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HOMOGENEITY ANALYSIS OF
LONG-TERM MONTHLY PRECIPITATION DATA OF TURKEY
Ali Ümran Kömüşcü*
Turkish State Meteorological Service, Division of Remote Sensing, Kalaba, Ankara, Turkey

ABSTRACT

INTRODUCTION

Availability of a long-term, continuous and homogeneous precipitation series is always essential for climate
and hydrologic studies. Nevertheless, precipitation data may
suffer from inhomogeneity, owing to various non-climatic
factors. The observing network in Turkey is under continous development and but at the same time prone to effects of urbanization and changes in land-use conditions.
This study aims to characterize homogeneity of the longterm Turkish precipitation data in order to ensure that they
can be used reliably. Several parametric and nonparametric tests are applied to de-tect inhomogeneities
with long-term monthly precipitation data of 211 stations
scattered across Turkey for the period from 1973 to 2002.
The homogeneity analysis was performed in two steps. In
the first step, 4 parametric tests were applied to the data.
Initially, the results indicated that 3 stations with the Kruskal-Wallis test, 13 stations with the Fried-man tests, 5 stations with the one-way ANOVA tests, and 73 stations with
the Bartlett’s tests were inhomogeneous. Further analyses
indicated that only 2 of 211 stations resulted to be inhomogeneous under the all 4 tests. Again, 2 out of 211 stations
were inhomogeneous according to the result of 3 tests.
Finally, only 7 out of 211 stations demonstrated inhomogeneity according to 2 of the tests. In the second step, 27
pairs of stations which have closest proximity to each
other are tested for homogeneity using the non-parametric
Mann-Whitney and Wilcoxon signed-rank tests. A total of
10 pairs of stations ex-hibited inhomogeneity for the both
tests. It was observed that most of the stations, which are
characterized as inhomogeneous, are located in Eastern
Anatolia, and 3 of them lie around Lake Van, which is the
largest water-body inside Turkey. When the inhomogeneous stations were checked against their meta-data, nothing
conclusive was found to justify the inhomogeneities, except
Gokceada station, which experienced considerable increase in plant canopy in its surrounding. It is expected
that replacing the conventional network with the more upto-date sensors (called AWOS) may create a great challenge in homogeneity of the Turkish precipitation series.

KEYWORDS: Precipitation, inhomogeneity, Turkey, parametric
and non-parametric tests, metadata

Homogeneity in time and space is critical to any kind
of statistical analysis of climate and hydrologic data before
they are used for any application. In homogeneous climate
time series, variations are assumed to be caused only by
climatic factors [1]. On the other hand it is known that longterm climatological time series are, however, affected by
various non-climatic factors that cause these data unrepresentative of the actual climatic environment [2]. Studies
prove that changes in observation station microenvironment, instrumentation, and variations in the time of observation affect consistency of the climatic series [3, 4]. Inhomogeneities resulting from such factors may introduce a
bias in a time series by hiding true climatic patterns. Consequently, it is important to assess the homogeneity of long
climate records before they can be used reliably. A great
majority of the meteorological stations in Turkey are located in a close proximity to settlements due to operational
reasons. Urban population in Turkey has been increasing
steadily, mainly due to local migration from rural areas.
Moreover, large-scale water resource projects are under development, especially in South-eastern Anatolian part of
the country. Therefore, the observing network in Turkey
is prone to effects of urbanization and changes in the landuse conditions to some extent. Tayanc and Toros [5] provided a detailed analysis of urban effects on climate of
4 major cities of Turkey, and Ezber et al. [6] did this for
Istanbul, which is the most urbanized city in Turkey. They
found out that urban heat island intensity is in-creasing
with the increasing city size and population, and the impact
is felt highest in the summer season. In both studies, however, focus was on the climatic effects of urbanization on
temperature parameters, and not on the precipitation.
Availability of a long-term, continuous and homogeneous precipitation series is always essential, not only for
climate studies but also for other applications of earth sciences including hydrological impact studies [7]. The objective of this study is to investigate homogeneity of Turkish
monthly precipitation data, and relate outputs with changes
in the observation station microenvironment. Like most
long-term climate series, the Turkish climate data is expected
to suffer from several non-climatic factors, such as urbanization and relocation of the stations. It was, therefore, essential to identify inhomogeneities with the data and inves-

1220

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

tigate their possible causes. There are a number of studies
conducted on homogeneity of the Turkish climate and hydrologic data in recent years by several researchers [8-13].
Partal and Kahya [10] analyzed temporal trends of 13 climate variables recorded at 96 stations across Turkey. Türkeş
[11] tested homogeneity of annual precipitation data of 91
stations in Turkey using the Kruskal-Wallis test before
studying their spatial and temporal characteristics. Karabörk and others [12] in-vestigated homogeneity of newly
compiled 212 precipitation records in Turkey for the period
1973-2002 by the Standard Normal Homogeneity Test
(SNHT). Moreover, Kahya and Kalaycı [8] tested homogeneity of trends in monthly stream-flows using a procedure
developed by Van Belle and Hughes. A more recent and
comprehensive homogeneity assessment of Turkish precipitation series was conducted by Göktürk et al. [13] using
the SNTH. They found that a number of stations exhibited
inconsistency among their monthly inhomogeneity dates,
or were non-testable at all, and suggested that other homogeneity tests should be applied properly and metadata be
checked to ex-plain inhomogeneity of the stations as well.
This study complements previous studies on the subject by
employing a number of different homogeneity tests and
accessing the metadata to justify homogeneities identified.
The broad subjects of data homogeneity, continuity and
adjustments have received a lot of attention in the literature,
and several techniques have been noted and proposed for
detecting inhomogeneities in time series of climatic parameters. A comprehensive review on this topic has been
presented by Peterson et al. [2], and World Meteorological
Organization (WMO) guidelines on homogenization are
provided in Aguilar et al. [1]. Characteristics of precipitation
series were analyzed extensively by researchers in Greece
which portray similar climatic conditions with southern and
western parts of Turkey [14].
In general, a combination of statistical methods and
metadata information are considered to be the most proper
way to assess inhomogeneities with climatic series [1, 15].

MATERIALS AND METHODS
The study is carried out in two steps. First, selected
statistical tests are applied to each station data separately,
and inhomogeneous station data are identified. The selected
statistical parametric tests included one-way ANOVA and
Barlett’s tests, and also, in addition, non-parametric tests,
such as Kruskal-Wallis and Friedman tests. In the second
step, the precipitation data are categorized into 6 subperiods, each having a 5-year period and, hence, the precipitation data are tested for the closest neighboring stations In this part, a total of 54 two-neighboring stations are
taken into analysis by Mann Whitney and Wilcoxon signedrank tests, which are used only when there are 2 groups of
data for comparison. If the applied tests detect in- homogeneity, then historic metadata is used to detect jumps or breaks.
The metadata often provides detailed knowledge of possible
non-climatic heterogeneities introduced into a time series
record, and also helps to identify the reason of heterogeneities. Thus, one can expect that both statistical analysis and
metadata information can help to assess the non-climatic
influences on the precipitation data. Results from the testing
procedures are also compared and discussed, and, finally,
some significant and relevant conclusions are drawn.
Initially, the daily precipitation totals recorded at 251
climate stations, which are operated by the Turkish State
Meteorological Service, are considered in this study. As the
initial quality control of the dataset, each daily total is compared with the climatological daily total maximum for the
corresponding site. Among them, 211 stations, which had
consistent and complete precipitation records for 1973-2002,
were selected for the study (Fig. 1). The monthly values
were obtained by cumulative distribution of daily precipitation for each month.
Homogoneity analysis

Various homogenization methods have been proposed
in the literature both for climatic series and non-climatic

FIGURE 1 - Geographical distributions of the stations used in this study.
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time series [15-18]. In a simple approach, visual examination and statistical analysis of the station data may reveal
evidence of systematic changes or unusual behavior suggesting inhomogeneity [19]. Wijngaard et al. [20] proposes
a combination of statistical methods and metadata information as most effective way to assess inhomogeneity of
the climatic series. They successfully tested daily European station series (1901–1999) of surface air temperature
and precipitation from the European Climate Assessment
dataset with respect to homogeneity by the standard normal homogeneity test (SNHT) for a single break, the
Buishand range test, the Pettit test, and the Von Neumann
ratio test, and compared the results with metadata of the
stations.
In this study, we used both parametric and non-parametric statistical methods to compare the precipitation series
which are regrouped at the predefined sub-periods for the
monthly precipitation data representing the 211 stations.
The test statistics for each method are calculated to indicate if the chosen criterion varies significantly among the
groups.
It is argued that inhomogeneity of a station time series
cannot be described only by analyzing its individual series
since the climatic parameters exhibit great temporal variability, even at the same site [13]. In general, it is recommended to apply homogeneity tests relatively, i.e. testing
with respect to a neighboring station that is supposedly homogeneous [20]. Stations exhibiting similar temporal patterns should be preferred to reliably assess homogeneity and,
therefore, we used reference series of nearby stations to test
homogeneity in our analysis, in relation with the parametric tests.
One-way ANOVA is a parametric test and compares
three or more unmatched groups, based on the assumption
that the two populations are Gaussian [16]. The null hypothesis will be that all population means are equal, and the
alternative hypothesis is that, at least, one of the arithmetic means is different.
ANOVA is based on the assumption that all the populations have the same variance. If the samples have 4 or
more values, Bartlett's test is used to test if the populations really have the same variance. It is very sensitive to
deviations from a Gaussian distribution, even more sensitive than the ANOVA calculations are [1, 21]. A low P value
from Bartlett's test may be due to data that are not Gaussian, rather than due to unequal variances. It should be
noted that since ANOVA is fairly robust to non-Gaussian
data (at least when sample sizes are equal), the Bartlett’s
test can be misleading. Some studies indicate that if the
Bartlett’s test concludes that the precipitation series have
different variances, then the populations are different, regardless of what ANOVA concludes about differences
among the arithmetic means. This, however, may not be
very important when the sample size is large.

the distribution of the data [19, 22]. Nevertheless, it should
be noted that they are considered less powerful than the
parametric tests that assume Gaussian distributions. This
means that P values tend to be higher, making it harder to
detect real differences as being statistically significant. The
Kruskal-Wallis test is a non-parametric version of ANOVA
and a generalized form of the Mann-Whitney test method,
since it permits 2 or more groups [21]. The key result is a P
value that answers the question of if the populations really
have the same median. If the P value is small, one can reject
the idea that the differences are coincident. This means that
every group differs from every other group; but only that,
at least, one group differs from one of the others. When
using the Kruskal-Wallis test to compare the medians of 3
or more groups, it is possible to have a small P value,
which indicates that the population medians are different.
Given 3 or more independent samples, the test statistic, H,
for the Kruskal-Wallis test is given as follows:

H=

⎛ R12 R22
R 2 ⎞
12
⎜⎜
+
+ ... + k ⎟⎟ − 3( N + 1)
N ( N + 1) ⎝ n1 n2
nk ⎠

where k represents the number of samples; ni is the
size of the i-th sample; N is the sum of the sample sizes;
and Ri is the sum of the ranks of the i-th sample.
The sampling distribution is a chi-square distribution
with k–1 degrees of freedom (where k = the number of
samples). The null hypothesis of coming from the same
population is rejected when H is greater than the predefined critical number of 0.01 (1 %).
Similarly, the Friedman test is a non-parametric test to
compare 3 or more matched groups [21]. The P value answers the question of whether the median difference is zero.
For a small P value, it is possible to reject the idea that all of
the differences between columns are coincidences of random sampling, and one can conclude instead that, at least,
one of the treatments differs from the remaining groups.
The Mann-Whitney test is a non-parametric test to
compare two unpaired groups [21, 22]. The P value seeks
answer for the question of whether the populations really
have the same median. For the small P value, the idea that
the difference is a coincidence can be rejected, and one can
conclude that the populations have different medians. If the
P value is large, the data do not lead to conclude that the
overall medians differ. For small samples, the MannWhitney test has little power.
For each observation in sample 1, count the number
of observations in sample 2 which exceed it (count 1/2 for
equality). Sum the values to obtain the test statistic, U1.
The corresponding value for sample 2 is U2 and it can be
shown that U1 + U2 = n1 * n2. The smaller value of U1 and
U2 is taken to be the Mann-Whitney statistic, U.
The Mann-Whitney and Wilcoxon Rank Sum statistics are inter-related. It is always true that

