effect of
TNT on germination, growth and development of smooth
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bromegrass (Bromus inermus) and tall fescue (Festuca
arundinacea) in contaminated and non-contaminated soil
mixtures. No phytotoxicity data have been published on
2,6-DNT and any reduction products of both DNTs up to
now.
The objective of this study was to determine the basic
data on the phytotoxicity of TNT, DNTs and some amines
formed by their reduction, using biotests oriented to the
effects of substances on the seedling root elongation in
water solutions and on the emergence of seedlings and the
early stage of plant growth in soil/sand mixture.

in and then 30 seeds were uniformly distributed within the
dish. Three replicates were always used. In case of wheat,
mustard and lettuce, 10 ml of solution per dish were used
and in case of lentil 12 ml of solution were applied. The
dishes with wheat, mustard or lentil seeds were placed
into a thermostat and then incubated in the dark at 21 °C
for 72 hrs (mustard and lentil) or 96 s (wheat), respectively. The dishes with lettuce seeds were incubated with 16hr photoperiod on laboratory benches at 17-22 °C for
96 hrs. Afterward, lengths of roots (in case of wheat the
longest ones) were measured.
Growth Tests

MATERIALS AND METHODS
Chemicals and Materials

A sample of TNT was obtained from Explosia a.s., Pardubice, 2-amino-4,6-dinitrotoluene (2-A-4,6-DNT) and 4A-2,6-DNT were synthesized at Brno University of Technology, 2,4-DNT (97 %), 2,6-DNT (98 %), 2-amino-4nitrotoluene (95 %) (2-A-4-NT), 4-amino-2-nitrotoluene
(97 %) (4-A-2-NT), 2,4-diaminotoluene (98 %) (2,4-DAT),
and 2,6-diaminotoluene (97 %) (2,6-DAT) were purchased
from Sigma-Aldrich, 2-amino-6-nitrotoluene (98 %) (2-A6-NT) was purchased from Fluka-Riedel de Haen.
Commercially available seeds of wheat (Triticum aestivum L. var. Siria), mustard (Sinapis alba L. var. Zlata),
lettuce (Lactuca sativa L. var. Král máje) and lentil (Lens
culinaris Med. var. Laird) were used.
Non-sterilized soil with low organic carbon content
(0.86 %), pH 6.1, 17 % of fine particles (under 20 µm),
passed through a 2 mm sieve and washed industrial quartz
sand of 0.1-0.5 mm particle diameter were used to prepare
the growth test medium.
Non-sterilized glass Petri dishes (110 mm in diameter) were used for the root elongation tests. Polystyrene
pots (top diameter 65 mm, bottom diameter 45 mm, height
75 mm) with three 4 mm holes in the base were used as
planting containers, polystyrene cups (top diameter 70 mm,
bottom diameter 55 mm, height 50 mm) were used as
underlying dishes.
Root Elongation Tests

The test substances were dissolved in deionized water. Based on the results of preliminary tests, various
concentration ranges were selected in a geometric series
(with a factor of 2) so that the highest no-observed adverse effect concentrations (NOAEC) and the median
inhibitory concentrations might be determined for individual substances and plants. At least five concentrations
of each substance were tested per each plant species used.
In case of 4-A-2,6-DNT the saturated solution was also
applied, although its concentration (60 mg l-1 at 21 °C)
deviated from the geometric series used.
Two pieces of filter paper were placed on the bottom
of the Petri dish, the solution of test substance was poured

The test substances were ground with sand in a glass
mortar and the obtained mixtures were admixed into soil
by shaking in polypropylene bags. A geometric series of
the test concentrations (with a factor of 2) was used. Concentration intervals applied were different for individual
substances and plants according to the results of preliminary tests. At least, five concentrations of each compound
were applied per each plant species to determine the NOAEC values and the concentrations that cause 50 % reduction of the seedling emergence and the plant growth,
however, concentrations higher than 2,560 mg kg-1 growing medium were not tested.
On the bottom of each pot a few granules of perlite
were put to cover holes for watering and then the mixture
consisting of 90 g of soil (the amount based on weight of
oven-dried soil) and 10 g of sand with the incorporated
substance was added. Eight seeds were sown into each pot
uniformly and four replicates were used per treatment.
Deionized water was used for watering via the bottom,
when 70 % of the water-holding capacity was daily adjusted by weighing of the pots. The plants were grown in
a growth chamber at 17-24 °C, 40-60 % relative humidity,
and 7,500±500 lx light intensity from fluorescent tubes,
when 16-hr photoperiod was maintained. Ten days after
sowing the seeds, the seedlings were thinned to leave four
representative plants spaced as evenly as possible within
the pot. Wheat and lentil plants were harvested on the 18th
day after sowing, whereas mustard and lettuce plants were
harvested on the 21st day. The total number of the seedlings that emerged was recorded and the dry mass of
shoots harvested by cutting them off just above the soil
level (dead plants were not taken into account) was
weighed after 16-hr oven drying at 70 °C.
Statistical Analysis of Results

