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ECOTOXICITY OF SURFACTANTS
IN THE TERRESTRIAL ENVIRONMENT
Ewa Liwarska-Bizukojc
Department of Environmental Engineering, Technical University of Lodz, Lodz, Poland

ABSTRACT

INTRODUCTION

This study is an overview of the environmental effects
and the ecological risk caused by surfactants in the terrestrial environment. Eight groups of the most often used surfactants representing three largest classes, i.e. anionic,
nonionic and cationic surfactants, are selected and studied.
The aim of this work is to compare the terrestrial toxicity
and the risk assessment of these surfactants. Firstly, their
short characteristics are presented. Then, the available terrestrial toxicity data are compared and discussed. The discussion reveals that soil toxicity data for surfactants are
limited. It concerns particularly chronic toxicity data on
plants and soil fauna. Alkylphenol ethoxylates (APE), alkyl
ether sulphates (AES) and secondary alkyl sulphonates
(SAS) have been hardly ever investigated with regard to
their toxicity in the terrestrial compartment. Only for one
group of the surfactants studied here, i.e. linear alkylbenzene sulphonates (LAS), the full dataset comprising toxicity towards microorganisms, plants and invertebrates is
available. Taking the terrestrial hazardous criteria into account, none of the discussed surfactant groups is toxic,
however two groups, i.e. LAS representing anionic surfactants and diethyloxyester dimethylammonium chlorides
(DEEDMAC) belonging to cationic surfactants, can be
classified as harmful. Finally, the environmental risk assessment for surfactants in the terrestrial compartment is
described. The values of risk characterization ratio (RCR)
estimated for the studied surfactants are below 1, indicating that they are safe to the soil compartment. Among eight
surfactant groups described here, the highest value of RCR
is estimated for esterquats, i.e. DEEDMAC and triethanol
amine quats (TEAQ) representing cationic surfactants, and
is equal to 0.6. Although the ecological risk of surfactants
is judged to be low, there is still a need for further investigation on soil toxicity and validation of their risk characterization parameters.

Synthetic surfactants belong nowadays to one of the
most widely manufactured and used chemicals [1-2]. Due
to their extensive use, considerable amounts of synthetic
surfactants are released into the environment causing the
pollution of aquatic and terrestrial compartments.
Surfactants are able to change not only physicochemical properties of solid or liquid phase, but they also show
biological activity either by binding to various bioactive
macromolecules, such as starch, proteins, peptides and DNA,
or by inserting into various cell components such as phospholipid membranes [3-5]. It was proved that surfactants
could denaturize and bind to the proteins of plants cell walls
and, as a consequence, change the permeability of membranes [5].
Despite the fact that synthetic surfactants are biologically active substances and belong to one of the most common soil pollutants, data concerning their toxicity in the
terrestrial environment are still scarce. In order to point at the
gaps in this area and make an impulse to fill them up in
the future, this review was performed.
Heretofore published review articles have focused on
the occurrence of surfactants in the environment, their fate
and removal, and their toxicity, but usually in relation to
aquatic organisms [2-3, 6-8]. Moreover, these reviews have
often concerned one class or group of surfactants, e.g. linear
alkylbenzene sulphonates or anionic surfactants [3, 7]. The
main aim of this work is to summarize and compare the
ecotoxicological effects and the environmental risk assessment of eight groups of surfactants representing the three
largest classes, i.e. anionic, nonionic and cationic ones, in
the terrestrial compartment.
CHARACTERISTICS OF SURFACTANTS

KEYWORDS:
ecotoxicity, risk assessment, surfactants, terrestrial environment

On the basis of chemical structure of the hydrophilic
group, the following four classes of surfactants are distinguished: anionic, cationic, nonionic and amphoteric. Three
of them, i.e. anionics, nonionics and cationics make about
98% of all currently consumed surfactants [6].
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TABLE 1 - Chemical names and formulae of the studied surfactants.
Surfactant group
Surfactant class
Alkyl sulphates (AS)
anionics
Linear Alkylbenzene Sulphonates (LAS)
anionics
Alkyl Ether Sulphates (AES)
anionics
Secondary Alkyl sulphonates (SAS)
anionics
Alcohol Ethoxylates (AE)
nonionics
Alkylphenol Ethoxylates (APE)
nonionics
Diethyloxyester Dimethylammonium Chlorides (DEEDMAC)
cationics
Triethanol Amine Quats (TEAQ)
cationics
*
R, R1, R2 - alkyl group, M+ - metal cation, X- - halogen anion, Me - metal

In this paper, eight groups of surfactants of various
chemical structure representing the three largest classes of
surfactants were described. Classification and chemical
formulae of the studied surfactants are presented in Table 1.
Below, each group of surfactants is shortly described
with regard to its applications and biodegradability. Alkyl
sulphates (AS) are organic esters of sulphuric acid. Sodium
dodecyl sulphate (SDS) is the most typical AS compound,
and is an essential component of shampoos and foaming
agent in toothpastes. AS are also employed as the main component of detergents for wool, wetting agents for pesticides,
anticaking agents for fertilizers and so on [9]. Alkyl ether
sulphates (AES) are improved AS surfactants. They have
greater solution stability at low temperatures and are more
tolerant for hard water in comparison to AS. Consequently,
AES are used in applications similar to AS, as well as they
are one of main components of dishwashing detergents.
Both groups, i.e. AE and AES, are believed to be readily
biodegradable in the environment [1]. Linear alkylbenzene
sulphonates (LAS) are, at present, the most extensively used
anionic surfactants as the main component of fabric, dishwashing and industrial-use detergents [1, 9]. They exhibit
good chemical and thermal stability, and, in addition, are
very cost-effective surfactants. LAS, having a linear alkyl
chain, are believed as easily biodegradable surfactants in
comparison to alkylbenzene sulphonates (ABS), which have
a branched alkyl chain. The last group of anionic surfactants described in this study is that of secondary alkyl sulphonates (SAS). SAS are mainly used in Europe in heavyand light-duty powder detergents as well as in all purpose
hard-surface liquid cleaners [9]. Due to their excellent resistance to high electrolyte contents, they are also employed in concentrated industrial or domestic cleaners
containing mineral chemical additives.
Alcohol ethoxylates (AE) are the most important group
of nonionic surfactants, which makes about 65% of all nonionics consumed [1, 6]. They are particularly used as emulsifiers in order to stabilize oil-in-water emulsions. AE are
components of the emulsions of toiletries, cosmetics, pharmaceuticals, fungicides, insecticides and herbicides. Alkylphenol ethoxylates (APE) are still used in substantial
amounts in household and industrial cleaning products,
however, their consumption is decreasing. It is due to the
estrogenic potential of APE metabolites, i.e. octyl- and
nonylphenols (OP, NP). Numerous studies confirmed that

Chemical formulae*
ROSO3-M+
R1R2CHC6H4SO3-M+
RO(CH2CH2O)mSO3-M+
R1R2CHSO3M+
RO(CH2CH2O)mH
RC6H4O(CH2CH2O)mH
R1R2N+(CH2COOR)2XR1N+(CH2COOR)2CH2CH2OHMeSO4-

alkylphenolic compounds can mimic the endogenous human hormone 17 β-estradiol [6, 10-12].
Esterified quaternaries, known as “esterquats”, represent a relatively new, environmentally friendly group of
cationic surfactants, which, to a high extent, replaced unesterified dialkyl “quats” as textile softening agents. Diethyloxyester dimethylammonium chlorides (DEEDMAC)
and triethanol amine quats (TEAQ) are two of three types of
esterquats. They combine biodegradability with the structural
features required for an effective fabric conditioner [1, 9].
One of the most important properties of all surfactants
is their ability to form micelles in solutions. This property
is responsible for surfactant detergency and solubilization
activity. The concentration, at which the surfactant molecules aggregate into clusters (micelles), is known as the
critical micelle concentration (CMC) [1]. At concentrations
above the CMC level, surfactants have the ability to solubilize more hydrophobic organic compounds in water than
it would be possible in water alone [1-2]. The effectiveness of surfactants in solubilizing water insoluble or poorly
soluble compounds was used for the purpose of soil bioremediation [13-15]. With respect to the evaluation of ecotoxicity of surfactants, the octanol-water partition coefficient (Kow) is a very useful parameter [16]. It enables for
the prediction of sorption onto different types of solids and
bioaccumulation of surfactants [16-17]. However, the Kow
is difficult to measure for surfactants, as surfactants are located preferentially at the interface(s) in an oil/water system [18]. Therefore, the log Kow values were usually calculated with the use of the method by Leo and Hansch
[19]. In Table 2, the calculated values of log Kow for the
studied surfactants are listed.
TABLE 2 - The octanol/water partition
coefficient log Kow of the studied surfactants.
Surfactant*

Surfactant group

C11.6LAS
LAS
AS
AS
C12-18AES
AES
C16SAS
SAS
C1-22EO8-18AE
AE
NPEO
APE
C16-18DEEDMAC DEEDMAC
C16TEAQ
TEAQ
*
C – carbon atom, EO – ethoxylate group
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log Kow
(-)
3.32
<5
0.95-3.9
2.76
0.97-8.47
>5
8.42-10.38
6.86

Reference
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[26]
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In the natural environment, surfactants are mainly
subjected to two processes: sorption and biodegradation.
Sorption of surfactant onto environmental sorbents (sediments or soil) is mostly Freundlich-type [2, 7]. The values of sorption coefficient (Kd) are usually lower for anionics than for nonionics. However, cationic surfactants
adsorb to the strongest extent of all surfactants, and Kd
values are the highest for them [2]. In Table 3, Kd values
for selected surfactants representing anionic, cationic
and nonionic surfactants are presented.

mined in sewage sludge were between 10-190 mg kg-1 [35].
The EU Directive 86/278/CE limited the concentration of
two groups of synthetic surfactants i.e. LAS and NPEO for
the sewage sludge that is going to be used in agriculture
[36]. It is connected with the persistence of these surfactants for biodegradation under anaerobic conditions, what
causes their accumulation in soil [6]. As it was mentioned
above both LAS and APE contain a benzene ring in their
molecule, whose cleavage demands the availability of oxygen.

TABLE 3 - Comparison of sorption
coefficient (Kd) values for the studied surfactants.

The fate and effect of synthetic surfactants in the environment has been studied extensively by several research
groups over the last two decades [37-40]. However, the
majority of the toxicity studies, covering synthetic surfactants, referred to aquatic organisms. It is claimed that the
area of soil ecotoxicology is less developed than aquatic
ecotoxicology because terrestrial tests are usually more
laborious in comparison to aquatic tests [41]. Among eight
groups of surfactants studied here, only one was thoroughly
examined with regard to soil toxicity. The relevant set of
acute and chronic toxicity data for the terrestrial compartment is available only for LAS [20, 42]. Many soil toxicity
results are reported for commercial AE mixtures or pure
AE, however, they do not cover all AE hydrocarbon chainlengths or ethylene oxide range homologues [24]. Several
data derived mainly from acute toxicity tests are available
for AS, DEEDMAC and TEAQ [21, 26]. At the same
time, one of the most important groups of nonionic surfactants, i.e. APE as well as two groups of anionics (AES
and SAS) have been hardly ever investigated with regard
to their ecotoxicity in the terrestrial environment [2, 2223]. The same situation is in respect of amphoteric surfactants [43]. It indicates that there is still a shortage of soil
ecotoxicity data concerning frequently used groups of synthetic surfactants.

Surfactant
C12LAS
C12LAS
C10-13LAS
C12AS
C13EO9AE
C10EO8AE
NPEO3
NPEO7
NPEO10
DEEDMAC
DEEDMAC

Sorbent
soil
activated sludge
dead activated sludge
dead activated sludge
sediment
sediment
river sediment
dead activated sludge
river sediment
activated sludge
raw sludge

Kd (L kg-1)
2-45
3200
990-1080
15-23
110-590
124-127
1460
930-1005
450
5000
8000

Reference
[27]
[28]
[29]
[29]
[30]
[31]
[12]
[29]
[12]
[32]
[32]

Adsorption of surfactants was found to be reversible
in the high concentration range, but in the low concentration range, a hysteresis was observed [33]. The issues concerning adsorption/desorption processes of surfactants were
the subject of several, separate studies [25, 33-34].
Biodegradability is one of the most important features
characterizing contemporarily used chemicals including surfactants. All surfactants studied here are believed to be
degradable or readily degradable in the environment under
aerobic conditions, whereas under anaerobic conditions,
three groups of surfactants, LAS, SAS, and APE, are partially degradable or even persistent [6]. The persistence of
surfactants in anaerobic biodegradation is connected with
the presence of either a benzene ring in their molecule (LAS,
APE) or a secondary carbon atom (SAS).
SOIL ECOTOXICITY OF SURFACTANTS
Surfactants may enter the terrestrial environment by
several pathways, such as wastewater irrigation or soil
amendment by sewage sludge. They can also be introduced
to soil through the use of pesticides. It has been estimated
that about 40% of sewage sludge produced in Europe is
used as fertilizer in agriculture, which is considered to be
one of the most acceptable disposal options [6]. Several
synthetic surfactants can be found in high concentrations
in the sewage sludge. For example, concentrations of linear
alkylbenzene sulphonates reported in sewage sludge ranged
from 100 mg kg-1 to above 1000 mg kg-1, while concentrations detected for nonylphenol ethoxylates representing
APE varied from below 1 mg kg-1 to 500 mg kg-1 [6]. Environmental concentrations of alcohol ethoxylates deter-

The currently used terrestrial toxicity tests are usually
performed in agreement with Organization for Economic
Co-operation and Development (OECD), International
Organization for Standardization (ISO) or United States
Environmental Protection Agency (US EPA) guidelines.
International standardization of terrestrial ecotoxicological effect tests was started on a broad scale about 15 years
ago. The activity of two international groups has contributed to the highest extent in the process of standardization
of test guidelines related to soil ecotoxicology. These are
(1) The Technical Committee no. 190 “Soil” of ISO and (2)
The Working Group of National Coordinators of the Test
Guidelines Programme of OECD [44]. In Table 4, an overview of the standardized methods related to soil ecotoxicology is presented.
A suite of soil tests should be ideally designed to obtain the relevant data to plants (producers), invertebrates
(consumers) and microorganisms (decomposers) [16]. Invertebrates, such as earthworms, due to their abundant and
vital role in the decomposition of organic matter, represent
an important group of organisms in the soil compartment.
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regard to their nitrogen or carbon transformation rate in
soil and/or enzymatic activity (Table 4).

TABLE 4 - Overview of the standardized
terrestrial ecotoxicological effect tests.
Test number
ISO 11 267

Year
1999

ISO 11 268-2

1998

ISO 11 268-3

1999

ISO 11 269-1

1993

ISO 11 269-2

1995

ISO 16 072

2002

ISO 17 155

2002

OECD208

2006

OECD216

2000

OECD217

2000

OECD222

2004

OECD227
2006
EPA 712-C-96-153 1996
EPA 712-C-96-154 1996
EPA 712-C-96-163 1996
EPA 712-C-96-167 1996

Title
Inhibition of reproduction of Collembola by
soil pollutants
Effect of pollutants on earthworms
2. Determination of effects on reproduction
Effects of pollutants on earthworms
3. Guidance on the determination of effects
in field situations
Determination of the effects of pollutants on
soil flora. Part I: Method for the measurement of inhibition of root growth
Determination of the effects of pollutants on
soil flora. Part II: Effect of chemicals on the
emergence and growth of higher plants
Laboratory method for determination of
microbial soil respiration
Determination of abundance and activity of
the soil microflora using respiration curves
Terrestrial plant test: seedling emergence and
seedling growth test
Soil Microorganisms: Nitrogen transformation test
Soil Microorganisms: Carbon transformation
test
Earthworm reproduction test (Eisenia fetida/Eisenia andrei)
Terrestrial plant test: vegetative vigour test
Terrestrial Plant Toxicity, Tier I (Seedling
emergence)
Seed germination/Root elongation toxicity
test
Terrestrial Plant Toxicity, Tier I (Vegetative
vigor)
Earthworm subchronic toxicity test

Thus, the guidelines of all above organizations i.e. ISO,
OECD and US EPA, recommended to use earthworms in
the soil toxicity tests (Table 4). In phytotoxicity tests, various plant species representing monocotyledons as well as
dicotyledons have been tested for the purpose of evaluating the potential impacts of surfactants on them. At the
same time, microbial assays concern mainly bacteria with

An overview of the available ecotoxicity data referring to the effect of anionic, nonionic and cationic surfactants on terrestrial plants, invertebrates and microorganisms is presented in Table 5. Most of the data shown in
this table were obtained in the last two decades and dealt
with acute toxicity. They usually refer to the mixture of surfactant homologues. If their composition was identified by
the researchers, it was denoted in Table 5 as C10-13LAS,
for example.
A direct comparison of the results presented in Table 5
is difficult due to the differences in the applied procedures,
physical properties of soil and composition of tested surfactants. In this situation, the obtained data should be referred to the terrestrial toxicity criteria. The recently developed terrestrial hazard classifications recommend the
following cut-off criteria: (1) less than 1 mg kg-1 very toxic,
from 1 to 10 mg kg-1 toxic, from 10 to 100 mg kg-1 harmful, more than 100 mg kg-1 not classified or (2) less than
10 mg kg-1 very toxic, from 10 to 100 mg kg-1 toxic and
above 100 mg kg-1 not classified [41]. According to these
criteria, none of surfactant groups discussed is toxic towards terrestrial organisms. At the same time, LAS and
DEEDMAC can be classified as harmful. Additionally, surfactant C12AS (SDS) representing AS can be regarded as
harmful towards selected terrestrial plants.
Analyzing the data in Table 5, it is easy to notice that
the results obtained for surfactants belonging to one group
(e.g. AS, LAS or AE) show a broad scatter. For example,
the values of ecotoxicity indicators for terrestrial plants exposed to LAS comprise three orders of magnitude. It might
be claimed that such differences are typical in ecotoxicology. However, they may lead to completely different interpretations and conclusions. It will be demonstrated further in risk assessment section.

TABLE 5 - Overview of terrestrial toxicity data for the studied surfactants.
Surfactant

Tested organisms

Endpoint

C12AS
C12AS
AS
LAS
C11.6LAS
LAS
C10-13LAS
C10-13LAS
LAS
AE
C16-18EO10AE
DEEDMAC
DEEDMAC
DEEDMAC
C10-20TEAQ
C10-20TEAQ
NPEO7

Cicer arietinum
Lepidium sativum
Eisenia fetida
Terrestrial plants
Terrestrial plants
Terrestrial plants
Lepidium sativum
Eisenia fetida
Microorganisms
Hordeum vulgare
Eisenia fetida
Avena sativa
Eisenia fetida
Eisenia fetida
Eisenia fetida
Avena sativa
Secale cereale

root growth
root growth
mortality
root growth
emergence
root growth
root growth
growth
dehydrogenase activity
root growth
mortality
root dry weight
weight
behavioral effect
mortality
growth
root growth

1669

Ecotoxicity indicator Range or average value
mg kg-1
EC50-48 h
361
EC50-7 d
89
NOEC-14 d
1000
NOEC
52-200
EC50-7 d
>1000
EC50-7 d
16-316
EC50-7 d
39
EC10
277
EC10-7 d
22
EC30-7 d
100
LC50-14 d
>1000
NOEC-17 d
47.4
EC50-14 d
47.4
NOEC-14 d
23
LC50-14 d
>1000
EC50-14 d
>1000
EC50-7 d
225

Reference
[45]
[46]
[21]
[20]
[47]
[20]
[46]
[48]
[42]
[7]
[24]
[26]
[26]
[32]
[26]
[26]
[46]
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The discrepancies in evaluation of soil toxicity for some
surfactants show that there is still a need to unify the procedures for toxicity tests and indicate a set of tests, which
supply relevant results for risk characterization. One of the
most important issues in this area is the choice of test organisms and appropriate endpoints. The selection of an
appropriate organism is a difficult task because organisms,
which occur to be the most sensitive for one group of chemicals, demonstrate the lowest sensitivity to the other ones.
In spite of these difficulties, several settlements have been
made. The comparison of the results of phytotoxicity tests
for surfactants proved that dicotyledonous plants are generally more sensitive than monocotyledons [46, 47]. Moreover, the growth of plants occurred to be more sensitive endpoint than other measures, as seed germination [47, 49].

regional PEC on the basis of country-specific model parameters [16]. The parameters and default values used for
the calculation must be documented.

ENVIRONMENTAL RISK
CHARACTERIZATION FOR SURFACTANTS

When no toxicity data are available, the equilibrium
portioning (EP) method is used to identify a potential risk
to soil organisms. According to this method, the PNECsoil
is calculated on the basis of the following equation [16]:

Soil toxicity data are ultimately used for the estimation
of the environmental risk of surfactants in the terrestrial
compartment, especially for the determination of the Predicted No Effect Concentration (PNEC).
In order to evaluate the environmental risk of surfactants, the risk characterization ratio (RCR) recommended
by the European Union Technical Guidance Documents (EU
TGD) should be applied [16]. The RCR is defined as a quotient of the Predicted Environmental Concentration (PEC)
to the PNEC. If a PEC/PNEC quotient is below 1, it means
that the chemicals are considered to be safe to the environment. If a PEC/PNEC quotient is above 1, a refinement of
either PNEC or PEC or both may improve the quotient. If it
fails, risk reduction strategies are required [16].
The PEC can be determined on the basis of measured
concentrations or calculations. For the measured data, the
reliability of the dataset has to be assessed. Surfactant concentrations in soil vary significantly and are particularly
dependent on their chemical structure, biodegradability and
soil properties [6, 20-24]. For example, LAS concentration
in soil changed usually in the range from 0.7 to 1.4 mg kg-1
dry weight of soil, whereas DEEDMAC was between 0.01
and 0.6 mg kg-1 dry weight of soil [20, 26]. The EU TGD
provides the detailed guidance on how to perform the critical evaluation of measured data and how to perform model
calculations [16]. Two kinds of the PEC can be calculated
i.e. local PEC and regional PEC. The local PEC in soil is
calculated as an average concentration over a certain timeperiod in agricultural soil, fertilized with sludge from wastewater treatment plants [16]. When calculating the regional
PEC, it is important, which parameters are chosen and what
fraction of the total emissions is used as emission for the
region. There are two possibilities: (1) calculation of a regional PEC on the basis of a standardized regional environment with agreed model parameters, (2) calculation of a

The PNEC is calculated with the use of one of the following methods: the assessment factors (AF), the equilibrium portioning (EP) or the statistical extrapolation
techniques [16]. The latter is applied when sufficient data
are available i.e. if the database on Species Sensitivity
Dis-tributions (SSDs) is adequately prepared for its application. In general, the methods of statistical extrapolation
work as follows: long-term toxicity data are log transformed and fitted according to the distribution function, and
a prescribed percentile of that distribution is used as a
criterion [16]. It must be added that the statistical extrapolation approach is still under debate and needs further
validation.

PNECsoil =

K sw

ρs

⋅ PNECwater ⋅1000

where Ksw is partition coefficient soil-water (m3 m-3),
and ρ is bulk density of wet soil (kg m-3).
In order to use the EP method, the additional data concerning adsorption properties of surfactants onto soil are
required. Unfortunately, the values of adsorption coefficients for some surfactants show a broad scatter (Table 3),
what may cause the difficulties in the determination of the
PNECsoil [2]. It is most probably connected with the bipolar structure of surfactants, whose molecules accumulate
at interfaces.
The values of the assessment factors (AF) depend on
the type of data that are available i.e. short-term or longterm toxicity test, the number of trophic levels tested and the
general uncertainties in predicting ecosystem effects upon
laboratory data. Due to the shortage of ecotoxicological data,
the assessment factors used for the aquatic compartment are
also applied to the terrestrial compartment (Table 6) [16].
For example, the AF method works as follows: if results
from short-term tests with a producer, a consumer and/or
a decomposer are available, the lowest determined effect
concentration is divided by a factor of 1000 to calculate
PNECsoil.
TABLE 6 - Assessment factors for
deriving PNECsoil adapted from [16].
Data available
L(E)C50 short-term toxicity tests(s) (e.g. plants, earthworms
or microorganisms)
NOEC for one long-term toxicity tests (e.g. plants)
NOEC for additional long-term toxicity tests of two trophic
levels
NOEC for additional long-term toxicity tests for three species
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AF
1000
100
50
10
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of three trophic levels
TABLE 7 - Environmental risk assessment for the studied surfactants in the terrestrial compartment [20-24, 26].
Surfactant

AS

LAS

AES

PEC (mg kg dw -1)
0.0112
1.4
0.054
PNEC (mg kg dw -1)
0.361**
11.9*/35***
0.361**
RCR
0.031
0.118/0.04
0.15
*
Equilibrium method; ** Assessment Factor; *** Statistical extrapolation method

The values of PEC, PNEC and RCR illustrating the environmental risk assessment for the studied groups of surfactants are presented in Table 7 [20-24, 26]. The PNEC
was calculated with the help of different methods as it has
been identified in Table 7. As it was mentioned above, the
choice of determination method depends strictly on the
available set of soil toxicity data.
In most cases, the PNEC was determined with the use
of EP method (Table 7). In relation to AS, terrestrial toxicity data are available for two taxa (plants and earthworms),
thus, the AF approach instead of equilibrium portioning
method could be applied. At the same time, there is a lack
of terrestrial toxicity test results for AES. Due to the similar chemical structure and properties of AS and AES, the
value of PNEC for AS was attributed to AES (Table 5) [22].
However, structure-activity relationships indicated that AES
may be even 10-fold more toxic than AS [50]. Thus, in the
future, the value of PNEC for AES should be determined as
soon as the relevant soil toxicity data are available.
There is a significant difference between the values of
PNEC estimated for LAS with the help of EP and statistical
extrapolation methods (Table 7). It indicates that both methods need further discussion and validation. It concerns, in
particular, statistical extrapolation method, which was regarded as not sufficiently validated according to the EU
TGD [16]. At the same time, the values of RCR for LAS
estimated by Kloepper-Sams et al. [47] varied broadly from
0.11 to even 22. Taking only the PNEC determined on the
basis of chronic toxicity data into account, the RCR was
in the range from 0.75 to 0.82 [47]. Thus, it is difficult to
judge unequivocally that LAS do not constitute any ecotoxicological problem. However, the values of the PEC/PNEC
ratio estimated for LAS are usually significantly lower than 1
[20, 49, 51], what allows for the conclusion that the ecological risk of LAS in the terrestrial environment is relatively
low.

SAS

AE

0.36
1.3*
0.28

0.24
2.33*
0.103

DEEDMAC
and TEAQ
0.6
1*
0.6

major ecotoxicological hazard in the terrestrial environment [46, 52]. In contrast, the products of APE degradation
as nonylphenols have been more thoroughly investigated in
relation to their ecotoxicity due to their estrogenic effects
[4, 11]. They are also regarded to be more toxic than APE
themselves.
CONCLUSIONS
The literature review reveals that the most often used
surfactants can be considered as safe chemicals with regard
to the terrestrial environment. According to the terrestrial
hazardous criteria, none of the studied surfactant group is
toxic, however two groups, i.e. LAS and DEEDMAC, can
be classified as harmful. At the same time, soil toxicity data
for surfactants are limited, in particular with regard to
chronic toxicity data. The comparison of the RCR values
shows that the ecological risk of surfactants in the terrestrial environment is low. However, due to the shortage or,
in some cases, lack of soil ecotoxicity data for surfactants,
the values of RCR for some groups of surfactants need further validation or should be determined anew. It concerns
particularly AES and APE. A broad scatter of results obtained within the soil toxicity tests incline to the conclusion
that further development and unification of the standardized and newly-created terrestrial toxicity tests are necessary.

Among surfactant groups discussed here, the highest
value of the RCR was estimated for esterquats (DEEDMAC
and TEAQ) representing cationic surfactants and was equal
to 0.6 (Table 7). The same value of RCR was also estimated for the third group of esterquats, i.e. Hamburg Estequats (HEQ) [26]. It proves that DEEDMAC and
TEAQ, like other surfactants discussed in this study, do
not pose a significant risk to the terrestrial environment.
With regard to APE, data concerning their environmental
toxicity are limited, thus the value of RCR has not been
evaluated so far. Most probably, APE do not constitute a
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ABSTRACT
The quality of wastewaters is mainly controlled by the
legislation based on conventional chemistry. The use of bioassays could produce additional information about the toxicity potential of industrial discharges and effluents. This
study presents the results of bioassays performed to evaluate the ecotoxicity of municipal wastewater and
wastewaters from a poultry farm and brewery. The ecotoxicological tests were carried out with the aquatic plant
Lemna minor, and on the inhibitory effects of Sinapis
alba root growth. A luminescent bacterial test based on
the inhibition of vitality of marine bacteria Vibrio fischeri
was added.
With tests using Sinapis alba or Lemna minor, the
wastewaters were evaluated as minor acutely toxic (brewery and MWWTP influents) or not acutely toxic (the poultry farm influents and all effluents). They also showed the
growth stimulation indicating an increased level of nutrients in wastewater (especially in the poultry farm). Difference of sensitivity between the bioassays with Sinapis
alba and Lemna minor was observed. The higher sensitivity of bioassays with mustard white seeds Sinapis alba in
the wastewater from the poultry farm was found out. Lemna
sp. is regarded to be a more sensitive organism but in this
study this was not uniquely observed.
With the bioluminescence test using Vibrio fischeri,
only EC20 values were determined. The higher toxicity was
observed for wastewater from the brewery.

KEYWORDS: industrial wastewater, ecotoxicological bioassays,
Lemna minor, Sinapis alba, Vibrio fischeri

INTRODUCTION
The industrial and municipal wastewaters including
food-processing industry wastewaters are a growing problem throughout the world [1]. They bring major sources of
chemicals, organic compounds and other components into

the aquatic environment and cause the toxicity. An important parameter in wastewater quality monitoring is a
toxicity evaluation providing an overview of the response
of test organisms to all the compounds in the
wastewater, and should complete the chemical characterization of wastewater [2, 3].
Nowadays, the ecotoxicity tests are widely used not
only in toxicity evaluation of chemicals, or chemical products [3] but also in wastewater management. The ecotoxicity tests are used e.g. for evaluation of industrial effluents
[4-6], hospital wastewaters [7], or food processing industry wastewaters [8, 9].
In this study, the ecotoxicity of municipal and food
processing industry wastewaters (poultry farm and brewery) was evaluated.
Meat and poultry industries produce the highest loads
of waste within food industry. Slaughterhouses are more
important than the other units in terms of environmental
pollution. The wastes are separated into wastewaters and
solid waste. Slaughterhouse wastewater is typically high
in both moisture (90-95%) and nitrogen, has a high BOD
and is odorous. In the poultry wastes, the main source of
wastewaters is the slaughtering process. Pretreatment is
regarded as necessary for poultry wastewater to reduce
the moisture and increase the porosity with the addition of
bulking agents, which also increase the aeration and carbon
level in wastewater. Proper treatment is needed to eliminate
the pathogens [10].
In beverage industry, the wastewaters contain ingredients such as fructose, acidulants, vitamins, aromatic agents,
etc. In brewing industry, they contain mainly brewing yeast
as well as and brewer´s draft and malt. The wastewaters have
high COD, BOD and organic compound levels [10, 11].
The aim of this study was to evaluate the ecotoxicity
in municipal wastewaters and in those from food industry,
in different seasons. The study also compared the sensitivity of the bioassays with white mustard (Sinapis alba)
seeds and duckweed (Lemna minor). The test with Vibrio
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fischeri was employed to assess the ecotoxicity of effluents into the wastewaters tested.
MATERIALS AND METHODS
Wastewater sampling

The single samples for tests with Sinapis alba and
Lemna minor were collected from the influents and
final effluents of municipal wastewater treatment plant
(MWWTP), poultry farm and brewery during October
2006 as well as January and July 2007. The samples for
bioluminescence tests were collected during January-July
2007, and February 2008. The description of WWTP is
summarized in Table 1.
TABLE 1 - Details of the wastewater treatment plants (WWTPs).
WWTP

Population
equivalent

Annual flow
[m3].

Poultry farm

-*

1.1 x 105

Brewery

12 200

1 x 105

Municipal WWTP

513 000

6.1 x 107

WWTP type
mechanicalchemical
mechanicalbiological
mechanicalbiological

* only pretreated wastewater

In the poultry farm, the influents included the slaughterhouse wastewaters and those from poultry meat production. The effluent samples were pretreated wastewaters,
then taken to the sewerage systems to be treated again.
In the brewery with soft drink production, influents included wastewaters from brewing as well as soft drink production. The samples of effluent wastewaters were collected
from a settlement tank before being discharged to a local
stream. The MWWTP included the industrial and municipal influenting wastewaters. The samples of effluent
wastewaters were collected there from a settlement tank
before they were discharged to a river.
The samples of wastewaters were kept refrigerated at
5 °C for ecotoxicological analysis for no more than 48 h,
filtered and, for tests with Lemna minor and Sinapis alba,
treated with stock solutions of different salts (according to
respective standards [12-15]) to eliminate the inhibition,
caused by the lack of nutrients in the samples. The control
samples were also prepared for comparison. For testing
with Vibrio fischeri, NaCl was added to the sample to
eliminate the inhibition of luminescence of marine bacteria, caused by the lack of NaCl [16]. The test series were
carried out according to valid standards for the determination of ecotoxicity [12].

s-1). Control and test samples were started with 150 ml of
wastewater and 10 fronds per treatment. Plant toxicity was
assessed by determining the growth inhibition of L. minor
exposed for 7 days. The growth parameter - total number
of fronds was quantified. The fronds were counted every 24
h. After 7 days, inhibitory/stimulatory effect on the growth
in comparison with control was examined and the EC50 was
determined according to valid standard [13, 14].
Mustard (Sinapis alba) seeds were guaranteed seed
corn, healthy looking and similar-sized with 90% germinating capacity. The seeds were germinated for 72 h in
the thermostat at 20± 2 °C (in the darkness, in Petri dishes
with filter paper on the bottom). The dishes were covered
by glass caps in order to prevent loss due to evaporation.
A total of 10 ml wastewater was added into each dish, and
all 30 seeds were spread onto the surface of the filter paper.
The toxicity was assessed by determining the root growth
inhibition of Sinapis alba seeds exposed for 72 h. After
72-h exposure, the length of roots (cm) was measured. The
percentage of root inhibition/stimulation in comparison with
control was examined and the IC50 was determined according to valid standard [15].
Liquid-dried luminescent bacteria of the strain Vibrio
fischeri NRRL-B-11177 were obtained from Dr. Lange
GmbH (Duesseldorf, Germany), and stored at –18 °C until
use. The instrumentation used included a LUMIStox 300
lumino-meter and a LUMIStherm incubator.
Wastewater samples were filtered and their pH and salinity values were adjusted to 7.0±0.2 and 2%. The glass
cuvettes with the resuspended luminescent bacteria (0.5 ml)
were used, and a dilution series of wastewater samples was
prepared. The first step was the measurement of the initial
bacterial bioluminescence and then, after addition of wastewater, the reduction of bacterial bioluminescence was measured after 15 and 30 min incubation times. The acute toxicity in terms of EC20 or EC50 was quantified according to
valid standard [16].
Data analysis

Ecotoxicity results are presented as IC50 – 72 h for
Sinapis alba test , EC50 – 7 days for Lemna minor test and
EC20 –30 min for Vibrio fischeri test.

Ecotoxicological bioassays

The Sinapis alba test results are expressed by both
percentage of root growth inhibition or stimulation and
value of IC50. The root growth inhibition is a difference in
average length of roots in the sample tested compared
with a control after 72 h. The value of IC50 is the inhibitive concentration that causes 50% inhibition of germinative activity.

A stock culture of vascular water plant duckweed
Lemna minor for testing was obtained from cultures
maintained in the laboratory. SIS (Swedish Standard) was
used as a solution for the growth of duckweed. The plants
were grown in glass beakers in SIS medium (pH 6.5 ±
0.2) in a temperature-controlled chamber (24 ± 2 ºC). The
chamber was continuously illuminated (max. 135 µE.m-2

The Lemna minor test results are expressed by both
percentage growth rate inhibition or stimulation and value
of EC50. The growth rate inhibition is the reduction of growth
rate in the sample tested compared with a control calculated
from the number of leaves after 7 days. The value of EC50
is the effective concentration that causes 50% growth inhibition. The Vibrio fischeri test results are expressed as in-
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hibition of luminescence in the sample tested compared
with a control after 30 min and the values of EC20 or EC50
(effective concentrations of tested solutions causing 20
or 50% reduction of bioluminescence).
Statistical analysis

Differences of sensitivity between the bioassays with
white mustard seeds Sinapis alba and duckweed Lemna
minor in ecotoxicity evaluation of wastewaters were examined by performing a parametric t-test and a non-parametric
Mann-Whitney U test. The results are reported at a significance level of p = 0.05. The statistical tests were performed with the program Statistica.

were exceeded in all effluent samples, but NNH3 and Ptotal
only in January samples according to the Decree of the
Czech government [17] concerning limit values for industrial effluents. The environmental burden was increased due
to the fact that this water was only repurified and then
taken to the sewerage systems where it was purified again.
The chemical characteristics from the brewery
show that effluents not exceeded the limit values for
BOD 5, COD(Cr), NNH3 and Ptotal, but only that for Ntotal in
the samples taken on October and July. In MWWTP, the
limit values for BOD5, COD(Cr) , Ntotal and Ptotal were not
exceeded.
Evaluation of ecotoxicity

RESULTS AND DISCUSSION
Chemical parameters

The received chemical characteristics of wastewater
samples from the poultry farm (PF), the brewery (B) and
the municipal wastewater treatment plant (MWWTP) are
presented in Table 2.
Concerning chemical characteristics of the
wastewater samples taken in the poultry farm, BOD5 and
COD(Cr)

The results of the ecotoxicological assessment of wastewater from poultry farm, brewery and MWWTP are shown
in Tables 3-5. In the poultry farm (Table 3), in tests with
Sinapis alba and Lemna minor, the values IC50 and EC50
were not determined. The results of both biotests showed
inhibition or stimulation of growth ranging between 3050 %.
In the brewery (Table 4), the influent wastewater
showed high growth inhibition (October and July samples),

TABLE 2 - Chemical characteristics of wastewater samples examined.
BOD5
[mg.L-1]
PF-eff. Oct.2006
209.0
PF-eff. Jan. 2007
PF-eff. March 2007
113.0
PF-eff. May 2007
292.0
PF-eff. July 2007
157.0
PF-eff. Feb. 2008
300.0
B-inf. Oct. 2006
1250.0
B-eff. Oct. 2006
10.0
B-inf. Jan. 2007
1310.0
B-eff. Jan. 2007
3.0
B-inf. July 2007
2760.0
B-eff. July 2007
4.0
MWWTP -inf. Jan. 2007
345.0
MWWTP -eff. Jan. 2007
4.6
MWWT -eff. March 2007
4.4
MWWTP –eff .May 2007
5.5
MWWTP -inf. July 2007
265.0
MWWTP -eff. July 2007
6.9
-: non determined; inf.: influent; eff.: effluent
Sampling points

COD(Cr)
[mg.L-1]
371
1482
202
554
305
458
1770
93
2140
28
4390
41
650
34
25
33
650
27

NNH3
[mg.L-1]
13.30
46.50
2.80
9.20
6.10
8.20
10.00
1.70
6.90
0.07
0.10
< 0.04
-

Ntotal
[mg.L-1]
10.00
26.00
123.00
< 0.05
< 0.60
34.00
8.80
13.10
13.40
58.20
8.42

Ptotal
[mg.L-1]
9.20
14.69
2.88
5.15
2.51
3.24
0.92
19.00
0.60
4.69
0.15
0.50
-

pH
7.81
6.25
7.62
7.12
6.85
7.00
11.74
8.00
9.97
8.18
7.98
6.80
7.73
7.59
7.82
7.38
7.54
7.80

TABLE 3 - Ecotoxicity test results from the poultry farm

Test organism
Sinapis alba
Lemna minor

Parameter
Inhibition /
stimulation
IC50 – 72 h [ml.L-1 ]
Inhibition /
stimulation

Poultry farm
October 2006
January 2007
Influent
Effluent
Influent
Effluent

July 2007
Influent
Effluent

+

-

+

+

+

-

not detected

not detected

not detected

not detected

not detected

not detected

--

-

-

+

++

++
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EC50 –7 days
not detected
not detected
not detected
not detected
[ml.L-1 ]
growth inhibition: (+) : < 30%, (++) 30 – 50%, (+++) > 50%
growth stimulation: (-) < 30%, (- -) 30 – 50%, (- - -) > 50%
TABLE 4 - Ecotoxicity test results from the brewery.