Nonparametric tests are more favorable for inhomogeneity analyses because they make fewer assumptions about
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The homogeneity tests implemented in the study was
performed by GRAPHPAD software.

n1 ∗ (n1 + 1)
− R1
2

To test the significance of these results, tables are used
to obtain critical values and tail probabilities of U for a
range of n1 and n2 values.
The Wilcoxon matched pairs test is a non-parametric
test to compare two paired groups [21, 22]. It is used paired
observations that may not meet the assumption of normality. The Wilcoxon test analyses only differences between the
paired measurements for each subject. The P value answers
the question of whether the median difference is really zero,
and what is the chance that random sampling would result in
a median difference as far away from zero as observed in
the experiment. For small P values, one can reject the idea
that the difference is a coincidence, and it can be concluded
that the populations have different medians.
Herein, there is a list of N paired values {(x1, y2), ...
(xN, yN)}. The null hypothesis is that the respective members of the N pairs are drawn from identical distributions.
For N >25, there is an approximate test based on a z-score,
which is given as follows:

z=

T − µT

σT

where µT and σT are given theoretically as

µT =

RESULTS
Tables 1 and 2 present results of the homogeneity tests
applied in the first part of the study to determine if the
long-term precipitation series are homogenous. The results
indicated that 5 (0.14%) stations with the Kruskal-Wallis
test, 13 (0.6 %) stations with the Friedman tests, 5 (0.2 %)
stations with the one-way ANOVA tests, and 73 (34.5 %)
stations with the Bartlett’s tests responded positively, and
they are concluded to be inhomogeneous initially. Since
each test run here is not powerful enough by itself to conclude any well-defined and consistent inhomogeneity, the
results of all 4 tests are investigated further. It is found that
only 2 stations (Muradiye and Özalp stations) resulted to be
inhomogeneous under all 4 tests; and 2 stations (Oltu and
Ahlat stations), at least, with 3 tests (Fig. 2). Finally, only 7
stations (Kastamonu, Gokceada, Van, Ilgaz, Arpaçay, Erciş
and Başkale) were categorized as inhomogeneous according to, at least, two of the tests. It is interesting to note that
most of the stations which exhibited inhomogeneity are
located in Eastern Anatolia, and three of them lie around
Lake Van, which is the largest water-body inside Turkey.
These results may stimulate further research on possible
effects of Lake Van on the precipitation series.

N ( N + 1)
N ( N + 1)(2 N + 1)
and σ T =
4
24

TABLE 1 - Results for the Homogeneity tests, based on Kruskall-Wallis, Friedman and Barlett’s statistics.
Station

Kruskall wallis
Statistic

00620
17022
17024
17026
17030
17033
17034
17037
17040
17042
17045
17050
17052
17054
17056
17059
17060
17062
17066
17069
17074
17080
17083
17084
17085
17086

2.8
2.58
3.78
6.39
4.22
1.37
2.70
6.18
1.16
1.78
6.11
4.62
8.90
7.96
5.01
4.42
3.31
3.55
0.97
0.94
8.61
1.49
1.75
1.50
3.08
3.78

Do the medians
vary signifcantly?
(p< 0.05)
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

Freidman
statistic
5.1
4.91
7.35
9.28
5.28
3.00
3.39
9.71
3.97
1.70
10.20
4.10
10.21
12.22
5.91
7.40
6.47
7.50
2.21
3.92
13.39
2.38
3.40
4.70
5.11
7.62

Are means
significantly different
(p< 0.05)
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO

1223

ANOVA (f)
0.57
0.53
0.67
1.96
0.45
0.28
0.55
1.20
0.27
0.49
1.39
0.55
1.49
1.32
1.25
0.69
0.78
0.87
0.10
0.40
1.87
0.52
0.41
0.28
0.41
0.98

Are means significantly different ?
(p< 0.05)
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

Barlett’s
statistics
7.88
5.77
3.45
34.23
27.39
4.46
3.25
7.20
2.96
7.56
20.78
4.04
5.11
7.08
12.67
2.77
8.37
8.31
2.80
9.08
28.23
9.04
12.07
19.71
3.20
7.84

Do the variances
differ significantly?
(p< 0.05)
NO
NO
NO
YES
YES
NO
NO
NO
NO
NO
YES
NO
NO
NO
YES
NO
NO
NO
NO
NO
YES
NO
YES
YES
NO
NO
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17088
17090
17092
17096
17098
17099
17100
17110
17111
17114
17116
17122
17128
17130
17135
17140
17160
17162
17172
17175
17180
17184
17186
17188
17193
17196
17199
17201
17203
17204
17205
17210
17220
17221
17232
17234
17237
17238
17240
17244
17248
17250
17255
17261
17265
17270
17275
17285
17290
17292
17296
17298
17300
17320
17330
17340
17351
17370
17375
17600
17602
17606
17608
17610
17615
17615
17622
17624
17626
17628
17630
17632
17636
17638

3.90
1.66
0.66
4.13
1.98
6.09
1.72
9.61
3.34
4.94
2.11
0.73
1.59
0.49
2.07
3.73
0.69
2.88
6.88
3.65
3.56
5.11
5.78
2.89
4.06
2.39
1.86
3.86
1.48
2.23
3.88
2.74
4.12
3.20
3.27
6.08
1.88
2.69
2.39
6.39
1.57
2.16
0.90
1.27
1.45
1.33
5.11
4.12
2.66
2.92
2.16
1.71
2.95
1.03
0.71
1.74
1.58
1.15
2.19
2.52
3.86
3.59
7.22
5.51
3.18
2.58
2.02
2.44
4.53
2.77
8.33
2.25
0.90
1.27

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
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6.87
2.87
1.09
10.24
3.65
8.33
1.28
14.97
7.16
4.62
2.67
2.65
4.52
1.00
2.65
4.64
0.73
1.64
12.20
7.11
4.77
7.32
10.52
3.11
3.57
2.65
1.54
6.57
2.27
4.85
3.68
7.65
9.47
6.52
11.46
7.30
3.88
2.45
3.25
13.03
5.99
2.73
5.38
5.14
3.63
6.31
11.74
9.86
7.98
5.55
3.52
4.43
6.24
6.34
2.47
4.08
0.41
4.32
5.48
1.64
4.14
7.40
10.89
8.84
3.78
1.90
1.21
5.78
4.52
6.28
11.55
4.46
1.40
4.27

NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
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0.88
0.32
0.21
0.72
0.52
1.66
0.28
1.91
0.67
1.10
0.39
0.41
0.43
0.15
0.21
0.98
0.11
0.46
1.64
0.90
0.86
1.23
1.22
0.94
0.76
0.71
0.50
0.89
0.29
0.56
1.30
1.05
1.14
0.95
0.99
1.62
0.98
0.76
1.02
0.89
0.52
0.51
0.29
0.56
0.42
0.41
1.48
0.59
1.05
1.08
0.72
0.30
0.55
0.44
0.21
0.25
0.33
0.28
0.61
0.37
0.58
0.94
1.32
2.09
0.85
0.50
0.43
0.36
0.61
0.95
1.23
0.85
0.22
0.45

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

6.57
2.19
3.18
2.69
16.79
15.09
5.64
21.71
10.18
15.36
3.14
11.68
4.70
1.98
3.82
6.60
1.40
1.34
11.43
6.38
5.64
19.06
20.19
10.51
6.80
8.04
3.77
4.40
1.50
7.04
10.67
9.08
14.66
11.65
9.39
19.83
17.02
14.40
23.11
4.15
7.65
4.43
1.67
6.78
4.39
11.45
15.36
1.13
13.54
13.85
15.29
3.23
7.86
8.90
10.95
35.38
7.86
4.0
19.82
5.18
4.79
11.68
5.13
39.03
30.15
2.11
16.23
0.53
1.99
13.03
8.13
15.60
18.71
6.28

NO
NO
NO
NO
YES
YES
NO
YES
NO
YES
NO
YES
NO
NO
NO
NO
NO
NO
YES
NO
NO
YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
YES
NO
YES
YES
YES
YES
NO
NO
NO
NO
NO
NO
YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
YES
NO
NO
YES
NO
YES
YES
NO
YES
NO
NO
YES
NO
YES
YES
NO
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17640
17646
17648
17650
17656
17660
17662
17664
17666
17668
17674
17676
17681
17682
17684
17686
17688
17690
17692
17695
17696
17700
17702
17704
17716
17720
17722
17725
17726
17728
17730
17732
17734
17740
17742
17748
17750
17752
17754
17756
17762
17764
17768
17772
17776
17778
17780
17784
17786
17790
17792
17796
17798
17800
17802
17804
17806
17810
17812
17820
17822
17824
17826
17828
17832
17834
17835
17836
17837
17840
17847
17848
17850
17854

5.21
6.28
0.89
2.94
8.53
1.52
1.95
1.39
5.91
37.07
2.69
2.87
2.76
0.60
2.58
6.47
1.97
6.55
1.75
4.59
2.52
3.34
6.72
4.22
2.34
2.21
2.81
2.65
1.66
1.30
0.61
3.02
1.12
3.52
2.81
8.29
6.71
1.17
2.72
2.92
5.76
1.02
0.69
0.94
1.44
2.18
5.67
8.89
25.20
4.83
3.96
3.85
3.86
1.01
4.49
1.83
0.72
10.89
26.67
0.76
3.77
2.35
2.35
6.37
3.14
1.37
0.66
1.52
0.69
4.59
1.24
4.73
2.61
3.55

NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
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9.67
6.98
2.30
5.25
13.45
1.24
5.09
2.47
9.58
29.46
5.02
3.27
3.36
0.90
5.54
4.00
2.77
3.01
1.95
7.58
2.50
5.26
8.24
5.57
7.20
6.46
3.23
8.29
3.16
3.15
2.92
4.85
1.69
5.06
2.32
9.92
7.35
2.14
1.71
5.08
5.40
4.82
1.80
1.79
2.40
1.70
9.68
13.52
26.75
7.07
4.22
3.29
9.14
1.90
5.02
4.26
1.13
16.74
31.95
0.58
3.94
1.22
2.41
3.98
6.19
2.43
0.94
1.63
1.13
6.08
2.80
7.20
1.42
7.68

NO
NO
NO
NO
YES
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
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0.93
1.18
2.38
0.90
1.63
0.28
0.47
0.41
1.05
4.82
0.50
0.54
0.64
0.41
0.68
0.90
0.38
0.81
0.36
0.89
0.57
0.61
1.70
0.58
0.36
0.54
0.80
0.89
0.48
0.22
0.21
0.79
0.40
0.68
1.06
2.04
1.72
0.23
0.37
0.68
1.56
0.23
0.32
0.25
0.45
0.26
1.93
2.22
5.08
1.21
0.71
0.60
0.57
0.19
1.33
0.35
0.26
2.43
8.13
0.23
1.34
0.66
0.84
1.22
0.76
0.20
0.11
0.42
0.08
0.90
0.43
1.52
1.34
1.19

NO
NO
YES
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

6.56
9.33
61.11
17.90
19.11
4.61
5.50
7.62
14.93
2.93
8.30
5.97
8.19
5.56
10.79
4.14
5.50
2.82
2.70
8.35
19.28
10.19
28.25
16.46
1.56
14.67
10.32
32.17
5.07
1.84
6.48
11.67
6.72
1.67
13.46
39.71
18.30
4.75
3.51
6.25
15.44
1.59
4.16
1.75
1.94
3.30
17.75
16.57
35.23
13.57
9.10
3.81
13.05
8.58
10.10
3.63
3.09
19.43
70.81
2.53
21.65
10.51
24.65
5.80
18.96
1.26
5.80
8.58
2.60
2.65
7.20
17.95
26.38
13.60

NO
NO
YES
YES
YES
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
YES
YES
NO
YES
NO
YES
NO
NO
NO
YES
NO
NO
YES
YES
YES
NO
NO
NO
YES
NO
NO
NO
NO
NO
YES
YES
YES
YES
NO
NO
YES
NO
NO
NO
NO
YES
YES
NO
YES
NO
YES
NO
YES
NO
NO
NO
NO
NO
NO
YES
YES
YES
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17860
17862
17864
17866
17868
17870
17874
17880
17884
17886
17892
17896
17898
17900
17902
17906
17908
17912
17924
17926
17932
17936
17948
17950
17952
17954
17958
17960
17962
17964
17966
17974
17978
17979
17981
17984
17986