The highest test substance concentrations that caused
no observable adverse effects on the seedling root elongation in water solutions or the emergence and plant growth
in soil/sand mixture in comparison to controls at the 95 %
significance level were determined using the Student´s
t-test of mean value differences.
The concentrations of test chemicals that reduced the
seedling root elongation, the emergence of seedling or the
plant growth (dry weight) by 50 % in comparison to con-
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trols were determined by the probit method using the
PROBITY program (Research Institute of Fish Culture
and Hydrobiology, Vodňany, Czech Republic).
RESULTS
The highest concentrations of test compounds in water
solutions that did not cause a significant inhibitory effect
on the seedling root elongation (NOAEC) and the concentrations at which the root elongation reduction was 50 %
relative to controls (IC50) are summarized in Table 1.
The highest concentrations of test substances in the
soil/sand (9 : 1) mixture that caused no significant adverse
effect either on the seedling emergence or on the plant
growth (NOAEC), the concentrations at which the change
in the emergence was 50 % of that in controls (LC50) as
well as the concentrations at which the difference in the
plant growth was 50 % of that in controls (EC50) are
summarized in Table 2.

DISCUSSION
Among the organic energetic compounds, TNT is the
most widespread pollutant in soils at former ammunition
plants and other sites, but also 2,4-DNT and 2,6-DNT
have sometimes been detected in substantial amounts in
contaminated soils. The presence of these toluene nitroderivatives and products of their biotic and/or abiotic transformations in soils (e.g., 2-A-4,6-DNT and 4-A-2,6-DNT
have repeatedly been detected in soils contaminated by
TNT) may pose a health hazard to humans or be harmful
to living organisms in the environment. It is beyond dispute that phytotoxicity data on soil pollutants are useful or
even necessary in case of ecological risk assessment,
contamination monitoring, soil remediation efficacy evaluation, selection of plants suitable for soil phytoremediation, etc. Therefore, TNT, 2-A-4,6-DNT, 4-A-2,6-DNT,
DNTs and all aminoderivatives formed by the reduction
of one or both nitro groups of DNTs were chosen to determine their phytotoxicity.

TABLE 1
Results of the root elongation tests - summary of the NOAEC and IC50 values of the tested substances (in mg l-1 water).
Chemical

Wheat
NOAEC
10
2.5
10
10
20
10
40
20
5
40

TNT
2-A-4,6-DNT
4-A-2,6-DNT
2,4-DNT
2-A-4-NT
4-A-2-NT
2,4-DAT
2,6-DNT
2-A-6-NT
2,6-DAT

Mustard

IC50 1
54 (52.2-54.8)
28 (25.3-30.6)
-3
39 (37.9-39.9)
140 (126-153)
88 (81.5-96.0)
150 (136-169)
66 (62.3-69.2)
49 (45.6-53.3)
250 (233-266)

NOAEC
10
20
20
5
10
5
80
5
2.5
80

Lettuce

IC50 1
38 (35.1-40.1)
-2
-3
31 (28.3-34.0)
64 (60.2-68.2)
23 (21.8-24.9)
270 (244-299)
23 (21.6-25.4)
12 (11.5-13.1)
380 (333-443)

NOAEC
0.625
1.25
5
0.625
2.5
2.5
20
10
1.25
10

4.3
6.2
26
3.7
32
11
51
36
9.4
63

Lentil
IC50 1
(3.67-4.97)
(5.42-6.99)
(24.9-27.3)
(3.07-4.46)
(28.0-36.8)
(9.80-11.4)
(44.7-58.5)
(34.9-38.0)
(8.40-10.6)
(53.1-74.1)

IC50 1
110 (97.9-121)
-2
92 (85.8-99.0)
120 (107-143)
140 (118-173)
360 (326-391)
41 (36.5-45.1)
70 (64.7-75.6)
570 (520-626)