Test organism

Parameter

Brewery
October 2006
Influent
Effluent

Inhibition /
+++
++
stimulation
-1
IC50 – 72 h [ml.L ]
169.83
not detected
Inhibition /
+++
+
stimulation
Lemna minor
-1
EC50 –7 days [ml.L ]
not analysed
not detected
growth inhibition: (+) : < 30%, (++) 30 – 50%, (+++) > 50%
growth stimulation: (-) < 30%, (- -) 30 – 50%, (- - -) > 50%
Sinapis alba

January 2007
Influent
Effluent

not detected

not detected

July 2007
Influent
Effluent

++

+

+++

++

not detected

not detected

281.34

not detected

+

+

+++

+

not detected

not detected

439.4

not detected

TABLE 5 - Ecotoxicity tests results from the MWWTP.
Municipal wastewater treatment plant
January 2007
Influent
Effluent
Inhibition / stimulation
++
+
Sinapis alba
IC50 – 72 h [ml.L-1 ]
not detected
not detected
Inhibition / stimulation
+++
Lemna minor
EC50 –7 days [ml.L-1 ]
715.67
not detected
growth inhibition: (+) : < 30%, (++) 30 – 50%, (+++) > 50%
growth stimulation: (-) < 30%, (- -) 30 – 50%, (- - -) > 50%
Test organism

Parameter

and IC50 and EC50 values were determined. The test with
Lemna minor in October was not evaluated because of the
repeated total necrosis of fronds. The reason for this total
necrosis was not found out. A possible explanation is sample matrix composition with a large number of interacting
compounds in wastewater causing the necrosis. In the effluents, the growth inhibition ranged between 30-50%.
The study confirmed that the quality of brewery wastewater changed according to increasing manufacturing process in the course of a year during autumn and summer.
In MWWTP (Table 5), the influent wastewater showed
high values of growth inhibition in tests with Lemna minor,
and EC50 values were determined. In the influents, Sinapis
alba growth inhibition ranged between 30-50%. In the effluents, growth inhibition or stimulation was < 30%.
Ecotoxicity assessment of influent and effluent wastewaters showed a variability of results dependent on the
wastewater sample and the species tested. Traditionally, the
quality of all wastewaters tested was controlled by the legislation based on conventional chemistry. In the poultry farm,
the limit values for BOD5, COD(Cr), NNH3, and Ptotal were in
effluents exceeded but only growth inhibition ranged between 30-50%, or growth stimulation was found out. Potential coincidence between chemical and toxicological
parameters showed the results from brewery and MWWTP.
Manusadžias et al. [5] reported on coincidence between
toxicity and chemical–based assessments in urban and industrial wastewaters, but the prediction of toxicity from
chemical data is according to this study still limited.

July 2007
Influent
++
not detected
+++
587.54

Effluent
not detected
+
not detected

The presence of high concentrations of nutrients in the
industrial wastewaters could also stimulate the growth of
organisms tested. Throughout the 72-h exposure time (e.g.
the biotest using the microalgae or Sinapis alba test), the
adverse effects of toxicants could be masked by the ameliorating effects of biogenic compounds [5].
The different results were obtained in tests with Sinapis
alba and Lemna minor (see Tables 3-5). Cayuela et al. [9]
reported about the advantage of the duckweed assays over
the germination tests. The advantage lies in the highly
homogenous plant material. Duckweed plants are clones,
whereas in the seeds different weight distribution and
heterogeneity of genetic make-up led to large standard deviations in results.
Another reason for the different results obtained in
tests with Sinapis alba and Lemna minor could be duration
of testing procedures (72 h vs. 7 days) because during the
test procedure new compounds are formed that differ from
the native ones in not only physicochemical characteristics but also in toxicity [18].
According the assessment of conventional acute toxicity tests [6,19] based on volume percents of influent/ effluent wastewater (IC/EC50, w/v, 10-100 minor acutely toxic,
>100 not acutely toxic), the general classification of all
influents and effluents can be summarized as follows: the
poultry farm influents and effluents were not acutely toxic;
the brewery influents (October and July) minor acutely
toxic between 10-100, whereas the brewery influent (January) and all effluents were not acutely toxic; MWWTP in-
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fluents (based on tests with Lemna minor) minor acutely
toxic, between 10-100, but influents (based on tests with
Sinapis alba) and all effluents were not acutely toxic.
Sensitivity of bioassays

Differences of sensitivity between the bioassays with
white mustard seeds Sinapis alba and duckweed Lemna minor in ecotoxicity evaluation of wastewaters were examined.
In the influent wastewater, sensitivity of bioassays with
mustard white seeds Sinapis alba was higher in
wastewater from the poultry farm (Mann-Whitney U-test, U
= 750.0, Z = -2.118, p< 0.05). In the evaluation of municipal and brewery influent wastewater, the differences were
not significantly, although the higher growth inhibition
values in bioassay with Lemna minor were found.
In the evaluation of effluent wastewaters, irrespective
of the 3 supply points, sensitivity of bioassays with Lemna
minor (t-test, t = 1.98, df = 343, p <0.05) was higher, whereas brewery effluent wastewater showed the higher sensitivity of bioassays with mustard white seeds Sinapis alba
(t-test, t = -2.275, df = 88, p <0.05).
Both tests were differently sensitive in poultry farm,
brewery and municipal influent and effluent wastewaters.
Lemna sp. is regarded as a more sensitive organism but, in
this study, this was not uniquely determined.
Luminescent bacteria test

The test with Vibrio fischeri was employed to assess
the ecotoxicity of effluent in the wastewaters tested. All
samples examined caused either bioluminescence inhibition or dropped to negative values (indicating stimulation
of bacteria). In Figs. 1-3, a comparison of the inhibition of
bioluminescence after 30 min in effluents from the poultry farm, the brewery and MWWTP is presented.
The values of inhibition show that only EC20 for 30 min
incubation time (EC 20,30 ) were mostly determined (see
Table 6). Effective EC50 values for 30 min were not determined and not supposed because this wastewater went
through the treatment process.
In the MWWTP, the EC20,30 ranged from 240.05 to
417.90 ml.L-1. In poultry farm, the EC20,30 ranged between
200.79-612.44 ml.L-1, and in brewery, the EC20,30 were
32.12 and 487.70 ml.L-1. In May and July, EC20,30 were
not detected. The data were variable within individual samples, but higher toxicity was observed for wastewater from
the brewery in comparison to poultry farm and MWWTP.

Poultry farm
EC20,30
Months
[ml.L-1 ]

May 2007

612.44

March 2007

32.12

MWWTP
EC20,30
Months
[ml.L-1 ]
January
not
2007
detected
March
417.90
2007

not
May 2007 240.05
detected
February
not
200.79 July 2007
July 2007
383.14
2008
detected
TABLE 7 - Toxicity of various wastewaters (literature data).

July 2007

261.12

Place
Piera effluent
Igualada
effluent
Igualada
effluent
La Llagosta
eff.

May 2007

% inhibition

EC50,30

Instrument

< 20

-

Microtox

68

75 + 5.3

Microtox

Type of
WW
Urban
WWTP
Industrial
WWTP
Industrial
WWTP
Industrial
WWTP
Industrial
and urban
WWTP

39.3 – 42.6 not measured Toxalert 100
35.0

Calaf effluent

not measured Toxalert 100

< 20

-

Microtox

The differences between obtained results for 15 and
30 min assays were not great, so only the results after
30 min are presented. The influence of incubation time was
observed by Emmanuel et al. [7]. He noticed significant
differences between EC50 (5 min) and obtained results for
EC50 (15 and 30 min), on the other hand, there were very
little differences between the obtained results for 15 and
30 min assays.
Katsoyiannis et al. [20] noticed significant positive correlations between % inhibition values and chemical parameters of organic pollution of wastewater (BOD, COD, SS).
With the exception of effluent from the poultry farm, the
values of BOD, COD, NNH3, Ntotal, and Ptotal were not exceeded but this was not observed in our study.
70
February
March
May
July

60
50
40
30
20
10
0

The wastewater toxicity of poultry farm, brewery and
MWWTP were compared with that of other WWTPs (Table 7). As seen, literature values for bioluminescence inhibition varied between < 20 – 68%, but EC50,30 values were
mostly not determined. In this study, the % bioluminescence inhibition and EC values were comparable to that in
literature. It was confirmed that toxicity depends greatly
on the type of wastewater each plant receives [20].

3,91

7,81
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31,25
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250
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1000
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FIGURE 1 – Bacterial bioluminescence inhibition
after 30 minutes caused by effluent from poultry farm.
70
February
March
May
July

60
50
40
Inhibition [%]

TABLE 6 - Bioluminescence tests results.

Brewery
EC20,30
Months
[ml.L-1 ]
February
487.70
2007

March 2007 326.30

Inhibition [%]
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FIGURE 2 - Bacterial bioluminescence inhibition
after 30 minutes caused by effluent from brewery.
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CONCLUSION
Studies on wastewater indicated that all toxicity tests
have a viable role to play in water quality monitoring and
control. The ecotoxicological evaluation can be used as a
global evaluation of effects that cannot be done by specific
chemical analysis. This approach involves the use of the
results of ecotoxicity tests in the evaluation and control of
complex wastewater toxicity, including synergic, additive
and antagonistic interactions.
In this study, the evaluation of ecotoxicity in municipal
and food processing industry (poultry farm and brewery)
wastewaters was carried out with white mustard seeds
(Sinapis alba), water plant duckweed (Lemna minor) and
marine bacteria (Vibrio fischeri).
In general, the wastewaters were evaluated with tests
using Sinapis alba or Lemna minor either as minor acutely
toxic (brewery and MWWTP influents) or not acutely toxic
(poultry farm influents and all effluents). Wastewaters also
showed growth stimulation indicating an increased level
of nutrients.
Differences of sensitivity between the bioassays were
also examined. Although Lemna sp. is regarded to be more
sensitive organism, this fact was not uniquely determined in
this study. Higher sensitivity of bioassays with mustard
white seeds Sinapis alba in wastewaters from poultry farm
were found.
With Vibrio fischeri luminescence test, only EC20 values were determined, and higher toxicity was observed for
wastewaters from the brewery.
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INACTIVE AEROBIC GRANULES AS BIOSORBENT FOR THE
REMOVAL OF ANIONIC AZO DYE ACID RED 14 FROM AQUEOUS
SOLUTION: ISOTHERMS, KINETICS AND THERMODYNAMICS
Jingfeng Gao*, Ranni Chen, Kai Su, Qian Zhang and Yongzhen Peng
College of Environmental and Energy Engineering, Beijing University of Technology, Beijing 100124, China

ABSTRACT
The aim of this study was to determine the feasibility
of the use of inactive aerobic granules as a biosorbent for
removing Acid Red 14 (AR 14), an anionic azo dye, from
aqueous solution. The effects of pH, biosorbent dosage,
initial AR 14 concentration, NaCl concentration and temperature on the biosorption were investigated. The results
show that initial pH would be the most important parameter affecting AR 14 biosorption and the optimal pH was 2.0.
The biosorption capacity increased with an increase in initial dye concentration, but decreased with an increase in
biosorbent dosage and NaCl concentration. The Langmuir
and Redlich-Peterson isotherms fitted better to the equilibrium data than the Freundlich isotherm. Pseudo-first-order,
pseudo-second-order and intraparticle diffusion models were
applied to fit the experimental data, and the results show
that the biosorption of AR 14 followed the pseudo-secondorder kinetic model. The thermodynamic analysis indicates
that the biosorption process was endothermic in nature and
could occur spontaneously. The FTIR analysis revealed that
chemical functional groups (e.g., amine, carboxyl, hydroxyl
and either) on aerobic granules would be the active binding
sites for biosorption of AR 14. These results show that
inactive aerobic granules could be employed as a low-cost
and alternative biosorbent in the wastewater treatment for
the removal of anionic azo dye AR 14.

KEYWORDS: Biosorption; Acid Red 14; Inactive aerobic granule;
Isotherm; Kinetic; Thermodynamics

INTRODUCTION
Azo dyes contribute over 60-70% of dyes currently
used in textile, tannery, paper and pulp, plastic and many
other industries [1]. They make up the vast majority of the
dyes lost in the process effluent, including both dye manufacturing and dye application. Due to the nitrogen to nitrogen double bond (-N=N-) and aromatic structures, the
azo dyes remain colored for a longer time even at a concentration as low as 1 mg/L, which poses aesthetic prob-

lem and reduces photosynthetic action within ecosystem,
also their metabolites may be toxic as well as potentially
carcinogenic and mutagenic [2].
Although the combined anaerobic–aerobic treatment
holds promise as a biological method to remove azo dyes
from wastewater, it has the limitations of the long retention time of anaerobic phase and the lack of knowledge on
the aerobic fate of the aromatic amines [3]. Several existing physical and chemical technologies, such as coagulation/flocculation, advanced oxidation, membrane separation and adsorption can be applied to remove azo dyes from
wastewater [4], but the initial and operational costs of these
techniques are rather high. Although the removal of azo
dyes through activated carbon adsorption is highly effective, its use is limited due to the high cost of activated carbon and 10–15% loss during regeneration. Therefore, cheap,
renewable, locally available and efficient alternative adsorbents are required. Biosorption as one of the alternative
adsorption has been studied for the removal of various
dyes. A wide range of biological material named as biosorbents has been investigated, including bacteria, fungi,
algae, yeast, industrial and agricultural waste [5, 6]. However, most of the biosorbents are in the form of free suspended biomass, which are small particle size, low density, poor mechanical strength and little rigidity, causes
practical difficulties in solid–liquid separation and biomass
regeneration, and limits their applications under real conditions [7]. Although the immobilized forms of biomass can
overcome these drawbacks, the employment of immobilization procedures is expensive and complex [8].
As self-immobilized microbial aggregates for
wastewater treatment, aerobic granules have been wildly
studied during the past few years [9-11]. Compared to
conventional bioflocs, aerobic granules have the advantages
of ex-cellent settle ability, very high biomass concentration,
compact and porous structure, suggesting that it is a good
candidate of biosorption for dye. To be precise and avoid
confusion with bioaccumulation, biosorption can be defined as the passive uptake of toxicants by dead/inactive
biological materials, and the use of inactive biomass may
be easier, more effective and stable than the living biomass biosorption system [6,12]. Living aerobic granules
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had been used as biosorbents to remove Cd2+, Cu2+ and
Ni2+ [7] and Malachite Green (a cationic triphenylmethane
dye) [13]. However, no information is available regarding
biosorption of anionic azo dye onto inactive aerobic granules.
Therefore, the purpose of this study was to evaluate the
biosorption potential of inactive aerobic granules for the
removal of Acid Red 14 (AR 14) from aqueous solution.
AR 14, an anionic azo dye, is wildly used in dyeing wool,
silk, cotton, leather and paper in China, and was chosen as a
model compound. The effects of different experimental parameters on biosorption were investigated, such as initial pH
values, inactive aerobic granules concentration, initial concentration of AR 14, temperature and salinity (NaCl). Three
isotherms, namely Langmuir, Freundlich and Redlich–
Peterson isotherm, were used to analyze the biosorption
equilibrium experimental data. Pseudo-first-order, pseudosecond-order and intraparticle diffusion models were applied to describe the biosorption process of AR 14 on inactive aerobic granules. Thermodynamics parameters were calculated using the equilibrium concentration data obtained at
different temperatures.
MATERIALS AND METHODS
Cultivation of aerobic granules

The aerobic granules used for biosorption tests were
cultivated in a lab scale sequencing batch reactor (SBR)
with an effective volume of 6 L. The volume exchange rate
of the reactor was 66.7%. The reactor was operated in successive cycles of 6 h each, consisting of 2 min of feeding,
330 min of aeration, 6 min of settling and 2 min of effluent withdrawal. The temperature of the reactor was maintained at 25±1 oC by a temperature controller, and the dissolved oxygen during the aeration phase was around 6 mg/L.
The reactor was fed with glucose as the sole carbon
source. The synthetic wastewater with the following composition was used in this study (in mg/L): glucose, 583.2;
NH4Cl, 229.3; KH2PO4 43.9; MgSO4·7H2O, 90;
CaCl2·2H2O 14 and trace element solution, 0.4 mL/L.
This gave a COD:N:P of 600:60:10. The trace element
solution con-tained (in g/L): FeCl3·6H2O, 1.5; H3BO3, 0.15;
CuSO4·5H2O, 0.03; KI, 0.18; MnCl2·H2O, 0.12;
Na2MoO4·2H2O, 0.06; ZnSO4·7H2O, 0.12; CoCl2·6H2O,
0.15 and EDTA, 10 [14].
The mean diameter of the aerobic granules was around
1.0 mm, and the mean settling velocity was 33 m/h. Prior to
use for the biosorption test, aerobic granules were first
washed with distilled water three times to remove the surface soluble ions, then they were heated at 105 oC for 1.5 h
to inactivate the organisms. This method did not affect the
granules’ physical integrity [15].
Dye

An anionic azo dye, AR 14 (color index number=
14720, molecular formula=C 20 H 12 N 2 S 2 O 7 Na 2 , λ max =

510nm, purity of 97%), was purchased from Tianjin
Shengda Chemical Factory (China) and used without
further purification. Its chemical structure is shown in Fig. 1.
The stock solution (500 mg/L) of AR 14 was prepared by
dissolving accurately weighted dye in distilled water. All
working solutions of the desired concentrations were obtained by diluting the stock solution with distilled water.

FIGURE 1 - Chemical structure of AR 14.
Batch biosorption experiments

Biosorption experiments were carried out in batch mode.
In each batch, a pre-determined amount of inactive aerobic granules were mixed with 200 ml of AR 14 solution
of known pH and AR 14 concentration in 250 ml glass
stopper Erlenmeyer flasks, and the flasks were agitated in
a water bath shaker (GFL 1086, Germany) at 150 rpm at a
constant temperature of 20±1 oC (except for kinetics and
isotherms experiments) until reaching equilibrium. Supernatants were taken at different time intervals and filtered
through a 0.45 µm membrane. The concentration of residual AR 14 was analyzed by using a UV-vis spectrophotometer. Biosorption of AR 14 on the walls of the flasks was
found negligible by running the control experiments.
In order to study the effect of initial pH on AR 14
removal, the experiments were carried out at a contact
time of 24 h over a pH range of 1 to 13, the inactive aerobic granules concentration was fixed at 5.5 g/L, and the
AR 14 concentration was 100 mg/L. The required pH value
of the solutions was adjusted with 0.10 mol/L HCl or
NaOH solutions, using a pH-meter (WTW 340i, Germany)
for the measurements. The optimal pH value (2.0±0.1) was
used for the successive experiments. To study the effect of
biosorbent dosage, the amount of inactive aerobic granules were varying from 1.5 to 5.5 g/L, AR 14 concentration was fixed at 75 mg/L. The optimal biosorbent dosage
(1.5 g/L) was chosen for the subsequent experiments. The
influence of initial AR14 concentration was investigated,
initial AR14 concentration ranged from 25 to 150 mg/L
(25, 50, 75, 100, 125 and 150 mg/L). To investigate the
effect of salinity, different concentrations of NaCl (w/v, 0,
0.5, 1, 3 and 5%) were added at an AR 14 concentration
of 75 mg/L.
To evaluate the biosorption kinetics of AR 14, three kinetic models were used to fit the experimental data at different initial AR 14 concentration (25, 50, 75, 100, 125 and
150 mg/L, temperature was 20±1 oC) and different temperatures (20±1, 35±1 and 50±1 oC, initial dye concentration was
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75 mg/L). For biosorption isotherms, AR 14 solutions of
different concentrations (25-150 mg/L) were shaken at
20±1, 35±1 and 50±1 oC, respectively, till the equilibrium
was achieved. The amount of AR 14 adsorbed by inactive
aerobic granules at equilibrium, qe (mg/g), was calculated
as:

qe =

(C0 − Ce )V
W

(1)

Where, C0 and Ce (mg/L) are the concentrations of
AR 14 dye at initial and equilibrium, respectively. V (L) is
the volume of the solution and W (g) is the weight of
biosorbent used.
Analysis

The concentration of residual AR 14 was analyzed by
using a UV-vis spectrophotometer (UV-2100, Unico, Shanghai, China) at 510 nm. A calibration curve was plotted between absorbance and concentration of the dye solution.
The inactive aerobic granules before and after AR 14
biosorption were characterized by Fourier transform infrared (FTIR) using a Bruker Vertex 70 FTIR spectrometer.
The aerobic granules were first freeze-dried by using Labconco FreeZone 1L (Labconco, America), then they were
mixed with KBr in the ratio of 1:100 and compacted to
pellet form under high pressure. The pellet was immediately analyzed in the range of 400–4000 cm-1 with a resolution of 4 cm-1.

The effect of pH on AR 14 biosorption by inactive
aerobic granules can be explained on the basis of zero
charge point for sludge aggregates. For the primary and
secondary sludge [19], activated sludge conditioned by
residing in NaOH solution and autoclaving [20] and aerobic granules [8], the zero charge point was at a pH of 2
to 3, 2.5 and 3, respectively. In this study, the zero charge
point was at a pH of 2. The inactive aerobic granules
carried negative charges or positive charges when the solution pH is above or below the zero charge point.
Due to the nature of the cellular components, several
functional groups are present on the bacterial cell walls, including phosphate, carboxyl, hydroxyl and amino-groups
[6]. AR 14, as an anionic azo dye, will produce anionic ion
( SO 3− ) in aqueous solutions. The possible mechanisms of
AR 14 biosorption on inactive aerobic granules are likely
to be ionic interactions of the colored dye ions (D-SO3Na)
with the amino groups (R-NH2) on the inactive aerobic
granules. The zero charge point of inactive aerobic granules was determined to be 2.0. In the presence of H+, the
amino groups of inactive aerobic granules (R-NH2) were
protonated.

R - NH 2 + H + É R - NH 3+

(2)

In aqueous solution, anionic azo dye AR 14 is first
dissolved and the sulphonate groups of acid dye (DSO3Na) is dissociated and converted to anionic dye ions:
H2O
D - SO3 Na ⎯⎯⎯
→ D - SO3- + Na +

(3)

The adsorption process then proceeds due to the electrostatic attraction between these two counter ions.

RESULTS AND DISCUSSION
Factors influencing biosorption of AR 14 by inactive aerobic
granules
Effect of initial pH

Initial pH is one of the main parameters influencing
not only the site dissociation of the biomass but also the
solution dye chemistry [4]. Effect of initial pH on the biosorption of AR14 on inactive aerobic granules is shown in
Fig. 2(a). As shown in Fig. 2(a), there was a biosorption
equilibrium capacity plateau at pH between 1 and 2, and the
biosorption equilibrium capacity gradually decreased from
15.99 to 3.67 mg/g with pH increasing from 2.5 to 13. The
biosorption equilibrium of AR 14 was reached within 30 min
at a pH value of 1, 1.5 and 2; however, the time for biosorption equilibrium was about 6 h with the pH increasing
from 2.5 to 9, and it decreased to 10 h at a pH of 11 and 13.
Therefore, the optimum initial pH values for AR14 biosorption was determined to be 2.0, and the contact time of
300 min was enough for full equilibration at the optimum
pH. Further experiments were performed at pH 2.0 and
contact time of 300 min. Similar results were reported of
the pH effect for the biosorption of AR 14 on surface soils
[16], AR 14 on soy meal hull [17], Acid Red 274 on Enteromorpha prolifera [18] and new coccine Acid Red 18
on primary and secondary sludge [19].

R - NH3+ + D - SO3- É R - NH 3 L O3S - D

(4)

At pH below the zero charge point, the surface of inactive aerobic granules carries positive charges leading to
increase AR 14 uptake due to the electrostatic force of
attraction. As the pH of the system increases higher than
the zero charge point, the negatively charged surface site
on inactive aerobic granules does not favor the adsorption
of AR 14 anions due to the electrostatic repulsion. Similar
mechanism was accepted by acid dye adsorption on chitosan [4,21].
Effect of the inactive aerobic granules concentration

Fig. 2(b) displays qe versus different inactive aerobic
granules concentration in the range of 1.5-5.5 g/L. The
decrease in qe values with increasing inactive aerobic
granules concentration is due to the split in the flux (concentration gradient) between adsorbate concentration and
adsorbate concentration in the surface of the adsorbent
[18]. Low adsorbent concentration may be suggested for
the higher uptake capacity, and the optimal biosorbent
dosage 1.5 g/L was used for the successive experiments.
Similar phenomena were also observed in the biosorption
of Malachite Green by aerobic granules and Rhodamine
B, Eosin Y by anaerobic sludge [13,22].
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Effect of initial concentration on AR 14 removal

Fig. 2(c) shows the biosorption profile of AR 14 versus contact time at different initial AR 14 concentrations

FIGURE 2 - Effects of (a) pH (C0=100 mg/L, biosorbent dosage=5.5 g/L, temperature=20±1 oC); (b) biosorbent dosage (C0=75 mg/L, initial
pH=2.0, temperature=20±1 oC); (c) initial dye concentration (biosorbent dosage=1.5 g/L, initial pH=2.0, temperature=20±1 oC); (d) NaCl
concentration (C0=75 mg/L, biosorbent dosage=1.5 g/L, initial pH=2.0, temperature=20±1 oC) on the biosorption of AR 14 by inactive aerobic
granules.

in the range of 25-150 mg/L. An important part of AR 14
was removed in the range of contact time 30 min for all of
the studied initial concentrations and then the removed
AR 14 amount gradually decreased with lapse of time
until equilibrium. Biosorption equilibrium of AR 14 on
granular sludge surface was reached within 30 min for 25,
50, 75 mg/L and 105 min for 100, 125, 150 mg/L, respectively. The equilibrium sorption capacity of the inactive
aerobic granules increased linearly from 16.51 to 90.36
mg/g with increasing initial AR14 concentration from 25
to 150 mg/L as a result of the increase in the driving force.
Initial concentration provides an important driving force
to overcome all mass transfer resistances of the dye between the aqueous and solid phases. Hence a higher initial
concentration of dye will enhance the adsorption process [5].
A similar trend was observed for the biosorption of Malachite Green on aerobic granules [13], Rhodamine B on anaerobic sludge [22].

sorption. Fig. 2(d) shows a plot of AR 14 equilibrium biosorption capacity versus NaCl concentration. As NaCl concentration increased from 0 to 1%, the AR 14 equilibrium adsorption capacity quickly decreased from 50.32
to 39.22 mg/g; however it showed a gradual decrease
from 39.22 to 36.09 mg/g with the NaCl concentration
increasing from 1 to 5%. According to Eq. (3), at a low
NaCl concentration, the common ion effect of Na+ caused
a decreased of D - SO3- and a consequent reduction of
AR 14 biosorption on inactive aerobic granules. This was
associated with the decrease in electrostatic attraction
force between R-NH3+ and D - SO3- . When the NaCl
concentration was higher than 1%, the salts enhanced the
degree of dissociation of the AR 14 molecules and thus
favored its precipitation on inactive aerobic granules,
suggesting the presence of an aggregation mechanism increasing the adsorption capacity in the presence of salts
[4, 23].

Effect of NaCl concentration

Large amounts of salts were often used in dying process as a stimulator, therefore it is important to investigate
the effect of high salt concentration on dye removal by bio-

FTIR spectra of inactive aerobic granules before and after AR
14 biosorption
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The possible mechanism of AR 14 biosorption by inactive aerobic granules was elucidated using the FTIR
analysis in the range of 400-4000 cm−1. Fig. 3 shows the
changes in the FTIR spectra of the inactive aerobic granules before and after AR 14 biosorption.
There were significant similarities in the spectra before and after AR14 biosorption. The band at 3436 cm-1
could be assigned to the overlapping of stretching vibration of O-H and N-H of hydroxyl and amine groups on
the surface of the inactive aerobic granules, and the band
at 2928 cm-1 represented an asymmetric vibration of CH2.
The band at 1647 cm-1 would show the stretching vibration
of C-O and C-N (amide I) peptidic bond of protein [7], and
a 1549 cm-1 band could be due to the stretching vibration
of C-N and deformation vibration of N-H (Amide II) peptidic bond of protein [7], while the band at 1272 cm-1 could
be attributed to asymmetric stretching vibration of C-O-C
of polysaccharides and N-H in-plane bending coupled with
C-N stretching and also C-H and N-H deformation vibrations (Amide III [24]). The band at 1457 cm-1 was the result
of the C-H deformation of CH2 or CH3 groups [25]. The
band at 1402 cm-1 could be assigned to the stretching vibration of C=O of carboxylate and deformation vibration of
O-H of alcohols [20]. The band at 1082 cm-1 would show
the bending vibration of C-O of polysaccharides, while the
bands shown in the “fingerprint” zone could be assigned to
the phosphate or sulphur groups [7].
Due to the nature of the bacterial cellular components,
several functional groups presented on the bacterial cell
wall, including carboxyl, phosphate, amine and hydroxyl
groups, play vital roles in biosorption. [6]. The band intensity at 1647 cm -1 (Amide I), 1549 cm -1 (Amide II) and
1272 cm-1 (Amide III) all clearly decreased after the AR
14 biosorption, indicating that there would be an interaction of AR 14 with the amine groups from protein. After
the inactive aerobic granules were loaded with AR 14, the
band intensity at 3436, 2928 (1457), 1402 and 1082 cm-1

all decreased, suggesting that O-H and N-H of polymeric
compounds and amine, the CH2 group of lipids, the C=O
of carboxylate and the C-O of polysaccharides were involved in the AR 14 biosorption.
Therefore, the FTIR results show the main chemical
functional groups for biosorption of AR 14 onto inactive
aerobic granules would be amine, carboxyl, hydroxyl and
either.
Equilibrium isotherms

Adsorption isotherms are critical in optimizing the design of an adsorption system to remove dye from solutions,
it is important to establish the most appropriate correlation
for the equilibrium curves. Three different adsorption isotherms were tested to find the most suitable one: Langmuir, Freundlich and Redlich–Peterson isotherm models
[26-28].
Langmuir isotherm

The Langmuir isotherm is valid for monolayer adsorption taking place at specific homogeneous sites within the
adsorbent. It is given as Eq. (5):

qe =

Q 0bCe
1 + bCe

(5)

Where Q0 is the monolayer saturation capacity of the
adsorbent (mg/g), and b is equilibrium constant related to
the affinity of the binding sites (L/mg). The linearized
Langmuir isotherm is described by Eq. (6):

Ce
C
1
= 0 + e0
qe Q b Q

(6)

The values of Q0 and b can be determined from the
slope and the intercept of the linear plot of Ce/qe versus Ce.
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FIGURE 3 - FTIR spectra of inactive aerobic granules:
(a) before AR 14 biosorption; (b) after AR 14 biosorption.

The linearized Langmuir adsorption isotherms of AR 14
obtained at 20±1, 35±1 and 50±1 oC are shown in Fig. 4(a).
The values of Q0 and b calculated from the plots along
with the correlation coefficients are presented in Table 1.
The high regression correlation coefficients (>0.988) were
found for all the temperatures studied, suggesting that Langmuir isotherm model was applicable for describing the AR
14 biosorption equilibrium on inactive aerobic granules.

types: RL>1, unfavorable, RL=1, linear, 0<RL<1, favorable, RL=0, irreversible. The values of R L, changing from
0.0197 to 0.2253 for different AR 14 concentrations of
25-150 mg/L at the temperatures of 20±1, 35±1 and 50±1
o
C, ranged between 0 and 1, confirming the favorable biosorption of AR 14.

Table 1 shows Q0 increased with increasing temperature which increased surface activity and increased kinetic
energy of the AR 14 molecules. The value of Langmuir
constant b also increased with temperature thereby indicating that the AR 14 molecules exhibited higher affinity
for inactive aerobic granules at higher temperature than at
lower temperature.
Reported Q0 values of other low-cost adsorbents for
the biosorption of Acid Red 18 by chitosan [21], Acid
Red 274 by Enteromorpha prolifera [18], Acid Red 1 by
coal fly ash [29], AR 14 by soy meal hull [17], AR 14 by
CuFe2O4 [30] and AR 14 by surface soil GSE17201 [16]
was 693.2, 238.1, 92.59, 109.89, 86.8 and 0.83 mg/g,
respectively. Q0 in this study was 123.46 mg/g, which was
comparable to those of some other adsorbents, clearly indicating that inactive aerobic granules was an efficient
and low cost adsorbent for the removal of anionic azo dye
from wastewater.
To predict whether the biosorption process is favorable
or unfavorable, the Langmuir isotherm can be classified by
a dimensionless constant separation factor or equilibrium
parameter ‘RL’ [31], which is defined as:

RL =

1
1 + bC0

(7)

Where C0 is the initial dye concentration (mg/L). RL
indicates the Langmuir isotherm to be of the following
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FIGURE 4 - Biosorption isotherms for AR 14 biosorption by inactive aerobic granules at different temperatures: (a) Langmuir isotherm
(b) Freundlich isotherm (c) Redlich-Peterson isotherm (C0=25, 50,
75, 100, 125 and 150 mg/L, biosorbent dosage=1.5 g/L, initial
pH=2.0, temperature=20±1, 35±1 and 50±1 oC).

TABLE 1 - Isotherm constants for the biosorption of AR 14 on inactive aerobic granules at various temperature
(C0=25, 50, 75, 100, 125 and 150 mg/L, biosorbent dosage=1.5 g/L, initial pH=2.0, temperature=20±1, 35±1 and 50±1 oC)
T(°C)

Langmuir
Redlich-Peterson
Q0(mg/g)
b(L/mg)
R2
A (L/g)
B (L/mg)β
β
R2
20
123.46
0.138
0.990
20.055
0.252
0.868
0.993
35
142.86
0.172
0.996
24.002
0.171
0.976
0.991
50
147.06
0.332
0.988
45.680
0.288
0.996
0.981
T(°C)
Freundlich
the whole concentration range region 1 (25-75mg/L)
region 2 (100-150mg/L)
(25-150mg/L)
n
KF (mg/g)
R2
n
KF (mg/g)
R2
n
KF (mg/g)
R2
(L/mg)1/n
(L/mg)1/n
(L/mg)1/n
20
1.702
17.679
0.984
1.541
16.769
0.982
2.562
28.896
0.997
35
1.718
23.241
0.958
1.255
20.223
0.999
3.114
42.636
0.996
50
1.758
35.044
0.946
1.181
35.195
0.999
3.194
54.571
0.954
Freundlich isotherm
1/ n

The empirical Freundlich isotherm applies to adsorption on heterogeneous surfaces assuming the adsorption
capacity is related to the concentration of AR 14 dye at
equilibrium. It is generally expressed as follows:

qe = K FCe

(8)

Where KF and n are Freundlich constants representing
the adsorption capacity and intensity, respectively. The
linearized Freundlich isotherm is given below by Eq. (9):
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(9)

KF and n can be calculated from the intercept and the
slope of the linear plot of lnqe versus lnCe based on experimental data.
Fig. 4(b) shows the linearized Freundlich isotherm of
AR 14 on inactive aerobic granules obtained at 20±1, 35±1
and 50±1 oC. As seen from Fig. 4(b), the Freundlich linear
plot deviates from linearity for the whole concentration
range. The calculated constants of Freundlich isotherm
along with the correlation coefficients are listed in Table 1.
The values of n were greater than unity, indicating that
AR 14 was adsorbed favorably by inactive aerobic granules at all temperatures studied. Table 1 also shows that
constant KF related to adsorption capacity increased with
increase in temperature indicating that the adsorption process is endothermic in nature. Further seen from Table 1,
the values of correlation coefficients for Freundlich isotherm
were at a range between 0.946 and 0.984, while for Langmuir isotherm were between 0.988 and 0.996, indicating
that Langmuir isotherm gave a better description of the experimental biosorption data at all temperatures studied. The
fact that Langmuir isotherm fitted the experimental data
better suggests the monolayer coverage of AR 14 onto inactive aerobic granules surface as well as the homogeneous distribution of active sites on the inactive aerobic granules surface.
However, if the whole concentration range is divided
into two regions, i.e. region 1 (25-75 mg/L) and region 2
(100-150 mg/L), excellent fits to the experimental data can
be obtained with the Freundlich isotherm, especially at the
lower concentration region 1 (Fig. 4(b)). Table 1 also shows
the Freundlich isotherm constants, n and KF along with the
correlation coefficients for the different concentration regions at all temperatures studied. Similar observations have
been reported by Wong et al. [21]. The two linear regions
that Freundlich analyses produce could result from adsorption occurring at different adsorption sites, such as amino,
carboxyl, or hydroxyl, owing to different surface groups with
different levels of activation energies for the range of sorption reactions [21], as shown earlier by the FTIR spectra.

1, the isotherm converts to the ideal Langmuir form. The
linearized Redlich-Peterson isotherm can be obtained by
taking logarithms:

⎛ C
⎞
ln⎜⎜ A e − 1⎟⎟ = ln(B ) + β ln Ce
⎝ qe
⎠

The three isotherm constants A, B and β are calculated
by minimizing the error between the Redlich-Peterson model
predicted values of qe and the experimental data using the
solver add-in function of the Microsoft Excel. The linearized forms of the Redlich-Peterson isotherm plots for
the biosorption of AR 14 on inactive aerobic granules are
presented in Fig. 4(c).
The Redlich-Peterson isotherm constants and the correlation coefficients are also listed in Table 1. The β values
were closer to unity, suggesting that a Langmuir mechanism could be expected. The values of A increased with increase in temperature which was supported by the increasing Q0 and KF values with temperature.
By comparing the correlation coefficients determined
for each isotherm analysis, the Langmuir isotherm was found
to provide the best fit for AR 14 adsorption on inactive
aerobic granules for the entire concentration range, as well
as the Redlich-Peterson isotherm, although the Freundlich
isotherm gave an excellent fit for lower concentration region.
Biosorption Kinetic

In order to investigate the reaction pathways and potential rate controlling steps of biosorption of AR 14 on
inactive aerobic granules, three kinetic models, namely
pseudo-first-order, pseudo-second-order and intraparticle
diffusion models, were used to fit the experimental data at
different temperatures and initial AR 14 concentrations.
Pseudo-first-order model

The pseudo-first-order kinetic model was originally
proposed by Lagergren [32]. It is given as:

log(qe − qt ) = log qe −

Redlich-Peterson isotherm

The three parameters Redlich-Peterson isotherm combines the features of both the Langmuir and Freundlich
isotherm. It is expressed as Eq. (10)

qe =

ACe
1 + BCeβ

(10)

Where A is the solute adsorptivity (L/g), B related to
the adsorption energy ((L/mg)β), and β is the heterogeneity
constant (0<β<1). For β tends to zero, the isotherm becomes more Freundlich, or heterogeneous. For β tends to

(11)

k1t
2.303

(12)

Where qe and qt (mg/g) are the amounts of dye adsorbed at equilibrium and time t (min), respectively, and
k1 is the rate constant of pseudo-first-order (1/min). The
plots of log(qe-qt) versus t for different initial AR 14 concentrations and temperatures are shown in Fig. 5(a) and (b).
The values of k1 and theoretical values of qe calculated from
the plots along with the correlation coefficients are given
in Table 2.
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FIGURE 5 - Kinetic models for biosorption of AR 14 by inactive aerobic granules at different initial concentration (C0=25, 50, 75, 100, 125 and
150 mg/L, temperature=20±1 oC) and different temperatures (C0=75 mg/L, temperature=20±1,35±1 and 50±1 oC): (a),(b) pseudo-first-order
model; (c),(d) pseudo-second-order model; (e),(f) intraparticle diffusion model (biosorbent dosage=1.5 g/L, initial pH=2.0).