2.87
2.35
4.91
3.61
2.15
0.47
1.10
6.32
4.58
4.10
5.77
3.85
1.25
1.63
1.98
1.31
1.21
6.06
2.59
2.78
1.83
1.68
2.31
3.88
3.10
1.19
2.00
2.30
1.23
0.47
0.56
1.37
1.22
0.70
2.69
1.20
0.39

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
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4.13
2.73
5.39
2.63
2.97
0.93
5.68
12.72
9.09
5.38
6.87
3.29
3.09
0.59
2.83
3.93
2.17
8.91
4.59
5.27
3.44
1.05
6.51
10.44
4.46
6.02
3.77
3.27
2.05
2.52
7.11
3.21
2.83
2.00
8.12
1.96
1.03

NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

1.15
0.70
1.13
0.75
0.44
0.16
0.45
1.86
1.58
1.34
1.24
0.60
0.49
0.53
0.34
0.12
0.13
0.92
0.87
1.06
0.65
0.18
0.76
1.17
1.04
0.52
0.20
0.17
0.20
0.25
0.31
0.43
0.54
0.30
0.29
0.25
0.004

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

19.68
14.76
17.11
4.07
4.03
2.90
5.89
24.64
16.01
15.60
24.75
3.81
23.50
11.55
2.05
2.67
7.22
7.38
17.51
33.33
7.74
21.23
10.77
12.04
32.47
10.10
28.63
6.11
3.92
2.37
7.37
9.17
6.15
9.24
4.91
8.99
1.04

YES
YES
YES
NO
NO
NO
NO
YES
YES
YES
YES
NO
YES
YES
NO
NO
NO
NO
YES
YES
NO
YES
NO
YES
YES
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

TABLE 2 - Ratio of homogenous vs. inhomogeneous stations, based on Kruskall-Wallis, Friedman and Barlett’s statistics.
Number of YES
Number of NO
Percentage of YES (%)
Percentage of NO (%)

Kruskal Wallis
3
208
0.14
98.5

Friedman
13
198
0.6
93.8
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ANOVA
5
206
0.2
97.6

Barlett’s
73
138
34.5
65.4
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FIGURE 2 - Stations identified as inhomogeneous by the combination of parametric and non-parametric tests applied.
l inhomogeneous at least with 2 tests; n inhomogeneous at least with 3 tests; ▲ inhomogeneous at least with 4 tests

In the second part of the study, 27 pairs of stations
which have closest proximity to each other are tested for
inhomogeneity using the Mann Whitney and Wilcoxon
Signed Rank tests (Table 3). In both tests, an answer is
sought to find out whether the populations really have the
same median. The results showed that 11 station pairs exhibited inhomogeneity with the Mann Whitney test, whereas
20 pairs indicated inhomogeneity with the Wilcoxon Signed
Rank test. On the other hand, 10 pairs of stations were concluded to be inhomogeneous for both tests. Entire series
of the monthly precipitations are taken into consideration
in the analysis to determine whether the selected pairs of
stations are spatially homogenous.
Possible causes of precipitation data inhomogeneities
were investigated by checking available metadata of the
stations available at Turkish State Meteorological Service
archives to determine changes in microenvironment of observation sites and instrumentations. The metadata, however, did not indicate any major evidence to describe the
underlying causes for the stations identified as inhomogeneous, except the Gokceada station experiencing considerable plant growth and canopy increase in its surrounding
area in the past decades.
In order to support inhomogeneity arguments, the precipitation series of inhomogeneous stations were subjected
to simple variability test by fitting linear lines. Figure 3
presents trends and variability of the series which were identified to be inhomogeneous, with at least 2 or more tests.
Either increasing or decreasing trends were observed in all
the stations, except the Ozalp station. Those results also

provide some evidence for the series identified as inhomogeneous.
As stated earlier, there are a number of studies conducted on homogeneity of the Turkish climate and hydrologic data in recent years by several researchers. This study,
to some extent, complements previous studies by employing
a number of different homogeneity tests, in addition to
what the others employed, and accessing the metadata to
justify homogeneities identified.
Göktürk et al. [13] argued that very poor or nonexistent station history documentation is the main handicap
to the homogeneity assessment of Turkish climate data sets.
Their homogeneity assessment resulted in 5 different categories of stations, namely, homogenous, non-testable, inconsistent, homogenous after correction, and inhomogeneous after correction. They concluded that distribution of the
inhomogeneous stations do not suggest a systematic mechanism behind the results, although some of the inhomogeneous stations are in a close proximity to each other. The number of inhomogeneous stations, however, was not significantly high. They identified very few stations as in-homogeneous in the Eastern Anatolia, and they appeared to be
inhomogeneous in this study as well. This study differs
from what Göktürk et al. [13] reached with respect to the
station history documentation. We were able to access the
metadata of the stations since the Turkish State Meteorological Service keeps documenting on history of the stations, but they were not much helpful to justify the inhomogeneities we identified.

TABLE 3 - Homogeneity test results for two-neighboring closest stations paired, based on Man-Whitney and Wilcoxon signed-rank tests.
Stations
17052-17600
17062-17638
17085-17681

Man-Whitney
P value
0.57
0.26
0.87

Are the medians
significantly different? (P< 0.05)
NO
NO
NO
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Wilcoxon signed
rank test P value
0.005
0.001
0.34

Are the medians
significantly different ? (P< 0.05)
YES
YES
NO
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17135-17730
17193-17835
17238-17240
17244-17900
17248-17906
17602-17615
17626-17037
17628-17040
17646-17664
17648-17080
17656-17098
17682-17684
17764-17768
17790-17220
17835-17193
17837-17836
17847-17874
17848-17205
17850-17860
17854-17232
17864-17826
17886-17292
17896-17898
17962-17370
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0.15
0.31
0.039
0.71
0.01
0.50
0.0035
0.001
0.001
0.0040
0.59
0.001
0.003
0.50
0.31
0.10
0.68
0.02
0.91
0.79
0.66
0.001
0.001
0.004

NO
NO
YES
NO
YES
NO
YES
YES
YES
YES
NO
YES
YES
NO
NO
NO
NO
YES
NO
NO
NO
YES
YES
YES

0.001
0.001
0.001
0.81
0.001
0.005
0.001
0.001
0.001
0.001
0.92
0.001
0.001
0.001
0.031
0.006
0.58
0.49
0.23
0.004
0.001
0.001
0.001
0.001

YES
YES
YES
NO
YES
NO
YES
YES
YES
YES
NO
YES
YES
YES
YES
YES
NO
NO
NO
YES
YES
YES
YES
YES
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Başkale
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FIGURE 3 - Long-term trends in the precipitation series for the inhomogeneous stations (solid line indicates best linear fit).

The homogeneity analysis done by Karabörk et al. [12]
on precipitation records in Turkey for the period 19732002 by the Standard Normal Homogeneity Test (SNHT)
portrays some similarities with this study, with respect to
the data and analysis period. They only differ with regard
to the type of homogeneity test used. Interestingly, the both
studies found inhomogeneous stations around Lake Van.
Overall, they found 43 out of 212 stations as inhomogeneous according to the results of both the Pettitt and SNHT.
Since they were not able to access historical metadata of
the stations, investigations for the possible sources of the
detected inhomogeneties were not carried out, and eventually they excluded those stations from their analysis.
It is our view that Turkish precipitation data can be
used for research on climatic and hydrologic studies safely
after removing the stations which are doubtful with respect
to homogeneity. It is obvious that unless metadata of the
stations are checked, it is very difficult to eliminate impacts
of such factors as relocation and sensor replacements, on
the homogeneity of the precipitation data. Further work is
also needed to improve the coverage and reliability of the
data by additional quality control procedures. As the station network is changing all the time with addition of new
automated observing stations (AWOS), homogeneity testing needs to become a continuous effort with different techniques. Potential to extend some of the series, even further
back in time, and update them to the current time period
should be evaluated. Moreover, the replacement of conventional observing network with the newly set up AWOS
should be studied extensively to determine their impact on
the homogeneity of the precipitation series. Replacing the
conventional network with the more up-to-date sensors

would possibly create a great challenge for homogeneity
of the precipitation data.

CONCLUSIONS
Reliability of precipitation data is critical for many
hydrologic and meteorological studies. Turkish precipitation data have suffered from inhomogeneity in the past due
to a number of reasons, mainly relocation of the stations
and changing in the observation microenvironment. Therefore, it was essential to run a homogeneity analysis of the
precipitation data to identify the stations which may be
eliminated or revised before their data are used for hydrologic or meteorological studies which are critical in practical sense. In this study, homogeneity tests, both parametric and non-parametric ones, are applied to compare the precipitation series regrouped at sub-periods for the monthly
precipitation data of Turkey. Four separate homogeneity
tests were used in the study to improve the reliability of the
results. The results overall indicate that only 2 stations (Muradiye and Özalp stations) resulted in inhomogeneity under
all the 4 tests; and 2 stations (Oltu and Ahlat stations) at
least with 3 tests, but, finally, only 7 stations (Kastamonu,
Gokceada, Van, Ilgaz, Arpaçay, Erciş, and Başkale) proved
to have inhomogeneity according to at least 2 of the tests.
A notable outcome of the homogeneity analysis was geographic pattern of the inhomogenous stations which are
located in the Eastern Anatolia. Interestingly a number of
them lie around the Lake Van, which is the biggest waterbody inside Turkey. These results may stimulate further research on possible effects of the Lake Van on homogeneity
of the precipitation series.
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Interestingly, this study did not reveal any clear effect
of urbanization on the homogeneity of the precipitation
series. In fact, as stated earlier, most of the earlier research
which was conducted on the urbanization effect focused on
temperature parameters only, and very little emphasis has
been placed on investigating urbanization effect on inhomogeneity of the precipitation series. It can be argued that
the inhomogeneities observed with some stations may be
triggered by other factors, i.e. changing moisture conditions
and local climate variations. In this respect, future work on
the subject will include investigation of possible causes of
inhomogeneities observed with the stations with emphasis
on how local and regional moisture patterns have changed
over the years. Especially, the focus will be on the effect of
the South-eastern Anatolian Project (known as GAP) by
which a number of major dams were constructed and considerable amount of dry land turned into irrigated land. It is
likely that large-scale water resource projects developed in
the region in the last two decades might have had some
impact in moisture conditions of the region. Apart from the
land-use and urbanization factors, change in regional climate associated with changes in atmospheric circulation
patterns will be investigated as well. For instance, relationship between teleconnection patterns, such as North Atlantic Oscillation (NAO) and annual precipitation changes, will
be investigated in more detail. Therefore, the results from
the inhomogeneity analysis will be interpreted in the context of prevailing weather and climate systems over Turkey
during the last few decades.
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DESORPTION OF OIL IN NATURALLY
POLLUTED SOIL PROMOTED BY β-CYCLODEXTRIN
Chunli Wan*, Xue Yang, Maoan Du, Defeng Xing, Chunguang Yu and Qiaoli Yang
School of Municipal and Environmental Engineering, Harbin Institute of Technology, Harbin 150090 China

ABSTRACT
In this study, β-cyclodextrin (β-CD) was used to promote desorption of total petroleum hydrocarbons (TPH) in
severely naturally oil-polluted soil close to oil-producing
wells because it has a better solubilization of hydrophobic
organics and nearly no toxic effect on soil. The experimental results indicated that different concentrations of βCD all had a solubilizing effect on contaminants. The desorption process had a good fit with a pseudo-second-order
kinetics equation, and the R2 values were all above 0.9. Since
soil adsorbed β-CD, the desorption of TPH was not enhanced with an increase in β-CD concentration. Therefore, the best removal of 79% was obtained when TPH
content was 78.61mg/g dry soil (DS), and β-CD concentration was 1674 mg/L. GC-MS analysis was used to determine the component changes of TPH with the addition
of β-CD, and it was suggested that the removal of shorter
chain hydrocarbons (C <20) was more efficient. Results
of this study revealed that β-CD can efficiently promote
the desorption of TPH in soil and support field elution tests
of oil-contaminated soil.
KEYWORDS: β-cyclodextrin (β-CD), naturally oil-polluted soil,
kinetics equation, total petroleum hydrocarbons (TPH)

INTRODUCATION
Oil-contaminated soil has been an environmental problem for a long time. At present, surfactant enhanced bioremediation is one of the most common remediation technologies for oil-contaminated soil, which uses surfactants
to solubilize pollutants and to accelerate the degradation of
petroleum hydrocarbons by micro-organisms [1-4]. This
technology shortens the period required for biological remediation [5] and groundwater pollution incidents caused
by oil contaminants, and can also cut down the cost of using
surfactants alone. The major problem is how to solubilize
petroleum hydrocarbons, and lots of studies have been
carried out [6-10]. However, the common surfactants (e.g
sodium dodecyl sulfonate, Tween, et al.) used currently
may cause secondary pollution [11]. An alternative is to
explore a new environmental-safe solubilizer.