NOAEC
20
10
60 4
20
20
10
160
10
10
80

1

In parentheses the 95 % confidence interval is given.
The inhibition of seedling root elongation was significant, but lower than 50 % in the saturated solution of 2-A-4,6-DNT (40 mg l-1).
The inhibition of seedling root elongation was significant, but lower than 50 % in the saturated solution of 4-A-2,6-DNT (60 mg l-1).
4
No significant inhibition of seedling root elongation was observed in the saturated solution of 4-A-2,6-DNT (60 mg l-1).
2
3

TABLE 2
Results of the growth tests - summary of the NOAEC, EC50 and LC50 values of the tested substances (in mg kg-1 soil/sand mixture)
Chemical
TNT

Wheat
NOAEC
80

2-A-4,6-DNT

40

4-A-2,6-DNT

40

2,4-DNT

10

2-A-4-NT

80

4-A-2-NT

80

2,4-DAT

640

2,6-DNT

20

2-A-6-NT

40

2,6-DAT

640

1

EC50 1
210
(186-239)
100
(88.8-121)
210
(179-243)
25
(22.6-28.4)
200
(186-216)
180
(164-192)
1,300
(1,200-1,370)
45
(40.8-49.1)
88
(80.5-95.3)
1,200
(1,130-1,250)

Mustard
LC50 1
> 2,560

NOAEC
20

> 2,560

20

> 2,560

20

49
(38.5-63.5)
360
(285-465)
310
(286-334)
1,900
(1,650-2,180)
170
(150-190)
130
(115-152)
1,800
(1,580-2,080)

10
10
20
640
20
10
640

EC50 1
83
(77.8-88.2)
60
(53.3-68.2)
73
(66.9-79.6)
38
(34.8-40.7)
40
(37.2-42.8)
47
(44.0-49.6)
1,300
(1,160-1,410)
61
(57.2-64.8)
36
(32.4-39.9)
2,100
(1,960-2,210)

Lettuce
LC50 1
1,100
(853-1,510)
> 2,560

NOAEC
20

> 2,560

20

120
(102-138)
140
(108-177)
120
(98.9-144)
2,000
(1,740-2,250)
79
(65.4-94.3)
39
(33.5-45.8)
> 2,560

5

In parentheses the 95 % confidence interval is given.
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10

10
5
320
10
5
160

EC50 1
69
(63.7-74.9)
50
(45.2-54.4)
61
(55.7-67.7)
21
(18.7-22.5)
27
(24.2-30.7)
18
(17.0-20.0)
750
(658-851)
26
(23.8-28.4)
15
(14.2-16.9)
790
(718-872)

Lentil
LC50 1
290
(225-372)
1,700
(1,030-2,710)
1,700
(1,170-2,340)
80
(58.9-109)
50
(40.0-62.9)
29
(23.4-37.0)
1,100
(925-1330)
65
(50.2-84.1)
18
(14.5-21.5)
1,300
(1,020-1,750)

NOAEC
80
20
40
20
20
20
1,280
10
20
1,280

EC50 1
230
(209-247)
240
(180-325)
820
(579-1,170)
75
(70.9-79.1)
87
(82.3-92.5)
99
(91.3-107)
> 2,560

LC50 1
330
(261-407)
> 2,560

36
(32.5-39.4)
61
(56.1-66.1)
1,800
(1,650-1,910)

74
(59.3-92.8)
110
(90.1-123)
2,100
(1,800-2,560)