TABLE 2 - Rate constants of pseudo-first-order and pseudo-second-order kinetic models for biosorption of AR 14 by inactive aerobic granules at
different initial concentration (C0=25, 50, 75, 100, 125 and 150 mg/L, temperature=20±1 oC) and different temperatures (C0=75 mg/L, temperature=20±1, 35±1 and 50±1 oC) (biosorbent dosage=1.5 g/L, initial pH=2.0).

C0
(mg/L)
25
50
75
100
125
150
T(oC)
20
35
50

Pseudo-first-order model
k1
qe,cal (mg/g)
(1/min)

R2

Pseudo-second-order model
k2
qe,cal (mg/g)
(g/(mg min))

R2

qe,exp
(mg/g)

0.060
0.061
0.038
0.037
0.034
0.028

7.91
19.29
22.52
39.48
59.54
76.65

0.910
0.963
0.942
0.967
0.989
0.947

0.0275
0.0123
0.0050
0.0027
0.0014
0.0007

16.89
33.78
51.02
66.23
86.21
105.26

1.000
1.000
1.000
1.000
0.999
0.999

16.81
33.46
50.93
64.77
84.46
100.77

0.038
0.026
0.044

22.52
26.44
20.14

0.942
0.938
0.942

0.0050
0.0032
0.0087

51.02
62.11
60.98

1.000
0.999
1.000

50.93
60.77
60.45
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The correlation coefficients R2 ranged between 0.910
to 0.989, but the theoretical values of qe were much lower
than the experimental qe values at different initial concentrations and temperatures. Although the values of k1 decreased with the increasing initial concentration, it had no
obvious increasing or decreasing trend with an increase in
temperature. The results suggest that the biosorption of
AR 14 on inactive aerobic granules did not follow the
pseudo-first-order model. In most cases, it has been reported that the first-order rate equation of Lagergren is
usually applicable over the initial 30–50 min of the sorption
process [33].
Pseudo-seccond-order model

The pseudo-second-order kinetic model [33] can be expressed in the following form:

t
1
1
=
+ t
2
qt k2 qe qe

(13)

Where k2 is the rate constant of pseudo-second-order
biosorption (g/(mg min)). Fig. 5(c) and (d) show the plots of
t/qt versus t at different initial concentrations and temperatures. The second-order rate constants k2 and theoretical
values of qe presented in Table 2 were obtained from the
intercepts and slopes of the plots.
The results show that the correlation coefficients were
close to unity at different initial concentrations and temperatures. In addition, the theoretical values of qe agreed
well with the experimental data. Further from Table 2, the
second-order rate constant k2 decreased with the increasing
initial AR 14 concentration. Therefore, the biosorption of
AR 14 on inactive aerobic granules could be well described
by the pseudo-second-order kinetic model at the entire biosorption time, supporting the assumption that the ratelimiting step may be chemisorption [33]. Similar results
were also reported in the literature [34].
Intraparticle diffusion model

Four sequential steps were involved in the dye removal
by adsorption on an adsorbent: bulk diffusion, boundary
layer (or film) diffusion, intraparticle (or pore) diffusion
and adsorption reaction [4]. Bulk diffusion can be ignored
if a sufficient stirring speed is used. The rate limiting step
may be boundary layer diffusion, intraparticle diffusion or
adsorption reaction.
The possibility of intraparticle diffusion as the ratecontrolling step was explored by using the Weber and
Morris model [35], which is expressed as:

qt = kintt 0.5 + I

(14)

As seen from Fig. 5(e) and (f), all the plots presented
multi-linearity and there were three different portions, i.e.
an initial curve portion, followed by a linear portion and
then a plateau, indicating that three steps occurred in the
biosorption process of AR 14 by inactive aerobic granules.
The initial sharper curve portion was attributed to boundary layer diffusion, the second gradual linear portion was
due to the intraparticle diffusion and the third plateau portion to the equilibrium. The values of kint and I obtained
from the second linear portion are listed in Table 3 for each
concentration and temperature. The correlation coefficients
R2 were at a range of 0.937 to 0.996, suggesting that the
Weber and Morris model was suitable to fit the experimental data. However, the lines did not pass through the
origin, indicating that intraparticle diffusion was not the
only rate controlling step, and that some other processes
might control the rate of biosorption of AR 14 by inactive
aerobic granules. Both boundary layer diffusion and
kinetic resistances may affect the biosorption rate. The kint
increased with increasing initial AR 14 concentrations
except for the concentration of 150 mg/L, indicating the
growing effect of concentration gradient driving force.
The value of I for the concentration of 150 mg/L was
found much larger, suggesting the increase in the thickness and the effect of boundary layer. Further from Table
3, both kint and I increased with an increase of temperature. Similar observations were also reported by Wu and
Yu [36].
TABLE 3 - Rate constants of intraparticle diffusion model for biosorption of AR 14 by inactive aerobic granules at different initial
concentration (C0=25, 50, 75, 100, 125 and 150 mg/L, temperature=
20±1 oC) and different temperatures (C0=75 mg/L, temperature=
20±1, 35±1, 50±1 oC) (biosorbent dosage=1.5 g/L, initial pH=2.0).
Intraparticle diffusion model
kint
I
(mg/(g min1/2))
(mg/g)
C0
(mg/L)
25
50
75
100
125
150
T(oC)
20
35
50

R2

1.550
3.538
4.014
6.564
8.038
3.772

6.979
10.300
21.966
15.913
17.327
54.485

0.937
0.979
0.986
0.991
0.981
0.996

4.014
4.438
4.877

21.966
26.691
31.120

0.986
0.993
0.984

Thermodynamic analysis

Thermodynamic parameters for the biosorption of AR14
on inactive aerobic granules, such as free energy change
(ΔGo), enthalpy change (ΔHo) and entropy change (ΔSo),
were calculated from Eq. (15) and van’t Hoff (Eq.(16)).

Where kint (mg/(g min1/2)) is the intraparticle diffusion
rate constant and I is the intercept. The values of kint and I
along with the correlation coefficients are given in Table 3.
The plots according to Eq. (14) for different initial concentrations and temperatures are shown in Fig. 5(e) and (f).
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R
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The K value can be obtained from the linearized form
of Langmuir equation (Table 1). The values of ΔGo of the
AR 14 biosorption by inactive aerobic granules were found
as -27.15, -29.11 and -32.29 kJ/mol at 20, 35 and 50 oC.
According to Eq. (16), the ΔHo and ΔSo values were determined as 22.82 and 0.17 kJ/mol from the slope and intercept of the plot of lnK versus 1/T (Figure are not shown
here). The negative ΔGo values indicate that the AR 14
biosorption process could occur spontaneously at all the
three tested temperatures. The magnitude of ΔGo shifted
to a more negative value from -27.15 to -32.29 kJ/mol when
the temperature was increased from 20 to 50 oC, which
suggests that higher temperature makes the biosorption
easier. The positive values of ΔHo and ΔSo indicate the endothermic nature of biosorption process and the increased
randomness at the solid/solution interface during the biosorption of AR 14 on inactive aerobic granules. The low
value of ΔSo suggests that no remarkable changes in entropy
occur [4].
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ESTIMATING POTENTIAL EROSION RISKS
IN CORLU USING THE GIS-BASED RUSLE METHOD
Ahmet Karaburun
Fatih University, Department of Geography, 34500, Buyukcekmece, Istanbul, Turkey

ABSTRACT
Soil erosion is among the most significant modern problems affecting nearly all humanity with economic, environmental, and social consequences. Due to its destructive
power, a variety of strategies are being developed and applied in order to reduce soil loss worldwide. Estimating soil
loss and identifying potential risk areas against erosion play
a crucial role in the overall prevention of erosion. The present study was aimed at estimating long-term soil loss and
identifying potential risk areas against erosion in Corlu,
located west of Istanbul, Turkey, by using the Geographical
Information Systems (GIS)-based Revised Universal Soil
Loss Equation (RUSLE) method. Within the RUSLE
method, the R factor was calculated by using long-term
monthly rainfall data. K factors were obtained from the
Water and Soil Research Institute. The LS factor was computed using a 5-m digital elevation model. The C factor was
obtained from literature values based on results from the
supervised classification of Landsat 5 TM satellite images
with 30-m resolution. The P factor was set to 1. Based on
the results of our study, erosion does not constitute a major
risk in 80% of the study area. However, approximately 13%
of the study area, located in the southern part of the study,
is subject to high erosion risk. The study also revealed that
erosion risk increases in vertisol soil groups, which are
located on steep slopes (5 ≥LS ≥30) in the southern parts
of the study area. As such, sustainable conservation plans
should be developed and implemented in order to preserve
soil in the southern part of the study area where agriculture
is the main land-use type.

KEYWORDS:
RUSLE, GIS, Soil Loss, Erosion, Remote Sensing, Corlu, Turkey.

INTRODUCTION
Water is the most important erosional agent. Slow
geologic erosion is a constructive process creating fertile
soils of alluvial flood plains and loess plateaus around the
world. However, if it is exacerbated by anthropogenic fac-

tors, it has the potential to become a serious environmental
problem threatening sustainable agriculture and ecosystems.
Accelerated soil erosion depletes soil fertility, degrades soil
structure, reduces the effective rooting depths, and destroys
the most basic of all natural resources [1]. Additionally,
soil erosion moves soil nutrients so that it reduces overall
soil productivity and lowers crop yields [2]. Due to its destructive power, accelerated soil erosion has historically
caused many civilizations to vanish [1, 3, 4].
Unsuitable farming techniques and the removal of surface vegetation due to various human activities have accelerated soil erosion around the world. More than 80% of the
world’s agricultural areas have already been affected by
moderate to severe erosion, while only 10% of agricultural
land has experienced slight erosion [5-7]. Soil erosion averages 30 t/ha-yr and ranges from 0.5 to 400 t/ha-yr for
cropland worldwide [8]. Within the past 40 years, excessive
soil erosion has already made nearly 30% of the world’s
arable land unproductive, and it has forced farmers to abandon much of those lands [9, 10]. As Lal [6] indicated,
nearly 1.5 billion ha of the world’s arable land cultivated
for crop production today are nearly equal to the amount
of arable land (2 billion ha) that has been abandoned
by humans since farming began. Each year, an estimated
10 million ha of cropland is abandoned worldwide due to
a lack of productivity caused by soil erosion [11]. Worldwide, erosion rates range from a low value of 0.001–2 t/ hayr on relatively flat land with grass and/or forest cover to
2–5 t/ha-yr in mountainous regions with normal vegetative cover [8].
Many regions have suffered from soil erosion around
the world. Due to physical and human characteristics, the
Mediterranean region is among the most heavily affected
areas [12]. As such, Turkey has a number of socio-economic
and environmental problems resulting from soil erosion.
Due to irregularities in rainfall and undulating topography
characteristics, most parts of Turkey are vulnerable to soil
erosion. This is primarily because 60% of Turkey’s land
has a slope of greater than 12 % [13]. The Turkish Foundation for Combating Soil Erosion, for Reforestation, and
the Protection of Natural Habitats (TEMA) estimates that
90% of the country is affected by soil erosion, equal to 11
million hectares of agricultural land area [13].
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The ability to accurately make soil erosion assessments,
especially determining the spatial distribution of soil loss
risk, plays an important role in the development and implementation of policies to reduce the effect of soil loss
under varied geographical conditions. Many models have
been developed to predict soil loss, including the Water
Erosion Prediction Project (WEPP), the Areal Nonpoint
Source Watershed Environment Response Simulation
(ANSWERS), the Chemicals Runoff and Erosion from
Agricultural Management Systems (CREAMS), the Limburg Soil Erosion Model (LISEM), the Erosion Productivity Impact Calculator (EPIC), the European Soil Erosion Model (EUROSEM), and the Coordination of Information on the Environment (CORINE) [14-20]. The identification of a model that considers all forms of erosion is
difficult. However, some models have been developed to
specifically aid conservation planners in identifying areas
where introducing soil conservation measures will have
the greatest impact on reducing soil loss [21]. The Universal Soil Loss Equation (USLE) is one of these models
designed to predict longtime average soil losses in runoff
from specific field areas in specified cropping and management systems [22]. USLE has been used for nearly 40
years throughout the world to estimate average annual soil
loss by erosion. However, it has not been effective in estimating sheet and rill erosion from rangeland watersheds, as
it was developed for use solely on croplands [23-25]. The
USLE concept has more recently been modified and adapted
by a large number of researchers including additional data
and incorporating research results.

Study Area

Corlu is a district of the Tekirdag province located west
of Istanbul, Turkey (Fig. 1). It is surrounded by the districts of Silivri, Muratli, and Luleburgaz to the east, and the
Sea of Marmara and the district of Marmara Ereglisi to the
south. Corlu covers an area of 970 km2, and the average
altitude is between 150-185 m. The main geological unit of
the study area is characterized by sediment carried from
the Yildiz Mountains located north of the study area. Four
soil types dominate the study area, specifically alluvion,
hydromorphic, limeless brown, and vertisol. A small portion
of the study area is covered by forest, which is located in
the northwest. Since Corlu is located between the Sea of
Marmara in the south and the Black Sea in the north, the
study area is influenced by both Mediterranean and Black
Sea climates. It has cold and rainy months during the winter but hot and dry months during the summer. The mean
annual temperature ranges between 3-23 °C. The coldest
month is January, with an average temperature of 3 °C. The
mean annual precipitation is 566 mm, and most of this rain
falls between October and February.

The Modified Universal Soil Loss Equation (MUSLE),
the Revised Universal Soil Loss Equation (RUSLE), and
the Revised USLE (RUSLE) are revisions of the USLE
developed to estimate soil loss on rangelands [2, 26-29].
The RUSLE is one of the most commonly used models for
predicting soil loss. It enables the prediction of an average
annual rate of soil erosion for a site of interest for any
number of scenarios involving cropping systems, management techniques, and erosion control practices [21]. RUSLE
computes the average annual erosion by combining several
factors, including rainfall erosivity (R), soil erodibility (K),
slope length and steepness (LS), cover management (C),
and support practice (P) [2].
Geographic Information System (GIS) technology has
been used for erosion assessment due to its comprehensive
spatial analysis and processing capabilities. The combined
use of GIS and erosion models is an effective tool to estimate the magnitude of erosion and for the subsequent production of risk maps [30-33]. GIS and RUSLE have been
used together in many studies for estimating the magnitude of soil loss and identifying spatial locations which
are vulnerable to soil erosion [34-36]. In the present study,
the RUSLE method was employed in concert with GIS to
estimate soil loss in the Corlu district in northwestern Turkey. The primary objectives of this study were to estimate
long-term soil loss and identify potential risk areas for soil
erosion in the study area.
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Most of the study area lies in the Ergene basin, which is
characterized by fertile agricultural lands. The Ergene basin
is among one of the most productive agricultural lands in
Turkey, with an average agricultural production that is
40% higher than the country’s average [37]. Agricultural
lands account for 36% of the total surface area in Turkey
[12]. However, approximately 80% of the study area is
covered by agricultural lands. Since agricultural lands in the
study area and the Ergene basin are very important for the
entire country, protecting soils from erosion is crucial in
order to sustain the agricultural potential of the study area.
Method

The Revised Soil Loss Equation (RUSLE) has the same
formula as the USLE, but it has a sub-factor for evaluating
the cover-management factor, a new equation for slope
length and steepness, and new conservation practice values. It is also applicable to non-agricultural conditions such
as construction sites. The RUSLE estimates soil loss from
a hill-slope caused by raindrop impact. It does not estimate
gully or stream-channel erosion [2]. RUSLE retains the
structure of its predecessor, the Universal Soil Loss Equation USLE:
A = R x K x LS x C x P
where A = average annual soil loss in tons per acre
per year [ton ha-1 yr-1], R = rainfall/runoff erosivity, K =
soil erodibility, LS = hill-slope length and steepness, C =
cover-management, and P = support practice.
The R factor expresses the erosivity occurring from
rainfall and runoff at a particular location. An increase in

Climate

Soil

the intensity and amount of rainfall results in an increase
in the value of R. The K factor expresses inherent erodibility of the soil or surface material. The value of "K" is defined as a function of the particle-size distribution, organicmatter content, structure, and permeability of the soil or surface material. The LS factor expresses the effect of topography, specifically hill-slope length and steepness, on soil
erosion. The increases in hill-slope length and steepness
result in an increase in the LS factor. The C cover-management factor is used to express the effect of plants and
soil cover. Plants can reduce the runoff velocity and protect surface pores. The C-factor measures the combined
effect of all interrelated cover and management variables,
and it is the factor that is most readily changed by humans
[38]. The P factor is the support practice factor. It expresses
the effects of supporting conservation practices, such as
contouring, buffer strips of close-growing vegetation, and
terracing on soil loss at a particular site. A good conservation practice will result in reduced runoff volume and
velocity, and thus less soil erosion.
In order to estimate soil loss, all factors of the RUSLE
equation are represented by raster models in the GIS environment. Raster models are cell-based representations of
map features, which offer analytical capabilities for continuous data and allow rapid processing of map layer overlay
operations [39]. The following sections describe the computation of the RUSLE factors R, K, LS, C and P from
precipitation data, soil data, and digital elevation model
(DEM), respectively. The flow-chart represented in Fig. 2
summarizes all required data.

Topography

LandUse

DEM
Slope
Slope

R-Factor

K Factor

Natural Erosion

LS-Factor

C-Factor

Soil Loss = R x K x LS x C x P

FIGURE 2 - Scheme of RUSLE [40].
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RESULTS

80,0
70,0

The rainfall and runoff erosivity index (R) for a given
location is expressed in MJ/ha/mm/yr [22]. The erosion index for a given storm is the product of the kinetic energy
of the falling raindrops and its maximum 30-min intensity
[41]. The sum of these EI values over a year divided by
100 provides the annual R factor [41]. The R factor is the
sum of the erosion index values for all rainstorms in a
single year. In an N-year period, the R factor is calculated
as follows:
j

∑ (EI 30)i

R = i =1

N

where (EI30) is the erosion index EI30 [MJ mm ha-1
h ] for storm i, and j is the number of storms in the Nyear period. E [MJ ha-1 mm-1] is the total storm kinetic
energy, and I30 [mm h-1] is the maximum 30-min rainfall
intensity. A direct computation of the rainfall erosivity factor, R, requires continuous rainfall intensity data at a time
interval equal to or less than 30 min [42].
-1

Since there are no recorded long-term data for rainfall
amounts and intensities, the erosivity index (R) must be
derived from the precipitation data according to the Modified
Fournier's index (MFI) [43]. The MFI represents a widely
used parameter for rainfall erosivity and is determined by
the ratio between monthly and annual precipitation:
12

MFI =

∑

Pi2
P

i=1

where Pi [mm] is the average monthly precipitation
and P [mm] is the average annual precipitation.
R = (4.17 MFI)−152
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FIGURE 3 - Climatic data diagram (1975−2006).
K Factor

The soil erodibility factor (K) is a quantitative value
that is experimentally determined by taking into consideration the soil texture, soil structure, the soil organic matter
content, and the soil permeability [44]. It defines the vulnerability of soil transported by raindrops and runoff. K
values and their erodibility are shown in Table 2.
TABLE 2 - Erodibility associated with K values.
K Factor
0-0.10
0.10-0.20
0.20-0.40
0.40-0.60

Erodibility
Low
Moderate
High
Very High

Large soil groups from the study area were obtained
from the Turkish General Directorate of Rural Services in
digital format. Soils in study area are classified into four
groups. Limeless brown soil covers an area of 55,350 ha
and accounts for 53% of the study area located primarily in
the eastern region. The vertisol soil group, which is found
primarily in the west, covers an area of 30,560 ha and accounts for 28% of the study area. Eight percent of the study
area is covered by alluvion, while only 1% of the study
area is characterized by hydromorphic soils. Alluvion and
hydromorphic soil groups are found mainly in farmland
and forest.

At the study area, the monthly rainfall data were available for 31 years (1975–2006), as recorded by the Turkish
State Meteorological Service. There is only one meteorological station within the study area, and the R factor value
was calculated from 31 years of rainfall intensity data obtained from the station (Table 1). The mean monthly temperatures and rainfall for this time period are shown in
Fig. 3 for the years between 1975 and 2006. The climatic
data diagram depicted in Fig. 3 describes the monthly average rainfall series that have been used to calculate R factor
for the years between 1976 and 2006. Fig. 3 also indicates
that monthly rainfall tends to increase in November and
decrease in May, and it begins to increase again quickly
from June onward. The rainfall amounts are highest in November, December, and January.
TABLE 1 - Erosivity factor.
MFI
52.5

R (MJ mm ha−1 h−1 y−1)
66.9

FIGURE 4 - Soil map classified based on great soil groups.
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values of LS indicate higher risks for erosion, those parts
of the study area experience high erosion risk.
TABLE 3 - LS factor values.
Min
0

Max
115.263

Mean
1.18

Std. Dev.
2.82

FIGURE 5 - Soil erodibility K factor map.

In this study, K factors of large soil groups were not
calculated by on-site observation and laboratory process.
Rather, they were obtained from the Kırklareli Water and
Soil Research Institute. K values range from 0.05 to 0.18,
with hydromorphic and alluvion soils having the highest
values, and limeless brown soil and vertisols having the
lowest ones. The classified great soil groups and their K
factors are shown in Figs. 4 and 5.
LS Factor

The overall topography contributes two factors on soil
erosion in the RUSLE, namely, the length factor (L) and
the steepness factor (S) [2]. The LS factor is a function of
both steepness and slope length. The slope-length factor
(LS) depends on slope percentage and length of the slope,
and is defined as a ratio of soil loss under given conditions to that at a site with the "standard" slope steepness
of 9% and slope length of 22.13 m. The steeper and longer
the slope is, the higher the risk for erosion. The LS factor
is calculated by multiplying the L and S factors [45]. As
such, the amount of erosion increases as the slope length
increases [2, 22, 46]. In the GIS environment:

CellSize ⎞
⎛
LS = ⎜ FlowAccumulation *
⎟
22.13 ⎠
⎝

0.4

1.3

⎛ sin slope ⎞
* ⎜
⎟
⎝ 0.0896 ⎠

where Flow Accumulation is the grid layer of flow accumulation expressed as the number of grid cells, and Cell
Size is the length of a cell side. The L and S factors were
computed from a Digital Elevation Model (DEM) of the
study area using Arcgis software. The results for LS are
provided in Table 3 and shown in Fig. 6. The elevation of
study area increases from sea level in the south and ranges
between 0 and 230 m. The LS factor varies from 0 to 115,
with an average of 1.18. The majority of the study area
has an LS value below 6. Some parts of study area in the
south and east have LS values greater than 6. Since higher

FIGURE 6 - LC factor distribution map.
C Factor

The cover management factor reflects the effect of
cropping and management practices on the soil erosion rate.
The C factor indicates how conservation plans will affect
the average annual soil loss and how that soil-loss potential will be distributed in time during construction activities,
crop rotations, or other management schemes [12]. Vegetation cover protects the soil by dissipating the raindrop energy before reaching the soil surface. As such, soil erosion
can be effectively limited with proper management of vegetation, plant residue, and tillage [47]. C values were computed from land-cover data based on TM Landsat Images.
There are many methods that can be applied to determine the C factor. One of them is determining the C-factor
from satellite images by land-cover classification [38, 48].
Since the satellite image data provide up-to-date information on land-cover, the use of satellite images in the
preparation of land-cover maps is widely applied in natural
resource surveys.
Landsat 5 TM image data of the study area were rectified to the Universal Transverse Mercator (UTM) coordinate system based upon ground control points collected
from 1/25000 digital topographic maps. The first-degree
polynomial transformation and nearest neighbor method
were performed for rectification, with an accuracy of 0.5
pixel. The study area was obtained by clipping image data
based on the Corlu district border. A maximum likelihood
supervised classification method was performed in order to
classify image data. Five land-cover classes were identified
in study area: grassland, forest, water, agriculture, and set-
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tlement (Fig. 7). Accuracy assessment for each image was
performed with sufficient random pixels. The C factor for
land-cover classes in the study area is provided in Table 4,
and the C factor distribution map is given in Fig. 8. The
study revealed that agricultural areas cover 70,500 ha and
comprise 80% of study area. Since agricultural areas cover
most of study area, soil erosion prevention requires considerable effort to reduce risk. Forest covers an area of
11,700 ha and accounts for 12% of the study area. The C
factor varies from 0 to 0.38., and higher C factor values
are found in agricultural areas, while lower values are
found in forest areas.

P Factor

The support practice factor (P) is the soil-loss ratio
with a specific support practice to the corresponding soil
loss with up-and-down slope tillage [12]. The type of practice, such as terracing, contour tillage, and permanent barriers or strips, reduces the overall amount of erosion. The most
commonly used support practices are cross slope cultivation, contour farming, and strip cropping (Table 5). Since
there are no conservation practices in the study area, the
support practice factor (P) was set to 1, and the resulting
RUSLE model was run with a P factor of 1.
TABLE 5 - Conservation and P factors.

TABLE 4 – Land-cover C factors.
Classification
Forest
Agriculture
Settlement
Water
Grassland

Conservation
None
Terraces
Contour tillage
Strip cropping

RUSLE 3d Value
0.001
0.38
0
0
0.09

P Factor
1.0
0.12
0.50
0.30

FIGURE 9 - Map of erosion classes.
FIGURE 7 – Land-cover classes.

TABLE 6 - Erosion classes.
Erosion Risk
Classes
Low
Slight
Moderate
High
Severe

Rate of Erosion
(ton/ha/yr)
0-1
1.01-3
3.01-5
5.01-10
> 10.1

Area
km2
653.99
123.47
59
67.93
66.44

(%)
67.32
12.78
6.08
7.01
6.80

Soil Loss

FIGURE 8 – Land-cover C values.

Five raster layers were created to represent each factor of the RUSLE equation using the Arcgis software. In
order to estimate the average annual soil loss, a result
raster layer was created by multiplying the RUSLE factor
raster layers. The resulting raster layer, representing the
average annual soil loss, was categorized into five erosion
classes (Table 6 and Fig. 9.). In Fig. 9, pixels with a soil
loss rate below 1 (ton/ha/yr) are defined as low erosion,
while those greater than 10 (ton/ha/yr) are defined as
severe. The values between low and severe erosion repre-
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sent slight, moderate, and high erosion areas (Fig. 9). The
results indicated that 68% of the study area experiences
low erosion, between 0 and 1 ton/ha/yr, while 18% of the
study area displays slight to moderate erosion, between 1
and 5 ton/ha/yr. Seven percent of the study area displays
severe erosion greater than 10 ton/ha/yr. In order to analyze the spatial distribution of soil erosion and identify
areas that bear erosion risks, the corresponding soil loss
map was overlaid by land-cover and elevation maps. Most
of area that has low soil erosion risk covers forest areas
and some parts of agricultural areas. The areas that have
low elevation experience the lowest rates of erosion. Consequently, approximately 13% of the study area characterized by higher elevation has a high risk of soil erosion.
Most areas that have a higher erosion risk cover agricultural areas in the southern and eastern parts of the study area.

should raise concern for agriculturists. As such, soil conservation measures should be taken in the southern part of
the study area where erosion risk is severe.

CONCLUSION
In the GIS environment, the potential soil loss due to
erosive phenomena can be readily predicted using the
RUSLE method over large areas. In the present study, GIS
technology was used to estimate soil loss and potential loss
areas using RUSLE factors for local conditions within
study area. The R factor was computed using data obtained
from the Turkish State Meteorological Service, and the K
factor was determined using five major soil groups and K
values in the study area. The LS factor was evaluated using
DEM data from the study area. Since there is no support
practice in the study area, the P factor was set to unity.
The C factor was determined using supervised classification of satellite images.
The layers of the RUSLE factors, such as R, K, LS, C
and P, were integrated to produce an erosion risk map and to
estimate soil loss within the GIS environment for the Corlu
District in Turkey. Grassland and forest areas were determined to be less vulnerable in terms of soil erosion. The use
of GIS and RUSLE together was found to be useful in this
study to predict soil loss and to produce a soil erosion risk
map of Corlu.
As revealed by the study, the majority of the study area
does not have a high erosion risk. The rate of erosion in
these sections, located in the north and northeastern parts
of the study area, are between 0 and 3 (ton/ha/yr), which is
regarded as a low to slight erosion risk. Approximately
6% of the study area was found to have a moderate erosion
risk, with rates between 3.01 and 5 (ton/ha/yr). Approximately 13% of the study area is under high and severe
erosion risk. As seen from the study, most of the soil loss
occurs in the vertisol soil group, which is located on steep
slopes (5 ≥LS ≥30) in the south. Severe erosion risk has
been found over only 6.8% of the study area with an erosion rate above 10 tons per hectare per year, and Morgan
[49] has argued that 10 t/(ha yr) is an appropriate boundary measure for soil loss. Values above this threshold
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ASSESSMENT OF URBAN GROWTH IN A NATURAL PROTECTED AREA USING MULTI-TEMPORAL SATELLITE DATA –
A CASE STUDY OF THE STRAIT OF ISTANBUL (BOSPHORUS)
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ABSTRACT
The Bosphorus region, located along the Istanbul Strait,
is of great importance for Istanbul as well as for Turkey
because of its natural and cultural characteristics. This study
aimed to determine the changes in land-cover of the Bosphorus region between 1975 and 2007. Four Landsat images
from 1975, 1987, 2000, and 2007 were classified using a
maximum likelihood supervised classification method. As
the study reveals, the rapid uncontrolled urban expansion
affected the natural environment and the view of the Bosphorus region in a negative way, despite the region being
declared to be a natural protected area with special laws in
1974 and 1995. Urban areas expanded by 64.8% between
1975 and 2007, while forested areas declined by 16.2% in
the same period. As a result, new and more effective sustainable urban plans should be put in action in order to
preserve the remaining natural and historical beauties of
the Bosphorus region.
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INTRODUCTION
Istanbul, which was established 3000 years ago at the
junction of three continents (Asia, Europe, and Africa), is
one of the oldest cities in the world. Istanbul has embraced
different civilizations and cultures throughout its history,
and has served as a meeting point where east converges
with west geographically as well as culturally. Many different historical artifacts, such as city walls, cisterns,
mosques, churches, mansions, palaces, and fountains, located in the historical peninsula of the city, reflect the cultural richness of Istanbul. Istanbul served as the capital of
the Roman, Byzantine, and Ottoman empires. It was because of this cultural richness and diversity that Istanbul
was added to the UNESCO world cultural heritage list in
1985 [1, 2].

Istanbul is one of the fastest growing cities in Turkey as
well as in the world, both in terms of population and urbanization [3]. Although it makes up only 0.7% of the total surface area of Turkey, Istanbul contains almost one-fifth of
the country’s entire current population [4]. Industrial developments begun in the 1950s caused millions of people to
migrate from rural areas to cities, especially to large cities
like Istanbul. The population of Istanbul was around 1 million in 1950, but it increased very rapidly and reached
4 million in 1975. The population of Istanbul almost doubled between 1975 and 1990, reached over 12.5 million in
2007 [4]. Migration played an important role in the increase [5]. About 900,000 people migrated to Istanbul between 1995 and 2000 alone [6].
The rapid increase in population has resulted in an acceleration of unplanned urban growth [7, 8]. Slum neighborhoods, which appeared around the city, especially after the
1950s, constituted the nuclei of Istanbul’s many districts.
The city has expanded mostly in the west and east along
the Sea of Marmara and in the north along the Bosphorus.
The construction of two bridges across the Bosphorus in
1973 and 1987 contributed to the urban expansion [9]. Uncontrolled urban growth has also destroyed the natural
environment, including forests, wildlife, and green spaces,
mainly in the northern parts of the city [10, 11]. The Bosphorus region of the city, which lies along both sides of the
Istanbul Strait, is among the areas most affected by rapid
population and urban growth. The rapid population and
uncontrolled urban growth have not only transformed the
natural environments into urban areas, but have also destroyed the spectacular views of the coast and the surrounding areas in the Bosphorus region.
Many urban plans have been designed and put into
action to preserve the natural and cultural values of the
Bosphorus region [12]. The first step towards preserving
the Bosphorus region was taken in 1970 and aimed to record the historical mansions lying along the coasts [13, 14].
After revising this study in 1972, a total of 365 historical
mansions were documented along the coasts of the Bosphorus. The first development plan specifically aimed at
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preserving the Bosphorus region, entitled “Bosphorus
Coastal Zone Conservation Plan”, was developed in 1971,
at the scale of 1/5,000 [15]. This conservation plan required
new buildings to be constructed in compliance with the
designs of the existing historical buildings and mansions
in the Bosphorus region [12].
The most significant step was taken in 1974, when
the southern part of the Bosphorus region was declared as
a natural protected area. With this step, the intention was
to stop further destruction of forest, woodlands, and historical buildings through the control of urban growth in
the region [16]. Urban plans developed at the scale of
1/5,000 were revised many times in the following years.
However, because implementation of these plans was inadequate to preserve the natural and cultural heritage of
the Bosphorus region, new measures were taken in 1983.
In this year, the Bosphorus Law was enacted, which created a new urban plan at the scale of 1/1,000 [17]. In this
new plan, the Bosphorus region was divided into 4 different zones: the sea front, the front view, the back view, and
the backward area which affects the first three zones from
the coast to inland areas. The sea front and front view zones
were given the highest importance because they include the
areas that are directly visible from the Bosphorus. Different conservation strategies were developed for each zone
[12, 13, 18].
The authority and responsibility for preservation of the
Bosphorus region were held by the central government
until 1985. However, via a new law enacted in 1985, these
were handed over to the Istanbul Metropolitan Municipality and the districts in the Bosphorus region [12, 13, 19].
The ensuing years have revealed that local municipalities
were effectively blocked from using their authority to protect the natural and historical richness of the Bosphorus
region. Instead, the over-exploitation of the natural environment and unplanned urban growth continued. The northern part of the Bosphorus region, which was not included in
the area protected in 1974, has experienced a reduction in
its forested area, mainly stemming from the creation of
illegal housing. The areas located on both sides of the
Bosphorus in the north, and administered by the municipalities of the two districts of Sariyer and Beykoz, were
declared as a natural protected area in 1995 in order to
protect their natural environments, especially the forests
[20]. With this development, the entire coastal area of the
Bosphorus region became a natural protected area.
The Bosphorus region is still experiencing rapid population and urban growth despite many laws and urban plans
enacted since 1970. As previous studies indicate, the destruction of the natural environment continues in the Bosphorus region, even though it has been made a natural
protected area [2, 12, 17, 21]. This study aims at determining the land-cover change in the Bosphorus region of Istanbul between 1975 and 2007. It also seeks to determine
whether the land-cover changes are consistent with the
natural and historical structure of the Bosphorus region.

MATERIALS AND METHODS
Land-change science has emerged as a fundamental
component of global environmental change and sustainability research [22]. Geographic Information Systems (GIS)
and Remote Sensing (RS) are two important elements of this
science for image processing, change detection, spatial
analysis, and modeling [23]. Change detection with RS is
based on multitemporal, multispectral, and multisensor imagery that provides timely and comprehensive information
for planning and decision making [24]. The detection and
analysis of land-use and land-cover (LULC) change has
been applied successfully in many different countries and
cities [23-28]. In this study, the LULC change was detected
in the Bosphorus region of Istanbul from 1975 to 2007.
Three Landsat 5 images acquired in May 1975, September 1987, and May 2000, and one Landsat 7 image
acquired in August 2007 were used in the study. The satellite images were rectified to the Universal Transverse Mercator (UTM) coordinate system using ground control points.
The first degree-transformation and nearest neighbor method
were performed for rectification with an accuracy of 0.5
pixels. The study area was created using the border of the
front-view zone of the Bosphorus region obtained from the
Istanbul Metropolitan Municipality.
Land-cover classification is most commonly based on
spectral differences among the various land-cover types [29].
Classification is the process of assigning pixels to particular spectral classes in remotely sensed data. The final product of the classification process of remotely sensed data is
a map-like image [30]. The main types of classifications are
supervised and unsupervised classifications. Supervised
classification is an essential tool used for extracting quantitative information from remotely sensed image data [31].
In this type of classification, the user collects pixels that
represent the classes to be extracted from the image data.
The most common method used in supervised classification
with remotely sensed images is the maximum likelihood
method [31]. In this study, the image data were classified
using the maximum likelihood supervised classification
method. In order to collect pixels that represent specific
land-use classes, training areas were defined on the image
data. Topographic maps and aerial photographs of the
Istanbul Metropolitan Municipality and forest maps of the
General Directorate of Forestry were used to distinguish
land-cover classes. Three land-cover classes were identified
in the study area: urban areas, forest, and other. “Other”
includes scrub land, agricultural land, bare soil, and small
wooded areas.
Accuracy assessments determine the quality of the information derived from remotely sensed data [32]. The
accuracy assessment of the classification was calculated
using an error matrix that showed the accuracy of the
producer and the user [33]. The achieved overall accuracy
and kappa values from the accuracy assessment for images with 250 random pixels are shown in Table 1. Accura-

1705

© by PSP Volume 18 – No 9a. 2009

Fresenius Environmental Bulletin

cy scores that exceeded 80% were considered satisfactory
[32, 34].
TABLE 1 - Accuracy assessment.
Image
1975 Landsat
1987 Landsat
2000 Landsat
2007 Landsat

Overall Accuracy
(%)
81
80
81.3
81

Kappa
Coefficient
0.79
0.76
0.82
0.80

Study Area

Istanbul is located in northwest Turkey at 41° N latitude and 29° W longitude. The city covers a surface area of
5390 km2. The Bosphorus divides the city into two different parts: the western side being in Europe and the eastern
side being in Asia. The study area lies along both sides of
the Bosphorus and includes only the sea front and first

view zones of the Bosphorus region, which can be seen
directly from the strait (Fig. 1). The study area covers a
surface area of 10.883 hectares, which makes up only a
small portion (0.2%) of the total surface area of Istanbul.
The study area is composed of 4 districts: Sariyer and
Besiktas on the European side, and Beykoz and Uskudar
on the Asian side. As seen in Fig. 1, 70% of the study
area is located within the sub-provincial borders of Sariyer and Beykoz. Sariyer, which is located in the north
on the European side of the Bosphorus, includes 38.7% of
the study area. Beykoz, which is located in the north on
the Asian side of the Bosphorus, makes up 34.4% of the
study area. The districts of Besiktas and Uskudar, located
in the south, comprise only 30% of the study area. Only a
small portion of the study area (11.5%) lies in the district
of Besiktas, located on the European side of Istanbul.
Uskudar, located on the Asian side, also comprises a
small part (15.4%) of the study area (Fig. 1).

FIGURE 1 - Location of study area.

RESULTS AND DISCUSSION
The study provided significant understanding of how
land-cover changes affected the natural and historic structure of the Bosphorus region between 1975 and 2007. As
the results reveal, urban areas expanded by 64.8% within
the study area over 32 years. Urban areas covered 3656
hectares (33%) in 1975, but expanded to 6026 hectares
(55.4%) in 2007 (Table 2). As clearly seen in Table 2,
more than half of the Bosphorus region is occupied by
urban areas today.