Due to the hydrophilic margin, hydrophobic cavity
and possibility of forming into inclusion compounds with
hydrocarbons, researchers would like to use cyclodextrins
in treatment of hydrophobic organic pollutants. Compared
with surfactants, cyclodextrins have advantages, such as less
soil adsorption, almost no toxicity [12] and high biodegradability. They are also free of forming into high viscosity
emulsions during the remediation process [13]. At present,
cyclodextrins have been proven to be effective for solubilization of weakly polar hydrocarbons, such as pesticides
[14], trinitrotoluene [15], halohydrocarbons and polycyclic
aromatic hydrocarbons [16-18], by relative researches.
Hanna [19] did a comparative study on effects of 2,4,6trichlorophenol solubilization of β-CD, methyl-β-CD and
hydroxypropyl-β-CD; the results indicated that the solubilization ability of these cyclodextrins are in the following order: M-CD> HPCD> β-CD. However, β-CD is attractive because of its mass production while the others
are still under development. For large-scale works, the
costs may limit the application of cyclodextrin derivatives
(M-CD, HPCD, α-CD, γ-CD etc.).
Cyclodextrins indicate a better solubilizing ability and
a greater diversity of substrate specificity with regard to
single organic contaminated soil washing. In this study, βCD was employed for multi-component oil-contaminated
soil washing. This study investigated the desorption effects
of β-CD on the naturally polluted soil around oil-producing
wells.
MATERIALS AND METHODS
Collection and analysis of soil samples

The experimental soil was severely polluted for at
least 1 year, and obtained from the vicinity of an oil well
located in Daqing, China. The soil was air-dried and sieved
by a 20-mesh screen. TPH content and pH were then tested
to be 78.61mg/g DS and 8.38, respectively.
Desorption experiments

A 50-ml flask was loaded with 2 g soil and 30 ml extractant solution, and then agitated at a speed of 130 rpm/min
at 20 °C for 24 h in a thermostat-shaker. The samples
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were examined at regular intervals. In this test, the ex-

tractant

TABLE 1 - Different desorption kinetics models and their simplified forms.
Model

Equation

Simplified form

Pseudo-first-order

Pseudo-second-order

Elovich
qdt: amount of oil desorbed at time t (mg/g DS); qe: maximum desorption at equilibrium (mg/g DS); k1 and k2 are rate constants.

solution consisted of β-CD and CaCl2 solutions. Beta-CD
enhanced the desorption of oil contaminants from soil
matrix, and 7 concentration gradients (in mg/L: 0, 186, 558,
930, 1304, 1674, and 1860) of β-CD were distributed according to the different ratios (in %: 0, 10, 30, 50, 70, 90,
and 100) of saturated solubility which is 1860 mg/L.
Original pH value was set to 7.0.
It is well-known that soil matrix has a colloidal property
of electric double layer. The addition of divalent cations
(Ca2+ or Mg2+) can thicken counter ion layer of electric
double layer, and improve colloidal electrokinetic potential as well as accelerate dispersion of soil colloidal particles and enhance desorption of petroleum hydrocarbons.
Badr [20] had confirmed that Ca2+ increased the removal
efficiency of PAHs which was promoted by cyclodextrins
(concentration of CaCl2 = 0.01 mol/L).
Desorption kinetics

Absorption and desorption are two reverse reaction
processes. Currently, researches on absorption-desorption
kinetics model focus on pseudo-first-order, pseudo-secondorder, and Elovich equations [21-24]. Fitting the experimental data and reported results, these three desorption
equations and their simplified forms are shown in Table 1.
Adsorption model

The Freundlich and Langmuir adsorption isotherms
are mostly used to study adsorption processes. Freundlich
isotherm was summarized, based on experiences [25]. It
assumes that the heat of adsorption gives a “logarithmic
decrement” with the increase of surface coverage, indicating that different adsorption sites process different adsorption energies. The linear form is described as Equation 1,
where, qea and Ce represent, respectively, solid phase and
liquid phase concentrations of β-CD, kF and nF are constants. The Langmuir adsorption isotherm describes the
adsorption phenomenon at the interface between solid and
liquid phases for a mono-molecular layer [26]. It assumes
that absorption energy is uniform and all the adsorption
sites are equivalent (mono-molecular layer). Equation 2
shows the linear form of Langmuir isotherm, where b and
qm represent the adsorption constant and the maximum

amount of adsorption of the mono-molecular layer at equilibrium, respectively.
(1)
(2)
Analysis methods

The TPH in the soil was extracted by carbon tetrachloride according to the procedure outlined in U.S. EPA
test method 3350B [27]. The extract was then filtered on
the pump with anhydrous sodium sulfate in order to remove the residual moisture. So, 1 ml of liquid sample was
taken for GC-FID (Agilent 6890-FID) and GC-MS analysis of petroleum components. The mass spectrometry procedure was as follows: vaporization temperature 250 °C, detector temperature 300 °C, high purity nitrogen as carrier
gas, and 1 µl of liquid was injected. The temperature program was 90 °C for 1 min, 90-190 °C, 15 °C/min, 190270 °C , 25 °C/min, and 270 °C for 35 min. The standard
sample was commercial diesel which has been weathered
at room temperature for at least 2 weeks.
High performance liquid chromatography (HPLC)
was used to determine β-CD. The supernatant (3 ml) was
centrifuged at 8000 rpm/min for 5 min. The liquid (1 ml)
was then taken to determine the β-CD content by using an
LC-10A HPLC (Shimadzu Co., Ltd., Japan), equipped with
a ZORBAX NH2 column (4.6 mm×150 mm) and a differential index detector (Waters 2410). The detection conditions were referred to Chen [20, 28]. A 70% (v/v) mixture
of acetonitrile and water was used as the mobile phase at a
constant flow-rate of 1 ml/min and the column temperature
was 30 °C. The standard β-CD sample was from Sigma Co.
Ltd. The retention time of β-CD was 16.32±0.05 min.
RESULTS AND DISCUSSION
Effect of initial concentration of β-CD on desorption
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Effect of β-CD concentration on desorption is shown
in Fig. 1. The results reveal that the amount of oil desorbed,
qdt, increased accordingly when β-CD content increased
from 0 to 1674 mg/L. The TPH content decreased from
78.6 mg/g DS to 16.8 mg/g DS corresponding with a desorption efficiency of 78.5% when the β-CD concentration was 1674 mg/L. As the β-CD concentration was up to
1860 mg/L, TPH content was 17.5 mg/g DS. This suggested that excessive β-CD might result in its adsorption
on the soil matrix. This portion will form inclusion compounds with petroleum hydrocarbon particles, and desorption efficiency of pollutants was, therefore, reduced. Experimental results show that the best TPH removal rate
reached 79.4% which was not as good as the removal rate
of 90% by SDS [8]. But β-CD is more appropriate for the
sake of environmental security [12, 29] and less selectivity of substrates [14-16, 30, 31].

Park [32], the generation of complexes was influenced by
matching degree of the hydrophobic cavity and the particle size of petroleum hydrocarbon pollutants. If pollutant
particles were similar to or smaller than hydrophobic cavity, 1:1 complex compounds were generated according to
Equations 3-1, 3-2, and 3-3 shown in Table 2. When pollutant particles were larger than cavity, or with many
branched chains, more than one β-CD molecule might be
necessary, and 2:1 or n:1 complexations would be carried
out according to equation 3-4. In this study, the soil was
naturally oil-polluted and sampled near oil production wells
and petroleum is a complex mixture of hydrocarbons and
other transformations, including saturated and unsaturated
hydrocarbons, which are both a target and a product of
microbial metabolism. Therefore, all complexations in Table 2 would take place in the remediation process.
TABLE 2 - Complexing equilibrium
equations of β-CD and pollutants.
Equilibrium equations

Ratio of β-CD molecular
and pollutant particle size
β-CD+P
β-CD-P
1:1 complexation
β-CD-P+P
β-CD-P
1:2 complexation
β-CD-P+P`
P`-β-CD-P
1:n complexation
β-CD-P+β-CD
β-CD-P-β-CD 2:1 and n:1 complexation
P and P` are representing organic pollutants

No.
3-1
3-2
3-3
3-4

Kinetics analysis of desorption

FIGURE 1 - Effect of β-CD concentration on the oil desorption from
soil.

According to Ko [29], β-CD contains a hydrophobic
portion inside and a hydrophilic head group towards outside, hence, it can either capture the hydrophobic organic
pollutants or bind the moisture by hydroxyl groups outside to separate the pollutant from soil matrix. The common complexes are shown in Table 2 [32]. According to

Pseudo-first-order, pseudo-second-order and Elovich
equations are presented to investigate the desorption kinetics of petroleum hydrocarbons advanced by β-CD, as shown
in Fig. 2 and Table 2. According to the pseudo first-order
kinetics equation of Langergren [33], as shown in Table 3,
all calculated R2 varied from 0.8 to 0.95, and when β-CD
concentration was 1674 mg/L, maximum k 1 value was
0.05596 and estimated maximum desorption qe was 73.69
mg/g DS, which did not agree with the observed result of
59.5 mg/g DS. This indicates that the desorption process of
petroleum hydrocarbons was not in accordance with pseudofirst-order equation. Elovich equation was the best for describing chemical adsorption-desorption processes [34]. An
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FIGURE 2 - Data fitting of petroleum hydrocarbons desorption to different kinetics equations.
TABLE 3 - Data fitting results of the desorption of petroleum hydrocarbons to different kinetics equations.
β-CD
(mg/L)

Pseudo-first-order
qe
k1
(mg/L)

0

0.029939

55.31256

186

0.041454

51.16215

558

0.064484

51.11101

930

0.117453

52.03934

1304

0.124362

48.95982

1674

0.518175

79.59888

1860

0.200361

48.81316

R2
0.
898
0.
809
0.
896
0.
937
0.
963
0.
908
0.
965

Pseudo-second-order
qe
k2
(mg/L)
0.00
21.7
9281
3913
0.01
27.7
2462
7778
0.00
37.0
6339
3704
0.00
55.5
2746
5556
0.00
52.6
4457
3158
0.00
76.9
2315
2308
0.00
62.5
3765

Elovich equation was employed to study whether the oil
desorption accorded with chemical release process. As
shown in Table 3, the R2 values of Elovich are all above 0.9,
which are higher than those from the pseudo-first-order
but lower than those from the pseudo-second-order. The
fitting result of qe was slightly higher than the experimental one, but was closer to the observed result than
the pseudo-first-order fitting value, and R 2 values were
all above 0.9. It suggests that a pseudo-second-order equation is more appropriate for analyzing the desorption process of petroleum hydrocarbons being enhanced by β-CD.
According to the definition of a pseudo-second-order
equation, k2 is inversely proportional to the desorption rate.
It suggests that the fastest desorption rate was obtained
when β-CD concentration was 1674 mg/L which fits with
experimental results. Comparing with Fig. 1, it can be seen
that desorption of TPH was in the fast desorption phase
during the first 2 h, and that was followed by a slow desorption phase. Solubilizing motivation is from the difference between saturation concentration of the solute in continuous phase and the actual value [35]. The higher initial
TPH content was, the stronger was driving force, and the
faster will be desorption rate. With the removal of petroleum hydrocarbons, the difference of TPH content in water
and in soil became smaller, and driving force also became

Elovich
R2

α

0.
965

12.2
7684

0.
988

28.0

0.

27.7
0634

0.
954

20.5
5781

0.
976

33.8
3998

0.
987

31.3
8227

0.
981

36.8
8242

2

0.2
4426

2445

945

β

0.1
95618
0.1
51584
0.0
91158
0.1
00929
0.0
64893
0.0
81766

R
0.