> 2,560
170
(142-201)
210
(178-239)
180
(154-207)
> 2,560
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Two principal phytotoxicity test methods, which are
focused on effects of substances on the sensitive initial
stages of plant ontogenesis, were conducted. The root
elongation test design applied was based on a modification of the waste extract phytotoxicity test, which has
been included in the guidelines for waste ecotoxicity
assessment and issued by the Ministry of the Environment
of the Czech Republic [13]. The growth test design used
was based on the OECD Guideline 208 [14] and some
requirements published in the literature [7, 15].
Four terrestrial plant species were used in the tests.
Wheat, mustard, and lettuce were chosen as representatives
of the three plant species categories according to the OECD
guideline [14]. Moreover, lentil was chosen as a species
from the ecologically and economically important Leguminoseae family, a representative of which is sometimes
recommended to be used in phytotests [15]. The seedlings
of the species chosen grew rapidly enough and their shape
was appropriate for planting in small pots, which were used
for low consumption of soil and test substances.
Lettuce as a species of known high sensitivity to
many substances [16] was found to be the most sensitive
plant used in this study, too. Mustard was found to be the
medially sensitive species. Wheat and lentil were the most
tolerant ones to almost all compounds tested. This is in
agreement with the previously published fact that some
plant species from the Poaceae and Leguminoseae families have been identified at a site contaminated by TNT
and some grasses are even considered to be proper to soil
phytoremediation applications [10,12].
From the data summarized in Tables 1 and 2 some
differences are obvious in the order of toxicity of the
compounds tested in both test series. Also the ratios between the NOAEC values determined in both tests as well
as those between the IC50 values found for the seedling
root elongation in water solutions and the EC50 values
determined for the plant growth in soil medium are considerably different for some substances in many cases.
Such results are not surprising. The root elongation test
provides information on the effect of a short-time exposure of seeds and seedlings to substances in their bioavailable form in water solution of well-defined concentration. In the growth test, seeds and plants are affected by a
relatively longer exposure to substances incorporated into
soil medium, where the observed effects depend not only
on the toxicity of substances, but also on the extent of substance-soil interactions, which can have a considerable
influence on the bioavailability of substances. For that
reason the relative simple, rapid and sensitive root elongation tests in water solutions may provide valuable preliminary information on possible phytotoxicity of substances.
However, to predict the phytotoxic effects of pollutants in
soil it is much more suitable to carry out tests with a longer
exposure period in soil.
In comparison with all the substances tested both 2,4and 2,6-DNT belong to the most phytotoxic compounds

in both tests. On the basis of results obtained in the
growth test in soil/sand mixture, both DNTs may be generally classified as moderately phytotoxic compounds.
Adema and Henzen [7] determined the highest noobserved effect concentrations (NOEC) and the EC50
values of 2,4-DNT for lettuce, tomato and oat using the
growth test in two types of soil, when shoot biomass was
assessed two weeks after germination of the plants. They
found lettuce to be more sensitive than a monocotyledonous oat, similarly as in this study lettuce was more
sensitive than wheat. For the effect of 2,4-DNT on the
growth of lettuce in two different soils, the EC50 values of
5.8 and 13 mg kg-1, respectively, were determined, which
are in acceptable agreement with the EC50 value of
21 mg kg-1 found in this study. The NOEC value of
3.2 mg kg-1, which was reported for the lettuce growth in
both soils used, is close to the NOAEC value of 5 mg kg-1
found in this study. For the effect of 2,4-DNT on the
growth of oat in both soils used, the NOEC values of 11
and 10 mg kg-1, respectively, were found and the EC50
values of 46 and 35 mg kg-1, respectively, were reported.
Similarly in this study, the NOAEC value of 10 mg kg-1
and the EC50 value of 25 mg kg-1, respectively, were determined for closely related wheat.
The monoamines formed by reduction of one nitro
group of 2,4-DNT were mostly somewhat less phytotoxic
than the parent compound. 2-A-6-NT was sometimes
either less or more phytotoxic in comparison to 2,6-DNT.
The diamines formed by reduction of both nitro groups of
DNTs were always the least toxic to each of the plants
used in both test series.
TNT was mostly found to be comparable toxic with
DNTs in the root elongation test, but its effect on the
seedling growth in soil/sand mixtures was usually lower
than that of DNTs and most products of one nitro group
reduction of DNTs. 2-A-4,6-DNT was mostly comparable
or somewhat more phytotoxic than TNT, 4-A-2,6-DNT
was usually comparable or less toxic than TNT.
In the growth test, TNT and both products of its reduction were observed to inhibit the root growth and
development at substantially lower concentrations than
that affecting the emergence of seedlings. This is also
obvious from the large differences between the EC50 and
LC50 values determined (Table 2). Therefore, the seed
germination or the seedling emergence alone is not a good
indicator of phytotoxicity of these compounds. These
results and conclusions are in agreement with those published by Gong et al. [11] and Krishnan et al. [12], who
also studied the effects of TNT on various species of
higher plants. Peterson et al. [10] reported that the effects
of TNT and 4-A-2,6-DNT on root morphology appear
similar to those of the dinitroaniline herbicides, to which
both substances tested are similar in structure.
Phytotoxic effects depend significantly both on testing
conditions and plant species used. For that reason, the data
on phytotoxicity of TNT obtained in this study may be
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compared only with the results reported by Gong et al. [11],
who studied effects of TNT on cress, turnip, wheat and
oat in two different soils and determined the seed germination and the seedling shoot biomass 14 days after 50 %
of the seeds had germinated in the control soils. Both
plants from the Brassicaceae family exhibited higher
sensitivity to TNT than did both monocotyledons from
the Poaceae family. Similarly, mustard was more sensitive than wheat in this study. The reported lowest observed adverse effect concentration (LOAEC) of TNT
was 50 mg kg-1 soil, which is comparable with the
LOAEC value of 40 mg kg-1 determined for mustard in
this study. In the study mentioned [11], no inhibition of
seed germination was observed at the highest concentrations of TNT, 355 and 1,600 mg kg-1 soil, respectively, to
which wheat and oat were exposed. In this study, even the
highest applied concentration of TNT of 2,560 mg kg-1
soil/sand mixture did not significantly inhibit the germination of wheat seeds.
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GENOTOXIC EFFECTS AND OXIDATIVE STRESS RESPONSES
INDUCED BY RETENE IN MARINE MUSSELS (Mytilus galloprovincialis)
Carlos Gravato, Miguel Oliveira and Maria A. Santos
Department of Biology, University of Aveiro, 3810-193 Aveiro, Portugal