Forests cover a large area along the both sides of the
north stretches of the Bosphorus. As the study revealed, a
significant portion of forest areas were transformed into
urban land between 1975 and 2007 (Table 2). Forest areas
accounted for 35.7% of the study area (3887 hectares) in
1975. However, around 630 hectares of forest were destroyed due to the rapid increase in population and urban
growth since 1975. By declining 16.2% over 32 years,
forest areas fell to only 29.9% of the study area in 2007.
As the results in Table 2 reveal, forest cover did not change
much between 1975 and 1987. Only 107 hectares of forest
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TABLE 2 - Land-use and land-cover change in Istanbul’s Bosphorus Region (1975-2007).
Land Cover
Urban Area
Forest
Others (Bush, Agriculture, Bare
Soil, etc.)

1975
3656
3887

Total Area (ha)
1987
2000
4585
5863
3780
3319

2007
6026
3257

1975-1987
25.4
-2.86

3340

2518

1599

-24.6

1700

were lost during this time period. However, a significant
decline in forest-cover was observed between 1987 and
2000. Decline in forest-cover was 12.2% in this time period, but has decelerated since 2000. Only 1.9% of forested
area was lost between 2000 and 2007.
Fig. 2 indicates the land-cover changes observed in the
study area between 1975 and 2007. As the figure clearly
reveals, expansion of urban areas took place mainly in the
southern parts of the study area. The southern part of the
study area comprises two main land-use classes: urban
and other. “Other” is the third land-use class in the study,
identified as areas including scrub land, agricultural land,
bare soil, and small wood areas. This land-use class has experienced rapid urbanization between 1975 and 2007. The
“other” land-use class covered 3340 hectares of land and
made up 30.7% of the study area in 1975. However, more
than half of this land-use class (52.1%) had been transformed into urban areas by 2007. This land-use class
accounted for 14.7% of the study area in 2007 (Table 2).

Change (%)
1987-2000 2000-2007
27.9
2.8
-12.2
-1.9
-32.5

-5.9

1975-2007
64.8
-16.2
-52.1

The land-cover change in the study area was analyzed
separately for the European and Asian sides of the Bosphorus. Their total surface areas are almost equal, and the
European side of the study area constitutes 50.2% of the
total study area. However, when land-use and land-cover
change are taken into consideration, both sides are quite
different from each other. Of the total urban areas in the
study area in 1975, 59.8% was on the European side, while
40.2% was on the Asian side. Although they experienced
excessive urban growth between 1975 and 2007, the rates
of urban expansion were different between the European and
Asian sides. The urban areas on the Asian side expanded by
85.3%; meanwhile, the European side experienced 51.1%
urban growth in the same time period (Table 3). In 1975,
more than half of the forest areas (56.1%) were on the
Asian side. The decline in forest cover between 1975 and
2007 was 25.9% on the European side of the study area,
while it was only 8.6% on the Asian side.

FIGURE 2 - Land-use and land-cover change in Istanbul’s Bosphorus Region (1975-1987).
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TABLE 3 - Land-use and land-cover change in Istanbul’s Bosphorus Region at the sub-provincial level (1975-2007).
Districts
Sarıyer
Beşiktaş
Beykoz
Üsküdar
European Side (total)
Asian Side (total)

Urban
Forest
Urban
Forest
Urban
Forest
Urban
Forest
Urban
Forest
Urban
Forest

1975
1308
1630
880
78
708
2029
760
150
2188
1708
1468
2179

Total Area (ha)
1987
2000
1661
2176
1575
1301
935
982
89
69
891
1345
1975
1862
1098
1360
141
87
2596
3158
1664
1370
1989
2705
2116
1949

The rapid urban growth in the study area can be seen
much better when the land-cover changes are analyzed
separately for the European and Asian sides. Urban areas
covered 40% of the total surface area of the European side
of the study area in 1975. However, urban areas expanded
rapidly in the following years, and covered 60.5% of the
total surface area of the European side in 2007. Forest
areas declined from 31.2% to 23.2% on the European
side. The “other” land-use class experienced a similar
dramatic decline over the same time period, declining
from 28.8% to 16.3% on the European side. Urban areas
covered 27.1% of the total surface area on the Asian side

2007
2279
1189
1027
77
1351
1907
1369
84
3306
1266
2720
1991

1975-1987
27
-3.4
6.3
14.1
25.8
-2.7
44.5
-6
18.6
-2.6
35.5
-2.9

Change (%)
1987-2000
2000-2007
31
4.7
-17.4
-8.6
5
4.6
-22.5
11.6
51
0.4
-5.7
2.4
23.9
0.7
-38.3
-3.4
21.6
4.7
-17.7
-7.6
36
0.6
-7.9
2.2

1975-2007
74.2
-27.1
16.7
-1.3
90.8
-6
80
-44
51.1
-25.9
85.3
-8.6

of the study area in 1975, but increased significantly to
50.2% in 2007, indicating that urban areas expanded
much faster on the Asian side than on the European side.
However, a different picture is seen on the Asian side for
changes in forest-cover. Forest areas covered 40.2% of
the Asian side in 1975. However, they declined to 36.8%
in 2007. As this result reveals, urban expansion did not
affect the forest-cover on Asian side as much as it did on
the European side. The urban expansion took place on the
Asian side mostly at the expense of the “other” land-use
class. On the Asian side, the “other” land-use class declined from 32.7% to 13% between 1975 and 2007.

FIGURE 3 - Land-use and land-cover change in Istanbul’s Bosphorus Region (2000-2007).

1708

© by PSP Volume 18 – No 9a. 2009

Fresenius Environmental Bulletin

Land-cover changes were also analyzed at the subprovincial level in the study area. Beykoz, located in the
north on the Asian side of the Bosphorus, has experienced
highest percentage of change in its urban areas. Between
1975 and 2007, urban areas expanded by 90.8% in this
district, whereas those in Uskudar and Sarıyer expanded
only by 80% and 74.2%. Besiktas, located in the southern
part of the European side of the Bosphorus, occupied only
11.5% of the study area. As seen in Fig. 2, the majority of
the surface area in Besiktas was already urbanized before
1975. For this reason, urban areas underwent little change
in this district, with a 16.7% increase between 1975 and
2007. If the land-cover change is analyzed at the sub-provincial level on an absolute rather than a relative basis,
the picture differs slightly. Sariyer is the district where the
largest area (in hectares) underwent urban growth. Urban
areas expanded by 971 hectares in this sub-province between 1975 and 2007. In the same period, urban areas grew
by 643 hectares in Beykoz, 609 hectares in Uskudar, and
147 hectares in Besiktas (Figs. 2 and 3).
The most significant decline in forest-cover has naturally been experienced in Sariyer and Beykoz, because these
two districts had more than 94% of the total forest area
within the study area in 1975. A total of 441 hectares of
forest was lost between 1975 and 2007 in the Sariyer subsection of the study area. The amount of forest lost was
122 hectares in Beykoz and 66 hectares in Uskudar. Besiktas, where there was no significant forest area, experi-

enced only a 1% decline in its forest coverage over the
same time period. If the decline in forest-cover is analyzed as a percentage at the sub-provincial level, a different picture appears. Uskudar and Sariyer are the districts
where forest areas declined the most, percentage-wise.
Between 1975 and 2007, forest areas declined by 44% in
Uskudar and 27.1% in Sariyer, whereas decline in forestcover was 6% in Beykoz and 1.3% in Besiktas (Table 3).
As the study revealed, most of the change in landcover occurred in the southern half of the Bosphorus region, where urban areas expanded at the expense of brush
land and small wooded and agricultural areas. Urban areas
accounted for 55.4% of the whole study area in 2007.
However, urban areas cover more than 80% of the land in
the south. The northern parts of the study area seemed to
have preserved most of their forest-cover; however, forest
areas in the northern half of the study area have been
destroyed where they converged with settlements.
The rapid increase in population played a significant
role in the excessive urban growth in the Bosphorus region between 1975 and 2007. The population of Istanbul
increased by 222% (from 3.9 to 12.5 million) in this period. In the same time period, the population of the districts
that make up the study area has increased by 112.6% (from
608,000 to 1.3 million). The districts that experienced
the highest increase in population were Uskudar (327,000),
Sarıyer (191,000), and Beykoz (149,000). The population
of Besiktas has increased by only 16,000 (Table 4).

TABLE 4 - Population change in Istanbul’s Bosphorus Region at the sub-provincial level (1975-2007).
Districts
Sariyer
Besiktas
Beykoz
Uskudar
Istanbul (total)

Population
1975
85262
174931
92767
254895
3904588

1990
171872
192210
163786
395623
7309190

CONCLUSIONS
Istanbul, the only city in the world that sits on two
continents, has many unique, diverse, and invaluable natural and historical resources that attract millions of tourists
every year. The Bosphorus region, located along both sides
of the Istanbul Strait, is of great importance for not only
Istanbul but also for Turkey because of its important, beautiful, and historical buildings, palaces, and mansions. Due
to its natural and historical richness, the Bosphorus region
has remained as a place where people have chosen to settle
throughout its history. The palaces and mansions that were
constructed along the coast of the Bosphorus, particularly
in the 18th and 19th centuries, have contributed to the
beauty of the Bosphorus with their unique architectural
style and aesthetic views. However, a rapid increase in

2000
242543
190813
210832
495118
10018735

2007
276407
191513
241833
582666
12573836

Change (%)
1975-2007
+224
+9,5
+161
+129
+222

population and the accompanying uncontrolled urban growth
in the entire city have constituted a great threat to the natural and historical heritage of the Bosphorus region, especially after the first half of the 20th century. Many
measures have been taken to discourage unplanned urban
growth in the Bosphorus region and to preserve its natural
and historical richness, especially since 1970. With new
laws and master urban plans put in operation in 1974 and
1995, the entire Bosphorus region was declared to be a
natural protected area. However, as the current study
revealed, the efforts that have been focused on the conservation of the Bosphorus region have failed to protect
the natural environment, although they seem to have preserved historical buildings along the coast to some extent.
As the study revealed, the Bosphorus region has experienced a rapid population increase and urban growth
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between 1975 and 2007. The population of the 4 subprovinces occupying the study area has increased by
112.6% over a period of 32 years, and reached 1.3 million
in 2007. This rapid increase in population has resulted in
an excessive urban expansion in the study area. The
urban areas expanded by 64.8% from 3656 to 6026 hectares between 1975 and 2007. With this change in landcover, the percentage of urban areas within the entire study
area increased from 33% to 55.4% in the same time period. This rapid change in urban areas took place mainly in
areas located behind the coast where scrub land, bare
soil, small wood areas, and agriculture were the dominant
land-use classes. These land-use classes grouped into the
“other” class in the study, declined by 52.1%, from 3340 to
1599 hectares, between 1975 and 2007. The “other” class
accounted for 30.7% of the study area in 1975. However,
with this dramatic decline, it covered only 14.7% of the
entire study area in 2007. The other significant result of
the study was the noteworthy decline in forest-cover. Forest
areas declined 16.2% (630 hectares) between 1975 and
2007, mainly in the north. With this change, the percentage of forest areas declined from 35.7% to 29.9% over this
time period.
As the study revealed, the most significant changes in
land-cover occurred in the southern part of the study area
along both sides of the Bosphorus. The majority of this
land (70-80%) is characterized by urban areas today. Small
woods and other green areas that are scattered throughout
the region are the only natural areas remaining along the
coast of the southern Bosphorus region. Forest areas continue toward the Black Sea in the northern half of the
Bosphorus region. The study shows that the Bosphorus
region has lost a great deal of its natural beauty in the last
32 years. As observed from boat tours along the Bosphorus from the Sea of Marmara to the Black Sea, the natural
environment does not constitute the main part of the view
in the Bosphorus region anymore. Urban areas, which are
mainly characterized by modern villas in front and ordinary multiple story buildings in back, are visible by visitors, especially along the first half of their tour in the
southern part of the Bosphorus.
All statistics indicate that the rapid urban growth, that
Istanbul is experiencing today, will continue in the future.
By considering this and the effects of previous urban growth
on the natural environment, better strategies should be developed and put into action to preserve the remaining natural and historical resources of the Bosphorus region. Forest areas, which are still the dominant land-use class in
the north, should be conserved carefully considering the
fact that urban areas are expanding to the north as well as
toward the west and east in Istanbul. The small green
areas located along the coast in the south should not be
occupied by urban land. Sustainable recreational plans may
be developed to protect those areas from further exploitation.
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DEGRADATION OF DIMETHYL METHYLPHOSPHONATE
IN AQUEOUS SOLUTION BY OZONE
Jianjun Zhou, Chundu Wu*, Jinyu Chu, Qiang Yuan and Jicheng Xu
School of the Environment, Jiangsu University, Zhenjiang 212013, P.R. China

ABSTRACT
Dimethyl methylphosphonate (DMMP), which acted as
a simulant of nerve warfare agent, was degraded by ozone
in this study. Several operation parameters such as initial
pH value, ozone flow, ozone concentration, temperature and
initial concentration of DMMP were investigated. Experimental results showed that DMMP could be degraded rapidly by ozone. In the optimum working conditions, 99%
50 mg/L DMMP were degraded in 16 min, and 44% total
organic carbon of the solution were reduced. Moreover,
the free radical accelerant, Fe2+, and inhibitors, 2-propanol
and tert-butanol significantly influenced the degradation
efficiency of DMMP. Free radicals were the most important oxidants for the DMMP degradation reaction in
this system. The following instrumental quality analyses,
such as gas chromatogrphy-mass-spectrometry (GCMS), ion chromatography (IC) and infrared spectroscopy
(IR) indicated that methyl methylphosphonate, methyl
phosphoric acid, formic acid, phosphate anion and carbon
dioxide, etc. were formed after the treatment. Ozone
could be decomposed to form hydroxyl radical, which could
attack DMMP to start the degradation reaction. Furthermore,
DMMP would probably be mineralized. Fi-nally, three
reaction pathways were predicted for the DMMP degradation by ozone.

KEYWORDS: degradation, nerve warfare agent, simulant, dimethyl
methylphosphonate, ozone.

INTRODUCTION
The production, stockpile and use of chemical warfare
agents (CWAs) are banned by international convention, and
the current reserves are to be destroyed in accordance with
the international treaties [1]. Unfortunately, threats of chemical warfare agents never disappear in the world, especially
in the present period with high risks of terrorist attacks.
Therefore, the development of new, efficient and fast methods to deal with chemical warfare agents is very important
and urgent. Moreover, previous experiences have shown
that improper handling and storage of these chemical war-

fare agents often result in their leaking into soil, water and
air. Destruction of chemical warfare agents is an urgent task
in view of requirements of chemical weapons convention,
chemical terrorist attacks and possible emergency leakage.
Incineration, chlorination, pyrolysis, biological treatment and carbon adsorption are the conventional techniques
to decontaminate the chemical warfare agents [1-2]. These
conventional techniques can not degrade the chemical warfare agents into benign compounds without forming toxic
byproducts. Because of the various limitations of the traditional methods, some of which can not efficiently destroy
the target species, others of which are of a slow treatment
rate, it is necessary to develop a process that facilitate the
decomposition of chemical warfare agents and eliminate
contamination.
Advanced oxidation processes (AOPs) have shown
potential in degrading chemical warfare agents in laboratory testing. These technologies are based on production
of the hydroxyl radical, a strong oxidizability species, and
other oxidative species such as H2O2, O3, O• and HO2•, etc..
AOPs have some features, for instance, rapid and complete degradation, no secondary pollution, etc.. Recently,
photocatalytic degradation of various chemical warfare
agents or their simulants in the liquid and gas phases have
been investigated in laboratory scale studies and the pathways for the degradation of them have been predicted based
on identification of degradation byproducts. The results
show that some photocatalytic methods have certain degradation efficiency on chemical warfare agents. At the same
time, they also have some problems such as requiring excess of oxidation agents and low pH value, etc. [3-6]. Plasma
oxidation is a very interesting and promising method for
degrading chemical warfare agents. Atmospheric pressure
plasma jet holds promise for field scale studies. Pulsed
streamer discharge and dielectric barrier discharge were
used to decontaminate chemical warfare agents in water
and in air recently. The development of discharge technology and reactor configurations has improved degradation
efficiency of chemical warfare agents and reduced energy
consumption [7–11].
Due to high toxicity of nerve chemical agents, it is
dangerous to work with these compounds in ordinary laboratories. Therefore, dimethyl methylphosphonate
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(DMMP) have been used as the simulant of nerve warfare
agents because of its similarity in physical and chemical
properties to nerve warfare agents. The structure of
DMMP and the typical representatives of nerve warfare
agents, sarin and soman, is shown in Fig.1. The P–F
bond in nerve warfare agents is more labile than the P–C
and P–O bonds in DMMP [12]. Therefore, DMMP is more
stable than nerve warfare agents, and the degradation rate
of nerve warfare agents is expected to be higher than that
of DMMP.

search Institute of Plasma Physics and Chemistry of Dalian
Maritime University, China). Testing device was self-designed (see Fig. 2). The reactor was made of polytetrafluoroethylene, and equipped with a plate microporous aeration head).

4
3

The degradation of dimethyl methylphosphonate by
ozone has not yet been studied. Our work aimed to investigate the degradation effect and degradation mechanism of
DMMP by using ozone. This could help in finding the
optimum working parameters for the fastest degradation
of DMMP, as well as understanding the degradation mechanism of DMMP by ozone.
O
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FIGURE 2 - The testing device (1. oxygen cylinder; 2. ozone generator; 3. needle valve; 4. valve; 5. gas flowmeter; 6. sample connection;
7. reactor; 8. absorption bottle; 9. check valve; 10.tail gas outlet).

Soman

Degradation and detection of DMMP

FIGURE 1 - Structure of DMMP, sarin and soman.

MATERIALS AND METHODS
Materials

The chemicals used in the present study were used as
received from the manufacturer. They included dimethyl
methylphosphonate (98%, from Aldrich Chemical Company); H2SO4 (98%), KBr (spectrograde reagent), Na2CO3
(HPLC grade), acetonitrile (HPLC grade). The chemicals
were purchased from Sinopharm Chemical Reagent Co., Ltd,
China. NaOH, KCl, CH3COONa, Na2S2O3, KI, FeSO4, tertbutanol, 2-propanol, CH2Cl2, Ca(OH)2, anhydrous sodium
sulfate were analytical reagents and purchased from Sinopharm Chemical Reagent Co., Ltd, China. He
(99.999%), N2 (99.999%), H2 (99.999%), air (high purity
and dried) (from Nanjing Special Gas Factory, China); O2
(99.5%, from Zhenjiang Oxygen Factory, China).
Instruments

GC-2010 gas chromatograph (Shimadzu, Japan) was
coupled with a FID detector, AOC-20i auto injector (Shimadzu, Japan) and Rtx○, R -5 capillary column (30m×
0.32mm× 0.5µm, Restak, USA). 861 advanced compact
ion chromatograph (Metrohm, Switzerland) was equipped
with a Metrosep Supp 5 column and conductivity detector.
6890N/5973 gas chromatograph-mass-spectrometer (GCMS) (Agilent, USA) was equipped with a DB-5 column
(30m×0.25mm×0.25µm, J&W, USA). The following instruments were also used: AVATAR 360 Fourier transform
infrared spectrometer (Nicolet, Japan), TOC-VCSH total organic carbon analyzer (Shimadzu, Japan), BS110S electronic
balance (Sartorus, Germany), PHS-3C acidometer (Shanghai LIDA Instrument Factory, China), ozone generator (Re-

500 ml DMMP solution at the concentration of 50mg/L
was poured into the reactor. After adjusting reaction parameters ozone was pumped into the reactor to decontaminate DMMP, and the degradation solution was sampled at
every specific time interval to determine DMMP concentration with GC by using external standards. The initial
temperature of the column was set at 60℃ for 2min, then
it rose at 20℃/min until 210℃ and remained the temperature for 10min. Injector temperature was set at 240℃. Injection volume was 1µL and split ratio was 5:1. Nitrogen
served as carrier gas at a constant flow of 3 ml/min. FID
detector temperature was set at 260℃. Hydrogen flow was
47ml/min and air flow was 400ml/min. Degradation efficiency was calculated based on DMMP concentration after
and before decontaminating. TOC was determined by TOC
analyzer.
Influence of free radical accelerant and inhibitor on degradation

500 ml DMMP solution at the concentration of 50 mg/L
was poured into the reactor and free radical accelerant
(FeSO4) or free radical inhibitor (tert-butanol and 2-propanol) at the concentration of 0.01mmol/L was added into
DMMP solution. Ozone was pumped into the reactor to
decontaminate DMMP, and the degradation solution was
sampled at 0, 2, 4, 6, 8 and 10 min, respectively. Then the
DMMP concentration of samples was determined with GC.
The same detection method as in Degradation and detection of DMMP was adopted.
Analysis of degradation byproducts
Detection of carbon dioxide
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Gas that vented from the gas outlet of the reactor was
pumped directly into the saturated solution of calcium hydroxide when DMMP was being degraded by ozone. Then
it was observed whether turbidity appeared or not. If it
did, dilute hydrochloric acid was titrated dropwise. It indicated that there was carbon dioxide in the degradation byproducts if turbidity disappeared.

lected pH 12 as initial pH value in the following experiments.
1.0

pH 3.0
pH 5.0
pH 7.0
pH 9.0
pH 11.0
pH 13.0

0.8

0.6

When DMMP was being degraded by ozone, the degradation solution in quantity 50ml was taken at 0, 2 and
5 min, respectively. Every sample was extracted twice
with 50 ml dichloromethane each time, and the two extract
liquids of each sample was mixed and dehydrated with anhydrous sodium sulfate. Then dichloromethane was added
into the extract liquid to give a total volume of 10 ml when
the mixed extract liquid was vaporized to about 5 ml. And
DMMP was directly added into dichloromethane to act as
reference. Potassium bromide was grinded and squashed,
and then took about 0.1 ml sample or reference on the
squash to be detected by infrared spectrometry.
IC detection

When DMMP was being degraded by ozone, 50ml
degradation solution was sampled at 0, 2, 5 and 8 min, respectively. Then the degradation solution was analyzed by
ion chromatography with external standards. The eluent
consisted of 50mmol/L Na2CO3, 20% acetonitrile and deionized water and the flow rate was 0.7ml/min.
GC-MS detection

C/C0

FTIR detection

0.4

0.2

0.0
0

2

4

6

8

10

12

Time/min

FIGURE 3 - Influence of initial pH value on degradation efficiency
(DMMP concentration=100 mg/L; ozone concentration=40g/m3;
temperature is room temperature; ozone flow=200ml/min).
Influence of ozone concentration

Fig.4 shows that the degradation efficiency of DMMP
is increasing with the increase of ozone concentration. Low
ozone concentration significantly affected degradation efficiency. When ozone concentration is beyond 29 g/m3, the
influence of ozone concentration on degradation efficiency
is weakening. Because of the limitation of ozone solubility and ozone mass transfer rate in water, ozone concentration in DMMP solution would reach its saturated solubility and not increase with the increase of ozone concentration.

Sampling and pretreatment methods were the same as
in section FTIR detection. Byproducts were determined by
GC-MS. The initial temperature of the column was set at
50℃ for 2min, then it raised at 10℃/min until 240℃ and
the temperature remained for 5min. Injector temperature
was set at 240℃. Injection volume was 1µl and split ratio
was 10:1. Helium was carrier gas at a constant flow of
1 ml/min.

1.1
1.0

3

11g/m
3
20g/m
3
29g/m
3
39g/m
3
50g/m
3
60g/m

0.9
0.8
0.7

C/C0

0.6
0.5
0.4
0.3
0.2

RESULTS AND DISCUSSION

0.1
0.0

Influence of working conditions on degradation efficiency

-0.1

Influence of initial pH value

0

The influence of initial pH value on degradation efficiency of DMMP is shown in Fig.3. The degradation efficiency of DMMP varied with the change of initial pH value.
Alkaline condition was beneficial for the degradation of
DMMP. In alkaline solution, ozone can rapidly decompose
and generate some oxidation species such as hydroxyl
radicals and superoxide radicals (standard electrode potential is 2.87V and 2.42V respectively) etc. [13-15], and their
oxidative ability was greater than that of ozone. So the degradation efficiency of DMMP in alkaline solution was higher
than in the acid solution. Because initial pH value affects
enormously the degradation efficiency of DMMP, we se-

2

4

6

8

10

12

Time/min

FIGURE 4 - Influence of ozone concentration on degradation efficiency (DMMP concentration=100 mg/L; ozone flow=200ml/min;
initial pH value=pH 12.0; temperature is room temperature).
Influence of ozone flow

In Fig.5, the influence of ozone flow on degradation efficiency of DMMP shows that the degradation efficiency
increased with the increase of ozone flow.
Influence of reaction temperature
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Fig.6 shows the influence of reaction temperature on
degradation efficiency of DMMP. It can be seen that the
degradation efficiency increased first and decreased afterwards with the rise of reaction temperature. Reaction
temperature significantly affected the degradation efficiency
within the range of 5℃ to 50℃. When reaction temperature was over 50℃ the influence of reaction temperature
on degradation efficiency weakened. Based on the Arrhenius
equation reaction, the rate would increase with the rise of
reaction temperature. On the other hand, ozone solubility
would decrease with the rise of reaction temperature, and
the decrease of ozone solubility can lead to decreasing
ozone concentration in DMMP solution. As a result, the
degradation efficiency of DMMP increased first and decreased afterwards with the rise of temperature

Degradation of DMMP in optimum working parameters

The optimum working parameters were selected from
the sections Influence of initial pH value to Influence of initial
concentration . DMMP solution at the concentration of
100 mg/L was degraded by ozone with the optimum working parameters. Results are shown in Fig.8. In the optimum
working parameters degradation efficiency of DMMP reached up to 99% and removal efficiency of TOC was 44% in
16 minutes. Removal efficiency of TOC was less than that
of DMMP for the same treatment period.
1.0

10mg/L
20mg/L
30mg/L
40mg/L
50mg/L
60mg/L

0.8

C/C0

0.6

1.0

100ml/min
200ml/min
300ml/min
400ml/min
500ml/min
600ml/min

0.8

C/C0

0.6

0.4

0.2

0.0

0.4

0

2

4

6

8

10

12

Time/min

FIGURE 7 - Influence of initial concentration on degradation efficiency (initial pH value=pH 12.0; ozone concentration=40g/m3; temperature is room temperature; ozone flow=200ml/min).
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1.0

Time/min

TOC/TOC0
0.8

FIGURE 5 - Influence of ozone flow on degradation efficiency
(DMMP concentration=100 mg/L; initial pH value=pH 12.0; ozone
concentration=40g/m3; temperature is room temperature).
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FIGURE 8 - Degradation of DMMP in optimum working parameters
(initial pH value=pH 12.0; ozone concentration=60g/m3; temperature=
50°C; ozone flow=400ml/min).

0.2

TABLE 1 - The reaction rate constants of working parameters.

0.0
0

2

4

6

8

10

12

T/min

FIGURE 6 - Influence of temperature on degradation efficiency
(DMMP concentration = 100 mg/L; ozone concentration = 40g/m3;
initial pH value=pH 12.0; ozone flow=200ml/min).
Influence of initial concentration

The influence of initial concentration of DMMP on degradation efficiency is shown in Fig. 7. The degradation
efficiency decreased with the increase of initial concentration of DMMP.

pH value
k
r
CO3(g/m3)
k
r
FO3(ml/min)
k
r
T(℃)
k
r
C0(mg/L)

1715

3.0
3.375
0.992
11
0.118
0.998
100
0.126
0.972
5
0.136
0.952
10

5.0
3.750
0.982
20
0.157
0.997
200
0.185
0.977
20
0.136
0.954
20

7.0
7.161
0.991
29
0.191
0.988
300
0.214
0.977
35
0.218
0.973
30

9.0
0.210
0.994
39
0.236
0.993
400
0.371
0.992
50
0.256
0.978
40

11.0
0.232
0.978
50
0.311
0.997
500
0.375
0.994
65
0.280
0.973
50

13.0
0.234
0.959
60
0.317
0.992
600
0.380
0.970
80
0.289
0.980
60
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k
0.474
0.411
0.382
0.312
0.278
0.243
r
0.956
0.979
0.987
0.989
0.986
0.988
Annotation: k is reaction rate constant, and the units for pH3.0, pH5.0 and
pH7.0 are mg·L-1·min-1, the others are min-1; r is correlation coefficients.
Influence of working parameters on reaction kinetics

The reaction kinetics was fitted to summarize the reaction rate constants for all the conditions studied. The relationships of concentration to time were fitted for zero order
reaction, while the relationships of natural logarithm of
the concentration to time were fitted for first order reaction. They were shown in Table.1.

Analysis of carbon dioxide indicated that there was
carbon dioxide in degradation byproducts. Fig.10 shows
the ion chromatogram of DMMP solution during degradation. It can be seen that reaction can generate PO43- and its
concentration increases with reaction time. It is indicated
that -CH3 and -OCH3 groups in DMMP can be removed
to generate PO43-. The concentration of PO43- changes little
in the first 5min, but it is rapidly increased after 5min. It
is believed that DMMP is degraded step by step, and PO43is generated in the degradation reaction only when all functional groups in DMMP are removed.

Influence of free radical accelerant and inhibitors on degradation

uS/cm

2+

Fe can catalytically decompose ozone to generate
·OH [16, 17]. However, ·OH can be scavenged by 2propanol and tert-butanol quickly. Their reactions are ·OH
+ 2-pro-panol→ (CH3)2·COH + H2O (rate constant is
1.9×1010 mol·L-1s-1) and ·OH + tert-butanol
→·CH2C(CH3)2OH + H2O (rate constant is 6.0×108
mol·L-1s-1) [18] respectively. Both CH3)2·COH and
·CH2C(CH3)2OH are inert radicals[19]. So Fe2+ was
selected to be free radical accelerant, while 2-propanol and
tert-butanol were selected to be free radical inhibitor. Fig.9
shows that free radical accelerant and inhibitor significantly
affect degradation efficiency of DMMP, especially when
free radical inhibitor is added, degradation efficiency
sharply decreases. It is indicated that free radical accelerant can promote the degradation reaction and its inhibitor
can inhibit degradation reaction. So we believe free radical is the most responsible oxidant for degradation reaction of DMMP in this experiment.
1.0

2+

Fe
None
tert-butanol
2-propanol

0.8

C/C0
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0.4
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Time/min

FIGURE 9 - Influence of free radical accelerant and its inhibitor on
degradation (DMMP concentration=100 mg/L; initial pH value=pH
12.0; ozone concentration=40g/m3; temperature is room temperature;
ozone flow=200ml/min).
Analysis of byproducts

Chemical method, GC-MS, IC and FTIR were used to
identify the degradation byproducts of DMMP, which
could be adopted for predicting the reaction pathways of
DMMP degradation.

3-

PO 4

30

28

26

8min 8.12mg/L

3-

PO 4

5min 1.93mg/L

3-

24

PO 4

2min 0.77mg/L
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22
0

2

4

6

8

10

12
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FIGURE 10 - Ion chromatogram of DMMP solution during degradation (DMMP concentration=100 mg/L; initial pH value=pH 12.0;
ozone concentration=40g/m3; reaction temperature was room temperature; ozone flow=200ml/min).

IR analyses were used to examine adsorbed phosphorous species during the degradation of DMMP. In order to
identify these species, the IR data for DMMP were collected [20]. There are two important regions of the IR spectrum for DMMP analysis. This includes a high-frequency
region between 3200 cm-1 and 2600 cm-1 and a low-frequency region between 1800 cm-1 and 750 cm-1. The highfrequency region contains peaks caused by methyl group
stretching vibrations, while the low-frequency region contains peaks caused by C-O, C-P and P=O stretching vibrations.
Fig. 11 shows the infrared spectrum of DMMP and
that of byproducts. As is shown in Fig.13, IR bands of
methyl groups disappear more quickly than that of CH3O
groups after degradation. It indicates that methyl group can
be more easily attacked and removed from DMMP. Compared with the IR spectrum of DMMP, four supplementary absorption bands appear on spectrum of degradation
compound: 3650 cm-1, 3442 cm-1, 2361 cm-1 and 1650 cm-1.
They were respectively, assigned to dissociative O-H stretching, associated O-H stretching, O-H stretching in O=P-OH
groups and O-H deformation in P-OH groups. The IR band
at 3650 cm-1 is probably caused by adding NaOH in DMMP
solution before degrading DMMP. The sample that has been
degraded for 0 min has a wide absorption band at 3442cm-1
and it disappears rapidly during degradation. It is probably
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caused by hydroxylation product of DMMP, and this byproduct can be degraded rapidly. The IR band at 2361 cm-1
increases with reaction time. It is indicated that the reaction
can generate byproduct containing O=P-OH group and
this byproduct would accumulate with reaction time. The
IR band at 1650 cm-1 also indicates that reaction can generate byproduct containing P-OH group.

DMMP substituted by one hydroxyl group. It is probably
the hydroxylation product of DMMP. This result is consistent with that of IR analysis. The degradation byproducts for treating time 5 min and 10 min contain methyl
methylphosphonate, methylphosphoric acid and formic
acid etc.
Discussion of decontamination mechanism
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2361
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0min

3442

1650
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2997

2852
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909
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FIGURE 11 - Infrared spectrum of DMMP has been degraded
(DMMP concentration=100 mg/L; initial pH value=pH 12.0; ozone
concentration=40g/m3; reaction temperature was room temperature; ozone flow=200ml/min).

Fig.12 is the gas chromatogram of DMMP and its byproducts. The sample for 0 min shows a peak at 8.84 min.
This byproduct is a compound with one hydrogen atom of

Abundance

Results of Influence of initial pH value show that degradation efficiency of DMMP in alkaline solution is greater
than that in acid solution. As a matter of fact, ozone oxidative ability in alkaline solution is less than in acid solution, because standard electrode potential of ozone is 2.07 V
in acid condition and 1.24V in alkaline condition. It is
evident that ozone is not the main oxidant when DMMP
is being degraded by ozone in alkaline condition. Gunten
et al. [14, 15] believe that ozone is the chief oxidant in acid
condition. But in alkaline solution ozone can be rapidly
decomposed to hydroxyl radical and superoxide radical,
etc., and these oxidative species are the chief oxidants (their
generation mechanism is shown in Fig.13). So free radicals
are the most principal cause for DMMP degradation in
alkaline condition by ozone, and the results of 3.2 has also
confirmed the above conclusion. Fig.13 shows that ozone
can generate some free radicals in alkaline solution. Among
these free radicals oxidizability of hydroxyl radical is
greater than that of the others. So we believe hydroxyl
radical is the major oxidation species when DMMP is
being degraded by ozone in alkaline solution.

O

O

OCH 3
H3 C P OCH
3

H3 C P

TI C: DM
M
P1. D

OCH3
OCH3

Reference

900000
800000
700000
600000
500000
400000
300000

O

200000

H3 C P

100000

4. 00

6. 00

OCH3
OCH2OH

8. 00 10. 00 12. 00 14. 00 16. 00 18. 00 20. 00 22. 00 24. 00

Ti m
e- - >
Abundance
A
bundance

O
280000

H3C

260000

P

TI C
:

OCH 3
OCH3

O

D
M
M
P
3- 1. D

5 m in

H3 C

450000

P

TI C
:

OCH 3
OCH 3

D
M
M
P4. D

10min

400000

240000
220000

350000

200000

300000

180000
160000

250000

140000

100000

150000

O

80000

O

60000
40000
20000

H

C
4. 00

Ti m
e- - >

O

200000

120000

OH
H3C P OH

OH
6. 00

8. 00

10. 00

12. 00

100000

O
H

H3C P

C OH

OH
OCH3

O
OH
H3C P OH

50000

14. 00

16. 00

4. 00

18. 00

Ti m
e- - >

1717

6. 00

8. 00

10. 00

12. 00

14. 00

16. 00

18. 00

© by PSP Volume 18 – No 9a. 2009

Fresenius Environmental Bulletin

FIGURE 12 - Gas chromatogram of DMMP and its byproducts (DMMP concentration=100 mg/L; initial pH
value=pH 12.0; ozone concentration=40g/m3; reaction temperature was room temperature; ozone flow=200ml/min).
O3 + OH-

Main reaction pathways of DMMP degraded by ozone
were predicted based on the above analysis and byproducts had been determined, which is shown in Fig.14. Pathway 1 starts from hydrogen abstraction reaction. Pathway 2
starts from hydration reaction between DMMP and H2O, and
pathway 3 shows a reaction which starts from additionelimination reaction. All of byproducts would probably be
mineralized finally.

·O2-+ H+
·
HO3·OH + O3
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FIGURE 13 - Ozone decomposition and
production mechanism of free radical.

H O
O 2
H3 CO P OCH3
CH3

H3CO

(1)

·OH + ·O2-+ O2

O3+ ·O2-

O
O
O
·OH
·OH
H3CO P OCH2 H
H3CO P OCH2 ·
H3CO P OCH2OH
CH3
CH3
CH3
O
H3CO P OCH3
CH3

HO2-+ O2

O3 + HO2-

O
H3 CO P OH + CH2O
CH3

O
HO P OH
CH3

O· OH
P OCH3

CO2,H2O

HCOOH

PO43-

O
H3CO P OH + CH3OH
CH3

CH3

FIGURE 14 - Proposed reaction pathways of DMMP degraded by ozone.

CONCLUSIONS
DMMP can be effectively removed from aqueous solution by ozone. Initial pH value is the key parameter affecting the degradation efficiency of DMMP, and alkaline
condition is beneficial to degradation of DMMP. Degradation efficiency improves with the increase of ozone flow
and ozone concentration, and it decreases with the increase
of initial concentration of DMMP, while it improves first
and decreases afterwards with the increase of temperature.
In optimum working parameters degradation efficiency of
DMMP at concentration of 100mg/L can reach 99%, and
the removal efficiency of TOC is 44% in 16 minutes.
In alkaline solution ozone can be rapidly decomposed
to hydroxyl radical. Hydroxyl radical would attack DMMP
to generate methyl methylphosphonate, methyl phosphoric
acid and formic acid, phosphate anion and carbon dioxide
etc., and DMMP is probably mineralized finally. It is predicted that three reaction pathways occurs while DMMP
is being degraded by ozone.
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TOXICITY OF ESSENTIAL OIL VAPOURS
OBTAINED FROM SEVERAL PLANTS SPECIES
AGAINST THE GRANARY WEEVIL, Sitophilus granarius (L.)
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ABSTRACT
Essential oil vapours from Thymus spicata, Thymbra
spicata var. spicata, Mentha spicata var. formasa and Mentha spicata subsp. tomentosa were tested for their toxicity
against the adults of Sitophilus granarius (L.). Essential oils
were applied at the doses of 2, 3 and 4 µl in desiccators
with 4 l capacity, corresponding to 0.5, 0.75 and 1 µl/l air.
Although desirable insecticidal activities against the pest
were achieved with all the essential oils tested, the oil of
M. spicata subsp. tomentosa was found the most effective
at a dose of 0.5 µl/l air and an exposure period of 48 h.
On the other hand, the oils from M. spicata subsp. tomentosa and M. spicata var. formasa had similar effects at the
doses of 0.75 and 1 µl/l air and the exposure periods of 24,
36 and 48 h. For each of the plant essential oils tested, the
toxicity against adult S. granarius was dose- and exposure
time-dependent. A 100% mortality rate in adult S. granarius
was achieved only with M. spicata subsp. tomentosa and M.
spicata var. formasa essential oils at the dose of 1 µl/l air
and the exposure periods of 36 and 48 h. It can thus be
concluded that essential oils from M. spicata subsp. tomentosa and M. spicata var. formasa may be potential control
agents against S. granarius in storage facilities.