918
0.
973
0.
9
0.
929
0.
968
0.
974
0.
971

weaker. This explains that a slow phase was followed by a
fast one in desorption process of petroleum hydrocarbons.
Adsorption loss of β-CD in desorption process

In the desorption process of petroleum hydrocarbons
in soil promoted by β-CD, β-CD was adsorbed on the soil
particles simultaneously. It was necessary to discuss the
adsorption loss of β-CD although previous researches had
confirmed that soil particles could take up only a limited
mass of β-CD [29, 36]. The content of β-CD in solid and
liquid phases was measured, respectively, at equilibrium
and 20 °C. Then, the adsorption isotherm of β-CD on the
natural oil-polluted soil at 20 °C could be drawn. As shown
in Fig. 3, an obvious adsorption loss of β-CD appeared in
desorption process, and it can also be seen that qea increased with an increase in the initial β-CD dosage. According to the study of Ko [29], β-CD was hardly adsorbed
on soil particles and, therefore, the cause for adsorption
was related to the petroleum hydrocarbons on soil surface.
When inclusion complexes were generated by β-CD and
petroleum hydrocarbons, adsorption appeared because the
adsorption force of petroleum hydrocarbons and soil particles was higher than the cohesion between β-CD and
H2O. The values of qea were further improved when the
concentration of β-CD was 1860 mg/L. Mechanisms of the
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above phenomena are not clear, however, it could be inferred that the increase in adsorption of β-CD on soil particles was one of the explanations for the decreased effects
on desorption of petroleum hydrocarbons.

Appropriately related equilibrium curves should be developed to determine the adsorption law of β-CD on naturally oil-polluted soil. This study used Langmuir and Freundlich equations to evaluate the observed adsorption results
of β-CD. As shown in Table 4, qm, estimated by a Langmuir equation was negative (against experimental results).
Freundlich model is an empirical equation. Based on the
study reported by Tan [37], the value of 1/n below one
indicates a normal Langmuir isotherm while 1/n above
one is indicative of cooperative adsorption. Otherwise, the
values of R2 reached 0.985, and it could be estimated that
the adsorption law of natural oil-polluted soil agreed with
a Freundlich equation.
Changes of petroleum hydrocarbon compounds

FIGURE 3 - Adsorption isotherm of β-CD on soil particles at 20 °C.

β-CD had positive effects on desorption of petroleum
from soil matrix. GC/MS is helpful for understanding the
influences on composition of oil contaminants and analyzing effects on the oil desorption by β-CD. Taking oil
desorption process when the initial content of β-CD was
1674 mg/L, compositions of the original and the desorbed

TABLE 4 - Isotherm simulation of β-CD on soil.
Constant

R2

Langmuir

qm=-10
b=-0.0014

0.918

Freundlich

nF=0.664
kF=0.0018

0.985

Model

Simplified equation

.

FIGURE4 - Compound analysis of petroleum hydrocarbons before and after desorption (a. before desorption b. after desorption).
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soil at equilibrium after 24 h were analyzed. As shown in
Fig. 4, GC/MS results indicate that long-chain petroleum
hydrocarbons (C >20) were the major components in soil,
and all of the oil pollutants decreased by different levels.
Generally speaking, shorter chain hydrocarbons (C <20)
correspond to higher desorption efficiencies. On the contrary, the desorption efficiencies of longer chain hydrocarbons (C >38) are lower. Based on the theory of complexation between β-CD and organic pollutants, the bigger the
particle size was, the lower the possibility of complexation. In other words, only Equation 3-4 would take place
which was more difficult to finish compared with the other
3 Equations (3-1, 3-2, and 3-3). This could be the main
reason for lower desorption efficiencies of longer chain
hydrocarbons (C >38)

[4]

Willumsen, P.A. and Arvin, E. (1999) Kinetics of degradation for surfactant-solubilized fluoranthene by a sphingomonas paucimobilis. Environmental Science Technology 33,
2571-2578.

[5]

Van de Hamme, J.d., Singh, A. and Ward, O.P. (2003) Recent advances in petroleum microbiology. Microbiology and
Molecular Biology Reviews 67, 503-549.

[6]

Sanchez-Martin, M.J., Rodriguez-Cruz, M.S. and SanchezCamazano, M. (2003) Study of the desorption of linuron
from soils to water enhanced by the addition of an anionic
surfactant to soil-water system. Water Research 37, 31103117.

[7]

Razeka, K., Ouassila, B. and Fatiha, B. (2009) Surfactant remediation of diesel fuel polluted soil. Journal of Hazardous
Materials 164, 1179-1184.

[8]

Kingsley, U. Turgay, P. and Mehmet, G. (2004) Surfactants
treatment of crude oil contaminated soils. Journal of Colloid
and Interface Science 276, 456-474

[9]

Sailaja, D., Suhasini, K.L. and Kunar, S. (2003) Theory of
rate of solubilization into surfactant solutions.Langmuir 19,
4014-4026.

CONCLUSION
This study revealed that β-CD can efficiently promote
desorption of mixed petroleum hydrocarbons, which fit
with a pseudo-second-order equation. In this desorption, βCD was adsorbed on soil particles simultaneously. Desorption of TPH was affected by β-CD concentration, so, if the
β-CD concentration was higher, the adsorption of β-CD by
soil particles was stronger and desorption of TPH decreased.
Desorption process of β-CD was in accordance with a
Freundlich equation. Furthermore, carbon number influenced the inclusion reactions between β-CD and petroleum hydrocarbons, and desorption of TPH from soil.
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THE PLANT POLYPHENOL CAFFEIC ACID AFFECTS LIFE
TRAITS DIFFERENTLY IN THE NEMATODE Caenorhabditis elegans AND THE CLADOCERAN Moina macrocopa
Kerstin Pietsch, Sylva Hofmann, Ramona Henkel, Nadine Saul, Ralph Menzel and Christian E.W. Steinberg*
Freshwater & Stress Ecology Laboratory, Department of Biology, Humboldt-Universität zu Berlin, Berlin, Germany

ABSTRACT
During decomposition and humification of leaf litter,
soil and freshwater organisms may be exposed to plant polyphenols and affected by them. If non-specific biotic interactions of these compounds were considered so far, only
adverse impacts have been in the focus. Yet, potential
beneficial effects remain obscure. In this contribution we
followed the hydrological path of the water-soluble polyphenol, caffeic acid (CA), by testing a soil and a freshwater
model animal. Caenorhabditis elegans and Moina macrocopa were exposed 0, 50, 100, 200, and 300 µM CA and
lifespan and lifetime offspring output were recorded. With
M. macrocopa, even 500 µM were applied. In C. elegans,
lifespan extension and a reduction of offspring numbers
was observed; whereas M. macrocopa responded with reduced lifespan, but increased offspring numbers. Potential
antimicrobial activity of CA did not apply for the lifespan
extension in C. elegans. The reaction patterns of both model
animals are discussed in the light of two actual hypotheses:
hormesis and disposable soma theory. Hormesis can be excluded, since with both animals one life-trait parameter has
been adversely affected. The disposable soma theory implies the optimal allocation of metabolic resources between
somatic maintenance and reproduction. Both model organisms are r-strategists with the potential of developing diapausing stages. Hence, the different reaction patterns do not
seem to be a specific optimization of the niche exploitations, but to mirror the intrinsic variability of resource allocation of different species.

KEYWORDS: Caenorhabditis elegans, Moina macrocopa, caffeic
acid, longevity, fecundity, humification polyphenols

INTRODUCTION
Plant-derived polyphenols are constituents of the water-soluble part of the soils humus layer [1–3]. However,

many polyphenols in general, and quercetein, resveratrol,
catechin, gallic acid, ellagic acid, tannic acid, and caffeic
acid in particular, are currently in the focus of scientific
interest primarily due to their health protective and antiaging properties [4–13] and to their allelochemical (herbicidal) potential [14, 15], but to a lesser degree due to their
function as substrates in the humification process [1-3, 1620]. Interestingly, by natural attenuation the allelochemical action of polyphenols can be reduced in the presence
of humic substances [21], which themselves, in turn, may
impact various organisms ambiguously, including even
strongly adversely [22]. As a consequence, the resulting
effect of such complex, environmentally realistic exposures
can hardly be predicted. This situation becomes even more
complex, because recently, another environmentally relevant property of plant polyphenols in general and caffeic acid in particular has been documented, namely the
anti-microbial activity towards pathogenic as well as nonpathogenic bacteria [23-25].
Even less well understood than their impact on microorganisms and plants is the potentially adverse impact
of individual polyphenols on animals. During decomposition and humification of leaf litter, various polyphenols
are released and may have an adverse impact on soil and
freshwater organisms [26-28]. If any, only the adverse biological effects have been in the focus of interest; yet, from
studies of plant polyphenols and humic substances, it is understood that low to medium concentrations are by no
means toxic, rather they may extend the lifespan of exposed
organisms, modulate their lifetime reproductive output,
display antimutagenic and anticarcinogenic activities, modulate the inflammatory status of an organism, and prevent
from sepsis [6–10, 29–38]. Higher concentrations of humic substances, and most likely also of the polyphenols,
however, may be lethal [33, 39, 40]. This means that single
as well as complex polyphenols behave ambiguously with
respect to their toxic effects towards organisms. Following the hydrological path, not only soil organisms may be
affected; when the seepage water enters freshwater bodies,
even various aquatic organisms may be exposed to such
substances. However, potential effects of plant polyphenols
on freshwater organisms have not yet been elucidated.
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In this contribution, we comparatively evaluate life
traits of the model organisms Caenorhabditis elegans Maupas as soil and compost dweller and Moina macrocopa
Straus as freshwater (puddle) inhabitant. Due to their easy
maintenance and handling, both world-wide distributed organisms are widely used in ecological and ecotoxicological
testing [41–43], or aging research [44–46]. The organisms
were exposed to caffeic acid (CA), a constituent of the
water-soluble fraction of phenolic substances in soils [1–3].
The applied life table data is common in aging research
[6, 7, 9]. We try to answer the question whether or not CA
was toxic to the exposed model organisms and if their
strategic respond to CA exposure was similar. In particular,
how did CA exposure modulate the lifespans and/or offspring numbers in both model organisms? Both life traits
are alternatives in the lifetime resource allocation and may
help to optimize the niche exploitation of C. elegans and
M. macrocopa.
MATERIAL AND METHODS
Caenorhabditis elegans strain and Moina macrocopa clone

The wild type strain N2 (var. Bristol) of C. elegans
was used. It was maintained at 20°C on nematode growth
medium (NGM) seeded with Escherichia coli feeding
strain OP50 [47]. The wild type strain N2 (var. Bristol), as
well as the OP50 strain, were obtained from the Caenorhabditis Genetics Center, University of Minnesota, USA.
To test for antimicrobial effects, lifespan assays were also
conducted with heat-killed OP50 (30 minutes at 65°C)
according to Gruber et al. [48].
CA was added to the NGM medium and the OP50 bacteria (final concentrations of 100, 200 and 300 µM). Equal
amounts of solvent (final concentration of 0.3% (v/v) dimethylsulfoxid (DMSO); Applichem, Germany) were used
in all conditions. The lifespan assay (see also 9) was performed with L4 larvae (the P0 generation) which were transferred with a platinum wire to standard plastic Petri dishes
containing 0, 100, 200, or 300 µM CA. L4 larvae of the
following generation were transferred to fresh plates with
about 15 animals per plate, and at least 100 nematodes per
treatment. Surviving and dead animals were counted daily
(starting on the first day of adulthood) until all the nematodes had died. The reproduction assay was performed with
pre-treated L4 larvae (10 per concentration) which were
transferred individually to 10 treatment plates, and moved
to a fresh plate each day until reproduction ceased. The offspring of each animal was counted at the L2 or L3 stage.
The test was performed twice.
The tested clone of the small cladoceran species M.
macrocopa was isolated from a puddle in Rio de Janeiro,
Brazil [49]. The stock culture of M. macrocopa was maintained in a basic medium, the artificial Daphnia medium
[50] mixed with Berlin tap water (1:1, v:v), to avoid any
risk of acidification by the addition of CA. The development of further stresses, such as crowding and subsequent

development of males, was avoided to evaluate only the
impact of CA on the life performance of Moina. The densities of individuals, therefore, were evaluated in pre-tests
which allow pure parthenogenetic reproductions. If male
Moina occurred, the density was reduced. No exposure
scenarios were stressful with respect to crowding. The toxicity of CA towards M. macrocopa was evaluated in pretest and the following non-acute toxic concentrations were
applied: 0, 50, 100, 200, 300, and 500 µM. Each exposure
was run in triplicate in 500 ml vessels with 20 neonates
(<24 h) at 30±1°C in darkness.
Test design and statistics