SUMMARY
Mediterranean mussels (Mytilus galloprovincialis
Lmk.) were exposed to 0 (control) and 2.7 µM 7-isopropyl-1-methylphenanthrene (Retene) for 6, 12, 18
and 24 hours. Reduced glutathione (GSH), glutathione S-transferase (GST) activity, glutathione peroxidase (GPx)
activity, catalase (CAT) activity, lipid peroxidation (LPO)
and DNA strand-breaks were measured in mussel gills
and hepatopancreas.
Retene induced a significant inhibition of gill GST
and GPx activities at 18 hours, whereas GSH was significantly increased at 18 hours. Gill CAT activity was also
inhibited at 24 hours exposure. Gill LPO was slightly
increased at 24 hours, whereas DNA integrity was not
altered during retene exposure. Mussel hepatopancreas
GPx activity was significantly inhibited at 6 hours exposure
to retene, whereas GSH significantly increased at 12 hours
and DNA integrity decreased at 12 and 24 hours.
The hepatopancreas DNA integrity decrease proves
that retene is genotoxic to mussels. It also seems that
retene may induce oxidative stress in mussel gills, since
GST, GPx and CAT activities were inhibited and LPO
was slightly increased after short-term exposure to retene.
This research represents a preliminary approach in order
to evaluate retene effects in mussels. Therefore, further
experiments should be performed using several retene
concentrations and more prolonged exposure lengths.

KEYWORDS: Retene; Lipid Peroxidation; Antioxidant Defence;
DNA Integrity; Mytilus galloprovincialis.

pulp and paper mill effluent (BKPPME) in sea bass may
be partly due to retene presence [5, 6]. However, it was
observed that retene genotoxicity is not directly associated
with significant biotransformation induction [6], suggesting
that other bioactivation processes may be involved. Reactive oxygen species (ROS) production, stimulated by pollution, and resulting oxidative damage might be a toxicity
mechanism in aquatic organisms. Therefore, enzymatic
antioxidants have been proposed as biomarkers of oxidative stress in a variety of marine organisms, including
mussels [7-11].
A BKPPME has been discharged through a sewage
outlet into the Aveiro Lagoon system over the past 50 years
contaminating the recipient waters and sediments, despite
its secondary treatment. This BKPPME is presently discharged, together with other industrial and urban effluents, into the Aveiro coastal area. Therefore, the pollution
impact of BKPPME or its constituents in marine environments needs to be assessed. The use of mussels as marine
monitoring species close to pulp mill effluent discharges
and determination of its toxic effects is of great importance [12, 13]. However, retene effects, as one of the
pulp mill constituents, on mussels and other bivalve molluscs are unknown.
The aim of this preliminary research work was to investigate the Mediterranean mussel (Mytilus galloprovincialis Lmk.) gills and hepatopancreas responses to 2.7 µM
retene exposure, measured as reduced glutathione (GSH),
gluthathione S-transferase (GST), glutathione peroxidase
(GPx) and catalase (CAT) activities, lipid peroxidation
(LPO) and DNA integrity.