KEYWORDS: Thymus spicata, Thymbra spicata var. spicata,
Mentha spicata var. formasa and Mentha spicata subsp. tometsa;
essential oil; fumigation; Sitophilus granarius; toxicity

INTRODUCTION
Insect damage in stored grains and pulses may amount
to 10-40 % in countries where modern storage technologies
have not been introduced [1]. Stored-product insects cause
serious problems in stored grains throughout Turkey as in
the world due to an impairment of grain quality and quantity. In Turkey, Sitophilus granarius L. (Coleoptera: Curculionidae) and Tribolium confusum (Jacquelin du Val)

(Col.: Tenebrionidae) are very important pests of stored
wheat and rice. Essential oils obtained from plants are under
particular investigation for their broad-spectrum pest control properties. They have been shown to possess insecticidal activity as vapours [2-8].
Plant materials play an important role in traditional
methods of protection against insect infestations. Though
most of these methods are little used in developed countries, they still play significant roles in pest control programmers’ of developing countries [9]. The family Lamiaceae is represented by 45 genera, 546 species and
730 taxa in the Flora of Turkey [10]. The members of this
family are used as herbal tea and spice. Essential oils isolated from these species are also used various industrial
areas and have various biological activities, such as antiinflammatory, antioxidant, antibacterial, antifungal, and antiviral properties. The genus Thymbra L. is represented two
different species, Thymbra spicata L. and T. sintenisii
Bornm. & Aznav., in the flora of Turkey [10-12]. The first
grows naturally in the Southern and Western regions of
Turkey. Essential oil of this species contains carvacrol or
thymol and is used for many different purposes, such as
flavoring agent in food industry and fragrances in pharmaceutical, cosmetic and perfumery industries. Ozel et al.
[13] studied the essential oil composition of T. spicata from
Nizip (Gaziantep, Turkey) and explained carvacrol, thymol,
E-3-caren-2-ol, and γ-terpinene as major components. Essential oil from T. spicata has antioxidant, antibacterial and
antifungal activities as a result of previous studies whereas
there is no record on insecticidal properties of this oil.
The genus Mentha L. is well known due to high aromatic
species having economic importance. The Mentha species
constitute one of the most popular essential oil crops and
are often naturally distributed or cultivated. Mentha piperita
L., M. spicata L., M. arvensis L., M. citrata Ehrh and
Mentha gracilis Sole are the main species of this genus
cultivated for essential oil production. Essential oil production in the Mentha species consists of 7.500 chemical components [14] in the world production and the sum is the
next amount after Citrus oil. The genus is represented in
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the flora of Turkey by 8 species and 15 taxa with recent
records [15]. Essential oils of mint species are the complex mixtures of many terpenoids. Mentha spicata is known
as “spearmint” and its genotypes cultivated for essential
oil production and spice usage were generally characterized by the presence of carvon, a oxygenated monoterpenes
[16]. But, there are chemotypes with piperitone oxide,
piperitenone oxide, carvone, linalool, pulegon, menthone
and isomenthone in naturally growing M. Spicata of Turkey [16-17]. Davis [11] classified M. spicata two subspecies according to their morphological properties, subsp.
spicata and subsp. tomentosa. There are a record comparing essential oil composition and biological activity in the
subspecies.
Although compositions and some biological activities of
the essential oils and/or various extracts from several plant
species and subspecies investigated in the present study
have been previously reported [14,16-17], their insecticidal
activities have not been characterized in detail. The aim of
this study was to assess the chemical composition and the
toxic potential of the essential oils obtained from Thymus
spicata L., Thymbra spicata L. var. spicata, M. spicata var.
formasa and M. spicata subsp. tomentosa to control S.
granarius in storage.
MATERIALS AND METHODS
Biological material

Sitophilus granarius adults were obtained from the
laboratory cultures maintained in the Plant Protection
Department, Faculty of Agriculture, Atatürk University,
Erzurum, Turkey and kept on wheat (Triticum vulgare L.)
grains at 25 ± 1oC, 64 ± 5 r.h. and L:D = 12:12 h. The
insects had been previously collected from an Eastern Anatolia storage house. The wheat used as food was purchased
from a local market and kept in a freezer at –20oC in order
to control any arthropod pest prior to use for cultivation.
Tests were carried out under similar conditions.
Extraction of essential oils

Natural growing samples of T. spicata, T. spicata var.
spicata and M. spicata subsp. tomentosa were collected in
the flora of Tokat, Turkey. Samples of M. spicata var.
formasa, cultivated in a botanical garden were harvested for
the research. Essential oil used in the research was isolated
in the two different genotypes, cultivated annual and natural perennial forms. While culture form is originated from
Izmir, natural plants are collected in the Flora of Tokat
during full maturation periods of fruits in vegetation periods of 2006. All samples were collected during the flowering periods in 2006 and dried at 35˚C. In all collected
plant samples, flowers and leaves were separated from the
stems for essential oil distillation. A voucher specimen of
each plant species was stored at herbarium of medicinal
and aromatic plants in the Faculty of Agriculture, Gaziosmanpasa University, Tokat. The essential oils were isolat-

ed from the leaves of T. spicata, T. spicata var. spicata,
M. spicata var. formasa and M. spicata subsp. tomentosa
using a Schilcher apparatus having two condensers, which
is similar to a Clevenger-type apparatus. The extraction
conditions are: a 20-g sample of each plant, mixed with
200 mL distilled water (1:10 w/v). Distillation was continued for approximately 2 h. The yields were based on
dry materials and determined over w/w. The oils were
dried over anhydrous Na2SO4 and stored under N2 in a
sealed vial until required.
Bioassay

Four-day-old adults of S. granarius were used in the
tests. In order to test adults of the same age, wheat grain
containing larvae and pupae was placed in separate Petri
dishes. Adults emerging in 12 hour were collected and used
in the same tests. To test the toxicity of essential oil vapours to adults, desiccators with a capacity of 4 l were used
as test chambers. Ten adults of S. granarius with 20 g of
wheat grain were placed in Petri dishes. The Petri dishes
were then placed in desiccators. Insects were kept on
wheat at 25 ± 1oC, 64 ± 5 r.h. and L:D = 12:12 h in Petri
dishes. Adult of S. granarius in Petri dishes were exposed
separately to the essential oil vapours. Tests were carried
out under the rearing condition. For each dose and exposure time combination, three replicates were used. Initial
testing was performed in order to determine appropriate
dose and exposure time ranges. The amounts of essential
oils applied were 2, 3 and 4 µl in each desiccator, corresponding to 0.5, 0.75 and 1 µl/l air. Exposure periods were
12, 24, 36 and 48 h. Each dose was applied with an automatic pipette as 100 µl acetone solution on a blotting paper
strip (6 x 3 cm) attached to the underside of the desiccators.
After evaporation (2 h) of the acetone, the strip was attached
to the underside of the desiccators by adhesive tape in order
to avoid direct contact of test material. After exposure,
final mortality was determined 2 days later. In the control
jars, only acetone was applied (maximum dose 1 µl/l air).
Data analysis

In order to determine if there are statistically significant differences in toxicity among the treatments, analysis
of variance (ANOVA) was carried out using SPSS 11.0
statistical software package. Where significant differences
occurred among treatments, means were separated using
the test of Duncan at P < 0.01 level.

RESULTS
The essential oil vapours of the three plant species
tested, T. spicata, T. spicata var. spicata, M. spicata var.
formasa and M. spicata subsp. tomentosa, were toxic to S.
granarius. The toxicity of essential oils are summarized in
Table 2 and Fig. 1. The results showed that all the essentials oils tested were toxic and showed a significant insecticidal effect towards adult S. granarius. According to the
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results of ANOVA, all the dose and exposure time interactions are significant at P < 0,01 (Tables 1 and 2).
Of the four essential oils tested, the oil of M. spicata
subsp. tomentosa was found the most effective at a dose of
0.5 µl/l air and an exposure period of 48 h against adult S.
granarius. In general, M. spicata subsp. tomentosa and M.
spicata var. formasa oils were more toxic than the other oils
in all doses and exposure times against adult S. granarius
(Table 2, Fig. 1). This difference is significant at P < 0.01
(Table 2). On the other hand, M. spicata subsp. tomentosa

and M. spicata var. formasa were found to have the same
efficacy levels in 0.75 and 1 µl/l air, and 24, 36 and 48 h.
In all plant essential oils, higher doses or longer exposure
periods were more effective than the lower ones. A 100%
mortality against S. granarius was achieved only with M.
spicata subsp. tomentosa and M. spicata var. formasa essential oils applied at 1 µl/l air in 36 and 48 h (Fig. 1). It can
thus be concluded that essential oils from M. spicata subsp.
tomentosa and M. spicata var. formasa may be potential
control agents against S. granarius in storage facilities.

FIGURE 1 - Percent mortality of adult Sitophilus granarius for all doses and times after teatment with vapours of
essential oils of Thymus spicata, Thymbra spicata var. spicata, Mentha spicata var. formasa and Mentha spicata subsp. tomentosa.

TABLE 1 - The effect of dose and exposure time of essential oils of Thymus spicata, Thymbra spicata var.
spicata, Mentha spicata var. formasa and Mentha spicata subsp. tomentosa towards Sitophilus granarius
Thymus. spicata
Source
Df
Mean Sq.
Dose
2
1658.33
Exposure T.
3
2336.11
Dose x time
6
391.66
Error
24
141.66
Total
36
**
ANOVA; P < 0.01, and * P ≤ 0.05

F
11.70**
16.49**
2.76*

T. spicata var. spicata
Mean Sq.
F
2058.33
24.70**
2700.00
32.40**
547.22
6.56**
83.33
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M. spicata sbsp. formo.
Mean Sq.
F
1502.77
5.41**
15417.59
55.50**
328.70
1.18
277.77

M. Spicata absp. tom.
Mean Sq.
F
1352.77
5.41**
15817.59
63.27**
356.48
1.42
250.00
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TABLE 2 - The effect of dose and exposure time of essential oils of Thymus spicata, Thymbra spicata var. spicata, Mentha spicata var.
formasa and Mentha spicata subsp. tomentosa towards Sitophilus granarius. Results of multiple comparison with mean and standard error.
Exposure
time (h)

Mentha spicata
formosa
M±SE
M±SE
M±SE
0,5
0.0 ± 6.8
0.0 ± 5.2
3.3± 9.6
0,75
0.0 ± 6.8
0.0 ± 5.2
0.0 ± 9.6
12
1
0.0 ± 6.8
0.0 ± 5.2
16.6 ± 9.6
Mean ± SE
0.0 ± 3.9c
0.0 ± 3.0d
6.6 ± 5.5c
0,5
13.3 ± 6.8
13.3 ± 5.2
43.3 ± 9.6
0,75
16.6 ± 6.8
16.6 ± 5.2
53.3 ± 9.6
24
1,0
23.3 ± 6.8
23.3 ± 5.2
93.3 ± 9.6
Mean ± SE
17.7± 3.9b
17.7± 3.0c
63.3 ± 5.5b
0,5
13.3 ± 6.8
13.3 ± 5.2
90.0 ± 9.6
0,75
23.3 ± 6.8
23.3 ± 5.2
93.3 ± 9.6
36
1,0
46.6 ± 6.8
46.6 ± 5.2
100.0 ± 9.6
Mean ± SE
27.7± 3.9ab
27.7± 3.0b
94.4 ± 5.5a
0,5
13.3 ± 6.8
13.3 ± 5.2
90.0 ± 9.6
0,75
36.6 ± 6.8
36.6 ± 5.2
93.3 ± 9.6
48
1,0
63.3 ± 6.8
73.3 ± 5.2
100.0 ±9.6
Mean ± SE
37.7± 3.9a*
41.1± 3.0a
94.4 ± 5.5a**
Grand M. ± SE
20.8 ± 2.0b*
21.6 ± 2.0b**
64.7 ± 2.0a*
Values followed by different letters in the same column differ significantly at P < 0.01.
**
P < 0.01. P < 0.05
Dose (µl)

Thymus spicata

Thymra spicata

In general, mortality increased with increasing dose
and exposure time. The mortality rates of adult S. granarius
at different exposure times (12, 24, 36 and 48 h.) are shown
in Fig. 1.
DISCUSSION
The development of natural or biological insecticides
will help to reduce the negative effects of synthetic insecticides such as residue formation, resistance development
and environmental pollution. Bio-insecticides, on the other
hand, may be effective, selective, bio-degradable, associated with little or no resistance of the pest, and non-toxic to
the environment. Essential oils obtained from T. spicata, T.
spicata var. spicata, M. spicata var. formasa and M. spicata subsp. tomentosa efficiently killed adult S. granarius.
The insecticidal activity of all essential oils increased with
increasing doses (Fig. 1, Tables 1 and 2). Previous studies
showed that the toxicity of essential oils from aromatic
plants against stored pest is related to their major components. The Mentha species showed different oil composition. Linalool (51.0%), carvone (23.42%) and 3-octanol
(10.1%) were identified from M. piperita L. and
piperitenone oxide (94.8%) was present in M. spicata L.
[18]. The studied accessions of M. spicata indicated six
different chemotypes, each of which was characterized by a
high contribution of the following compound: 1 terpinen4-Yi acetate (51.7-55.3%); 2 carvone oxide (52.5%); 3
piperitone and menthol (49.3% and 15.7%, respectively); 4 carvacrol (49.6%); 5 isomenthone and piperitone
oxide (39.1% and 23.3%, respectively); (6) p-eymene and
trans-carvyl acetate (48.6% and 32.2%, respectively) [19].
The essential oil content of wild-grown spearmint in the
region was found to range from 1.00% to 2.00%, and two
chemotypes were identified, one high in carvone (49.53-

M. sp. tomentosa

Control

Mean ± SE

M±SE
3.3± 9.1
0.0 ± 9.1
16.6 ± 9.1
6.6 ±5.2c
43.3 ± 9.1
53.3 ± 9.1
93.3 ± 9.1
63.3± 5.2b
93.3 ± 9.1
93.3 ± 9.1
100.0 ±9.1
95.5± 5.2a
93.3 ± 9.1
93.3 ± 9.1
100.0 ± 9.1
95.5± 5.2a**
65.2 ± 2.0a*

M±SE
0.0 ± 1.6
0.0 ± 1.6
0.0 ± 1.6
0.0 ± 0.9b
0.0 ± 1.6
0.0 ± 1.6
0.0 ± 1.6
0.0 ± 0.9b
0.0 ± 1.6
0.0 ± 1.6
0.0 ± 1.6
0.0 ± 0.9b
6.6 ± 1.6
6.6 ± 1.6
6.6 ± 1.6
6.6 ± 0.9a**
1.6 ± 2.0c*

M±SE
1.3 ± 3.1
0.0 ± 3.1
6.6± 3.1
2.6 ± 1.8d
22.6 ± 3.1
28.0 ± 3.1
46.6 ± 3.1
32.4 ± 1.8c
42.0 ± 3.1
46.6 ± 3.1
58.6 ± 3.1
49.1 ± 1.8b
43.3 ± 3.1
53.3 ± 3.1
68.6 ± 3.1
55.1 ± 1.8a*
34.8 ± 1.0d**

80.65%) and the other in pulegone (44.9-49.23%). The crop
was harvested twice during the vegetation period, and the
essential oil content of the landraces varied from 0.90 to
2.70% in the first harvest and from 1.00 to 3.00% in the
second one. Carvone was constantly present as the predominant essential oil in landraces, except for one sample,
which was high in linalool (82.80%). Superior landraces
with carvone contents were discovered; their maximum
content reached 79.70% in the first cutting and 82.97% at
the second cutting. The superior landraces were assayed
for future improvement studies [16]. Steam distillation of
the aerial parts of Mentha longifolia (L.) Huds. ssp. schimpri
Briq. and M. spicata L. growing in Sudan yielded oil
contents of 1.8% and 0.9%, respectively. Analysis of the
oils by GC and GC/MS revealed that both oils were found
to be rich in carvone. Twenty-two compounds were identified in each oil, the major ones being carvone (67.3%,
78.9%), limonene (13.5%, 8.8%), 1,8-cineole (5.4%, 2.6%),
menthone (2.9%, 1.6%), linalool (2.8%, 3.2%) and isomenthone (1.2%, 0.6%) for M. longifolia and M. spicata, respectively [20]. However, the essential oils are very complex mixtures and the synergistic and antagonistic effect
of one compound in minor and/or major percentages in
the mixture should be taken into account.
Chemical composition studies showed that α-terpinene,
thymol, carvone, limonene, carvacrol, linalool, carvenone
oxide, camphor, 1,8 cineole, eugenol, 1 terpinen-4-Yi acetate, 3 piperitone and menthol ,4 carvacroli 2 carvone oxide,
methyl eugenol and methyl chavicol are present at high
levels in the essential oils of all three plant species tested
in the present study [16, 19-22].
Of the four essential oils tested against S. granaries,
the oil of M. spicata subsp. tomentosa was found to be the
most effective in 0.5 µl/l air and 48 h. In general, M. spicata subsp. tomentosa and M. spicata var. formasa oils
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were more toxic than T. spicata and T. spicata var. spicata oils against adult S. granarius in all doses and exposure times tested (Table 2, Fig. 1). In the present study, a
1 µl/l air dose of M. spicata subsp. tomentosa and M.
spicata var. formasa essential oil was required to achieve
100% mortality after the exposure times of 36 and 48 h.
On the other hand, M. spicata subsp. tomentosa and M.
spicata var. formasa oils were found to have the same
effects in 0.75 and 1 µl/l air, and 24, 36 and 48 h. In all
plant essential oils tested, higher doses or longer exposure
periods were more effective against S. granarius. The high
toxicity of M. spicata subsp. tomentosa and M. spicata
var. formasa oils might be due to their major monoterpene
hydrocarbons. Several studies on the toxicity of some
essential oils and their pure major components against S.
granarius, S. zeamais Motschulsky and Tribolium
casteneum Hbst. have recently been published [23-27].
These researchers found that essential oils and their major
components consisting of 1,8-cineole, eugenol and camphor
were the most toxic against S. granarius. It has been also
reported by the same researchers that the essential oils
were less effective against beetles than the components
1,8-cineole, eugenol and camphor. Park et al. [27] reported about 30% mortality against S. oryzae for α-pinene. On
the other hand, Saraç and Tunç [28] obtained between 63
and 98.3% mortality of S. oryzae adults with different
essential oils. It is understood that different species respond
differently when exposed to the same essential oil at the
same dose and over the same period of time.
The present findings indicate that essential oils from
all three plants, especially M. spicata subsp. tomentosa and
M. spicata var. formasa, have potential to be used in sustainable pest management of S. granarius under storage
conditions. It can thus be concluded that essential oils
from M. spicata subsp. tomentosa and M. spicata var. formasa are potential control agents against S. granarius in
storage facilities.
However, further studies need to be conducted to
evaluate the cost and efficacy of these essential oils against
a wide range of pests in commercial store.
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REMOVAL OF THE HERBICIDE DIURON
FROM DRINKING WATER BY NANOFILTRATION MEMBRANE
Naiyun Gao*, Wenhai Chu, Dandan Zhao and Bingzhi Dong
State Key Laboratory of Pollution Control and Resources Reuse, Tongji University,
601-3, Doctor Building No. 4, 528 Siping Road, Yangpu District, Shanghai 200092, China

ABSTRACT
The removal performance of diuron in water by nanofiltration (NF) membranes was investigated under different experimental conditions. The removal (retention) and
sorption rate were used to measure the influencing degree
of operational factors on the removal performance of diuron, including initial diuron concentration, pH value, inorganic ions, similar herbicide amitrole, and different water
qualities. The results showed that NF membranes can remove diuron effectively with an efficiency of more than
90% under the following conditions: range of initial diuron concentration, velocity of flow, temperature and pressure were 0.2~3.0 mg L-1, 30 L h-1, 20 ºC and 0.3 MPa,
respectively. The different initial diuron concentrations and
similar herbicide amitrole had little influence on removal
efficiency of diuron via NF membrane, but pH, inorganic
ions and water quality significantly determined it. The optimum removal efficiency of diuron by NF membrane was
obtained in near-neutral conditions, which was advantageous to practical application of NF process. The negative
effect of bivalence ions (Ca2+) on diuron removal by NF
process was more obvious than that of univalent ions (Na+).
In deionized or distilled water, the retention rate of diuron
was lower than tap-water. However, the sorption rate of
diuron in deionized water and distilled water both were
higher than that of tap water owing to exclusion effects of
molecular dimension, hydrophobic interaction and electrostatic repulsion effect enhanced by natural organic matter
(NOM).

KEYWORDS: herbicide, diuron, nanofiltration, drinking water,
exclusion effect, hydrophobic interaction

INTRODUCTION
Contamination of surface and groundwater with herbicides has become a major issue because of their intensive
and widespread use in agricultural and non-agricultural
sectors. Low-level residues of herbicides in water general-

ly may not cause acute toxicity problems, but chronic
toxicity will likely be of concern. This is because herbicides
could have chronic health effects, such as cancer, reproductive effects, fetal damage, delayed neurologic manifestations, and endocrine disorders [1]. However, the removal
of the potentially harmful traces of herbicides from potable water sources is a difficult task, which are complicated by the fact that lots of such chemical compounds (in a
great variety of molecular structures) are used for crop
protection [2]. In addition, organic by-products with higher toxicity than herbicides may be formed as a result of
reactions between the herbicides and chlorine during chlorination in drinking water [3].
Phenylurea (e.g. diuron) and triazines (such as atrazine,
prometryn) are widely used as plant-protecting agents in
modern agriculture, and detected in drinking water usually [4, 5]. Among these herbicides, diuron constituted the
second largest herbicide usage in some regions industry
[6]. Diuron is a highly persistent and fairly immobile herbicide. When applied to soil, it has a mean half-life of approx.
330 days [7].This molecule can be transferred from soil to
the aquatic environment by leaching and run-off. It was
found that diuron can be transferred to water when it was
applied in vineyards in southern France [8], forage production in Oregon, USA [9], and assorted agricultural and
horticultural catchments in northern Greece [10]. Diuron
has also been reported to be harmful to some organisms
in aquatic environments. In most of the in vitro genetic
toxicology assays in which diuron has been evaluated, it
was negative [11-13]. Diuron caused an increased number
of bladder, kidney, and uterine cancers (carcinomas) when
fed to mice at moderate doses [14]. The EPA classified
diuron as a “known/likely” human carcinogen.
The removal methods and performance of some herbicides in drinking water have been reported [15, 16]. However, there is not enough information available concerning
the effective removal methods of diuron. As the representative of typical phenylurea herbicides, diuron was
selected for this study. In general, conventional water treatment processes, specifically coagulation-flocculation,
sedimentation and conventional filtration, are ineffective in
removing her-bicides from drinking water [17]. Therefore,
it has become evident that the application of advanced

1728

© by PSP Volume 18 – No 9a. 2009

Fresenius Environmental Bulletin

MATERIALS AND METHODS

technologies is crucial for meeting quality standards of
drinking water. Currently, the removal studies of diuron
mainly focus on adsorption, biodegradation and advanced
oxidation processes (AOPs) [18-21]. There is very little
information concerning removal of diuron in drinking
water by membrane process, especially nanofiltration (NF).
NF membranes have been widely used to reduce chroma
and rigidity in water sources, also been employed to remove total organic compounds (TOCs), or heavy metal
ions in wastewater. The number of investigations of toxic
trace substances such as diuron in drinking water is very
low [22], and the influence factors of NF on diuron removal need to be studied further because not much attention has been given to the changes in nanofiltration performance of diuron in aqueous solutions when factors,
such as pH, inorganic ions and water quality, change.

Reagents and experimental water

Diuron with 99.8% purity was purchased from Aldrich
Chemical Company. The molecular structure, physical and
chemical properties of diuron are presented in Table 1. The
mobile phase HPLC-grade acetonitrile was purchased from
Sigma Chemical Company (purity >99%). The chemicals
used to adjust the pH of the diuron solutions for filtration
experiments. HCl 37% (w/w) and NaOH (1 mol·L-1),
were obtained from Merck. The effect of the increased
ionic strength on diuron retention was studied by varying
the concentrations of NaCl (Merck, purity 99.5%) in the
feed solution. Additionally, examination of the divalent
cation effect was carried out by adding anhydrous calcium
chloride (Merck, purity 95%) to the feed solution. The
similar organic effect on diuron removal was also investigated by adding herbicide amitrole (Aldrich Chemical
Company, purity 99.8%) to the feed solution. The diuron
stock solution was diluted with ethanol and different
kinds of water (deionized water, distilled water, tap water)
to get designed diuron feed water concentrations. The deionized water was produced by a Milli-Q Academic water
purification system. The quality of experimental water is
shown in Table 2.

The aim of the present study is to assess the removal
potential of diuron based on NF membranes. The influences of initial diuron concentration, pH value, ionic
compounds, similar herbicides and different water qualities on diuron removal were also investigated in order to
provide a useful summary of diuron removal by NF in
drinking water, and a basis of NF application in drinking
water treatment.

TABLE 1 - Characteristic parameters of diuron.
Parameters

Value

CAS number

330-54-1

chemical structure

molecular formula

C9H10Cl2N2O

molecular weight

233.10

melting point (ºC)

158~159

boiling point (ºC)

180~190

Appearance

white, non-odorous, crystalloid

relative density (air =1)

8.04

saturated steam pressure (MPa, 50 ºC)

0.4

water solubility(mg L-1, 27 ºC)

42

TABLE 2 - Quality of experimental water sources.
Water quality

pH

DOCa
(mg L-1)

Turbidity
(NTU)

Conductance
(µs cm-1)

UV254
(cm-1)

Deionized water

6.51~7.25

0.298~0.321

0

<10

<0.001

Distilled water

7.13~7.56

1.37~1.67

0

<20

<0.006

Tap water

6.95~7.43

4.40~6.81

0.15~0.45

601~710

0.10~0.12
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a

Dissolved organic carbon
Experimental set-up and procedure

The schematic diagram of experimental system is shown
in Fig. 1. NF membrane made of polyamide was purchased
from Toray Company, and its effective area and pore size
were 0.5 m2 and approx. 1 nm, respectively. Before filtration, the membrane was soaked for 24 h in deionized water.
And then, it was placed in the NF apparatus and deionized water was filtered overnight to remove any remaining preservatives and to stabilize its water permeability.
Experiments were designed to effectively eliminate concentration polarization effects by employing a sufficiently
high crossflow velocity. All inactive components of the
apparatus were made of inert materials (stainless steel and
teflon) to minimize possible sorptive losses. All retentate
and permeate flows were recycled to feed tanks, except
during sampling.

tion on various non-membrane components of the NF apparatus.
Analytical methods

A high performance liquid chromatograph (HPLC 2010
AHT, Shimadzu, Japan) was used to analyze diuron. The
HPLC system consisted of a SIL-auto-injector auto-sampler
with the volume injection set of l0 µl, Shimadzu VP-ODS
column (150 mm×4.6 mm), UV detector at 240 nm. The
mobile phase consisted of acetonitrile and Milli-Q water,
acetonitrile/H 2O= 60/40, and the applied flow-rate and
analysis time were 0.8 ml min-1 and 9.0 min, respectively.
An UV–VIS spectrophotometer UV2550 (Shimadzu) was
used to scan the spectrum of diuron at 0.1 nm intervals.
The calibration curve and detectability of diuron by HPLC
are shown in Table 3.
Calculation methods

Experimental results were expressed with two parameters in assessing the performance of the NF membranes on
diuron removal: the removal (or retention) rate of the
diuron by the membrane and their adsorption rates on the
membrane, which were determined using the following
formula:

⎛ Cp ⎞
R = ⎜1 − ⎟ ⋅100%
⎝ Cf ⎠
FIGURE 1 - Schematic diagram of experimental system (1. Feed
tank, 2. Water circulating pump, 3. Pressure meter, 4. Pressure
pipe, 5. Membrane module, 6. Pressure regulator valve 7. Flowmeter 8.Permeate flow pipeline 9. Retentate flow pipeline).

One experiment was also performed without the membrane coupon [23], where diuron solution was circulated
in the apparatus for a 7-days period to evaluate possible diuron sorption on inactive components of the apparatus. No
changes in diuron level were measured (at 95% confidence)
in this control experiment, demonstrating negligible sorp-

(1)

where R represents the retention rate of the diuron,
and Cp and Cf the concentration in µg L-1 of diuron, respectively, in the permeate and the feed solution.

⎛ Qp ⋅ Cp + Qr ⋅ Cr
S = ⎜1 −
Q f ⋅ Cf
⎝

⎞
⎟ ⋅100%
⎠

(2)

In Eq. (2), S represens the sorption rate of the diuron
on the membrane, C and Q, respectively, the concentration of diuron in µg L-1 and the flow-rate in L h-1, and p, r
and f represent permeate, retentate and feed.

TABLE 3 - Calibration curve and detectability of diuron.
Compound

Calibration curve

Range
(mg L-1)
0.01-10

R2

Diuron
Y=1.2204×10-4X
0.998749
LOD = limit of detection; LOQ = Limit of quantitation

RESULTS AND DISCUSSION
Influence of initial diuron concentration

It is important to investigate the effect of different
initial diuron concentrations on its removal by NF process
because of its various contamination levels. Therefore, dif-

LOD
(µg L-1)
1

LOQ
(µg L-1)
1.7

ferent initial concentrations of diuron were prepared in deionized water. The removal performance of diuron was investigated by measuring NF membrane permeate, retentate and feed flows. The results are shown in Fig. 2.
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As shown in Fig. 2, the initial concentrations of diuron
had little influence on removal effect of diuron by NF
membrane, and the retention efficiency of diuron by NF
membrane was up to 90%. This can be caused by substantive characteristics of diuron, its larger molecular dimensions and greater hydrophobicity compared with other herbicides such as amitrole [24]. The retention rates for all
initial concentrations were very close, implying that it was
not changed in evidence below 3.0 mg L-1.

FIGURE 2 - Influence of initial diuron concentration (0.253, 0.503,
1.035, 2.009 and 3.019 mg L-1) on removal of diuron via NF membrane (velocity of flow = 30 L h-1, 20 ºC, 0.3 MPa, initial pH 7.0±0.2
and final pH 7.1±0.2).
Influence of pH

Until now, not much attention has been given to the
changes in NF herbicide performance in aqueous solutions when pH changes. However, this factor must not be
neglected as the role of pH is also important in determining the stability of membranes [15, 25]. Moreover, different pHs also affect the degree of ionization and hydrolyzation for diuron. The relationship between different initial
pH values and diuron removal percentage has been investigated. The results are shown in Fig. 3.

Fig.3 clearly shows that solution pH significantly determined retention and sorption rates. The removal rate of
diuron maintained nearly constant in near-neutral pH,
which was advantageous to practical application of NF
process. The optimal removal efficiency of 95.6 % was
achieved at pH 7, while the lowest of 52.9 % occurred at
pH 10.The sorption rate increased steadily with increasing
pHs from 4 to 6, but fastly decreased with increasing pHs
from 8 to 10. This can be explained with increasing concentrations of H+ when decreasing pH, and thus, more and
more H+ was absorbed to NF membrane surface. Membrane
surface charge and diuron molecules were both positively
charged at pH 4. Therefore, repulsive electrostatic interactions predominated, which caused the removal efficiency
of diuron by NF membrane decreased in acidic conditions
[26]. In addition, acidic hydrolysis disrupted the chemical
bonds in the membrane polymer matrix and reduced the
degree of crosslinking (i.e., rigidity) of the polymer matrix, which caused the decrease of sorption rate (Fig. 3,
sorption rates of diuron declined from 17.5 to 5.1% when
pH decreased from 6 to 4).
On the other hand, OH- had the same electrostatic repulsion effect on removal efficiency of diuron. More importantly, membrane pore size expanded and membrane
flux enhanced with increasing pHs from 8 to 10, which
eventually led to the fast decline of sorption and retention
rate. At pH 7, the degrees of diuron ionization and hydrolyzation was reduced and electrostatic repulsion effect declined with decreasing concentrations of H+ or OH-. Under
neutral conditions, moreover, the degree of cross-linking
for the membrane polymer matrix strengthened and membrane pore size remained steady. Electrostatic interaction
weakened and the membrane sorption capacity increased,
which ultimately caused the highest removal efficiency of
diuron.
Influence of inorganic ions

The competitive effect may be caused between ionized diuron and inorganic ions in drinking water. The effect
of different levels of sodium (NaCl) and calcium (CaCl2)
ions on the removal efficiency of diuron via NF was investigated. The results are shown in Figs. 4 and 5.

FIGURE 3 - Influence of pH on removal effect of diuron via NF
membrane (Diuron initial concentration = 0.5±0.01 mg L-1, velocity
of flow = 30 L h-1, 20 ºC, 0.3 MPa, initial pH 4.0, 6.0, 7.0, 8.0 and
10.0±0.2 corresponding to final pHs of 4.3, 6.2, 7.1, 8.1 and 9.8±0.2).
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FIGURE 4 - Influence of NaCl on removal effect of diuron via NF
membrane (Diuron initial concentration = 0.5±0.01 mg L-1, velocity
of flow = 30 L h-1, 20 ºC, 0.3 MPa, initial pH 7.0±0.2, final pH
7.1±0.2, NaCl concentration 0.0, 0.4, 1.0 and 2.0 mmol L-1).

Influence of water quality

Feed waters containing diuron were prepared from deionized, distilled and tap water, respectively. NF process
was carried out based on different water qualities and the
retention and sorption rates of diuron by NF process are
shown in Fig. 7.

FIGURE 5 - Influence of CaCl2 on removal effect of diuron via NF
membrane (Diuron initial concentration = 0.5±0.01 mg L-1, velocity
of flow = 30 L h-1, 20 ºC, 0.3 MPa, initial pH 7.0±0.2, final pH
7.1±0.2, CaCl2 concentration 0.0, 0.1, 0.2 and 0.4 mmol L-1).

According to Fig. 4, the retention rate of diuron via
NF process decreased from 95.3% to 62.2% when NaCl
increased from 0.0 to 2.0 mmol·L-1. The sorption rate fastly
declined from 20.8% to 4.6% with increasing NaCl from
0.0 to 2.0 mmol·L-1. According to Fig. 5, the retention
rate also tended to decrease from 95.3% to 42.2% with
increasing CaCl2 levels from 0.0 to 0.4 mmol L-1, and NF
process sorption rate of diuron was reduced from 20.8%
to 3.6%.

FIGURE 6 - Influence of similar compounds (amitrole) on removal
effect of diuron via NF membrane (Diuron initial concentration =
0.5±0.01 mg L-1, velocity of flow = 30 L h-1, 20 ºC, 0.3 MPa, initial
pH 7.0±0.2, final pH 7.1±0.2, amitrole initial concentration =
0.5±0.01 mg L-1).

It was reported that increasing ion levels will improve
micropollutants` osmosis rate [27]. The phenomenon happened in our experiments and the negative effect of bivalent ions was more obvious than that of univalent ones on
removal rate of diuron by NF process. It can be deduced
that an increase in ionic strength reduced membrane sorption ability due to the screening effect of the surface charge
produced by the added salts [28]. Moreover, the screening
effect produced by bivalent ions was more intense than
that of univalent ones.
Influence of similar herbicides

The herbicide amitrole is analog to diuron, and also
widely used as plant-protecting agent in modern agriculture and detected in drinking water. Amitrole was selected
as the contrast of diuron. The removal performance of diuron and amitrole by NF process was investigated and
shown in Fig. 6.
As can be seen from Fig. 6, diuron retention and sorption rate remained unchanged. The competitive effect of
amitrole was negligible. Retention and sorption rates
(20.9%) of diuron were much higher than that of amitrole
(6.1%) under the same experimental conditions because
diuron has larger molecular size, dipolar moment and is
more insoluble and hydrophobic than amitrole (Fig. 6)
[21]. The running conditions of NF process on removal of
amitrole need to be further improved.

FIGURE 7 - Influence of water quality on removal effect of diuron
via NF membrane (Diuron initial concentration = 0.5±0.01 mg L-1,
velocity of flow = 30 L h-1, 20 ºC, 0.3 MPa, initial pH 7.0±0.2, final
pH 7.1±0.2).