CA is a naturally occurring plant polyphenol [1–3] and
consists of both phenolic and acrylic functional groups; it
was purchased from Sigma-Aldrich, Steinheim, Germany.
Animals and offspring were counted and exposure was
exchanged daily. M. macrocopa was fed with the green
algae Pseudokirchneriella subcapitata (Koršikov) Hindák.
P. subcapitata strain NIVA-CHL 1 was obtained from the
Culture Collection of Algae at the University of Göttingen,
Germany. The algae were cultivated in freshwater medium [51], and grown in batch cultures under permanent light
with approximately 40 µmol photons m-2 sec-1. Purified air
was pumped through the culture, and algae were harvested
during logarithmic growth. The animals were fed with 10 ml
of a logarithmically growing culture with ~5x106 cells ml-1.
Mean, median, and maximum lifespans were assessed
for each condition. The C. elegans results are means of two
independent trials, and those of M. macrocopa a representative trial of series. Alterations in the lifespan values
of treated versus untreated animals were specified in percentages. The statistical significance of the entire lifespan
was tested by means of the log-rank test, which has specifically been developed for lifespan curves [52]. To
gauge reproduction of C. elegans, the offspring numbers of
single days were checked and evaluated for statistical significance, because the worm reproduces only during a short
period of its lifetime. In contrast to C. elegans, with M.
macrocopa cumulative offspring numbers were presented
in order to evaluate the potential impact on the reproductive periods of the animals, although mean values of the
reproductive out-put of M. macrocopa were taken to check
the statistical sig-nificance. This significance was calculated by one-way ANOVA (Sigma Stat 3.5, SPSS Inc.,
USA). Differences were considered significant at p<0.05,
and highly significant at p<0.01. Cumulative curves of the
reproductive output are presented in the graphs in order to
identify potential phases of reproduction.
RESULTS AND DISCUSSION
Exposure to CA at all concentrations expanded the
lifespan of C. elegans significantly (Fig. 1A, Table 1 upper
panel), with the strongest expansion at 300 µM. At this
concentration, the impact on reproduction was checked:
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TABLE 1 - Median, mean, and maximal lifespan of Caenorhabditis elegans and Moina macrocopa exposed to caffeic acid.
Caenorhabditis elegans
µM
0
100
200
300

Median
days
13.7
14.7
14.0
16.2

Moina macrocopa

Mean

% of control
100
105.2
102.2
118.2

days
14.1
15.3
15.1
16.6

Median

µM
0
50
100
200
300
500
ns = not significant

days
14.9
12.9
13.3
12.3
12.0
10.1

Maximal

% of control
100
108.8
107.2
117.8

days
24.0
24.7
24.3
26.7

Mean

% of control
100
86.4
89.6
82.6
80.9
68.2

days
13.2
12.1
12.6
13.6
11.4
10.6

% of control
100
102.8
101.4
111.1
Maximal

% of control
100
92.0
95.9
103.0
86.4
80.6

days
17.3
15.7
17.3
18.0
16.0
13.7

% of control
100
90.4
100
103.9
92.3
78.9

N

p
for the entire lifespan

235
261
239
249
N

<0.001
<0.05
<0.001
p
for the entire lifespan

50
62
56
60
59
48

ns
ns
ns
<0.002
<0.001

Survival rate, %

100
100**

200*

300**

50
0

A
0
Reproductive ouput per worm, N

5
300

10

15

20

25 Days

B
0
300
**

200

*

100
*

0

1

*

2

3

4 Days

FIGURE 1 - Lifespan modulation (Α) and cumulative as well as single day reproductive output (Β) of Caenorhabditis elegans exposed to
caffeic acid; white: control; grey: 300 µM CA, error bars represent standard deviation, * p<0.05, ** p<0.01
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C. elegans only reproduced during four days (Fig. 1 B),
and exposure to 300 µM CA led to delayed and slightly,
yet, over the whole reproduction period, not significantly,
reduced reproduction. However, during the first two days,
the reproduction was significantly reduced. This means that
the non-productive phase of the nematode was expanded.
A delay of the onset of reproduction is not uncommon, since
a tendency towards delayed reproduction in C. elegans has
also been observed upon exposure to catechin, resveratrol,
and vitamin E [7, with further references]. As for catechin,
quercetin, and tannic acid [6, 7, 12], lifespan assays with
heat-killed bacteria mixed with respective polyphenol as
food source, revealed still a lifespan extension in CA treated
nematodes compared to control worms (data not displayed).
Therefore we exclude antimicrobial effects of CA in the
applied concentration of the OP50 feeding strain. Furthermore, the applied concentrations in that study, which discovered an antimicrobial effect of CA and determined minimum inhibitory concentration [23], lay more than three
orders of magnitude above the concentrations applied in the
present study. Our survey of plant polyphenols as potential anti-aging agents revealed that only with few compounds, namely gallic acid and ellagic acid, there was no
lifespan expansion with killed bacteria (unpublished data),
suggesting antimicrobial effects of the applied polyphenols
against the E. coli food source as main reason for observed
lifespan extension.

In contrast to C. elegans, M. macrocopa reproduced
during its whole lifetime, and a delayed start of reproduction was not observed (Fig. 2 B). Exposure concentrations
up to 200 µM did not significantly modulate the lifespan,
but 300 and 500 µM clearly reduced it (Fig. 2A, Table 1,
lower panel); this reduction as such may be taken as an indication of a slight intoxication. Yet in contrast to lifespan,
the lifetime reproductive output significantly increased with
rising CA concentrations. This means that CA exposure is
not really toxic, but impacts the energy allocation of M.
macrocopa.
From medical studies with mammals, it is known that
CA possesses anticarcinogenic and antiseptic properties and
may modulate the inflammatory status of an organism [36–
38]. Since C. elegans is too short lived to develop cancer
[53, 54] and since injured individuals die soon, but do not
recover, none of these CA properties can explain the observed lifespan expansion in C. elegans. In fact, these CA
properties appear to be valid only for the longer-lived animals, such as vertebrates including mammals.
The mentioned lifespan expansion in C. elegans may,
at the first glance, be considered a hormetic effect, whereby
a low dose/concentration of a chemical agent triggers from
an organism the opposite response to a high dose [55]. Calabrese [55] and others have presented a high variety of
examples, in which this principle appears to hold true.

FIGURE 2 - Lifespan modulation (Α) and lifetime reproductive output (Β)
of female Moina macrocopa exposed to CA (µM), * p<0.05, ** p<0.01
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Hormesis is generally thought to be caused by an overreaction of detoxification mechanisms, which is considered an adaptive response that should protect an organism
from subsequent stress. Weltje et al. [56] were the first to
show that a variety of life trait parameters must be considered, if an effect based on a chemical exposure should
be termed ‘hormetic’. With the estrogenic environmental
chemicals bisphenol A and octylphenol, and the estrogenic
drug diethylstilbestrol, they authors showed that while there
were similarities (inverted-U dose-response), there were also
differences, such as oviduct rupture, an enlarged prostate,
feminization of males and reduced sperm quality. Because
in the current example of C. elegans exposed to CA, the
offspring production tended to be adversely affected, it is
questionable to consider the corresponding lifespan expansion hormetic. The same applies to the increased numbers
of offspring in Moina, because the other life trait parameter, namely lifespan, is adversely affected by CA exposure.
Furthermore, the given definition of hormesis remains
phenotypic and does not properly reflect potential underlying regulatory pathways; because a recent review presented evidence that the widespread phenomenon of
hormesis has a genetic basis that goes beyond an adaptive re-sponse [57]. This means the gene expression patterns
of low and high dose/concentration exposures significantly differ from each other. This applies even to proteins as
already one pioneering proteomics paper clearly shows
[58]. It is consequently open to future research, if different
gene and protein expression patterns apply to CA exposure
of C. elegans at low versus high concentrations.

strategists which colonize unstable or unpredictable environments; here, the ability to reproduce quickly is crucial.
Furthermore, both model organisms possess the capability
of producing diapausing stages to overcome adverse situations: C. elegans develops dauer stages, and M. macrocopa
produces ephippia. This means that there is no clear difference in their main strategy to exploit their habitats, which
could explain the difference in responses to CA exposure
described. In other words, there is no extrinsic factor noticeable which could be best met with the specific resource
allocation which the two model organisms have developed
under CA exposure. It appears, rather, that C. elegans and
M. macrocopa simply mirror the intrinsic variability of
allocation of metabolic resources during chemical exposure and aging. Furthermore, the applied CA concentrations
are by no means toxic; they only modulate the resource
allocation in the two model animals.
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Even if hormesis would apply to the described
lifespan expansion of C. elegans, it does not exclude
different resource allocation strategies: these two principles do mutually support each other. The optimal allocation
of me-tabolic resources between somatic maintenance and
repro-duction and the organisms is the core assumption of
the so- called Disposable Soma Theory [59]. By an optimal
resource allocation, the animals optimize the exploitation
of their ecological niches and cope with stressors in a
fluctuating environment. The theory implies that the
amount of energy available to an organism is distributed to
three sectors, namely maintenance, growth, and reproduction. Additional energy consumption that is necessary to
facilitate an increased lifespan should, therefore, cause an
energy im-balance resulting, for example, in negative
effects in body size or offspring quantity. The supporting
evidence is abundant. Mouse lines and Drosophila melanogaster reduced in body size exhibit longevity [59]. The two
model organisms tested in this contribution, however,
responded differently to CA. Whereas in C. elegans the
redistribution of energy tends, if at all, to take place from
the reproduction to the maintenance (longevity) sector; in
M. macrocopa the con-verse happens: the energy is redistributed from the maintenance to the reproduction sector.
It is interesting to note that both model organisms are
short-lived and usually reproduce asexually with high numbers of offspring. Hence, both may be categorized as r-
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ABSTRACT
Bosphorus and Dardanelles form the Turkish Straits
System together with the Marmara Sea. The system provides a connection between the Mediterranean and the
Black Sea. Istanbul and its coastal environment have been
strongly affected by wastewater discharges, high population and heavy ship traffic. The aim of this study is to provide a comparison between the chemical and biological
analysis of surface sediment samples, which were collected
from 17 different coastal stations of the Istanbul Strait, to
determine the pollutants and comparable effect related data.
For the chemical analysis, PAH, PCDD/F and PCB isotope
dilution techniques, and for the biological analysis, Micro
EROD (24-h and 72-h) assay were employed. Highest
values were found at the most polluted sites due to ship
traffic and wastewater discharges. Most of the results of
chemical analysis were lower or close to biological analysis,
except for the samples from two stations where antagonistic modulators are indicated to be present in the Micro
EROD assay. This study suggests that the WWTP discharges into Bosphorus and the heavy ship traffic are important sources of pollution in the sediment, as evidenced
by high concentrations of toxic and persistent organic chemicals. Local discharges of the megacity should be further
decreased.

KEYWORDS: Micro EROD assay; PAH; PCB; PCDD/F; Sediment; Strait of Istanbul

INTRODUCTION
The hepatic cytochrome P450 monooxygenase system
in animals has been shown to be functionally involved in
the biotransformation of many xenobiotic compounds, such
as polychlorinated dibenzo-p-dioxins, -furans (PCDD/F),
polychlorinated biphenyls (PCB), and endogenous mole-

cules, such as steroids. Induction of cytochrome P450 enzyme levels has been employed as a biochemical marker in
a variety of monitoring studies over the past decade [1-3].
Judging from the levels of these enzyme activities, the
impact of xenobiotics on biological systems can be determined; however, the chemical analyses of these chemicals
do not provide sufficient information on the complete impact of dioxin-like pollutants on biological and ecosystems.
One of the most well used and standardized assays of
P450 enzymes level is the measurement of the activity of
an enzyme called 7-ethoxyresorufin o-deethylase [4]. This
enzyme converts ethoxyresorufin (7-ethyl-resorufin, 7-ER)
to resorufin by deethylation in the presence of NADPH
and oxygen, and the assay is well-known as EROD assay.
The amount of resorufin produced is measured fluorometrically by spectrophotometry at 535 nm after the addition
of NADPH and the samples to be tested.
In addition to the EROD assay chemical analyses,
which include analyses of polycyclic aromatic hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and polychlorinated biphenyls (PCBs),
has been executed complementary in this study. PCBs and
PCDD/Fs are families of global persistent organic pollutants and they are widespread in the abiotic and biotic environmental compartments as complex mixtures of their
congeners [5].
Istanbul Strait (Bosphorus), which is a narrow channel
and Çanakkale Strait (Dardanelles) form the Turkish Straits
System (TSS) together with the Marmara Sea. The system
provides a connection between the Mediterranean Sea and
the Black Sea. The TSS is also one of the most important
routes for oil transportation in the world. Istanbul and its
coastal environment (Istanbul Strait) have been strongly
affected by wastewater discharges, high population and
heavy ship traffic. The oceanographic characteristics of
the Istanbul Strait have been studied earlier, however, the
strait ecosystem and priority pollutants in the strait have
not been studied in detail previously [6-8].