INTRODUCTION

MATERIAL AND METHODS

High concentrations of 7-isopropyl-1-methylphenantrene (retene), a substituted polycyclic aromatic hydrocarbon, were found in wastewater stabilisation basin sludge
of pulp and paper mills and in the sediments downstream
of pulp and paper industry [1-4]. According to previous
research work, the genotoxic potential of a bleached kraft

Mediterranean mussel (Mytilus galloprovincialis
Lmk.) specimens caught in Vagueira Beach (Aveiro, Portugal), with 3.5 cm shell length, were transported to the
laboratory and allowed to recover for two weeks in 15 Lglass tanks. Mussels were kept in aerated and filtered
artificial saltwater (35 g/L; Sera Meersalz, Heinsberg,
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Germany) at 17 ºC, without being fed. Mussels were
exposed to 0 or 2.7 µM retene (7-isopropyl-1-methylphenantrene; Sigma Chemical Co., USA). The final dimethyl
sulfoxide (DMSO) dilution (0.0067%) used in tanks as a
solvent had no detectable effect on mussel responses. Five
mussels per condition were dissected and their gills and
hepatopancreas were divided in two parts.
One half of each hepatopancreas and gill were removed from refrigeration (-80ºC) and homogenised (1:10)
in 0.1 M phosphate buffer (pH 7.4). Part of the tissue homogenate was used to determine the extent of lipid peroxidation (LPO) by measuring the thiobarbituric acid reactive substances (TBARS) as previously suggested [11, 14,
15]. The remaining tissue homogenate was centrifuged at
12000 rpm at 4 ºC for 20 min to obtain the postmitochondrial supernatant (PMS). Glutathione-S-transferase (GST)
activity was determined in PMS by following the conjugation of reduced glutathione (GSH) with 1-chloro-2,4dinitrobenzene (CDNB) at 340 nm [16]. Glutathione peroxidase (GPx) activity was determined in PMS by measuring the decrease in NADPH at 340 nm and using H2O2
as substrate [17]. Catalase (CAT) activity was determined
in PMS by measuring the consumption of the substrate
H2O2 at 240 nm [18]. Following PMS protein acid precipitation and centrifugation, GSH was assessed using 5,5´dithio-bis(2-nitrobenzoic acid) (DTNB) as substrate and
measuring 5-thio-nitrobenzoic (TNB) absorbance at 412
nm [19]. The protein concentration was determined ac-

Control

GSH Content
(nmol/mg protein)

GSH

SIGMASTAT 2.03 software was used for statistical
analysis. All data were first tested for normality and homogeneity of variance to meet statistical demands. Variance analysis was used to compare results between experimental conditions, followed by the Tukey test [24]. Differences between means were considered significant when
p<0.05.
RESULTS
GSH content in mussel gill increased significantly between 12 and 18 hours exposure to retene, followed by a
significant decrease beyond 18 hours (Figure 1). GST activity was significantly inhibited in mussel gills at 18 hours
exposure to retene (Figure 1). Moreover, this conjugation
activity in gills was always lower in exposed mussels than
in controls (Figure 1). A significant GPx activity inhibition
was observed in mussel gills at 18 hours exposure to retene
(Figure 1). Mussel gill CAT activity was significantly inhibited at 24 hours exposure to retene, despite the slight
increase observed at 12 hours (Figure 1).

12

Retene

*

GST Activity
(nmol/min/mg protein)

90

cording to the Biuret method [20]. The other half of each
hepatopancreas and gill were removed from refrigeration
(-80 ºC) and submitted to a DNA isolation procedure (Genomic DNA Purification Kit, Fermentas). DNA integrity
was performed according to Rao and co-workers [21], as
previously adapted [22, 23].
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FIGURE 1 - Reduced glutathione (GSH) content, glutathione-S-transferase (GST), glutathione peroxidase (GPx) and catalase (CAT) activities in mussel gills after 6, 12, 18 and
24 hours exposure to 0 and 2.7 µM retene. Significant differences from control: * p<0.05.
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GSH content in mussel hepatopancreas increased significantly between 6 and 12 hours exposure to retene,
followed by a significant decrease beyond 12 hours exposure (Figure 2). Hepatopancreas GST activity was not
significantly different in mussels exposed to retene, despite its slight tendency to increase between 6 and 12
hours (Figure 2). A significant GPx activity inhibition
was observed in mussel hepatopancreas at 6 hours exposure to retene (Figure 2). Hepatopancreas CAT activity in
mussels exposed to retene was not significantly different
from that of the control (Figure 2).