Fig. 7 clearly illustrates that the retention rates were
all above 90% in different water qualities, but the retention rates of diuron in deionized and distilled water were
both lower than that of tap water, whereas its sorption
rates were both higher than that of tap water.
Based on the above-mentioned experimental results
and a previous study [29], we concluded that the main removal principal of diuron via NF membrane was based on
the exclusion effects of molecular dimension, hydrophobic
interaction and electrostatic repulsion. According to interception mechanism of undissociated organic compounds
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by NF membrane, compounds in water improved the effect
of molecular repulsion (steric hindrance) [30], and increased
the removal rate of diuron via NF membrane (retention rate
of diuron in tap-water was highest). Besides, composites
can be formed by integrating NOM with diuron, which improved hydrophobic interaction and static repulsion effects. The competitive effect between un-bonded diuron
and composite matters in the membrane induced that more
diuron molecules were intercepted instead of sorption.
Meanwhile, hydrophobic and electrostatic repulsion characteristics of diuron were strengthened in the presence of
macromolecular aromatic and electronegative carboxyl
NOM, which enhanced the hydrophobic interaction and
electrostatic repulsion effects between diuron and membrane and decreased the sorption rate of diuron.
CONCLUSIONS
NF membranes can remove diuron effectively with a
removal efficiency of more than 90% in deionized water
under the following conditions: initial diuron concentration 0.2-3.0 mg L-1, velocity of flow 30 L h-1, temperature
20 ºC and pressure 0.3 MPa, respectively.
The above initial diuron levels had little influence on
its removal by NF membrane method, and optimum removal efficiency was obtained at pH 7.0, which was advantageous to technical application of NF process. The negative effect of bivalent ions (Ca2+) on diuron removal by
NF process was more obvious than that of univalent ones
(Na+).Therefore, it is necessary to remove high valent
cationics before NF process. Amitrole had no competitive
effect on removal of diuron, but its retention rate in NF
process was much lower, implying that further removal
studies are required. In deionized or distilled water, diuron
retention rates by NF membrane were lower but sorption
rates higher than that of tap water, caused by exclusion
effects of molecular dimension, hydrophobic interaction
and electrostatic repulsion enhanced by NOM, indicating
that more diuron can be removed in practical water supply
systems, with regard to purified water used herein for
analyses.
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ABSTRACT
This study was conducted to determine the effects of
different land-use types on hydro-physical properties of
topsoil in Bartın-Iskalan Creek Catchment located in Western Black Sea region. Duplicate topsoil samples were taken
using steel cylinders (400 cm3) at 100 different sampling
points from 3 different land-use types (34 from farmlands,
34 from rangelands and 32 from forests). Data were analyzed using ANOVA, and means were compared by Tukey’s
test. Results indicated that forests had the highest organic
matter content (4.17 %), total porosity (46.66 %), water
holding capacity (34.19 %), hydraulic conductivity (24.75
cm/h), moisture content at field capacity (29.62 %) and
available water (6.94 %), whereas rangelands had the lowest hydraulic conductivity (2.33 cm/h), water holding capacity (29.46 %), total porosity (43.08 %), and organic
matter content (2.73 %), and farmlands had the lowest
moisture content at the field capacity (28.73 %) and available water capacity (3.01 %) in their topsoils.
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INTRODUCTION
Due to the population growth in Turkey, which has a
long land-use history for about 10,000 years, natural resources have been destroyed gradually and important parts
of forestlands have been degraded and converted to farmlands and rangelands. Hence, lands that must be used as
forests have been misused as farmlands or rangelands. On
the other hand, land-use has significant effects on watershed hydrology [1]. Major land-use changes, which affect
hydrological balance in a watershed, are conversion of
forest areas to other land-use types, afforestation, inten-

sive agricultural practices and urbanization [2]. These kinds
of land-use conversion applications destroy natural balance
among natural resources and cause catastrophic environmental problems, such as erosion, torrent and flooding.
In Turkey, Black Sea region is subjected to these types
of land-use conversion activities and, hence, environmental
disasters. Even though there are a lot of environmental problems associated with inappropriate land-use in the region,
studies with practical applications are not available or sufficient. It is important to carry out detailed studies to provide necessary information and support the efforts for solving these problems. Assessment of changes in soil properties related to different land-use and management is vital
to choose appropriate sustainable applications in different
ecosystems [3]. The knowledge about soil hydrological
properties is one of the most important component to evaluate risk of torrent, flooding, and landslides, in addition to
plantation studies. Land-use change and planning influence
soil hydro-physical properties in various ways [4, 5]. Many
studies show that changing land-use regime from forestlands to farmlands or rangelands negatively influences
soil physical properties [6-8]. For instance, many studies
revealed that land-use changes negatively affect soil hydraulic conductivity, water holding capacity and total porosity [9]. Additionally, decrease in soil organic matter
content as a result of land-use change is accepted as an
evidence for land degradation [10].
In a watershed, topsoil has a very important role in the
erosion process which takes place on soil surface where
precipitation falls and runoff occurs. Additionally, human
activities, which can cause degradation of natural resources,
are carried out on topsoils as well.
The aim of this study was to determine the effects of
land-use conversion on topsoil organic matter content, bulk
density, water holding capacity, total porosity, hydraulic
conductivity and, finally, soil moisture contents at field
capacity, at permanent wilting point and available water
capacity.
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MATERIALS AND METHODS
Site Description

The study was conducted at Bartın-Iskalan creek watershed in the Black Sea region of Turkey, located in N
32o20’39’’ – E 32o28’32’’ (Fig. 1). The study area covers
5498.5 ha with a mean slope of approximately 46 %. Ac-

subsp. infectoria, Abies nordmanniana subsp. bormulleriana (Mattf.) Coode et Cullen “E”, Fraxinus exelsior L.
subsp. exelcior, Juglans regia L., Carpinus betulus L.,
Corylus avellana L. var. avellana, and Alnus glutinosa (L.)
Gaertner subsp. glutinosa. Dominant grass species include
Ranunculus repens L., Rumex crispus L., Geranium sylvaticum L., Pisum sativum L. subsp. elatius var. elatius,
Trifolium pratense L. var. pratense, Taraxacum serotinum
(Waldst. & Kit.) Poiret., Avena sterilis L. subsp. ludoviciana (Duriev) Gillet & Magve, and Euphorbia helioscopia
L. [13]. Soil texture ranges from loam to clay, and 70.41 %
of the area is formed by non-calcareous brown forest soils.
Soils in this area are susceptible to erosion [12]. The lithology is flych (conglomerates, sandstones, sandy limestones,
claystones and marls) of Upper Cretaceous age [14].
Soil Sampling and Analysis

The experiment was a randomized complete block design. Undisturbed top soil samples (0-20 cm) from 100 sampling points were collected from 3 different elevations
(150-350 m - Class I, 350-550 m - Class II, and >550 m Class III), and from two aspects (Major aspects of the study
area was east and west). There were 34 sampling points in
farmland, 34 in rangeland and 32 in forest area. 48 soil
pits were dug on east and 52 soil pits on west aspects of
the area. 34 soil pits were dug on Elevation Class I, 47 on
Class II and 19 on Class III (Table 1). Two sets of soil samples (soil core samples and disturbed soil samples) were
taken from each soil pit. Since the majority of the area
(4982.80 ha) was sloping, soils were sampled on slopes
over 40 %.
TABLE 1- Distribution of soil samples according
to elevations and aspects within land-use types.
Elevation
Class

FIGURE 1-Location map of the study area.

cording to Thorntwaite classification system, study area
has a humid, mesothermal, oceanic climate type (B3B’1r
b’4) with no water deficit in summer months [11]. Annual
mean temperature is around 12.1 oC, and annual mean precipitation is about 1245 mm. Farmland, rangeland and forest
cover 18.70 %, 8.08 % and 73.22 % of the total area,
respectively [12]. Farmlands were converted from forests
a long time ago (over 80 years), soils have been still cultivated by hand or plow, and wheat and maize have been
raised without any conservation measure. In the past, rangelands were used for farming for many years but today, it
has been used for livestock grazing since about 10-15 years
without applying any grazing system and conservation
methods. Vegetation in this area is composed of the Euxine sub-flora. Dominant tree species are Fagus orientalis
Lipsky, Castanea sativa Miller, Quercus infectoria Oliver

Farmland
East

Rangeland

Forestland

West

East

West

East

West

Total

I

6

5

7

6

7

3

34

II

7

12

6

9

9

4

47

III

2

2

2

4

2

7

19

Total

15

19

15

19

18

14

100

Soil samples were analyzed for bulk density, saturated hydraulic conductivity, and water holding capacity
using undisturbed soil core samples. Rest of the soil properties was analyzed using disturbed soil samples sieved
<2 mm. Organic matter content was determined by wet
digestion according to Walkey and Black method. Particle
density (PD) was determined by the picknometer method
[14]. Bulk density (BD) was calculated by dividing the
mass of soil, corrected for soil moisture, by the volume of
soil collected [15]. Total porosity was calculated by ((PDBD)/PD*100), where PD is the particle density and BD is
the bulk density of the soils. Saturated hydraulic conductivity was measured according to Darcy’s Law. Water holding capacity was calculated on soil core samples as a difference between oven-dry and saturated weights [16]. Mois-
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ture contents of the soil samples at field capacity and permanent wilting point were determined using a ceramic pressure plate, and available water capacity was calculated as
the difference in gravimetric water content between field
capacity (-33 kPa) and permanent wilting point (-1500 kPa)
[16].
Data were analyzed by using ANOVA, and means
were compared using Tukey’s test (P<0.05) [17].
RESULTS AND DISCUSSION
Organic Matter Content, Bulk Density and Particle Density

Minimum organic matter content was found in rangelands but maximum in forests (Table 2). Average soil organic matter content was found to be 2.97 % in the farmland, 2.73 % in the rangeland and 4.17 % in the forestland. Organic matter content of the forest soils was
significantly different from those of farm and rangelands
(Table 3). Many researchers clarified that soil organic
matter content in farmlands or rangelands was lower than
in forests because of the litter accumulation on the soil
surface in forests [18-20]. It is thought that permanent
vegetation cover and litter lying on soil surface are responsible for high soil organic content in forests. For
example, Nkana and Tonye [21] found 5.38 % organic
carbon in forest but only 2.75 % in farmland soils. In
another study, Fullen et al. [22] found that rangelands had
higher soil organic matter content (4.38 %) than bare
lands (2.04 %). Similar results were also reported by
Varela et al. [23], Jaiyeoba [24], and Neufeldt et al. [7].

For instance, Franzluebbers [25] and Hevia et al. [26]
found that amounts of organic matter were very low in
soils of cultivated lands compared to those in noncultivated areas.
Average soil bulk densities were found to be 1.44 g/cm3,
1.52 g/cm3 and 1.39 g/cm3 in farmland, rangeland and
forest area, respectively. Results showed that soils of the
rangelands and forests differed significantly in terms of soil
bulk density (Table 3). The low bulk density of the forest
soils could be due to the contribution of high organic materials from plant residues and root masses. It is thought
that because of cattle grazing, rangeland soils may have
greater bulk densities. Brady [27] reported that the system
of crop and soil management employed on a given soil also
influences its bulk density. According to Williams et al.
[28], deciduous forest soils have a lower soil bulk density
(1.0 g/ cm3) than farmlands (1.6 g/cm3). Wienhold et al.
[29] and Müller et al. [30] reported that soil bulk density
increased in grazing areas due to the trampling.
Results revealed that there were no significant differences among particle densities of soils from different landuse types (Table 3). It is thought that organic matter content is responsible for lower particle density of forest soils
when compared to soils of other land-use types. Weight of
organic matter is much less than an equal volume of mineral solids. Therefore, mineral surface soils, which usually
have higher organic matter content, have lower particle densities than soils, which have lower organic matter content [27].

TABLE 2 - Properties of the soils according to land-use types.

Soil properties
Organic matter (%)
Bulk density (g/cm3)
Water holding capacity (%)
Total porosity (%)
Particle density (g/cm3)
Hydraulic conductivity (cm/h)
Field capacity (%)
Permanent wilting point (%)
Available water (%)

Min
2.50
1.38
29.03
42.65
2.61
6.14
26.84
23.20
2.38

Farmlands
Max
3.49
1.50
34.62
48.23
2.69
28.56
30.68
28.31
4.83

Mean
2.97
1.44
31.79
45.42
2.65
17.35
28.73
25.72
3.01

Land Use Types
Rangelands
Min
Max
Mean
2.28
3.22
2.73
1.46
1.58
1.52
26.72
32.27
29.46
40.28
45.91
43.08
2.65
2.73
2.69
0.10
13.71
2.33
27.29
31.15
29.19
21.13
26.09
23.55
3.94
6.94
5.64

Min
3.60
1.45
31.24
43.74
2.59
13.01
27.65
20.21
4.59

Forestlands
Max
4.79
1.32
37.20
49.59
2.67
36.49
31.65
25.26
7.90

Mean
4.17
1.39
34.19
46.66
2.63
24.75
29.62
22.68
6.94

TABLE 3 - Organic matter content, bulk density and particle density
values (means ± standard deviation) of the soils under different land-use types.
Land Use Types
Soil Properties*
Farmlands
Rangelands
Organic matter (%)
2.97 ± 0.42 a
2.73 ± 0.42 a
Bulk density (g/cm3)
1.44 ± 0.31 ab
1.52 ± 0.31 b
Particle density (g/cm3)
2.65 ± 0.02 a
2.69 ± 0.02 a
*Means with the same letter within a row are not significantly different.

Forestlands
4.17± 0.43 b
1.39 ± 0.32 a
2.63 ± 0.02 a

Significance (P)
0.01
0.01
0.10

TABLE 4 - Water holding capacity, total porosity and saturated hydraulic
conductivity values (means ± standard deviation) of the soils under different land-use types.
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Land-Use Types
Soil Properties*
Farmlands
Rangelands
Forestlands
Water holding capacity (%)
31.79 ± 0.86 a
29.46 ± 0.88 a
34.19 ± 0.90 a
Total porosity (%)
45.42 ± 0.78 a
43.08 ± 0.79 a
46.66 ± 0.80 a
Hydraulic conductivity (cm/h)
17.35 ± 5.65 ab
2.33 ± 5.73 a
24.75 ± 5.91b
* Means with the same letter within a row are not significantly different.
TABLE 5 - Field capacity, permanent wilting point and available water values
(means ± standard deviation) of the soils under different land-use types.
Land Use Types
Soil Properties*
Farmlands
Rangelands
Field capacity (%)
28.73 ± 0.61 a
29.19 ± 0.61 a
Permanent wilting point (%)
25.72 ± 0.85 a
23.55 ± 0.85 a
Available water (%)
3.01 ± 0.96 a
5.64 ± 0.96 ab
*Means with the same letter within a row are not significantly different.

Water Holding Capacity, Total Porosity
and Saturated Hydraulic Conductivity

Results showed that although forest soils numerically
had the greatest water holding capacity while rangeland
soils had the lowest there was no significant difference
among water holding capacity of soils from different landuse types (Table 4). This result could be explained by presence of high organic matter content and total porosity in the
forest soils. Due to low total soil porosity, water-holding
capacity of the soils was also low in the rangeland soils.
Decrease in total soil porosity can cause reduction in
water-holding capacity because fine fractions and organic
matter content of soils may affect it [31]. Similarly, Allen
and Chapman [32] reported that high amount of soil organic matter in forests caused increases in soil waterholding capacity.
Mean total porosities were found to be 45.42, 43.08,
and 46.66 % for farmland, rangeland, and forestland soils,
respectively. Statistical results indicated that land-use types
did not have significant effects on soil porosities (Table 4).
Rangeland soils had the lowest hydraulic conductivity, whereas forest soils had the greatest value, and there
was a significant difference between hydraulic conductivity
of soils sampled from these two land-use types (Tables 2
and 4). Compared to other land-use types, it is thought
that due to tree roots, higher organic matter content and
pore systems, forests have much more influence on soil
hydraulic conductivity. Brady [27] reported that any factors affecting the size and configuration of soil pores would
influence hydraulic conductivity. Edesso et al. [33] explained
that excessive soil tillage resulted in organic matter reduction causing decreases in hydraulic conductivity. In the
study area, as a result of cattle trampling effect, rangeland
soils might have lower hydraulic conductivity compared
to those of farmland and forest areas. Swartz et al. [9] found
that soil hydraulic conductivity was greater in farmlands
(234 cm/h) than rangelands (56.7 cm/h). They suggested that
hydraulic conductivity of soils was changed as a result of
soil tillage and animal grazing. Sutherland et al. [34] reported that soil hydraulic conductivity decreased due to de-

Forestlands
29.62 ± 0.63 a
22.68 ± 0.87 a
6.94 ± 0.99 b

Significance (P)
0.07
0.17
0.02

Significance (P)
0.80
0.23
0.03

creasing soil macro-pores resulting from trampling. In addition, Yates et al. [35] reported that, because of animal trampling, soil hydraulic conductivity in heavily grazed areas
(5.6 cm/h) was lower compared with ungrazed areas
(12 cm/h).
Field Capacity, Permanent Wilting Point and Available Water

Results indicated that there was no significant difference in terms of moisture content of the soils at field
capacity for different land-use types (Table 5). Farmland
soils had the lowest while forest soils had the greatest
moisture content at field capacity (Table 2). This result
could be explained by higher organic matter content of soils
in the forests. In the same way, Wall and Heiskanen [8]
found that field capacity of soils changed with respect to
their bulk densities, organic matter contents and textures.
Permanent wilting point was found as the lowest in
forest but highest in farmland soils (Table 2), and did not
differ significantly among the land-use types evaluated
(Table 5). Since soils of the farmland had higher clay content than those of forest [12], they would have higher moisture content at permanent wilting point as well. Just as
Teepe et al. [36] explained, clay content of soils has an
important influence on soil moisture content at permanent
wilting point.
In the assessment of available water in the soils of the
study area related to different land-use types, average
amounts of available water in the soils were found to be
3.01 % for farmlands, 5.64 % for rangelands and 6.94 %
for forests, and amount of available water was lowest in
farmland soils and highest in forest soils. Results showed
that soils from farmland and forestlands had significantly
different amounts of available water (Table 5). This situation could be explained by the presence of higher clay percentage and lower organic matter content in the farmland
soils with respect to forest soils because available water
content of the soils is correlated with organic matter content [37]. In a similar study, Materechera and Mkhabela
[38] found that water availability was the highest in noncultivated areas (12.51 %), and lowest in cultivated ones
(4.88 %). Compared to forest soils, lower water availability
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in the rangeland soils might be the result of a low organic
matter content and high soil compaction.
CONCLUSION
As a general assessment, the results of the study show
that land-use conversion significantly influences organic
matter content, bulk density, hydraulic conductivity and
available water capacity of the topsoils. Water-holding
capacity, total porosity and field capacity of the topsoils
in forestlands was found to be numerically greater than
the other land-use types just as found in the literature. It is
thought that this is related to high organic matter content
in the forest soil. Soil organic matter content affected by
intensive agricultural activities influences the other soil
properties. According to the results of this study, the most
important soil characteristic affected by land-use conversion
was organic matter content of the topsoil. As a result of
destruction of forests due to agricultural activities, soil
organic matter content decreased, and soil surface was
deprived of litter cover. Therefore, the soil surface is not
protected from raindrop impacts, and water erosion process is accelerated. Efforts to prevent land degradation
against such negative changes are required for sustainable
land-use and sustainable productivity. For this reason, the
conversion of forests to farmlands and rangelands must be
prevented in this area.
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ABSTRACT
The purposes of this study were to evaluate the spatial and temporal variations of moisture content (MC) and
penetration resistance (PR) pre- and post burning period,
and develop a mathematical model describing time and
depth dependency of PR and soil MC to assess the best
timing for soil tillage and planting. Soil moisture content
was measured daily in 25 grids at 0-10 cm, 10-20 cm, and
20-30 cm depths while PR was measured with three replicates around the soil sampling locations (75 points in 25
grids) for eleven days following the wheat harvest. The
stubble was burned at the fifth day, and the effect of stubble burning on MC and PR was determined during the
next six days. Due to rapid capillary rise of water following the stubble burning, MC initially increased slightly in
the surface layer for about a day (from 14% to 15%), and
started decreasing until the 11th day (6%). The PR of 030 cm soil depth (1.29, 1.52, 1.75 MPa for 0-10 cm, 1020 cm and 20-30 cm) sharply increased after the stubble
burning at the same day (1.50, 1.99, 2.39 MPa). The moisture loss was mainly affected by the time elapsed after the
harvest. MC and PR measurements in the 11th day at the
surface layer in burned (6.91%, 1.41 MPa) and unburned
control plots (6.10%, 1.47 MPa) were similar. Piecewise
regression modeling precisely described the fluctuation in
moisture content and penetration resistance before and after
stubble burning.

KEYWORDS:
Spatial and temporal variability; stubble burning; soil moisture
content; penetration resistance; piecewise regression

INTRODUCTION
Farmers can leave the residue in place and plant notill into it; till the ground and work some or all the residue
into the soil; or burn the stubble and residue. Burning the

stubble is perhaps the most controversial of those management alternatives. There are advantages to burning, but
some of the perceived advantages are not as great as some
believed [1]. Stubble burning is important in assisting
normal tillage operations reducing or removing the vegetative cover from the soil surface. Burning has also been
used as a substitute for herbicides and pesticides in the control of weeds, pests and diseases [2-5] In minimum or
zero tillage systems, the burning is often used as means of
land clearing to prepare the field for seeding [6]. However, the plant residue on soil surface is needed to protect
soil for wind and water erosion. The burning of stubble
removes the entire beneficial plant residue and leaves the
soil surface bare and consequently unprotected from
raindrop impact when the erosion risk is high.
Organic matter content in 76% of Turkish soils is less
than 2%. The monoculture farming and stubble burning
are thought to be the major causes of low organic matter
content of soils. The stubble burning in Turkey increased
with the second crop production following the machinery
farming in the past 40 years. Stubble that maintained on
soil surface especially in the long-term increases soil organic matter content, enhances aggregate stability of soils,
and provides soil and water conservation [2] The organic
matter in the soil protects soil from the erosive forces of
wind and raindrop, retards water runoff, provides channels for water to penetrate the soil. Furthermore, soil organic matter increases the water holding capacity of soil
and the crop yield [7-9].
The disadvantages of stubble burning on soil properties may either be direct or indirect. Direct changes are
those occurring during a fire that heat or ash directly affects
particular soil properties. Possible direct effects occurring
during a fire may include loss of soil nutrients, moisture,
organic matter, microorganisms, clay dispersion, aggregate
stability and hydraulic properties [5, 6]. The environmental
risks such as burning of forests and electricity lines, causing traffic accident, spreading the fire to the neighbor field,
barn and house are also reported as the disadvantages of
stubble burning [1, 10].
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Burning of stubble can potentially result in changes in
a whole range of soil physical, chemical and biological
properties, including pH, soil organic carbon, nutrient availability, infiltration and microbial activities, with long term
implications on sustainability. Crop residues (straw, standing stubble and roots) are the sources of soil organic matter
and nutrients for soil microorganisms and plants [4]. Recently, burning of stubble has also been identified as a
significant emitter of greenhouse gases in agriculture and
therefore stubble retention can be a way of increasing soil
carbon sequestration and possible control of global warming [11].
Soil moisture and heat balance are affected by the stubble burning, however the heat balance of soils is preserved
by tillage systems that maintain the residue on the surface.
Therefore, moisture content and heat are important parameters for soil tillage and crop production [12]. Hubbert
et al. [13] reported that clay fraction of soils exhibited a
significant reduction following the burning practices. The
decrease in the clay fraction suggested that there was some
aggregation of finer particles into larger silt size particles.
In addition, reduction of clay fraction by burning may
result the formation of weak aggregates due to decrease in
the cohesive forces of clays. Soil bulk density at 0-5 cm
depth was also significantly increased, with a corresponding decrease in porosity. It appears that the destruction of
soil aggregation, and the loss of organic matter, contributed to the increase in bulk density. Burning can also increase the spatial coverage of soil water repellency, reducing infiltration, and, in turn, increasing overland flow
and subsequent erosion.
Long-term continuous straw burning causes considerable loss of crop residues, and C, N, S and other nutrients
through volatilization to the atmosphere. Burning also
causes soil desiccation, makes soil hard and less friable,
and reduces the potential for snow trapping or conservation, and increases water runoff and the potential for soil
erosion [1, 4].
Stubble burning is still a problem in some regions in
the world. Burning the stubble to create desired seedbed
conditions for second crop production is also a common
practice in Turkey. Penetration resistance (PR) and moisture content (MC) of agricultural soils are important since
these factors affect the draft force needed to work with
soil tillage equipment in conventional and reduced tillage
as well as drawbar force requirement of direct planting or
no-till equipment. Thus, it would be favorable to have
mathematical models that explain the relationships between
depth, moisture content and/or penetration resistance to
determine the most appropriate timing for planting in a
management system that incorporates stubble burning.

spatial and temporal variation of soil MC and PR in preand post stubble burning periods, and to develop a mathematical model describing time and depth dependency of PR
and MC.
MATERIALS AND METHODS
Site Description

The field experiments were conducted on an area of
10 da (100x100 m) located in the eastern Mediterranean
region of Turkey at an altitude of 640 m. The average annual precipitation of Kahramanmaras province is 710.8 mm
and 48.6% of the precipitation occurs in winter months
[15]. The soil was classified as Typic Xerofluvents (sandy
clay in texture; 47% sand, 16% silt and 37% clay). The
experimental plot was divided into 25 grid cells of
20x20 m. Twelve control plots were also designated surrounding the experimental site to compare the moisture
content and penetration resistance of unburned and burned
plots at the end of the experiment.
Data collection

The data were collected following the winter wheat harvest on May 30, 2006. Measurements were done daily between the wheat harvest and seed bed preparation of the
second crop corn, corresponding to 11 days. The stubble was
burned at the 5th day of measurements, and moisture content and penetration resistance measurements were continued after the burning to observe short time variation in MC
and PR. PR and MC of the control plots were also measured at the 11th day of the experiment.
Undisturbed soil samples were collected with a core soil
sampler (50 mm diameter, 51 mm long) at the centre of
each cell. Soil moisture (MC) content was measured at
three depths (0-10, 10-20 and 20-30 cm) using oven-dry
method [16]. Moisture content of each depth was considered a separate layer, and the variation of MC with depth
was evaluated. Finally, MC map was plotted for each layer
to visually observe the variation from wheat harvest to the
tillage for the second crop, and between the pre- and postburning of the stubble.
Penetration resistances (PR) were measured to determine the soil compaction in each grid to analyze the variation of PR with depth and time. Penetration resistance (PR)
was measured with a hand-held digital soil penetrometer
(Bush) with a measurement range of 0-5 MPa up to 52.5 cm
depth. The standard soil cone penetrometer has a cone angle
of 30°, and base area of 1.29 cm2.
The penetration measurements were transformed to
Cone Index values using the following equation [17]:

An experimental study was previously carried out on
burning winter wheat stubble, identifying the PR and MC
variations in the soil [14], but did not focus on georeferenced statistical analysis or on regression modeling of MC
and PR. The objectives of this study were to evaluate the

1743

CI =

F −6
10
A

where
CI: Cone Index (MPa)

(1)

© by PSP Volume 18 – No 9a. 2009

Fresenius Environmental Bulletin

F: Penetration force (N)
A: Cross-section area at the base of cone (1.29*10-4 m2)
Penetration resistance (PR) was measured at three different points around the soil sampling locations at 3.5 cm
increments from 0 to 52.5 cm. The PR data were averaged
from 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm to relate
PR to other parameters in each layer.
Data Analyses

The averages and standard deviations were initially calculated for PR measurements in each grid, and average PR
values were calculated for each layer. Penetration resistance maps were generated to observe the daily PR
variations with soil depth. Finally, PR variation with time
was evaluated comparing the average PR values between
the first and fifth day measurements corresponding to preburning period, and fifth and eleventh day measurements
corresponding to post-burning period.
Data analyses of moisture content and penetration resistance were achieved in three steps: (i) exploratory data
analysis was carried out, (ii) frequency distributions were
examined, and (iii) a normality test was conducted. In addition, paired t-tests were conducted to determine the differences in measurements before and after stubble burning
periods.
The spatial structure of water content and penetration
resistance was characterized using experimental semivariogram, expressed as;
2

λ (h ) =

1 N (h )
∑ [z(xi ) − z(xi +h )]
2 N (h) i =1

(2)

Regression line changes its direction at spline knots which
determine the line segments for which a model can be
developed. Therefore, knots determination is a critical
step in piecewise spline regressions. Visual observations
and coefficient of determination (R2) are used to determine the knots on regression lines [21].
Visual observation may help determine the number of
line segments and the type of function (linear, quadratic,
cubic) used in the regression. Sudden changes in line
direction provide hints to determine the line segments in
the regression model. Sharp changes in coefficient of
determination also point to the candidate knots in the
regression line. In order to determine the knots in MC and
PR curves a model was fit to a number of points, and the
successive measured point was added to the model to
observe if the coefficient of determination change was
sharper. The points at which sudden changes in coefficient of determination occurred were considered to be a
knot.
In this study, Durbin Watson (DW) autocorrelation
and Akaike Information Creteria (AIC) were also used
[20] to confirm that the best suited model has been chosen
for the data sets. DW autocorrelation test is used to determine whether a correlation exists between successive
errors and assumes a normal error distribution. Durbin
Watson test values are ranged in the interval of 0≤d≤4.
Any DW value greater than two means a negative autocorrelation, smaller than two means positive autocorrelation, and DW equal to 2 means no autocorrelation [23].
The smallest AIC implies the best fit and should be chosen when comparing models with different independent
variables [24].

where, z(xi) and z (x i+h) are the variables of interest at
locations xi and xi+h respectively, and N(h) is the number
of pairs on the locations separated by a distance h [18].
The spherical models with a nugget effect were used
to model the theoretical semivariograms. Modeling of isotropic experimental semivariogram was performed with
GS+ (Version 7) statistical software [19]. The best fit model
selection for experimental semivariogram was done by the
leaving-one-out method of cross validation. Ordinary point
kriging method was used with isotropic semivariogram
models in preparation of interpolation maps for the soil
properties investigated [18]. At least 12 neighboring points
were considered for ordinary point kriging interpolations.
Moisture content and penetration resistance maps were prepared to evaluate the variation within the field during the
experiment.
Piecewise regression model

Point distribution of measured moisture content (MC)
and penetration resistance (PR) values may not be characterized well by standard methods due to sudden fluctuations in observations as time and depth changes. Spline
regression model brakes the regression lines into several
line segments (spline knots) that can provide with regression models with higher determination coefficients [20].

RESULTS AND DISCUSSION
Penetration resistance and moisture content measurements of agricultural soils are particularly important to
determine the draft force needed to work with soil tillage
equipments. The moisture content and penetration resistance of experimental site were measured and mapped
both in unburned (the initial five days) and burned conditions (the last six days) to investigate spatial and temporal
variations of moisture content and penetration resistance
and to evaluate the effect of stubble and burning conditions on moisture content and penetration resistance of a
sandy clay soil.
Soil Moisture Content

The moisture contents (MC) of three soil depths (010, 10-20, 20-30 cm) were measured daily for 11 days at
twenty five points [14]. Descriptive statistics of measured
moisture contents were presented in Table 1, and the
variation of mean MC was illustrated in Fig. 1.
The variation in soil properties are grouped into three
classes based on the coefficient of variation [3, 25]. If
the coefficient of variation (CV) is less than 15%, the soil
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pro-perty is reported as less variable, if CV is between
16% and 35%, the soil property is moderately variable,
and if CV is more than 35% then the soil property is classified as highly variable. Water contents of 10-20 cm and
20-30 cm depths during the eleven days were less variable, whereas it was moderately variable at 0-10 cm
depths. Skewness values of water contents at fifth day
before and after the burning and eleventh day were positively right (γ1 > 0), and all the others were negatively left
skewed (γ1 < 0).
Soil moisture contents at 0-10 cm and 10-20 cm depths
increased during the first two days following the harvest
followed by a gradual decrease (Fig. 1). Due to capillary rise
of water, an increase in MC was observed after the stubble burning at the top layer. The moisture content of surface layer initially increased for about a day, and started
decreasing.
The MC differences between the first day and eleventh day and before and after stubble burning for three
soil layers were evaluated using paired t-tests. The anal-

yses revealed that soil moisture contents were significantly different in all layers between the first and eleventh day
(P<0.01). The average moisture contents of 0-10 cm and
20-30 cm depths decreased, whereas MC increased at 1020 cm.
Due to the water rise from lower layers to surface layer
immediately after the stubble has burned, the moisture
contents at 0-10 cm and 10-20 cm depths did not significantly (P<0.05) vary before and after burning. However,
the moisture content at 20-30 cm was significantly (P<0.05)
affected by the burning process, and the burning resulted
in a decrease in moisture content at 20-30 cm.
The burning resulted in a rapid moisture loss especially in the upper 10 cm of the soil profile, and the total
amount of loss was 41%. The greatest moisture loss occurred in the initially moist part of the grids, whereas an
increase was observed in places where the moisture content was low prior to burning. The burning probably increased the capillary rise of water in such places.

TABLE 1 - Summary statistics of moisture content before (BSB) and after stubble burning (ASB).
Days

Depth
(cm)
0–10
1
10–20
20–30
0–10
5 BSB
10–20
20–30
0–10
5 ASB
10–20
20–30
0–10
11
10–20
20–30
0–10
Control 11
10–20
20–30
*Coefficient of variation

Mean

Std
dev.
3.53
2.58
2.28
4.69
2.40
1.61
2.98
2.69
2.26
1.39
3.17
3.12
1.51
3.80
3.47

18.00
18.12
21.90
14.41
21.83
20.88
15.01
21.28
19.28
6.91
20.29
19.91
6.05
21.06
21.07

CV*
(%)
19.61
14.24
10.41
32.55
10.99
7.71
19.85
12.64
11.72
20.12
15.62
15.67
24.96
18.04
16.47

0-10

10-20

Min.

Max.

Skewness

Kurtosis

9.10
11.70
15.80
6.10
14.10
1700
8.10
14.90
12.70
4.50
12.50
12.10
4.33
15.39
13.53

23.90
22.80
25.20
22.70
24.70
23.40
22.90
25.50
24.30
10.30
25.50
25.70
9.04
26.17
25.13

-0.37
-0.66
-1.07
0.19
-1.42
-0.57
0.25
-0.32
-0.47
0.63
-0.55
-0.28
0.88
-0.20
-0.91

-0.04
0.25
0.71
-1.02
2.44
-0.03
0.88
-0.27
1.82
-0.05
-0.05
0.15
-0.25
-1.23
0.57

20-30

Soil moisture contents (%)

25
20
15

6th	
  day

4th	
  day

10

Pre	
  burning
5th	
  day

5

A fter	
  burning
5th	
  day

0
0

1

2

3

4

5

6

7

8

9

10

11

Measurement Number

FIGURE 1 - Soil moisture contents as a function of depth and time [14].
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10-20 cm

20-30 cm

1st day

5th day
BSB

5th day
ASB

11th day

FIGURE 2 - Spatial patterns of soil moisture content (%) variation at different depths of the
study area during the experiment (BSB: Before stubble burning, ASB: After stubble burning)
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The mean MC values were compared between 10-20
cm and 20-30 cm depths for the first and 5th days of BSB,
the 5th day of ASB, and the 11th day of experiments at the
control parcels. No significant differences were found between moisture contents of the second and the third layers
before and after stubble burnings. Average MC values for
control plots were 6.05%, 21.06%, and 21.07%, respectively for 0-10, 10-20, and 20-30 cm. It may be concluded
that stubble burning had no effect on the average MC in
the long run at depths below 10 cm. Nevertheless, stubble
burning did have an effect on MC only for a short term,
implying transitory effect on moisture variation during postharvest period. The means in the control plots and the burned
plots were not significantly different (P>0.05) from each
others. Valzano et al. [5] found no significant effect of
fire on volumetric MC at a depth of 0-4.0 cm in 1 m2 paired
plots. The findings of both studies imply that stubble burning does not vary moisture content significantly at soil surface. The material burnt is the organic matter of soils which
is the main binding agent of soil aggregates. Although the
organic matter content was not analyzed during the experiment, the loss in soil organic matter content of soil is
indubitable. Since the organic matter aids to improve the
soil’s ability to store and transmit air and water via its’
porous structure and formation of stable aggregates, in the
long run, the loss in organic matter would certainly decline
in soil aggregate stability and would result in lowering the
water holding capacity of soils.

at 0-10 cm for periods x(days)≤4, 4≤x≤7, 7≤x≤9, and x≥9.
The piecewise regression curve fitted to moisture data of
the top soil layer is given in Fig. 4.

Spatial variation of moisture contents (0-10, 10-20 and
20-30 cm) was presented in Figure 2. The spherical semivariogram was the best fitting model to the experimental
semivariances of moisture content for all soil depths. A
limited number of fitted semivariograms is presented in the
paper (Figure 3).

FIGURE 3 - Experimental (dots) and corresponding theoretical (lines)
semivariogram for 20-30 cm depth soil water content of the first day
and cross validation of model created for 20-30 cm depth soil water
content of the first day

The average moisture content of the upper 10 cm of the
soil at the first measurement day following the harvest of
winter wheat was 18%, and the moisture loss from the
first day through the fifth day (stubble burning day) was
25%. As expected, the greatest change in moisture content
occurred in the upper 0-10 cm and the lower 20-30 cm.
Evaporation resulted in formation of patchy structure for
moisture content in the fifth day, however, the burning of
stubble homogenized the distribution of moisture. Capillary
rise from lower layers decreased the moisture content at
20-30 cm soil depth while increasing the moisture content
at 10-20 cm. Spatial structure obtained for 0-10 cm at the
fifth day before the stubble burning is similar to the structure formed right after the stubble burning (Figure 2). The
major change in spatial structure occurred in the 20-30 cm
soil depth due to the rapid capillary rise of soil moisture
following the burning
Piecewise cubic regression was used to model the average moisture content distribution. Appropriate knot points
(4, 7 and 9 days) were determined to apply piecewise cubic
regression. The autocorrelation of model was tested using
Durbin-Watson t-test [20]. However, an equation with four
functions was obtained only for the soil moisture content

FIGURE 4 - Piecewise regression curve of moisture content (0-10 cm)
during the experiment

Coefficient of determination (R2), sum of squared errors (SSE), Durbin-Watson (DW), Akaike Information
Criterion (AIC) values, and degree of freedom (DF) for
the regression equation are presented in Table 2, and the
corresponding mathematical models found for the moisture content is given in Eq. 3. Expressions in Eq. 3 can be
used to estimate the moisture content at the top layer of
the soil based on the elapsed time following the harvest of
the main crop.
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3

3

(3)

3

f (x ) = 11.505 + 8.78 x − 2.604 x 2 + 0.207 x 3 − 0.182 (x − 4) − 0.081(x − 7 ) − 0.366(x − 9)

TABLE 2 - The parameters obtained from piecewise regression
Summary Statistics

Soil Moisture Contents (0-10 cm)

R2
SSE
DW
AIC
DF
Durbin Watson ( α

0.981
5.361
2.362
38.385
5

Penetration Resistance
5th day (YO)
5th day (YS)
0.971
0.984
0.243
0.186
2.084
1.374
-7.290
-11.317
9
9

1th day
0.968
0.246
2.141
-9.422
10

11th day
0.994
0.107
1.394
-19.596
9

= 0.01 )

Penetration resistance

as affected by time elapsed after the harvest and measurement depth (0-10, 10-20, 20-30 cm).

PR was measured up to a depth of 52.5 cm [14], but
measurements corresponding to 0-30 cm were reported in
this study. Descriptive statistics for PR measurements were
presented in Table 3. Figure 5 depicts the PR fluctuations

The penetration resistance at 0-10 cm was highly
variable (CV > 36%) in the first, 5th ASB, and the 11th day

TABLE 3 - Descriptive statistics of penetration (MPa) resistance before (BSB) and after stubble burning (ASB)
Days

Depth (cm)
0–10
1
10–20
20–30
0–10
5 BSB
10–20
20–30
0–10
5 ASB
10–20
20–30
0–10
11
10–20
20–30
0–10
Control 11
10–20
20–30
*Coefficient of variation

Mean
0.94
1.46
1.86
1.29
1.52
1.75
1.50
1.99
2.39
1.41
2.02
2.71
1.58
2.07
2.60

Std dev.
0.45
0.49
0.55
0.44
0.38
0.41
0.69
0.67
0.84
0.64
0.63
0.78
0.40
0.49
0.45

CV* (%)
48
34
30
34
25
23
46
34
35
46
31
29
25.32
23.67
17.31

0-10

10-20

Min.
0.13
0.38
0.96
0.58
0.99
0.96
0.19
0.71
0.79
0.03
0.48
1.44
1.00
1.30
2.10

Max.
2.36
2.86
3.55
2.23
2.46
2.56
3.07
3.88
4.66
2.89
3.95
4.92
2.40
3.00
3.50

Skewness
0.50
0.59
0.81
0.20
0.78
0.03
0.42
0.31
0.36
0.32
0.42
0.81
0.59
0.43
0.96

20-30

3.0

Penetrasion Resistance (MPa)

2.5

2.0

1.5
4th day

1.0

0.5
Pre burning
5th day

After burning
5th day

0.0
1

2

3

4

5

6

7

8

9

10

11

Measurement Number

FIGURE 5 - Penetration resistance as a function of depth and time [14]
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Kurtosis
0.19
0.51
0.63
-0.74
0.15
-0.77
-0.46
-0.15
-0.04
-0.14
1.31
0.37
0.20
0.46
-0.13
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10-20 cm

20-30 cm

1st day

5th day
BSB

5th day
ASB

11th day

FIGURE 6 - Spatial patterns of penetration resistance (MPa) variation at different depths of
the study area during the experiment (BSB: Before stubble burning, ASB: After stubble burning)
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of the experiments, whereas it was moderate in the 5th day
of BSB (Table 3) The penetration resistance in the control
parcels was moderately variable (CV < %36) at course of
the experiment. The penetration resistance values for all
depths measured during the experiment were positively
skewed (γ1 >0).
Crop yield may be reduced with increasing penetration resistance. It was suggested that threshold penetration
resistance that limits yield for cotton and wheat is 2 MPa
and 1.5 MPa, respectively. The penetration resistance values of the first 10 cm did not exceed the threshold value
to limit the plant yield. The penetration resistance at 1020 cm and 20-30 cm depths were also lower than that of
threshold value until the stubble was burned. The burning
resulted in increased penetration resistance and the measured penetration resistances were higher than the threshold value. Hubbert et al. [13] reported that soil bulk density at 0-5 cm depth significantly increased, with a corresponding decrease in porosity with stubble burning. It appears that the destruction of soil aggregation, and the loss
of organic matter, contributed to the increase in bulk density. Malhi and Kutcher [4] reported similar results and indicated that burning causes soil desiccation, makes soil hard
and less friable. The penetration resistance increased in all
layers after stubble burning with increasing rate as depth
increased from 0 to 30 cm (Fig. 5). Therefore, the greatest variation was observed in 20-30 cm for both PR and
MC. The penetration rate increased by 16.2%, 31% and
36.5% for 0-10 cm, 10-20 cm and 20-30 cm depths, respectively.
The differences in penetration resistance values of the
first and the eleventh day and before and after stubble burning were evaluated using paired t-test. The penetration resistances measured for all depths were significantly different
for the measurement days during the experiment (P<0.01,
and P<0.05 for before and after stubble burning). Average
measured PR values for control plots were 1.47, 2.06, and
2.64 MPa, respectively for 0-10, 10-20, and 20-30 cm. The
penetration resistance between the burned and unburned
plots were not statistically different (P>0.05) from each
others. However, the loss in organic matter in long term is
expected to have an adverse effect on penetration resistance of soils. Because, soil organic matter improves
tilth in the surface horizons, reduces crusting, increases the
rate of water infiltration, reduces runoff, and facilitates
penetration of plant roots.
Reduction in organic matter content of soils would cause
in degradation of soil aggregates and soil particles can not
strongly bind to each other more. Consequently, aggregates
that break down or fall apart when struck by raindrops
release individual soil particles that can seal the soil surface and clog pores. This breakdown creates crusts that
close pores and other pathways for water and air entry into
a soil and also restrict emergence of seedlings from a soil.
Spatial distribution of PR was modeled and mapped
(Fig. 6). The spherical semivariogram was also the best

fitting model to the experimental semivariances of penetration resistance at all soil depths investigated during the
experiment (Fig. 7). The penetration resistance had the
highest variability for 0-10 cm, and became more homogenized with increased soil depth (Table 3). At the fifth day
before stubble burning, the level of variation in PR measurements was somewhat uniform at all depths. The burning changed the spatial structure of penetration resistance
within the entire soil profile investigated. The increase in
penetration resistance of the field following the burning
even at the same day can easily be seen from the penetration resistance maps of the field. The increase was especially obvious in the lower part of the soil profile investigated due to the rapid desiccation.