1246

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

MATERIALS AND METHODS
Sampling and storage

Surface sediments (0-10 cm) were collected from the
coastal stations (Fig. 1) of the Istanbul Strait and from the
coast of an island in the Marmara Sea during the period of
January-February 2007 (Fig. 1).

avoid the creation of “bow wave” by using glass beakers.
At some stations, sediment sampling was not possible, even
by diving because of the current and rocky seafloor. Samples were collected by SCUBA and/or free diving, and the
range of water depth was recorded as 1-5 m. The names of
the stations and their coordinates are given in Table 1. The
samples were stored at -20 oC until analysis.
Test materials

In the extracts of 17 sediment samples (16 are from the
strait and 1 from the island in Marmara Sea), 7-ethoxyresorufin-O-deethylase (EROD)–activity of intact cells grown
in 96-well microtiter plates was analyzed following a standardized bio-analytical protocol.
Analytical methods

Chemical analyses were performed in the laboratory
which are compliant with EN 17025 standards.
Extraction and clean-up of samples for the Micro-EROD
assay

20 g of wet sediment sample, mixed with hydromatrix
(Isolute HM-N, Biotage) for water adsorption, was extracted for 24 h in a Soxhlet apparatus using 250 ml toluene. After that, the extracts were concentrated up to 4 ml
in a rotary evaporator for the execution of a clean-up step
through a multilayer chromatography column. This column consisted of 5 g active silica gel, 10 g silica gel
(44% H 2SO 4), 20 g silica gel (4% H2O) and 5 g Na2SO4,
from bottom to top. The column was eluted with 450 ml
solvent mixture of n-hexane/dichloromethane (99:1, v:v).
The eluate was concentrated and transferred to 500 µl
DMSO/ isopropanol 4:1 (v:v) solution under a gentle N2
stream at 45 °C.

FIGURE 1 - The coastal stations of the Istanbul Strait [5].

Due to the rocky structure of the sampling stations on
the Strait coastline, core and grab sampling was not possible. Divers carefully collect the surface sediment ensured to

Cell culture for the micro-EROD-assay

Rat hepatoma cells H4IIEC3/T (H4IIE) were grown as
described earlier [9, 10]. Cells were seeded at a density of
1x105/60 mm circular culture plate. Upon attaining a den-

TABLE 1 - Station names and their coordinates
Sampling Sites Name
Rumeli Feneri ilerisi
Garipçe Köyü
Rumeli Kavağı
Büyükdere
Tarabya
İstinye
Balta Limanı
Bebek
Ortaköy
Beşiktaş
Anadolu Feneri
Poyraz
Kandilli
Kuzguncuk
Üsküdar
Moda iskelesi

Sampling Sites
Coordinate
No
1
41º 14.455 N - 029º 05.855 E
2
41º 12.818 N - 029º 06.594 E
3
41º 11.022 N - 029º 04.574 E
4
41º 09.207 N - 029º 02.324 E
5
41º 08.232 N - 029º 03.444 E
6
41º 06.633 N - 029º 03.515 E
7
41º 05.963 N - 029º 03.256 E
8
41º 04.803 N - 029º 03.084 E
9
41º 02.829 N - 029º 01.639 E
10
41º 02.429 N - 029º 00.343 E
12
41º 12.907 N - 029º 09.109 E
13
41º 12.334 N - 029º 07.596 E
18
41º 04.451 N - 029º 03.541 E
19
41º 02.380 N - 029º 02.144 E
20
41º 01.285 N - 029º 00.411 E
21
40º 58.786 N - 029º 01.488 E
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Specifications
Small bay
Small fishing village
Touristic place with a small fishing port
Residential area with a small river mouth
Small bay used as a port
River mouth and old shipyard
River mouth connected with a treatment plant
Crowded residential area and cost line used as a port
Historical touristic place connected with a small sewage
Crowded city center with sea bus port
Small fishing village
Harbor
Near two river mouth connected with industry area
Residential area
Residential area with high current and ship traffic
Small port
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23

40º 51.550 N - 029º 06.769 E

sity of about 70% confluency, cells were exposed to known
amounts of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD,
0.5-40 pg TCDD/well). All TCDD standards or samples
were dissolved in DMSO/isopropanol (4:1, v:v) and added
to the cell cultures. The final volume of TCDD standards
and samples was 0.5% of the total volume per well. After
72-h exposure, the medium was removed and cells were
harvested by scraping with a rubber spatula. Cell suspensions were transferred with 1 ml phosphate buffered saline
(PBS) into Eppendorf vials and kept at -80 °C until use.
Micro-EROD-assay

7-Ethoxyresorufin-O-deethylase (EROD)–activity of intact cells grown in 96-well microtiter plates was determined
[9, 10]. H4IIE cells were incubated in culture flasks at 37 °C
and 7.5 % CO2. The hepatic cells were trypsinized, then
counted with a Neubauer cell counter and diluted in supplemented medium (DMEM) in order to achieve a cell concentration of 1x105 cells ml-1. Cells were seeded into 96well plates. After 1 day of growth, the medium was replaced
by a 100 µl medium containing the sediments (each sample
with 1/1, 1/2, 1/4 and 1/8 concentrations) and cells were
exposed for 24 and 72-h. The medium was then removed
and 100 µl fresh medium containing 8 µM 7-ethoxyresorufin and 10 µM dicuramol were added, and after incubation at 37 °C for 30 min, the medium was transferred to
another 96-well plate containing 200 µl ethanol. Resorufinassociated flurorescence was measured at 535 nm excitation
and 590 nm emission using a multi-well fluorescence
reader. All samples, blanks and standards were prepared
in duplicate on well plates as quadruplicates. One of the
duplicates was used for the 24-h incubation, and the other
one for the 72-h incubation.
After measurement of EROD activity, the 96-well
plates were used for determining the protein amounts [11].
Finally, cytotoxicity of the test materials were assayed employing the Resazurin test [9, 10].
Calculation of biological TEQ values

The biological TEQ values were calculated according
to Hanberg et al. [12]. Comparing the induction or inhibition of enzyme activity by environmental sample extracts
with series concentrations of TCDD standard, the average
deviation between the quadruplicate measurements was
25% [2].
PCDD/F and PCB analysis
Extraction and clean-up of samples

Extraction of PCB and PCDD/F was carried out with
20 g of wet sediment sample, mixed with hydromatrix
(Isolute HM-N, Biotage) for water adsorption, using an
Accelerated Solvent Extractor (ASE 200) device (Dionex,
Sunnyvatem CA, USA) [13].

Small touristic bay on the island

a mixture of n-hexane:acetone (75:25, v/v) at 120 °C and
a pressure of 12 MPa. Two static cycles of 10 min were
applied for a complete extraction. To remove interferences,
the concentrated crude extracts (ca. 1 ml) were cleaned-up
by several sequential liquid chromatography steps as follows: A multilayer chromatography column was filled with
5 g anhydrous Na2SO4, 2 g activated silica gel, 4 g silica
gel treated with 10% AgNO3, 2 g silica gel, 2 g silica gel
treated with 30% NaOH, 2 g silica gel, 10 g of silica gel
treated with 44% H2SO4, 2 g silica gel and 5 g anhydrous
Na2SO4 (top), and washed with 50 ml n-hexane.
A reversible carbon column (100 mg Carboxen 1016,
Supelco) was rinsed with 25 ml toluene and 25 ml n-hexane, respectively, and directly connected to the outlet of the
multilayer column. The concentrated extract was added onto the top of the multilayer column and eluted with 200 ml
n-hexane. The PCDD/F and coplanar PCB compounds were
retained on the carbon column, whereas all other PCB congeners passed both columns. After disconnection, the carbon column was further eluted with 30 ml of n-hexane/ dichloromethane (9:1; v:v). Both eluates were combined,
concentrated and further cleaned on a C18-modified silica
column (1 g Isolute C18, Biotage). The column was eluted
with 4 ml acetonitrile, and the eluate was reduced to a final
volume of 20 µl for GC/MS analysis.
The PCDD/F and coplanar PCB compounds were backwashed from the carbon column with 100 ml toluene. This
fraction was further cleaned on a chromatography column
filled with 5 g aluminium oxide (Alumina B super I, ICN)
[14]. The first fraction with 35 ml n-hexane/chloroform
(88:12, v:v) was discarded; the second fraction with 50 ml
dichloromethane was reduced to a final volume of 10 µl
and analyzed by GC/MS.
Determination

PCDD/F and PCB analysis was performed by gas
chromatography-high resolution mass spectrometry; the
instrumental parameters are listed in Table 2. The MS was
operated in SIM mode and the two most intense ions of
the molecular ion cluster were monitored for unlabelled
and labeled isomers [15, 16].
PAH analysis

Naphthalene, acenaphthylene, acenaphthene, fluorene,
phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, benzo(ghi)perylene and dibenzo(a,h)anthracene were analyzed in a previous study [17] by using a high resolution gas chromatography/high resolution mass-spectrometry (HRGC/HRMS)
system with the same samples. The instrumental analytical
details can be found in Wang et al. [18].

After spiking with the 13C-labelled standard mixture
for quantification, the extraction was performed by using
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RESULTS AND DISCUSSION

Comparison of PAH concentrations in sediments
from different coastal areas of Turkey and other countries

TABLE 2 - GC/MS parameters for the isomer specific detection of PCDD/F and PCB compounds.

GC:

MS:

PCDD/F

PCB

Type: Agilent 6890;
Column: Rtx-Dioxin2, 60 m, 0.25 mm ID, 0.25 µm film
thicknes (Restek);
Temperature program: 130 °C, 1.5 min, 45 °C min-1, 205 °C, 5
min, 9 °C min-1, 305 °C, 20 °C min-1, 310 °C, 15 min;
Carrier gas: helium, constant flow: 1.5 ml min-1;
Injector: Cold injection system CIS 4 (Gerstel);
Temperature program injector: 120 °C, 12 °C s-1, 280 °C, 5
min;
Temperature transferline: 300 °C;
Autosampler: A200S (CTC);
Injection volume: 1 µl pulsed splitless
Type: MAT 95S (Thermo);
Ionisation mode: EI, 50 eV, 260 °C;
Resolution: > 9000;
Detection: SIM mode

Type: Agilent 5890 Series II;
Column: Rtx-CLPesticides2, 30 m, 0.25 mm ID, 0.2 µm film
thickness (Restek);
Temperature program: 100°C, 1.5 min, 3 °C min-1, 270 °C, 15 °C
min-1, 300 °C, 10 min;
Carrier gas: helium, head pressure: 16 psi;
Injector: Cold injection system CIS 3 (Gerstel);
Temperature program injector: 120 °C, 12 °C s-1, 280 °C, 5 min;
Temperature transferline: 300 °C;
Autosampler: MPS2 (Gerstel);
Injection volume: 1 µl splitless
Type: MAT 95 (Thermo);
Ionisation mode: EI, 47 eV, 260 °C;
Resolution: > 8000;
Detection: SIM mode

Table 3. Comparison of PAH concentrations in sediments (pg g− 1, dry weight) from different coastal areas of Turkey and other countries.
Sites

Concentration range (x103)

References

Istanbul Strait

1.1–3152

[17]

Marmara Sea

144

[17]

Istanbul Strait entrance, Black Sea

14–531

[23]

Russian Federation, Black Sea

61–368

[23]

Ukraine, Black Sea

7.2–638

[23]