90
GSH Content
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DNA integrity in mussel gills was not significantly
different from the control (Figure 4), but was significantly
decreased in the hepatopancreas at 12 and 24 hours exposure to retene (Figure 4).
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24 hours exposure to 0 and 2.7 µM retene. Significant differences from control: * p<0.05.
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FIGURE 3 - Lipid peroxidation in mussel gills and hepatopancreas
after 6, 12, 18 and 24 hours exposure to 0 and 2.7 µ M retene.
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FIGURE 4 – DNA integrity in mussel gills and hepatopancreas after 6, 12, 18 and
24 hours exposure to 0 and 2.7 µM retene. Significant differences from control: * p<0.05.

DISCUSSION AND CONCLUSIONS

Retene proved to be genotoxic to mussels, since hepatopancreas DNA integrity was significantly decreased. The

Current results showed that retene induced a deficiency in mussel gill antioxidant enzymes concomitant
with a significant increase in gill GSH. Previous research
work performed with mussels demonstrated that inhibition of antioxidant enzymes usually occurs after short
exposures to xenobiotics [25, 26].
Gill inhibition of GPx activity at 18 hours and CAT activity at 24 hours exposure to retene may cause H2O2 and
radical metabolite increases, which are cell oxidative factors that may damage membranes, enzymes and DNA [27,
28]. Therefore, the slight gill LPO increase at 24 hours
exposure to retene is due to the previous failure in antioxidant enzymes system, despite the significant GSH content
increase at 18 hours. A relationship between LPO and a
deficiency in the antioxidant defences of aquatic species
had already been reported by several authors [29-32]. Thus,
decreased gills antioxidant enzymatic defences, observed in
the current study, suggests a precarious state characterized
by a higher susceptibility to retene adverse effects that may
result in oxidative stress. However, LPO was not significantly different after exposure to retene, despite its 2-fold
increase, which may suggest that further research should be
performed using more prolonged exposure.
Gill DNA integrity was not significantly different after
mussel short-term exposure to retene. Retene genotoxic
effects in mussel gills could not be detected, probably due
to the high background levels of DNA strand-breaks observed in the current study. High background levels of
DNA strand-breaks observed in Mytilus galloprovincialis
were previously demonstrated in mussels [33-36]. Invertebrate cells analysed by the comet assay have also been
found to possess large DNA damage variations [37]. Interestingly, these high background levels of strand-breaks
are also found in certain vertebrate cell types [38, 39].

hepatopancreas DNA integrity decrease, observed after
mussel exposure to retene, was not compromised by high
background levels, as mentioned above. This can be due
to mussel hepatopancreas lower GST activity and GSH
content compared to gill, suggesting that the hepatopancreas is more susceptible to DNA damage than gill. Lower GSH and GST activity in the hepatopancreas compared
to gill were also reported in the mussel Perna viridis [40].
However, mussel hepatopancreas presented higher GPx
and CAT activities compared to gills, preventing an increase in hepatopancreas LPO, even when GPx activity
was inhibited after 6 hours exposure to retene. Furthermore, the LPO 2-fold increase in mussel gills compared to
its absence in the hepatopancreas demonstrates its susceptibility to oxidative damage upon retene exposure. This
may be due to lower CAT and GPx activities in gills
compared to the hepatopancreas, since these antioxidant
enzymes prevent the formation of radical intermediates by
the respective reduction of hydrogen peroxide and organic
hydroperoxides, thereby playing a crucial role in maintaining cell homeostasis. Previous studies with the freshwater bivalve Unio tumidus also demonstrated that gill
appeared to be more susceptible to oxidative stress than
the hepatopancreas [41]. According to Cossu and coworkers [41], a relationship seems to exist between the
degree of deficiency of antioxidant defences and lipid
peroxidation, as current results demonstrate. Furthermore,
the higher gill sensitivity was also indicated by a pronounced inhibition of gill antioxidant enzymes. Cheung
and co-workers [40] also observed lower CAT and GPx in
gill than hepatopancreas from the mussel Perna viridis.
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This preliminary study proved that retene is genotoxic to mussels, since hepatopancreas DNA integrity was
significantly decreased. It also seems that gill LPO 2-fold
increase is due to GST, GPx and CAT inhibition, suggesting that retene may induce oxidative stress in mussels.
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