FIGURE 7 - Experimental (dots) and corresponding theoretical
(lines) semivariogram and the corresponding cross validation of the
model created for penetration resistance (0-10 cm) at the fifth day
just before burning stubble

The penetration resistance in a field is affected by soil
texture, organic matter content, bulk density, water content, etc. Hubbert et al. [13] reported a decrease in the clay
fraction following the stubble burning. They thought that
some aggregation of finer particles into larger silt size particles occurs during the fire. The decline in clay fraction
and organic matter content results in reducing water holding capacity of soils. Therefore, the negative effect of burning on penetration resistance will certainly be come out in
the near future due to the depletion of organic matter content of soils. Organic matter is important cementing agent
of between soil mineral particles in which majority of the
soil pores are created with soil aggregation. The losses of
organic matter will destroy the bindings of mineral particles and eventually leave soil vulnerable to soil compac-
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tion. Are et al. [6] also reported that soil strength increased after burning but not significant at any of the soil
layers while slight increase of 0.8 and 4% in bulk density
was recorded at the respective depths.
The piecewise regression method was also used to
model the penetration resistance variability (Fig. 8). Three
different functions for 0-25 cm, 25-35 cm and >35 cm

were obtained, and the equations for the first day, fifth
day of BSB and ASB, and the eleventh day were given in
equations 4, 5, 6 and 7, respectively. Coefficient of determination (R2), sum of square error (SSE), DurbinWatson and Akaike Information Criterion values of the
obtained regression equation for soil penetration resistance were presented in Table 2.

1st day

5th day (BSB)

5th day (ASB)

11th day

FIGURE 8 - Piecewise regression of penetration resistance (MPa) during the experiment.

f ( x ) = − 0.1438 + 0.2298x − 0.0109x2 + 0.000183x3 − 0.000359( x − 25)3 + 0.000244( x − 35)3

(4)

f ( x ) = − 0.0281 + 0.2283x − 0.0157 x2 + 0.000274x3 − 0.000509( x − 25)3 + 0.000295( x − 35)3

(5)

f ( x ) = 0.1124 + 0.2798x − 0.0121x2 + 0.000192 x3 − 0.00033( x − 25) 3 + 0.000232( x − 35)3

(6)

f ( x ) = 0.0886 + 0.2711x − 0.012 x2 + 0.000215x3 − 0.000556( x − 25)3 + 0.000661( x − 35)3

(7)

The equations 4-7 enable the prediction of the penetration resistance of the soil at a specified depth and time.
There are distinguishing features, however, that can be
identified between the MC and PR regression models.
The modeling of MC and PR data, in terms of obtaining
piecewise cubic spline regression models, showed that
each parameter has different behavior in that the line segments on time scale were different. MC data were related
to three depth layers from 0 to 30 cm during data processing while cubic regression showed that there was a
good fit only for the top layer of 0-10 cm with four knots.
R2 for MC was less than 0.3 in second and third order

standard regression equations. Finding a reasonable model for the second and third layer MC data was not likely
when piecewise regression was applied to the data set,
either. In the case of PR data, on the other hand, a fit could
be found at different depths, namely for 0-25 cm, 25-35
cm, and >35 cm. Nevertheless MC and PR are generally
thought to be highly dependent on each other. In the regression models, not only the depths but the knot lengths
differed between the MC and PR. Rather the spline regression seemed to be useful to accurately predict the
MC for a given day after the harvest at a given depth

1751

© by PSP Volume 18 – No 9a. 2009

Fresenius Environmental Bulletin

whereas PR can be predicted for a given day at any depth
from 0 to 35 cm.
Coefficient of determination is high both for PR and
MC whereas sum of squares and standard deviations are
small as shown in Table 2. It was found that there was no
autocorrelation for PR and MC, implying high correlation
in the models developed for PR and MC. In addition to
the evaluations on the fit of regression models using sum
of squared error, standard deviation, coefficient of determination, and Durbin Watson test statistics, error ( ei ) can also
be studied to determine how good the model suits to the
experimental data.
It appears that piecewise cubic regression can be used
to obtain a mathematical model with high correlation coefficient between the dependent and independent variables
when measured quantity shows sudden fluctuations. In
such occasions, standard regression models might not allow
to obtain a good fit. The applicability of piecewise cubic
regression, however, may not be considered fully convincing, since this approach was tested with limited data
under a specific condition. Different implications might
have been found if the stubble was burned two days after
the harvest. Though, the method proposed seems to provide strong correlations and hence reliable predictions
when other methods fail to obtain acceptable regression
models.
The water conserved in the soil is important for the
second crop emergence and subsequent growth and yield.
Most farmers practice conventional tillage for planting the
second crop and lose time for burning the stubble. The
moisture loss due to stubble burning results in increased
penetration resistance (Fig. 5). The timeliness planting
causes a delay in harvest operations. Thus, soil tillage for
the second crop should be done as soon as the main crop
is harvested to prevent moisture loss with time and to
avoid higher draft force requirement for primary tillage
operations.
In case of direct planting, second crop can be planted
immediately following the harvest of the main crop, since
there was sufficient moisture for germination and no compaction on surface layer (Fig. 6). The apparent advantages
of such an application are two folds: First, the stubble is
incorporated into soil rather than being lost as a source of
organic matter. Second, soil moisture is preserved since
the soil is not overturned by tillage operations, resulting
also in reduced energy input for planting. However, compaction is time dependent and should be expected to rise
above the threshold, particularly below 10 cm. Although
germination and early root development might not be hindered because soil conditions are conducive to second crop
planting after the harvest of the main crop, successive
stages of root development will probably be affected by
diminishing soil moisture and increasing penetration resistance. Therefore, under similar soil conditions, timely
irrigation should be applied after the planting. In most
cases, the irrigation will be needed as soon as the planting

completed since water deficit is common in most soils in
region in late spring and early summer.
CONCLUSIONS
The followings are the conclusions from this study:
• The penetration resistance had the highest variability
at 0-10 cm, and became more homogenized with increased soil depth. Penetration resistance did not exceed the threshold value of 2.0 MPa after the harvest.
Stubble burning caused sudden increase in penetration
resistance creating inconvenient soil conditions for root
development.
• The moisture loss was mainly affected by the time
elapsed after the harvest. Stubble burning did not necessarily increase the rate of moisture loss in the long
term, but stopped moisture loss for a short period. This
can be explained by the capillary rise for about a day
followed by the burning process. Moisture loss was
the greatest in the upper 10 cm of the soil profile after
the harvest. Thus, soil tillage for the second crop
should be done as soon as the main crop is harvested,
due to loss of MC with time accompanied with increasing penetration resistance.
• Before and after burning spatial structures of soil moisture content in the field were similar due to the rapid
capillary rise of soil moisture from lower layers. This
suggests that burning does not change the seed bed
conditions in favor of creating better seed bed for the
second crop. Instead, burning increases the desiccation
of seed bed as can easily be seen in the structure of
eleventh day soil moisture map. The desiccation of soil
clearly resulted in increase in penetration resistance of
all soil depths investigated.
• Piecewise cubic regression models provided stronger
correlations compared to standard regression models.
Piecewise regression modeling was appropriate since
the relationship between the measured quantities was
better explained compared to standard regression methods. Standard methods tend to fail obtaining acceptable
correlation coefficients under rapidly varying conditions.
• No significant differences were found between the mean
moisture content and penetration resistance of burned
and unburned (control) plots. Due to the decrease in organic matter content of soils, aggregate stability thereby
water holding capacity of burned fields would indubitably decrease that would result in lower yields and
soils more vulnerable to erosion.
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variation of soil penetration resistance and moisture content.
Journal of Agricultural Machinery science. 3(1), 41-49.
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ABSTRACT
Quality control process involving outlier trimming and
homogeneity checking were performed on the annual total
precipitation data with various lengths for 20 stations in
Büyük Menderes Basin, Western Turkey. Homogeneity
analyses were carried out using Standard normal homogeneity test (SNHT) for a single break, the Buishand Range
test, the Pettitt test, and Runs-test. Then, the results of the
different tests are grouped into three classes: “useful”,
“doubtful” and “suspect”. 12 stations were labelled “useful”,
4 stations “doubtful, and 4 stations “suspect”. On the other
hand, simultaneous change points detected may suggest a
general indication of the existence of a common largescale physical mechanism influencing regional precipitation variability. Therefore, the results from statistical testing for inhomogeneity should be interpreted considering
regional climate change associated with atmospheric circulation patterns.

KEYWORDS: Precipitation, Turkey, Büyük Menderes Basin, quality control, homogeneity, regional climate change, outlier.

INTRODUCTION
Analysis of long-term precipitation data for various
purposes, especially for climate change studies, has to be
accurate, and high-quality precipitation data must be used.
Thus, outliers and homogeneity of the data are of prime
importance.
Detection of outliers has been considered to be an important part of quality control work. Outliers are data points
that depart significantly from the trend of the remaining
data [1]. They can be due to measurement errors or extreme
meteorological events [2]. When outliers are undoubtedly
erroneous measurements, they should be rejected and the

problem is converted into one of missing data treatment [3].
When outliers have a physical reasoning, a question can
arise on whether they should be corrected or not [4], since
extreme data carry significant climatological information
that should not be disregarded [3]. On the other hand, outliers can affect the estimation of sample statistics during the
use of nonresistant techniques [2]. These techniques are
known to be sensitive to the presence of outliers [2, 5]. In
order to retain the information of extreme events, while
not influencing nonresistant statistics too much, outliers can
be replaced by a threshold value, specific for each time
series [2, 4]. Following Gonzalez-Rouco et al. [3] and
Göktürk et al. [2], this approach was adopted as the quality control procedure in this work.
A homogeneous climate series is defined as one where
variations are caused only by changes in weather and
climate [6]. Most of the long-term climatic time series have
been affected by a number of non-climatic factors that make
these data unrepresentative of actual climate variations occurring over the time [7]. These non-climatic factors causing inhomogeneity include changes in location of the stations, instruments, formula used to calculate means, observational practices, and station environment [2]. If a climatic time series is homogeneous, all variability and changes
of the series then can be considered due to the atmospheric
processes [8]. If not, climatic time series must be adjusted
before any further use.
A number of studies were conducted to check the homogeneity of precipitation data in Turkey with various
spatial and temporal scales, and with varying periods of
records by using different approaches or methods. Karabörk
et al. [8] checked homogeneity of annual precipitation series
at 212 stations recorded by State Meteorological Service
of Turkey (DMI) using SNHT and Pettitt test. Based on the
consideration that stations are inhomogeneous if, at least,
one of the tests rejects the homogeneity, they found that
43 out of 212 stations were inhomogeneous. Em et al. [9]
examined homogeneity status of annual total precipitation
series recorded between 1970-2003 at 15 stations within
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GAP (Southeastern Anatolia Project) region of Turkey using
Swed-Eisenhard (Runs) test and graphical method. They
concluded that only one station’s data series was inhomogeneous. Göktürk et al. [2] performed an outlier trimming
and homogeneity checking/correction process on the monthly precipitation time series with various lengths from 267
stations in Turkey, using a multi-step homogeneity testing/
homogenization procedure based on SNHT. Partal and
Kahya [10] analyzed temporal trends of 13 precipitation
variables recorded at 96 stations scattered over Turkey,
where homogeneity of a large portion of data network was
analyzed by Özçelik [11] using Kruskal–Wallis test, Swed–
Eisenhart test and graphical method. Türkeş [12] checked
the homogeneity of annual rainfall data recorded at 91 stations in Turkey using the Kruskal-Wallis test before studying their spatial and temporal characteristics.
The purpose of this study is to check the quality and
homogeneity of annual precipitation data recorded in
20 stations within Büyük Menderes Basin, which is important in water management, hydrology, climate change
and variability studies. This study differs from previous
studies concerning Turkish precipitation data in such a
way that it includes precipitation data recorded not only
by State Meteorological Service of Turkey (DMI) but also
by State Water Works of Turkey (DSI) which were not
checked for homogeneity before.

MATERIALS AND METHODS
Study Area

Büyük Menderes River is located in the western part
of Turkey, and an important resource of water, especially

for irrigation in Büyük Menderes Basin. It has a length of
584 km and drains an area of about 24 873 km2, parts of
5 provinces, namely, Aydın, Muğla, Denizli, Uşak and
Afyon, corresponding to 3.2% of Turkey (Fig. 1). The
river has its source near Dinar county of Afyon province
and discharges into Agean Sea within the boundaries of
Aydın province. Its major tributaries are Kufi, Banaz,
Dokuzsele, Çürüksu, Dandalaz, Akçay and Çine streams.
Major cities in the basin are Uşak, Denizli, Sarayköy,
Nazilli, Aydın and Söke.
The Büyük Menderes River is an important river system which includes wetland areas of the eastern Mediterranean region, such as Lake Işıklı, Lake Bafa, and the
delta of the Büyük Menderes River. It is also a very significant river basin from a zoogeographical point of view.
It was a tributary of the Aegeopotamos River which originated from the Sarmatian Sea in the Pleistocene. Aquatic
taxa passed between Asia and Europe by this river and the
fauna of the river now contains some extinct species of
Palearctic fauna [13].
The climate in the basin varies from a Mediterranean
climate, with a hot and dry summer, but a mild and rainy
winter, in the coastal regions to a continental climate upstreams [14]. The average precipitation in the basin is 635
mm, changing within the range of 999 mm in the coastal
region and 350 mm in the eastern region [15]. Besides,
annual average precipitation of 1141.2 mm occurs at the
southern mountainous border of the basin. Temperatures
are mild during the winter. At the beginning of the rainless
period, the temperature rises steeply. High day temperatures (up to 40 ºC) are expected during summer [16].
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FIGURE 1 - Distribution of 20 precipitation stations over Büyük Menderes Basin used in the study.
TABLE 1 - The list of precipitation stations and the results of outlier trimming process.
Station Name

Data Period

Missing Data

Pout
(mm)

Extreme year(s)
replaced by Pout

State agency from which
data were provided

1

Somak

1970 – 2005

1974

1757.5

–

DSI

2

A. Karacahisar

1964 – 2005

–

1215.9

–

DSI

3

Bafa-Çamiçi

1967 – 2005

1991, 1992

1571.8

–

DSI

4

Burhaniye

1963 – 1999

1993

1065.5

–

DSI

5

Işıklı Gölü

1963 – 2005

–

737.7

–

DSI

6

Kayran

1971 – 2005

–

1329.7

–

DSI

7

Kırıkköy

1968 – 2005

1974

1795.6

–

DSI

8

Kozağaç-Muğla

1962 – 2003

–

2542.5

–

DSI

9

Kozağaç-Yatağan

1962 – 2005

1963

1995.4

1981

DSI

10

Sarıkemer

1968 – 2001

1971, 1976

1467.0

–

DSI

11

Serban

1967 – 2000

–

957.7

–

DSI

12

Yavaşlar

1964 - 2001

1965, 1982

896.6

–

DSI

13

Yeşiloba

1968 - 2005

1974, 1975, 1976, 1977

1570.4

–

DSI

14

Aydın

1960 – 2007

–

1262.6

–

DMI

15

Denizli

1960 - 2007

–

1098.3

–

DMI

16

Dinar

1960 - 2006

–

1011.0

–

DMI

17

Güney

1960 - 2007

–

1018.8

1968

DMI

18

Nazilli

1960 - 2007

1969, 1970, 1971

1069.8

–

DMI

19

Sultanhisar

1961 - 2007

1967

1340.2

–

DMI

20

Yatağan

1961 - 2006

–

1378.8

–

DMI

S/N

Precipitation regime of Büyük Menderes Basin is under the influence of large-scale pressure systems and upper-air circulations [17]. Maritime polar weather types,
carried by north-westerly upper-level air flows, cause heavy
precipitations during late autumn, winter, and early spring.
Frontal Mediterranean cyclones associated with the south-

westerly air flows produce intensive rain showers and thunderstorms in late autumn and, particularly, in winter [12].
Contribution of the winter rainfall to the annual total is
higher than 40%. Spring rainfall contribution changes from
20% at Aegean coastline to about 30% in interior region.
The summer rainfall contributes less than 9% of the annu-
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al rainfall total, decreasing from east to west. The contribution of the autumn rainfall is about 20% throughout the
basin [18].

Buishand Range Test: In this test, the adjusted partial
sums are defined as
k

S0* = 0 and Sk* = ∑ (Yi − Y ) k = 1,...., n
i =1

Data

In this study, time series of annual precipitation totals
from 20 stations within Büyük Menderes Basin were used.
Locations of station are shown in Fig. 1 and the list of stations is given in Table 1. Data were provided by the State
Meteorological Service of Turkey (DMI) and State Water
Works of Turkey (DSI).
Methods
Quality Control

The identification of outliers has been the primary
emphasis of quality control work [2, 3]. Outliers are values greater than a threshold value, specific for each time
series, and defined as follows

When a series is homogeneous, the values of

fluctuate around zero, because no systematic deviations of
the Yi values with respect to their mean will appear. If a
break is present in year K, then
k = K. The

senting the results of this test. The significance of the shift
can be tested with the “rescaled adjusted range” R, which
is the difference between the maximum and the minimum
of

Standard Normal Homogeneity Test: Alexandersson
[19] describes a statistic T(k) to compare the mean of the
first k years of the record with that of the last n − k years:

R = (max Sk* − min Sk* ) / s
0≤ k ≤ n

0≤ k ≤ n

R/ n.

Pettitt Test: This test is a non-parametric rank test.
The ranks r1,……,rn of the Y1,……,Yn are used to calculate
the statistics:
k

X k = 2∑ ri − k (n + 1)

k = 1,...., n

The Xu is depicted in the graphs representing the results of this test. If a break occurs in year E, then the statistic is maximal or minimal near the year k = E:

X E = max X k
1≤ k ≤ n

The significance level is given by Pettitt [21].
Runs Test: In Runs test, also known as Swed-Eisenhart
test [25], firstly, the median of data is calculated. Then,
each numerical value in the series is assigned a ‘+’ if it is
above the median or a ‘-’ if it is below the median. If the
data is truly random, then the sequence of +’s and -’s will
be random. Next, the “runs” ( r ) is counted. A run is simply a sequence of all +’s or all -’s in the series. For small
sample sizes (n <20), the exact distribution of r under the
hypothesis of randomness can be used and is available in
many statistical textbooks. For large sample sizes (n >20),
the sampling distribution of “ r ” is approximately normal
with mean µ = ( 2n1n2 /(n1 + n2 ) ) + 1
and variance σ 2 = 2n1n2 (2n1n2 − n) / n 2 (n − 1)
Standardized value of r is calculated as z = r − µ / σ

k = 1,...., n

where
1 k
1 n
z1 = ∑ (Yi − Y ) / s and z2 =
∑ (Yi − Y ) / s
k i =1
n − k i =k +1
If a break is located at the year K, then T (k) reaches a
maximum near the year k=K. The T(k) is depicted in the
graphs representing the results of this test. The test statistic T0 is defined as:
1≤ k ≤ n

S k* values scaled by the sample standard deviation:

i =1

In this study, four methods to test the homogeneity in
annual precipitation time series recorded at 20 stations
over Büyük Menderes Basin, Western Turkey were used.
These are the standard normal homogeneity test (SNHT)
for a single break [19], the Buishand Range test [20], the
Pettitt test [21] and Runs test [22, 23]. In all of the tests,
the null hypothesis is that annual precipitation totals are
identically and independently distributed. Alternative
hypothesis, for the SNHT, Buishand Range test and Pettitt
test, is that the time series has a shift (change point) in the
mean, and for Runs test is that the series is not randomly
distributed. The mathematical formulation of the tests
which were adopted from Wingaard et al. [24] are given
below, where Yi (i=1, n) is the annual series to be tested,
Y is the mean, and s is standard deviation.

T0 = max T (k )

( Sk* / s) / n is depicted in the graphs repre-

Buishand [20] gives critical values for

Homogeneity Analysis

T (k ) = kz12 + (n − k ) z22

S k* reaches a maximum

(negative shift) or minimum (positive shift) near the year

Pout = q0.75 + 3IQR
where q0.75 is the third quartile and IQR is the interquartile range. In order to reduce the size of distribution
tails and make a safer use of the nonresistant homogeneity
testing methods used later, also to keep the information
from extreme events, outlier values of each annual precipitation series were replaced by the unique Pout value [2, 3].

S k* will

where n1 is the number of -’s, n2 is the number of
+’s, r is the number of runs, and n is the total number of
observations in the series. Thus, for large n, the hypothesis of homogeneity is conducted by comparing a standardized value of r with the standard normal distribution.
After the application of four homogeneity tests, a classification adopted from Wingaard et al. [24] is made depending on the number of tests rejecting the null hypothesis:
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Class 1: “useful” - one or zero tests reject the null hypothesis at the 5% level. The series seems to be sufficiently homogeneous for trend and variability analysis.
Class 2: “doubtful” - two tests reject the null hypothesis at the 5% level. The series should be used for trend
and variability analysis with caution due to possible inhomogeneities.
Class 3: “suspect” - three or four tests reject the null
hypothesis at the 5% level. The series should not be used
for trend and variability analysis.
RESULTS AND DISCUSSION
The results of quality control process are given in Table 1 in which Pout values and extreme year(s) corrected
for each station are listed. This table shows the variation
of data that reach maximum values along mountainous
southern and northern borders of the basin, whereas lowest values occur in central lowland part of the basin.
The total number of corrected values is only two: one
in Kozağaç-Yatağan and the other at Güney station. In the
former (latter), total annual precipitation in the year 1981
(1968) was recorded as 2033.3 (1215.1) mm higher than

corresponding Pout value of 1995.4 (1018.8) mm. In both
stations, the recorded values were replaced by Pout values.
Göktürk et al. [2] detected higher percentages of outliers at southern and western parts of Turkey, covering
Büyük Menderes Basin, compared to other parts of Turkey,
and concluded that outliers arise from natural variability
rather than erroneous measurements due to non-frequent
thunderstorm activities in summer season of some years.
After quality control (outlier trimming) process, annual total precipitation time series were tested for homogeneity by using four test methods (SNHT test for a single shift, Pettitt test, Buishand Range test, Runs test). The
results of the tests applied for each station are given in
Table 2. First three tests are referred to as location-specific
tests by Wijngaard et al. [24], because these tests are capable of locating the year where a break is likely to occur. On
the other hand, the last one is not a location-specific one
bearing no information on the year of shift.
The Runs test detected that 2 out of 20 stations are
inhomogeneous, while the results of Buishand Range test
showed that 8 stations have an inhomogeneity. On the
other hand, according to Pettitt test, 4 stations were found
to be inhomogeneous, whereas SNHT detected 9 stations
being inhomogenous.

TABLE 2 - The results of homogeneity tests (H: Homogeneous; IH: Inhomogeneous. Significant change points at 5% level shown in bold).
S/N

Station Name

Data Period

Runs

Pettitt

Buishand

SNHT

Class

1

Somak

1970 – 2005

H

1981

1981

1981

Useful

2

A. Karacahisar

1964 – 2005

H

1977

1977

1977

Useful

3

Bafa-Çamiçi

1967 – 2005

H

1993

1993

2000

Useful

1969
1981

1969

Useful

4

Burhaniye

1963 – 1999

H

1969
1981

5

Işıklı Gölü

1963 – 2005

H

1970
1984

1970

1969

Useful

6

Kayran

1971 – 2005

H

1981

1981

1981

Doubtful

7

Kırıkköy

1968 – 2005

IH

1984

1986

1985

Suspect

8

Kozağaç-Muğla

1962 – 2003

H

1983

1983

1984

Useful

9

Kozağaç-Yatağan

1962 – 2005

H

1984

1983

1983

Suspect

10

Sarıkemer

1968 – 2001

H

1984

1984

1984

Useful

H

1972
1976

1971
1976

1971

Doubtful

11

Serban

1967 – 2000

12

Yavaşlar

1964 - 2001

H

1971

1971

1971

Suspect

13

Yeşiloba

1968 - 2005

IH

1986

1985

1984

Suspect

14

Aydın

1960 – 2007

H

1986

1986

1986

Useful

1969
1981

1969

Useful

15

Denizli

1960 - 2007

H

1969
1981

16

Dinar

1960 - 2006

H

1969

1969

1969

Doubtful

1969
1983

1969

Doubtful

17

Güney

1960 - 2007

H

1969
1983

18

Nazilli

1960 - 2007

H

1983
1993

1983

1983

Useful

19

Sultanhisar

1961 - 2007

H

1971
1981

1971
1981

1971

Useful

20

Yatağan

1961 - 2006

H

1971
1984

1971
1984

1984

Useful

1758

© by PSP Volume 18 – No 9a. 2009

Fresenius Environmental Bulletin

FIGURE 2 - The results of homogeneity tests for the precipitation data over Büyük Menderes Basin (after Wijngaard et al. [24]).

When all four tests were considered together based on
the classification adopted from Wijngaard et al. [24], total
annual precipitation time series recorded at 12 stations
would be labelled as “useful”. This series labelled “useful”
would be regarded to be sufficiently homogeneous for
trend and variability analysis. Number of stations labelled
“doubtful” is 4, and these time series should be used for
trend and variability analysis with caution due to possible
inhomogeneities. Finally, time series of 4 stations were la-

belled as “suspect”, and these series should not be used for
trend and variability analysis. The class of each series is
shown on a map in Fig. 2.
Another outcome of the tests is that location-specific
tests detected change points at around the same years at
almost all stations. In other words, the test results confirmed
outcomes of one another in terms of timing of change point.
For example, both tests detected a change point around
1985 in Yeşiloba station, as shown in Fig. 3.
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FIGURE 3 - Annual precipitation time series of the stations with change points detected
by at least two tests (year of change points indicated by upward or downward arrow).

The test results depicted also that some neighboring
stations exhibit simultaneous occurrences of inhomogeneity. For instance, location-specific tests detected a shift at the
stations Kırıkköy and Kozağaç-Yatağan on southern border
of the basin around the year 1984. Similarly, another simultaneous change point was detected in 1971, at Serban and
Yavaşlar stations.
This study differs from previous ones concerning Turkish precipitation data in such a way that stations in Büyük
Menderes Basin not only operated by DMI but also by DSI
were included. Previous studies that dealt with homogeneity status of annual precipitation data throughout Turkey
used only data of stations operated by DMI.
When the results of this study were compared with
those of previously conducted ones, some minor differences
can be seen. Göktürk et al. [2] found that stations Denizli,
Dinar, Güney, Nazilli, Sultanhisar and Yatağan were homogeneous, whereas Aydın station was classified as inconsistent based on its subjective criteria, which means that the
use of this station is left to the user. On the other hand,
Karabörk et al. [8] found that stations Aydın, Denizli, Dinar, Güney, Nazilli, Sultanhisar and Yatağan were homo-

geneous. However, in this study, Aydın, Denizli, Nazilli,
Sultanhisar and Yatağan were found to be homogeneous,
and Dinar and Güney stations were classified as doubtful
because their annual precipitation time series have significant shifts at 5% level detected by two tests (Buishand and
SNHT).
The differences between our results and those of
Göktürk et al. [2] and Karabörk et al. [8] could be attributed to data period used, temporal resolution of data, characteristics of methods or procedures etc. Data period used
by Göktürk et al. [2] covers a period which dates back as
far as 1930’s, changing from station to station, till 2004,
whereas Karabörk et al. [8] used precipitation data spanning from 1973 to 2002. On the other hand, in this study,
data periods from 1960 or 1961 to 2006 or 2007 for DMIoperated stations were used, but data period of DSIoperated stations differed from station to station (Table 1).
As an example, significant change points detected in Dinar
and Güney stations around the year 1969 by SNHT and
Buishand Range test in this study are beyond of data
period used by Karabörk et al. [8]. Göktürk et al. [2]
used monthly precipitation data, whereas annual precipita-
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tion totals were used in this study and by Karabörk et al.
[8]. Göktürk et al. [2] employed a multi-step homogeneity
testing procedure based on SNHT, whereas Karabörk et
al. [8] used SNHT and Pettitt test. On the other hand, four
methods (SNHT for a single break, Buishand Range test,
Pettitt test and Runs test) were used in this study.
Homogeneous time series of weather elements are essential for studies of climatic fluctuations and changes. A
time series is homogeneous if the measurements have been
consistently performed by the same method, with the same
undamaged instrumentation, at the same time and place,
and in the same environment [26]. In practice, it is not very
easy to find homogeneous climate time series. The nonclimatic factors cause inhomogeneities as abrupt shifts due
to relocations, change of instruments/sheltering, change of
time of observations, change of observers, or as gradual
trends due to urbanization and land-use/land-cover change
around the station [27, 28].
Urbanization around stations is another cause of inhomogeneity. It is well-established that there is an increased
probability of precipitation in towns, which is a natural consequence of increased pollution with additional condensation nuclei, enhanced turbulence and thermal convection.
Also, if any structure, large or small, is built near a precipitation gauge, some inhomogeneity will be introduced into
the records [29]. DMI-operated stations used in this study
are located in or around more urbanized areas compared
to DSI-operated stations. Therefore, inhomogeneities in
DMI-operated stations due to urbanization are more likely
than in DSI-operated stations. Tayanç and Toros [30] detected almost no significant urban effect on precipitation in
12 stations (consisting of 4 urban and 8 rural sites), most of
which are located in western Turkey, and not within Büyük
Menderes Basin. On the other hand, Çiçek and Türkoğlu
[31] found that the number of heavy precipitation days increased at the station with urban character, while it decreased at that with rural character, when investigating
trends of precipitation day classes in the warm period (MaySeptember) for 2 stations in Ankara.
Land-use/land-cover change would be another source
of inhomogeneity in precipitation records. For example, a
slowly growing tree may lead to a severe undercatch, especially when falling precipitation is intercepted by vegetation [32]. But, no documentation is available to attribute
the irregularities in annual precipitation data used in this
study to land-use/land-cover change in or around stations.
Apart from the above given non-climatic factors, change
in regional climate associated with changes in atmospheric
circulation patterns may lead to gradual trend (either increasing or decreasing) and/or abrupt change in climatic
variables [7]. Various authors detected trend and/or abrupt
shift discontinuities in precipitation time series which could
be attributed to changes in the large-scale atmospheric circulation patterns, such as NAO (North Atlantic Oscillation)
index (e.g. Hall [33], Kiely [34], Tomozeiu et al. [35] and
Gilles et al. [36]). Therefore, the results from statistical test-

ing for inhomogeneity should also be interpreted in the context of prevealing weather systems [33].
A number of studies were conducted to search for the
relation of various atmospheric circulation patterns with
spatial and temporal variation of precipitation in Turkey.
An analysis of the pressure systems, in relation to prolonged
dry periods, indicates several main changes and shifts in the
circulation patterns that affect precipitation conditions in
Turkey. These changes can be summarized as (1) weakening of the Siberia anticyclone, especially after the 1980s
(winter droughts); (2) penetration of the Azor anticyclone
ridge into the eastern Mediterranean; (3) decrease in frequency of frontal systems in the Mediterranean; (4) penetration of the Basra low farther north (summer droughts);
and (5) strengthening of Basra low (summer droughts) [37].
Also, NAO and Southern Oscillation (SO) are very wellknown atmospheric circulation patterns affecting precipitation conditions in Turkey [38]. For instance, relationship
between NAO and annual rainfall changes in Turkey (1970–
2000) showed that the dry periods corresponded well with
the positive phases of the NAO, and, similarly, humid conditions prevailed during the negative phases of the
NAO [37].
Recent studies revealed that some marked and longterm changes in precipitation of Turkey, particularly after
the early 1970’s, occurred in addition to seasonal and yearto-year variability [39], and that some of these variations are
closely associated with the large-scale modes of circulation variability, such as NAO and SO [8, 18, 38-42]. For the
western part of Turkey, which also covers Büyük Menderes
Basin, long-term decreasing trends were detected in annual
and winter precipitation series [10, 12, 39, 43]. Long-term
variations in precipitation series were generally characterized by successive dry and wet periods [39]. Widespread
severe droughts in 1943, 1957, 1973, 1974, 1983, 1989,
1990, 1992, 1993 and 1994, and widespread strong wet
conditions in 1940–1942, 1956, 1963, 1966, 1969 and 1970
were detected and linked to the extreme high- and low-index events of NAO, respectively [41].
The problem here is the cause of irregularities detected
in annual precipitation data of Büyük Menderes Basin: Are
they due to non-climatic factors or a signal of change in
the natural variability of the precipitation regime? Without
confirming with metadata, at a first glance, they would be
attributed to non-climatic factors. On the other hand, simultaneous change points detected (either statistically significant at 5% level or not) in many of the annual precipitation series in Büyük Menderes Basin, for example, about
1970 in Burhaniye, Işıklı Gölü, Serban, Yavaşlar, Denizli,
Dinar, Güney, Sultanhisar and Yatağan; early 1980’s in
Somak, Burhaniye, Kayran, Denizli and Sultanhisar (Table 2), with the visual examination time series plots (Fig. 3)
may suggest a general indication of the existence of a common large-scale physical mechanism influencing regional
precipitation variability [35]. Since there is no metadata,
one cannot exactly say that detected irregularities in this
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study are due to natural climatic variability and not due to
non-climatic factors, or vice versa. Therefore, an inhomogeneity assessment for a climatic data set should be done
taking into account the prevealing weather systems affecting
the area studied, especially as in this case, in which there
is no documentation for station history.
CONCLUSIONS
Precipitation data must be homogeneous that an analysis of long-term precipitation data for various purposes,
especially for climate change and variability studies, is accurate. A homogeneous climate series is defined as one where
variations are caused only by changes in weather and climate [6]. The non-climatic factors causing inhomogeneity
include changes in location of the stations, instruments,
formula used to calculate means, observational practices
and station environment [2]. All of these inhomogeneities
can bias a time series and lead to misinterpretations of the
studied climate [7]. It is important, therefore, to remove the
inhomogeneities or, at least, determine the possible errors
they may cause [7]. In this study, the quality and homogeneity of annual precipitation data recorded in 20 stations
within Büyük Menderes Basin were checked in terms of
quality and homogeneity, and the findings can be summarized as follows:

mate associated with changes in atmospheric circulation
patterns may lead to gradual trends (either increasing or decreasing) and/or abrupt change in climatic variables [7].
Considering this argument, simultaneous change points detected in many stations of this study may suggest a general
indication of the existence of a common large-scale physical mechanism influencing regional precipitation variability. Therefore, the results from statistical testing for inhomogeneity should also be interpreted considering regional
climate change associated with atmospheric circulation patterns, such as NAO and SO, affecting surface climatic variables in Turkey.
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1. In the quality control process, the total number of corrected values is only two: one in Kozağaç-Yatağan and
the other in Güney station. It can be concluded that these
outliers may arise from natural variability rather than
erroneous measurements due to non-frequent thunderstorm activities in summer season of some years [2].
2. Annual total precipitation data at the stations Somak,
A.Karacahisar, Bafa-Çamiçi, Burhaniye, Işıklı Gölü,
Kozağaç-Muğla, Sarıkemer, Aydın, Denizli, Nazilli,
Sultanhisar and Yatağan were labelled as “useful” and
would be regarded to be sufficiently homogeneous for
trend and variability analysis.
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GENOTOXIC AND CYTOTOXIC EFFECTS OF A PYRETHROID
INSECTICIDE LAMBDA-CYHALOTHRIN ON HUMAN PERIPHERAL
BLOOD LYMPHOCYTES INVESTIGATED BY CHROMOSOME
ABERRATION AND FLOW CYTOMETRY ASSAYS
Fulya Dilek Gokalp Muranli
Trakya University, Faculty of Arts and Sciences, Department of Biology, Edirne, Turkey

ABSTRACT
Genotoxic and cytotoxic effect of different concentrations of Lambda-cyhalothrin (LCT) (3.75, 7.5, 15 and
30 µM/ml) were investigated in human peripheral blood
lymphocyte culture by chromosome aberration (CA) and
flow cytometry (FC) assays. Human peripheral whole blood
cultures were treated with four concentrations of LCT which
were prepared by using distilled water and Dimethyl Sulfoxide (DMSO) for 48 hours. Although LCT did not significantly induce CA frequency in human peripheral blood,
the insecticide showed a genotoxic effect due to decrease
of Mitotic Index (MI) and G2 phase ratios and high concentrations of LCT demonstrated an accumulation of aneuploid population in early S phase that might mean its
damaging effect on DNA molecule.

KEYWORDS: Flow cytometry, Chromosome aberrations, Human
peripheral blood culture, Lambda-cyhalothrin

pyrethroids are neuropoisons acting on the axons in the
peripheral and central nervous systems by interacting with
sodium channels in mammals and/or insects [7]. Lambdacyhalothrin (LCT) is a synthetic type II pyrethroid with a
broad spectrum of insecticidal and acaricide activity used
to control a wide range of insect pests in a variety of applications including aphids, Colorado beetles and butterfly
larvae. It may also be used for structural pest management
or in public health applications to control insects [8].
LCT is highly toxic to fish, aquatic arthropods and
honey bees [7]. The World Health Organisation (WHO) [9]
declared that most of the genotoxicity tests such as reverse mutation in bacteria; in vitro gen mutation, unscheduled DNA synthesis, and cytogenetic effect tests in
mammalian cells; and in vivo MN test in mice of LCT
gave negative results. But, in recent studies, LCT have
shown positive results in mammalian test systems. It is
stated that in rat bone marrow in vivo CA, and MN assays
and also in polychromatic erythrocytes positive results
were obtained [10, 11].
Although LCT pesticide toxicity has been extensively
investigated on insect and animal models, there are few
reports of cytotoxicity and genotoxicity in humans in the
in vitro models [12-14].

INTRODUCTION
Every year the number of pesticides, which are used
against agricultural pests increases. Pesticides are contaminating living organisms directly or by accumulation of them
in food chains. They can not only be poisonous, but they
also can be mutagenic and they damage the genetic structure of living organisms.
Pyrethroids represent the chemical classes of pesticides
widely used in recent years. Pyrethroids are synthetic forms
of pyrethrins which are widely used for control of various
insect pests. Pyrethroids are extremely toxic to aquatic organisms, including fish, invertebrates, and amphibians [14]. There are two types that differ in chemical structure and
symptoms of exposure [5]. Both type I and type II pyrethroids inhibit the nervous system of insects [6]. Synthetic

Due to lack of data of in vitro studies of LCT in human peripheral blood lymphocytes and conflicting results
obtained on mammalian test systems in previous studies,
the aim of the present study is to evaluate the effects of
commercial formula of LCT at cytotoxic and genotoxic
levels in vitro in peripheral blood samples of healthy human volunteers.
MATERIALS AND METHODS
Chemical and preparation of pesticide solution

The pesticide used in the present study was LCT (Figure 1), a synthetic pyrethroid insecticide with the trade
name “Tekvando 5EC” with 5% active substance. CAS
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chemical name α – cyano – 3 – phenoxybenzyl (Z) - (1S,
3S) – 3 - (2-chloro-3, 3, 3 – trifluoroprop – 1 -enyl) - 2, 2
– dimethylcyclopanecar - boxylate. CAS no 91465-0806.

the cells were collected by centrifugation for 10 min at
1000 rpm. The cells were resuspended in a prewarmed
hypotonic solution (0.075 M KCl) for 20 min and fixed in
glacial acetic acid: methanol (1:3 vv). This fixation step was
repeated three times. Preparations were air dried and slides
were stained with 10% Giemsa in Sorensen buffer for
10 min.
100 metaphases per concentration were analyzed scoring chromosome and chromatid breaks, chromosome and
chromatid gaps, acentric fragments and exchanges. The gaps
were not evaluated as CA. The MI was also determined by
scoring 3000 cells from each donor, concentration and
treatment period.
Flow Cytometry Cell Cycle Analysis

PHA stimulated peripheral blood lymphocytes were
treated with different concentrations of LCT for the last
48 hours of the culture period. The distribution of peripheral
blood cells in the different phases of the cell cycle was
performed after 72 h incubation. To evaluate decrease of
G2 %, the samples were taken at 3 hours intervals beginning at the 60th hour of culture period.

FIGURE 1 - Chemical structure of LCT.

Pesticide concentrations were selected according to
cytotoxicity of LCT and the solutions were prepared prior
to experiments. It has been determined that the LCT LD50
dose was 612 mg/kg for mammals [15]. LC50 of LCT was
found to be 28 µM for human lymphocytes in vitro [16].
In the present study, selected doses were 107%, 53%, 26%,
13% of LC50 of LCT for lymphocytes. 3.75, 7.5, 15 and
30 µM concentrations of LCT were prepared by dissolving in DMSO (CAS no 67-68-5) at a final volume in culture of 1% of the total and in sterile distilled water. DMSO
and distilled water were also tested as a solvent control.
0.1 µg/ml Mitomycin C (MMC, CAS no 50-07-7) was used
as positive control.

1x106 cells were harvested and washed with 1x Phosphate buffered saline (PBS). After centrifugation the cells
were resuspended with equal volumes of 0.112% sodium
citrate containing 50µg/ml propidium iodide (PI); RNAse
A at 1 µg/ml, and 0.1% (v/v) Triton X-100 for 30 min at
24°C. Stained cells were filtered through a 30 µm nylon
mesh and analyzed with a flow cytometer (Beckman Coulter LX20). ModFit program (Verity Software House) was
used for determination of aneuploidy, G1 and G2 phase
ratios.
Statistical Analysis

For the statistical evaluation of the results, Fisher’s
exact X2 test was used for CA, X2 test for MI and Dunnett
t-test for FC analysis.
P≤0.05 was considered as level of significance.

Cell Cultures

Whole blood samples from healthy, 30 years of age,
non-smoking female donor with no history of pesticide
exposure was used in cultures for chromosome aberration
(CA) analysis. Flow cytometry (FC) analyses were carried
out in five replicates of a donor and the averages recorded. For each culture 0.3 ml whole blood was added to 4.7
ml Ham’s F-10 medium supplemented with 20% Fetal
Calf Serum (FCS), 2% phytohemagglutinin M (PHA), antibiotics (100 IU penicillin/ml and 100 µg streptomycin/ml).
The blood was cultured at 37°C. LCT was added 24 hours
after culture initiation and the cells were treated for the
next 48 h of the 72 hours of whole culture period.
Chromosome Aberration Analysis

At 3 h prior to harvesting, 0.06 µg/ml Colchicine was
added to arrest the cells at metaphase. After incubation,

RESULTS
Chromosome aberration frequencies

Various types of CAs were seen in human peripheral
blood lymphocte cultures such as chromatid and chromosome breaks, fragments and chromatid gaps. Chromatid and
chromosome breaks were more frequent than others. Chromosome (isochromatid breaks) break was the most observed
aberration in metaphase plates (Table 1). The CA frequency
of the two groups which distilled water and DMSO were
used as solvents were not significantly different from each
other.
LCT effected mitotic activity that MI was significantly
decreased at 3.75, 7.5, 15 and 30 µM LCT concentrations.
The MI values of distilled water and DMSO solvent controls were 10.44 and 6.26 respectively.
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TABLE 1 - Chromosome aberrations (CAs) and mitotic index (MI) values of different concentrations of Lambda-cyhalothrin (LCT) which
were prepared in distilled water and DMSO in human peripheral blood lymphocyte culture after 48 hours treatment period. Conc. concentration; CA/cell, Chromosome aberration/cell; Exc, Exchange; MMC, Mitomycin C. *P≤0,05; **P≤0,01; ***P≤0,001 (Fisher’s exact X2 test
for CA, X2 test for MI) (We calculated the total of aberrations by assuming that one exchange implies two breaks).
Solvent/
Treatm.
period

Distilled
water/
48 hours

DMSO/
48 hours

CA/
Conc. Cell
(gap-)
0.05 ml
dis.wat.
0.1 µg/ml
MMC
3,75 µM/l
7,5 µM/l
15µM/l
30µM/l
0.05 ml
DMSO
0.1 µg/ml
MMC
3,75 µM/l
7,5 µM/l
15µM/l
30µM/l

Chromosome aberrations
Chromatid type
Chromosome type
aberrations
aberrations
Exc.
Fragment
Gap
Break
Exc.
Gap

Total
aberrations
(gap-)

Abnormal cell
%

0,02

2

2

0

0

1

0

1

0

0

10,44

0,18

18

15***

5

1

1

1

8

1

0

3,99***

0,09
0,07
0,07
0,08

9
7
7
8

8
5
6
6

1
2
1
2

0
0
0
0

1
0
0
0

1
1
2
5

7
5
6
4

0
0
0
1

0
0
0
0

6,86**
6**
5,25***
4,80***

0,05

5

4

2

0

1

0

2

0

0

6,26

0,18

18

15***

5

1

1

1

8

1

0

3,99*

0,06
0,07
0,09
0,05

6
7
9
5

6
7
8
4

0
1
0
0

0
0
0
0

0
0
3
0

2
2
1
1

6
6
6
5

0
0
0
0

0
0
0
0

5,75
4,63
4,5
3,5***

Break

In DMSO solvent group, LCT decreased MI as 44%
at 30 µM concentration although in distilled water solvent
group, MI decrease was 54%. And in distilled water solvent group, LCT decreased MI as 50% at 15 µM concentration.
Flow Cytometer Analysis

group. In the present study observed results showed parallel values according to control differences.
TABLE 2 - Flow cytometry (FC) analysis of aneuploid G1 and diploid
G2 values of different concentrations of LCT dissolved in distilled
water and DMSO in peripheral blood culture. *P≤0.05; ** P≤0.01;
***P≤0.001 (Dunnett t-test).

FC analyses of different concentrations of LCT were
given in Table 2. It was observed an aneuploid population
at the beginning of S phase. In both groups 30 µM LCT
concentration significantly induced aneuploid population.
Moreover, LCT affected cell cycle as G2 phase ratios were
significantly decreased in both groups compared to control.

Solvent
Distilled
water

DMSO

Control values of both groups were different from each
other. Control MI, aneuploid G1% and diploid G2% values
of the group that distilled water was used as solvent was
about 40% higher than control values of DMSO solvent

FIGURE 2 - Diploid G1%, diploid G2% and aneuploid G1% occurred in early S phase of DMSO negative control. Dip G1= 94.45
%; Dip G2=5.55%; An1 G1= 5.97%

MI

Lambdacyhalothrin
concentrations
Control
3.75 µM
7.5 µM
15 µM
30 µM
Control
3.75 µM
7.5 µM
15 µM
30 µM

Aneuploid G1 %
Mean±S.E.

Diploid G2%
Mean±S.E.

9.78±1.91
12.80±0.99
9.44±1.39
14.23±3.67
22.78±2.79**
6.18±0.73
8.13±2.10
6.26±1.28
5.96±1.72
17.03±3.32***

9.39±1.76
3.09±1.45**
4.95±1.16*
2.09±0.47***
3.13±0.84**
5.59±0.75
4.04±3.17
0.58±0.71*
0.43±0.75**
2.23±0.34

FIGURE 3 - Diploid G1%, diploid G2% and aneuploid G1% occurred in early S phase of 30 µM LCT in DMSO. Dip G1= 98.16%;
Dip G2=1.84%; An1 G1= 18.24%.

1767

G 2%

© by PSP Volume 18 – No 9a. 2009

Fresenius Environmental Bulletin

C ontol	
  dis tilled
w ater	
  G2

14
12
10
8
6
4
2
0

	
  3.75	
  µM	
  L C T	
  G2
	
  7.5	
  µM	
  L C T	
  G2
	
  15	
  µM	
  L C T	
  G2

60.hr

63.hr

66.hr

69.hr

72.hr
	
  30	
  µM	
  L C T	
  G2

Tim e	
  p eriods 	
  o f	
  c ulture

FIGURE 4 - G2 phase of control and treated groups that distilled water used as a solvent in different time periods of culture period.
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FIGURE 5 - G2 phase of control and treated groups that DMSO used as a solvent in different time periods of culture period.

Diploid G1, diploid G2 and aneuploid G1 values of
control and 30 µM LCT (dissolved in DMSO) are shown in
Figure 2 and 3.
In Figure 4 and 5, G2 ratios of blood samples are
shown which were examined for 3 hours time intervals
beginning at the 60th hour of peripheral blood culture. In
both groups, although G2 ratios of negative controls were
increased during the culture period, LCT treated samples
showed a decrease at 69th hour and a slight increase at
72nd hour. This result showed that LCT effect cell cycle of
human peripheral blood lymphocytes in vitro.
DISCUSSION
The CA assay data of the present study that reveals
LCT nonclastogenic effect have accordance with the Food
and Agriculture Organization (FAO) [17] and WHO [9].
In the report of the WHO [9], it is suggested that LCT
presents no genotoxic hazards to humans.
Although LCT is not clastogenic in human peripheral
blood lymphocyte culture, the results of the present study
showed that it has a cytotoxic potential due to reduction
on mitotic activity which was significantly decreased by

increasing concentrations. Moreover, cytotoxic potential
of LCT was supported by FC analyses. The data revealed
that, G2 percentages of dividing cells were significantly decreased which means that LCT has a cytotoxic effect on
human peripheral blood lymphocytes by affecting cell cycle. Also in other studies of pyrethroid insecticides, similar results were obtained. Puig et al. [18] reported that cypermethrin did not induce CAs and pointed out that although cypermethrin does not induce genotoxic damage it is
able to induce a significant delay in cell division. Moreover,
in the study of Surrales et al. [19], it is reported that five
pyrethroid insecticides induced clear dose dependent cytotoxic effect although they have a weak (cypermethrin, deltamethrin, fenpropathrin) or nule (fenvalerate and permethrin) genotoxic potential in vitro in human lymphocyte
culture. Similarly, Chauhan et al. [20] indicated that cypermethrin showed significant inhibition of MI but did not
show CA in vivo in mice.
FC analysis also gave us another interesting result that
LCT might have an effect on DNA molecule in S phase of
the cell cycle. Huge amount of affected cells which could
not repaired by different DNA repair pathways may accumulate as aneuploid population in S phase. The pesticide
might induce DNA single strand breaks so the cell could
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not complete cell cycle till the end of mitosis. Naravaneni
and Jamil [16] indicated that sublethal doses of LCT caused
single strand breaks (1/10 of LC50 dosage) on human
lymphocytes. In another study with pyrethroid insecticide
cypermethrin and permethrin, it is reported that the insecticides induced a dose dependent cytotoxic effect and dose
dependent increase in DNA strand breaks on human lymphocytes [21,22]. These reports and suggestions support our
results.
In the present study, DNA damaging effect of the pesticide may explain induction of frequently observed aberrations which were chromatid and chromosome breaks that
the damaged cells which were repaired would have isochromatid type aberrations after synthesis of the second
DNA strand and observed as chromosome type aberrations.
Due to decrease in cell cycle which was demonstrated by
decrease of G2 phase of FC analysis and decrease of MI of
CA analysis, the aberrations could not be seen at metaphase
plates. Because of this reason, CAs might not be observed
significantly in metaphase plates of CA assay. In similar,
Puig et al. [18] suggested that although fenvalerate is clastogenic in human lymphocyte culture, high concentrations
of this compound decrease the number of CAs which was
not statistically significant owing to cell division delay.
Although WHO [9] and FAO [17] declared that technical form of LCT is not genotoxic on human lymphocytes
and mammalian test systems, controversial results were obtained with other studies. In the study of Naravaneni and
Jamil [16], it is observed that pure form (technical form)
of sublethal dosages of LCT could induce aberrations in
the chromosomes and was highly toxic to human lymphocyte cultures and also induce DNA damage in Comet assay.
In the studies of commercial form of LCT it is reported
that; LCT has a clastogenic, genotoxic and cytotoxic potential as measured by bone marrow structural chromosomal
aberration (SCA) and MN tests in Wistar rats in vivo [10,
11]. On the other hand it is indicated that the same commercial form of LCT induced some clastogenic effects with
the high tested doses and LCT has a weak clastogenic effect as the pesticides’ effect was greatly lower than positive control [23]. So, different results may be obtained due
to administration of doses, time intervals, administration
periods, choice of cytogenetic assay and test animals.

LCT. A light increase of aberrant cells was observed in
DMSO solvent group compared to distilled water solvent.
Similar results were obtained in the study of Kapp and
Evenoff [24].
Moreover, in the present study DMSO itself showed a
toxic effect due to decrease of MI, aneuploid G1%, diploid
G2% values compared to distilled water solvent. There are
similar results which represent DMSO toxic effect in mammalian test systems [25,26]. As the values of treatment
groups were compared with its solvent (DMSO or distilled
water), the significances of the results were not different in
whole experimented data. Because of DMSO is non-reactive
as a mutagen, it is widely used solvent in mutagenicity testing. There is no evidence that DMSO causes CAs at levels that are not directly toxic to cells [27]. As a result of our
study, DMSO may be use as solvent at low concentrations
under 1% of total.
In conclusion, although LCT was not a clastogenic
agent, the insecticide induced aneuploidy on early S phase
of cell cycle by damaging DNA molecule. LCT showed a
cytotoxic effect by affecting cell cycle resulted as reduction on G2 ratio and MI. We suggest that FC analysis can
be used beside other cytogenetic assays to compare the
results more clearly on cytotoxicity researches.
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In consequence in genotoxicity studies of chemical
compounds it is needed to investigate pure and commercial
formulations as they are used in commercial forms which
include additives and solvents in agricultural areas. In most
of the cytogenetic studies, solvents like DMSO were used
when preparing test chemical concentrations. But the pesticides are solved or diluted with water in agriculture. It is
also needed to compare the results for inducing abnormalities for both using DMSO and water as solvents.
In the present study, the CA frequencies of the two
groups which distilled water and DMSO were used as solvents were not significantly different from each other.
DMSO did not induce clastogenic effect as a solvent of
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“e-MOTION” OF EXTRACELLULAR DNA (e-DNA) IN SOIL
Judith Ascher, Maria Teresa Ceccherini*, Giulia Guerri, Paolo Nannipieri and Giacomo Pietramellara
Dipartimento di Scienza del Suolo e Nutrizione della Pianta, Università di Firenze, P.le delle Cascine, 28 – 50144 Firenze, Italy

ABSTRACT
This study addressed the possibility that DNA, like
other organic molecules, could be transported in the soil
water flow by vertical and horizontal advections. Using a
soil column system, the movements of a DNA sequence not
present in the soil DNA pool were monitored and quantified via real-time PCR. The target sequence, belonging to
bt- maize MON810, was added at the top of unsaturated
soil columns. The presence of the target sequence in the
extracellular DNA fraction (eDNA) extracted from different parts of the soil columns, representative of DNA movements, demonstrated the DNA drifts in vertical and horizontal directions following the soil water solution motions.
The high yields of the target sequence extracted from soil
also pointed out the efficiency of our soil e-DNA extraction method.

In this work we verified the possibility that DNA could
be transported in the soil water flow also by horizontal advections. Using soil column systems, the vertical and horizontal movements of a target DNA sequence, from bt- maize
MON810 [9], were monitored and quantified via real-time
PCR at various points of the microcosm systems for a
period of 48 hours. Preliminary experiments, described in
Ceccherini et al. [7] to determine the minimum amount of
a target DNA to be detectable in soil by PCR, indicated
that the period of 48h was sufficient to assess the movements of DNA in soil columns avoiding the risk to go under
the detection threshold of the method. This approach allowed the visible monitoring of the water rise, the accurate
and reproducible sampling of soil at definite column
heights, other than the specific target DNA detection.

MATERIALS AND METHODS
KEYWORDS:
extracellular DNA; advection; microcosms; soil; real-time PCR.

INTRODUCTION
Recent studies have shown that soils are characterized
by high concentrations of extracellular DNA [1, 2]; as the
result of complex interactions, including autochthonous
DNA production and degradation. Extracellular DNA diagenesis in soil is also influenced by DNA binding to complex organic and inorganic molecules, which might strongly
reduce its enzymatic degradation [3]. Consequently, the halflife of extracellular DNA in soil appears to be much longer
than it was believed [4]. Extracellular DNA is an important
source of nitrogen and phosphorous which are recycled by
bacteria for the synthesis of new DNA and extracellular
DNA might participate in gene transfer and, thus, in
microbial evolution [5]. Genetically modified plants contribute to the extracellular soil DNA pool by releasing
potentially hazardous sequences thus, its movement in
agricultural and natural systems is a pressing ecological
issue. Researches demonstrates that transgenes can move
beyond the intended organism and into the surrounding
environment [6], and it can be subjected to vertical advection if in the water solution [7, 8].

Soil was sampled from the 0–15 cm soil layer at
Romola (Italy) in May 2007 and sieved at 2 mm; its main
characteristics are pH 7.2; sand 81.9%; silt 6.7%; 24 clay
11.4%; total organic C 0.7%; total organic N 0.07%. [10].
The genomic DNA used for the inoculation in soil was
extracted from the leaves of bt-maize MON810 [9] using
the FastDNA Kit as per the manufacturer’s instructions
(Qbiogene, Inc. CA). Yields of extracted DNA were evaluated by fluorometer (DyNA-QuantTM200, Hoefer) using
bisbenzimide-dye Hoechst H 33258 [11] and calf thymus
DNA was used as the calibration standard; the size was controlled on agarose gel by electrophoresis. The target fragment from bt-maize was detected by real-time PCR. Soil
samples were collected so that each point (AS, A, B, C and
D in Fig. 1) could be representative of DNA movements.
DNA free water was added at the top of the systems as
much as the soil weight loss, after the overnight incubation.
Soil columns consisted of 10 cm high polypropylene
tubes with a diameter of 1.5 cm, connected each others to
form a continuous system filled with 25.5 g of sieved non
sterile soil. The amount of extracellular DNA added to each
soil system was 25 µg in a total volume of 8.5 ml of sterile
distilled water. This amount was based on pilot experiments
(inoculation of soil with extracellular target DNA, incubation of the samples at T0, T1, T24 and T48h at 50°C)
which indicated that 490 ng of transgenic maize DNA in
0.5 g of non sterile soil were over the detection threshold
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of the target sequence [7] and that 48 hours was the time
in which the sequence was still detectable by real-time
PCR (Fig. 2).

FIGURE 1 - Schematic representation of the column systems. The
vertical tubes were in contact and in continuity with the horizontal
portion; one cap was removed during incubation to orientate the soil
water flux. AS, A, B, C and D are the referential points of soil analyzed for quantification of the target molecules.

soil. The approach used allowed the visible monitoring of
the water movement in soil, the accurate and reproducible sampling of soil and the specific target DNA detection. Extracellular DNA was recovered and purified from
0.5 g of soil for each sampling point as described in [7].
Aliquots of DNA were then analyzed by gel electrophoresis
to monitor changes in DNA size, by fluorometer for the
DNA yield and by real-time PCR for the quantification of
the target gene.
To determine the presence and the amount of the
transgene, we used the method described in [9] specific for
the maize event MON810. In brief, the TaqMan® probe
(MWG-Operon) was labeled on the 5’-end with the fluorescent 6-carboxyfluorescein (FAM) reporter dye and the
quencher dye 6-carboxy-tetramethylrhodamine (TAMRA)
was attached to its 3’-end. For real-time PCR, primers
MONF and MONR leading to a 106 bp product were used
in combination with the MONP probe. PCR reactions
were performed in a 25 µl reaction volume containing 1X
iQ Supermix (50 mM KCl, 20 mM Tris HCl pH 8.4, 0.8 mM
dNTPs, 0.5 units Taq polymerase, 3 mM MgCl2) (BioRad),
500 nM each forward and reverse primers, 1 µg BSA protein, 7.5 µl template DNA, using an iCycler equipped
with iCycler IQ Optical System Software v3.1 (BioRad,
Hercules, CA) using a first step of 95°C for 3 min and 50
cycles of 95°C for 15 s, 60°C for 40 s. Fluorescence was
measured during the 60°C annealing step. Quantification
was performed by interpolation in a standard regression
curve of Ct values generated from bt-maize genomic DNA
samples of known concentrations. Negative values or lack
of amplification was considered for those real-time PCR
reactions with Ct value of 45 or above.

FIGURE 2 - Assessment of the detection threshold of the target
sequence during an incubation of 48h via real-time PCR.

The aim of the work was to verify the possibility that
DNA could be transported in the soil water flow by horizontal and vertical advections: the simplest and fast way
was to use a water solution containing purified DNA. In
literature, there are works that used DNA from decomposing leaf biomass [12-14] to show leaching and decomposition of the nucleic acid while, in the case of this work,
purified DNA was used. The use of DNA, purified or coming from degrading leaves, has the same aim: to specifically
detect a target sequence. Controls consisted of three soil
systems inoculated with sterile water only; each experimental system was replicated three times. Soil samples
were collected at various depth of the column system and
indicated as AS (a 0.5 cm soil slice at the top of the column,
corresponding to 5 cm from the bottom), A (2.5 cm), B
(2.5 cm from both sides corresponding to the central part
of the horizontal column), C (2.5 cm as point A), D (at 5 cm
from the bottom as point AS) so that each point could be
representative of DNA movements, for a period of 48 hours
at 50°C. Free DNA water was added at the top of the
systems as much as the soil weight loss, after each overnight incubation, and the DNA yield was referred to dry

RESULTS AND DISCUSSION
The target fragment was detected in the DNA spiked
soil only; therefore, it was a good marker for assessing
DNA movement. This was evaluated by the presence of
the MON sequence in the spiked samples. The detection
limit of the real-time reaction, obtained by pilot experiments was determined by spiking soil samples with a dilution series of bt-maize genomic DNA; the results obtained
suggested to use a proportion of 490 ng of genomic DNA,
corresponding to 1.79 x 105 target molecules, to 0.5g of
soil, to be over the threshold of detection by amplification.
Moreover, the extraction efficiency of the target molecules
in the extracellular DNA fraction, at Time zero (T0), was
calculated and it resulted in the 97% on the bases of comparisons between real-time measurements and the theoretical number of molecules in the maize genome (Table 1).
The time of incubation of the soil systems was decided
after an experiment in which 0.5 g of non sterile soil were
treated with 490 ng of bt-maize genomic DNA and incubated at 50° C for 48h, sampling three replicates at T0,
T1h, T24h and T48h. The assay showed that 48 hours
were the period during which the target sequence was still
detectable via real-time PCR (Fig. 2); after that, the quan-
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TABLE 1 - Efficiency of the e-DNA extraction method based on the real-time number of target molecules (±standard deviation).
Real number of MON molecules in 0.5 g-1
soil spiked with 490 ng of maize genome
1.73 x 105 (±5.7 x 104)

Theoretical number of MON molecules in
490 ng of bt-maize genome
1.79 x 105

Extraction efficiency of MON molecules
(real vs theoretical numbers)
97 %

FIGURE 3 - Quantification of the number of MON molecules along the complete incubation period at 50°C for each of the
reference points (AS, A, B, C, D) in the soil columns. The average number of molecules ± standard deviation is indicated on each samples.

tification results were not linear. Thus, the soil column
systems were incubated for 48h at 50°C. After being spiked
with transgenic DNA, the column systems were incubated
and analyzed at 1, 24 and 48 hours. Soon, one hour after
inoculation the results showed both downward, horizontal
and upward motions of the target molecules; in fact, molecules were detectable in all the five referential points of
the systems. In particular, they resulted in higher amount
in points AS and B, but also in C and D (Fig. 3). The day
after, the molecules were detectable in all points, but the
amount at each of them, was almost less than two orders
of magnitude. Two days after the beginning of the experiment, the target molecules were still detectable; the
amount decreased, but, indeed, not more than one order of
magnitude if compared with the 24 hour incubation. It
was clear that, in one hour, the added extracellular DNA
could move, in the water solution, from the top to the
bottom of the first soil column (the one upon which DNA
was introduced in) and reach the horizontal soil portion
(B) where it accumulated. But DNA was also able to reach
points C and D, at the opposite side of the system. It is
interesting to note the overall quantitative variations occurred
at point D, the one corresponding to the final arrival of the
soil water pathway. At first, a consistent amount of molecules reached this level; later there was a reduction, probably caused by degradation, and finally again an increase,
reasonably due to vertical advections of molecules arriving from the previous soil layers.

CONCLUSIONS
The main aim of this work was to show the movement
of extracellular target DNA in the soil water solution, on a
pathway consisting of horizontal and vertical advections.
We think that this basic research went to improve a previous one on the upward motion of DNA in soil microcosms
[7] and to complete the hypothesis on the DNA ability to
go through a more or less complex course in soil.
Moreover, we demonstrated the high (97%) efficiency
of e-DNA recovering, obtained with our extraction protocol
applied to this kind of soil, quantifying specifically the
number of target molecules by real-time PCR. It is known
how e-DNA extraction protocols often suffer from inadequacies including DNA binding to surfaces and the coextraction of humic acids that inhibit DNA–DNA hybridization and enzymatic reactions, including PCR amplification
[15]; thus, we believe that results obtained here can be useful for researchers interested in DNA- environment studies.
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ABSTRACT
Chlorinated benzenes are carcinogenic, toxic and
flammable by-products of gas and coke coal production or
produced from petroleum. These compounds are brought
through precipitation or industrial wastes to the water
sources. Chlorinated benzenes are not easily soluble in
water and could be broken down by microorganisms in soil.
However, they easily evaporate from waters and soils into
the atmosphere. Production, use, transportation and discharge of chlorinated benzenes cause environmental pollution. In this work, EPA micro extraction method (EPA
method 504) was adapted and compared with German micro extraction method (DIN 38407) for the GC/ECD analyses of 1,3-, 1,4- and 1,2-dichlorobenzenes as well as 1,2,4and 1,2,3-trichlorobenzenes in water samples. Adaptation
of micro extraction method was carried out using MTBE
(methyl tert-butyl ether) instead of n-hexane, and higher
recovery ratios were obtained than with German standard
method (DIN 38407). Although chlorinated benzene values were not exceeding limit values given by EPA, WHO
and EU in the city water distribution network, 1,3-dichlorobenzene results were observed to be near the limit values.
Therefore, it is important to monitor drinking water distribution systems for such compounds.

KEYWORDS: Chlorinated benzenes, micro extraction, GC/ECD,
distribution network

INTRODUCTION
Water has the ability to dissolve various materials.
Because of this property, water may contain minerals which
are essential for the human body but also various pollutants
which are dangerous for human health. Materials in water,
their amounts and properties effect their circulation. Besides, water is polluted when used for domestic, industrial

and agricultural purposes. Pollutants vary according to their
usage. Different from domestic wastewaters which are rich
in organic pollutants, industrial wastewaters contain specific and more complex pollutants, such as heavy metals,
volatile organic compounds, toxic materials, mineral oils and
pesticides [1, 2].
These compounds were widely investigated in recent
years because of their potential adverse effects on human
health. Different chemicals may exhibit carcinogenic activity by affecting one or more of the many events that
can lead to tumor formation. Even at very low concentrations many of these compounds are toxic or carcinogenic
and thus represent a direct health risk [3]. A number of
them are either known or suspected carcinogens or mutagens [4]. A great deal of research has been conducted on
the mechanisms by which 1,4-DCB produces cancer [5].
The objective of this research was to obtain an optimum analytical method for chlorinated benzenes in drinking water, and, evaluate the differences in concentrations
of benzenes in drinking water distribution systems and
compare with the respective United States Environmental
Protection Agency (USEPA) and the World Health Organization (WHO) guideline values. Contamination of drinking
water with chlorinated solvents and benzene is a widespread environmental problem owing to the toxicity, suspected carcinogenity and persistence of these compounds
[6, 7].
Benzene and isomers are widely used as industrial solvents for organic synthesis and equipment cleansing. During production, distribution, storage and usage, compounds
such as deodorants, coolers, or fuels contaminate with benzenes [8-11]. These compounds can rapidly be percolated
through the vadose zone, and upon reaching the water
table, quickly migrate downgradient as a plume of hazardous material. BTEX compounds can also persist as an
immiscible coating on soil particles for a long period [12].
Limit values for the investigated compounds are given
in Table 1 [13].
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GL
ML
GL
GL
GL
1,4-Dichlorobenzene
0.075 0.75
1,2-Dichlorobenzene
0.600 0.600
1,3- Dichlorobenzene
0.060 0.600
1,2,4-Trichlorobenzene 0.070 0.700 1.000
1,2,3-Trichlorobenzene
-: There is no guidance value; GL: guidance value, ML: maximum level

MATERIALS AND METHODS
Samples were filled into 500-ml flasks, by allowing
them to overflow gently enough so as not to retain any air
bubbles, and placed in cooling boxes. Temperature and pH
o f samples were measured. 100 ng/µl concentration of
mixed stock standards was prepared by using 0.2 mg/ml of
pure 1,2-, 1,3-, and 1,4-dichlorobenzene as well as 1,2,3and 1,2,4-trichlorobenzene. Optimization works were carried out by using a Shimadzu GC-17 version 3, equipped
with split-splitless injector, electron capture detector (ECD)
and HP-624 capillary column (30 m x 0.25 mm x 1.8µm).
In this research, pentane was used as an alternative to
methyl tert-butyl ether (MTBE).
40 ml of flasks were used in the method given by
EPA. Fortification experiments were carried out in four sets.
Distilled water was placed in flask and 20 µl standard and
8 g NaCl were added. Solvent (2 ml MTBE) was added
and the flask shaken for 1 min. Then, phase separation was
obtained by keeping the flask still for 1 min, and extract
was transferred into a 2-ml vial for analyses.
The EPA method 504 was modified for two of the solvents and recovery efficiencies were examined [14]. Opti-

mum recovery ratio was obtained with methyl tert-butyl
ether (MTBE). Two of the solvents were tried with German standard method DIN 38407 [15], and better recovery ratios were obtained with MTBE (Figs. 2 and 3).
In this work, the German method DIN 38407 and
USEPA method 504 were modified for analysing benzene
compounds. Microextraction (ME) procedure was used for
both methods. The aim of this work is to obtain an optimum analytical method for chlorinated benzenes in drinking water. Therefore, optimization of GC conditions (injector, detector and column temperature programs, solvent
and column type) was carried out.
In DIN 38407 method, 0.5 L of water samples were
placed in flasks, 10 ml of MTBE was added and shaken for
2 min. After separation of phases, extract was taken by a
micro-separator and placed in a vial [16, 17].
Various samples were taken from the Konya city water distribution network at 12 different sampling points S1 (mainstream), S2 (dam), S3 (transmission line 1), S4
(transmission line 2), S5 (treatment plant inflow), S6
(treatment plant outflow), S7 (clarifier outflow), S8 (filter
outflow), S9 (distribution network 1), S10 (distribution
network 2), S11 (distribution network 3), and S12 (distribution network 4). These sampling points represented the
whole water system properly. Sampling points S1-S4 were
chosen from points before treatment plant, S5-S8 in treatment plant, and S9-S12 from distribution network.
Figure 1 shows locations where samples were collected.

FIGURE 1 - Location of sampling areas in Konya.
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FIGURE 2 - Recovery ratios obtained using different solvents for EPA method 504.

FIGURE 3 - Recovery ratios obtained using different solvents for DIN 38407 method.

FIGURE 4 - Chromatogram of 3 ng/µL concentration mixed benzene standard solution (HP 624 capillary column: ID 0.25 mm, 1.8 µm film
thickness, 30 m long; carrier gas (25 cm/min) nitrogen, make-up gas (45 ml/min) nitrogen; injector temperature 240 °C, detector temperature 280 °C; column temperature program: 40 °C (4 min) 8 °C/min to 190 °C (25 min), 10 °C/min to 240 °C (0 min); Peak definition: 1 =
internal standard 1,2 dibromopropane; 2 = 1,3-dichlorobenzene; 3 = 1,4-dichlorobenzene, 4 = 1,2-dichlorobenzene, 5 = 1,2,.4trichlorobenzene, 6 = 1,2,3-trichlorobenzene).

RESULTS AND DISCUSSION
In method fortification experiments, recovery ratio
changed from 78% to 81% for DIN 38407 microextraction
method and 88% to 91% for USEPA method 504 when

using MTBE. US EPA method 504 was selected for sample analyses because of higher recovery but lower sample and solvent requirements. A GC/ECD chromatogram
of 3 ng/µL concentration mixed benzene standard solution is given in Fig. 4.
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For target compounds, three different concentration
levels (0.008, 0.04 and 0.08 ng/µL) were used for calibration.
The same concentration series were also used to determine the method detection limits. Results obtained are
given in Table 2.
Benzene concentrations were determined for 4 sets of
samples taken from S1-S12 of Konya drinking water distribution network.
In the first set (Fig. 5), benzene concentrations did not
exceed the limits given by EPA and EU. However, especially in the treatment plant and after chlorination, chlorobenzene compounds were detected, but not in S1-S4 sampling points before treatment plant. 1,2-DCB (1,2-dichlorobenzene) was detected at 0.0088 mg/L, 0.0088 mg/L,
0.0024 mg/L, 0.0024 mg/L, 0.0024 mg/L, 0.0024 mg/L
levels in the first set of samples taken from sampling

points S5, S7, S8, S9, S10, and S11, respectively, of
distribution network. 1,2,4-TCB (1,2,4-trichlorobenzene)
was detected at 0.0008 mg/L, 0.0008mg/L, 0.0008 mg/L,
0.0004 mg/L, 0.0032 mg/L, 0.0008 mg/L and 0.004 mg/L
levels at sampling points S5, S6, S7, S8, S9, S10 and S11,
respectively. Water samples taken from sampling points
S9-S11 contained 1,4 DCB at concentration levels of
0.0032, 0.0008 and 0.0032 mg/L, respectively, while
0.0032 mg/L 1,2,3 TCB was found at S11. Benzene compounds were found mostly in samples taken from distribution network.
In the second set of samples (Fig. 6), a correlation
was observed between the results of the first two sets. Benzene compounds were not detected at S1-S4 before treatment plant, but observed in treatment plant and distribution network. High 1,2,4-TCB levels were determined at

TABLE 2 - Calibration data and detection limits (LOD) of target compounds.
Fortification Experiments (n=4)
Method
LOD
Fortified Concentration
Recovery
(mg/L)
(mg/L)
(%)
1,3 Dichlorobenzene
19.322
0.99
0.00063
0.08
88
1,4 Dichlorobenzene
19.510
0.99
0.00037
0.08
88
1,2 Dichlorobenzene
20.295
1.00
0.00075
0.08
88
1,2,4 Trichlorobenzene
23.836
1.00
0.00021
0.08
90
1,2,3 Trichlorobenzene
25.076
1.00
0.00008
0.08
91
RT = retention time, r = correlation coefficient, LOD = limit of detection
Target Compounds

RT
(min)

r

FIGURE 5 - Benzene concentrations for the first set of samples.

FIGURE 6 - Benzene concentrations for the second set of samples.
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Deviation
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FIGURE 7 - Benzene concentrations for the third set of samples.

FIGURE 8 - Benzene concentrations for the fourth set of samples.

all sampling points of treatment plant and network, but
also 1,2,3-TCB and 1,2-DCB could be found there (1,2DCB at S5-S10: 0.0016, 0.0016, 0.0008, 0.0008, 0.0008,
0.0008 mg/L; 1,2,4-TCB: 0.0032, 0.0004, 0.0032, 0.0032,
0.0032, 0.0032 mg/L as well as 1,2,3- TCB: 0.0032,
0.0024, 0.0024, 0.0024, 0.0024, 0.0024 mg/L, respectively,
at the same sampling points).
In later samples, benzene compounds were observed in
treatment plant and network as in the other sets. 1,2,4,TCB was determined in samples taken from all the sampling points between S5-S11 at concentration levels of
0.0006, 0.0008, 0.0006, 0.0008, 0.0075, 0.0008 and
0.0008 mg/L, respectively, in third set of sampling (Fig. 7).
In the fourth set of sampling (Fig. 8) 1,3-DCB could be
detected in water samples of S9, S11 and S12 (0.00057,
0.0021 and 0.0004 mg/L).
Benzene compounds were not found in the first four
sampling points because chlorination was not applied before these sampling points.
As result of chlorination, it is thought that benzene
compounds were detected as of sampling points S5, and
the other reason is that sampling points S9-S12 are on the
line of distribution network that is not only fed by treated
dam water but also from wells within the urban area.
Therefore, it may be suggested that these wells may have
been contaminated with leaking underground tanks, trash
containers and refuse dumps.

Jochmann et al. [6] investigated benzene compounds in
samples taken from eight different contaminated wells and
found benzene compounds levels between 0.03-0.021 mg/L.
High concentrations of 1,2,4-TCB, 1,2-DCB, 1,3 DCB
levels were determined at all sampling points of treatment
plant and distribution network in this study. However, it is
unlikely to expect health risks since the levels were below
limit values. The results from this study can be used as a
reference and baseline for the authorities that are responsible for improving the quality of drinking water.

CONCLUSIONS
Benzene compounds were detected in all of the sampling sets. Although the detected values did not exceed the
limits given by EPA and EU standards for drinking water,
these carcinogenic compounds may accumulate in some
parts of the network and threat human health. In addition,
benzene compounds were generally detected in and after
treatment plant. This is an indication that chlorination might
cause chlorinated benzenes formation. 1,2,4-TCB was detected nearly at all sampling points, whereas 1,2-DCB
reached maximum levels among the first set compounds.
Benzene compounds can be ordered according to their
abundance as follows: 1,2,4-TCB > 1,2-DCB > 1,2,3- TCB
> 1,3-DCB > 1,4-DCB. In order to obtain a better view of
the water system, sampling should be carried out in dif-
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ferent parts of the water system periodically and target
benzene compounds should be monitored continuously.

[13] U.S. EPA Ground Water & Drinking Water (2006) Current
Drinking Water Standards 1-13
[14] EPA Method 504. (1993) Water Pollution Detection Halo
hydrocarbons Chemical Analysis 2: 1-5
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