Izmit Bay, Marmara Sea, Turkey

120–11400

[24]

Gemlik Bay, Marmara Sea, Turkey

51–13482

[25]

Cretan Sea (South Aegean Sea)

15–159

[26]

South Turkey, Eastern Mediterranean

550–18700

[27]

Italy, North Adriatic

18–577

[28]

Croatia, North Adriatic

32–13681

[29]

Italy, Mar Piccolo, Taranto, Ionian Sea

380–12750

[30]

Baltic Sea

5–22100

[31]

Arcachon Bay

32–4120

[31]

Western Mediterranean

1.2–20400

[31]

are as are shown in Table 3. There are also some studies
including chemical analyses and/or EROD assays on the
marine environment, which were mostly focused on fish
species and/or mussels [19-22]. However, there is no comparison between chemical analysis and bioassay on sediment published. This study exemplifies this approach on
the Istanbul Strait, which has a unique geographical formation with different currents, and also sediments of
Istanbul Strait, having a very busy watercourse with
annually 50,000 ships.
The pressures over the Istanbul Strait ecosystem may
result from intentional or accidental discharges from shipping activities, atmospheric emissions, Black Sea inflow,
other non-point sources and disposal of mainly domestic
wastes, including river effluents [5]. The discharges of

Istanbul city have been injected into the lower layer of
Marmara Sea, and carried by the lower current into the
Black Sea since the beginning of the 90s [32]. The
wastewaters have been discharged directly into the surface
waters until the sewage outfalls installed by “The Istanbul
Water and Sewage Authority (ISKI)” [33]. ISKI
wastewater discharges along the Strait coastline are shown
in Fig. 2. There are also several uncontrolled discharges
along the strait coast-line [6].
The currents are also a very important factor for the
dispersion of pollution. In Istanbul Strait, they are surface,
deep, counter and Orkoz currents [32, 33]. Because of their
curvy structure, currents create eddies in the inlets of the
strait, and cause elevated pollution in those inlets. Sampling
stations 6, 8, 9 and 18 are good examples since they exhibit
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higher EROD 24-h values (15.86, 24.92, 19.77 and 26.07 pg
g-1, dry weight), respectively. Fig. 3 indicates the similarity

between the currents and the accumulation of chemical
compounds. It would appear that the counter current has the

FIGURE 2 - ISKI wastewater discharges along the Strait coastline (Squares with P show the discharge points) [33].
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FIGURE 3 - Istanbul Strait water currents [36] and EROD (24-h/72-h) results.
Station 19
2.22
Station 20
2.32
Station 21
7.07
Station 23
4.24
* lower than LOQ

most effect on the pollution in Istanbul Strait. EROD 24-h
is comparable to PAH+PCDD/F+PCB analysis and EROD
72-h is comparable to PCDD/F+PCB analysis, because the
PAHs are inactivated by the cells after 72-h.
The highest EROD 24-h values were found at the stations 8 (24.92 pg TCDD g-1, dry weight) and 18 (26.07 pg
TCDD g-1, dry weight). Highest EROD 72-h values were
determined at station 8 (11.84 pg TCDD g-1, dry weight)
and 18 (9.99 pg TCDD g-1, dry weight). The EROD 72-h
of station 23 is not presented, because it was lower than
the limit of quantification of about 0.026 pg TCDD. Detailed EROD 24-h and 72-h results are given (Table 4).

TABLE 5 - PAH-TEF values for EROD response after 24-h [37].
PAH
Benzo(a)pyrene
Benzo(a)anthracene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Dibenz(a,h)anthracene
Indeno(1,2,3-cd)pyrene
*TEF – toxic equivalency factor

TABLE 4 - EROD results (pg TCDD g-1, dry weight).
Station 1
Station 2
Station 3
Station 4
Station 5
Station 6
Station 7
Station 8
Station 9
Station 10
Station 12
Station 13
Station 18

24-h EROD
2.58
2.36
3.74
3.52
3.49
15.86
2.46
24.92
19.77
8.57
2.25
2.98
26.07

72-h EROD
3.05
1.54
1.86
2.64
1.45
1.21
1.26
11.84
8.63
2.48
2.53
2.05
9.99

1.43
1.49
3.73
-*

TEF* VALUE
(unitless)
3.0x10-4
2.7x10-5
3.8x10-4
2.9x10-4
7.8x10-5
8.6x10-5

Potential EROD induction of PAH values was calculated using TEF values based on the individual PAH component’s relative toxicity to 2,3,7,8-tetrachlorodibenzo-pdioxin. TEF values are presented in Table 5. The PAH-TEQs
were calculated as the sum of each individual PAH concentration multiplied by the corresponding TEF value [37, 38].
The biological and chemical results are shown for comparison (Table 6). The chemical analysis (PAH+ PCDD/F+
PCB) results from stations 6 and 8 show larger differences
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compared to the results for the EROD 24-h. Antagonism
could be one possible reason for this result.
Stations 6 and 8, which have a connection with a creek,
are more contaminated than the other sites. Station 6 is
situated in a semi enclosed waterbody and has been affected by the industrial contamination carried by the İstinye River. The structure of the cove creates also reverse
currents/eddies which may allow the pollutants to stay
and accumulate. The station is heavily used by leisure boats
and, most importantly, the area has been used as a shipyard for a long period of time (70 years). It is well-known
that a shipyard is a workplace contaminated with spilled
petroleum, paints, solvents, hydraulic liquids, etc. in relation to shipbuilding and repair activities The shipyard
stopped its activities in 1991 [6]. Operation of the shipyard probably caused the release of several pollutants to
accumulate in sediments. Station 8 has the second-highest
total PAH concentration after station 6. The hydraulic properties of that station generate reverse currents/ eddies, and it
is under the pressure of high population. This site is used as

a marina for leisure boats which probably cause pollution
by uncontrolled discharges (Fig. 4). The temperature differences between Bebek (station 8) cove and the main
strait current show that the waters in the cove are not affected by the main current system, and these two waters do
not mix efficiently [39]. There are also waste discharges
from pharmaceutical factories into the tributaries.
The surface currents from the Black Sea are also one
of the most important pollution sources of Istanbul. It is
well-known that the northwestern part of the Black Sea
receives a number of land-based sources of pollution from
the Danube, Dnieper and Dniester river, an important
source of organochlorine substances, as it flows through
several regions with intensive agriculture and industrial
activities [5, 41]. Maldonado and Bayona [42] showed that
the Danube River estuary contains 4.3– 57.4 pg L-1 of
PCBs in the particulate matter, and 77.7–102 pg L-1 of
PCBs in dissolved phase showing the relevance of the
river to the transport of PCBs into the Black Sea waters.

TABLE 6 - Comparison EROD assay to chemical analysis
Station
No.
2
6
8
10
13
18
20
23

PCDD/F + PCB
(TEQ WHO 1998, pg g-1, dry weight)
0.01
27.4
1.8
0.4
0.21
1.8
0.04
0.2

EROD 72-h
(pg g-1, dry)
1.54
12.1
11.8
2.48
2.05
10
1.49
*

PAH + PCDD/F + PCB
(TEQ WHO 1998, pg g-1, dry)
1.02
313
125
21.7
0.96
25.1
1.43
15

EROD 24-h
(pg g-1, dry weight)
2.36
15.9
24.9
8.6
2.98
26.1
2.32
4.2

FIGURE 4 - Position of stations 8 and 18 [38].

Those values reported for the Black Sea are higher compared to the reported data from the other regions, such as
PCB values for the particulate and dissolved phase were
found in the Mediterranean Sea to be 28–63 pg L-1 and

1.7–16.6 pg L-1, respectively [43]. Besides previous results
of the chemical analysis, there are no EROD results from
Istanbul Strait and Black Sea sediments to compare and to
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conclude about the presence of additional unknown Ahreceptor modulators.

polluted zones in the coastal areas of Istanbul Strait by
using ecotoxicological biomonitoring techniques”.

The chemical analysis results indicate a high level of
contamination. However, the EROD results, throughout,
are not similar to the chemical analysis as depicted for the
two stations 6 and 8. The measured organic chemicals and/
or unknown chemicals, such as pharmaceuticals, could cause
modulating and, in this case, antagonistic effects. In most
other cases, the difference between biological values and
chemical analysis is substantial, and rises the question which
unknown compounds could be responsible.
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ABSTRACT
Due to environmental concerns, there is a need to develop a proper metal-recycling strategy for waste printed
circuit boards (PCBs). The use of modified pyrometallurgy
to recover metals from PCBs was discussed in this paper.
Results showed that NaOH could be used as the slagformation material to ensure the effective separation of
metals from slag and to help decrease the melting temperature of PCBs. Addition of NaOH by 12 wt.% of PCBs
could result in more than 99% copper recovery below
1200 °C. The remaining slag in the blowing step was found
to favor the separation of Cu from other metals and allow
noble metals to enter the metal phase to the greatest extent.
When all of the slag was retained in the smelting step,
99.04% Ag recovery could be achieved. Additionally, the
resulting slag was shown to be very effective in cleaning
the pyrolysis gas mainly due to the deoxidization of Cu2O
and the interception of alkali materials. The mass balance
calculation demonstrated that 68.4% Cu-, 92.6% Ag - and
85.5% Au - recovery could be achieved in this process.
Taken together, the findings confirm preliminarily the
feasibility of modified pyrometallurgy in recovering metals from waste PCBs.

KEYWORDS: Printed circuit boards (PCBs), pyrometallurgy,
metal recovery, sodium hydroxide, deoxidization of Cu2O

recycling target of 15%, and a comprehensive emission
control system always entails more costs. Meanwhile, landfilling of PCBs may cause the leaching of hazardous compounds into nearby waterbodies. PCBs contain nearly 28%
metals that are mostly non-ferrous, such as copper (20%),
tin (4%), nickel (2%), and lead (2%), and the purity of
precious metals in PCBs is more than 10 times higher than
that of rich-content minerals [5-8]. Therefore, increasing
attention has been given to the issue of metal recovery
prior to the disposal of waste PCBs. Many related processes
have been done to address this, such as mechanical [7, 9],
hydrometallurgical [10], and pyrometallurgical methods
[11]. However, existing mechanical processes cannot meet
the future requirements of the industry because of their low
efficiency, high cost, and hazardous effects on the environment [12]. Hydrometallurgical methods also require the
extensive use of solvents and reagents [8], thus producing
high volumes of effluent during the recycling process that
must be carefully disposed [7].
The classic pyrometallurgical method has been proven
to be effective in recovering precious metals though the
emission of toxic gas that brings secondary pollution to the
environment during the process. Considering the high melting point (1723 °C) of the main slag-formation component
SiO2, NaOH was introduced to the pyrometallurgical process to decrease the operational temperature in the current
study. This work primarily aims to investigate the feasibility of pyrometallurgy in recovering metals from waste
PCBs by optimizing the process design and operational
parameters.

INTRODUCTION

MATERIALS AND METHODS

The ever-increasing quantity of waste printed circuit
boards (PCBs) has become a serious threat to the environment due to the copious existence of toxic materials
including heavy metals, PVC plastics, and brominated flame
retardants (BFRs) [1]. Further, the disposal of PCBs in many
established outlets, such as incineration facilities and landfills, has become increasingly difficult due to more stringent environmental standards [2-4]. For example, the incineration of PCB wastes does not meet the EU minimum

Experimental samples

The PCBs used in this work were sampled from waste
personal computers. Appurtenants such as the capacitor
and radiator were removed manually, and the PCBs with a
total weight of 29.3 kg were sheared into fragments (3×6
cm) by a clipper (Q12-12*2000). Roughly 50 g split sample was taken randomly and then ground to powder. The
metal contents were determined by dissolving 5.0 g of the
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TABLE 1 - Metal content of the PCBs in the experiment (wt. %).
Element
Content
Element
Content

Al
1.59
Na
0.002

Ca
3.20
Sr
0.02

Fe
0.22
Zr
0.016

Mn
0.012
Au
0.0076

Pb
0.63
Ba
0.16

Sn
2.31
Cu
24.69

Ti
0.09
Mg
0.10

Ag
0.0242
Ni
0.11

Pt
< 0.0027
Sb
1.97

As
0.006
Zn
0.08

Cr
K
0.025 0.027
Pd
< 0.0027

FIGURE 1 - Schematic diagram of the innovative pyrometallurgical process.

sample in aqua regia (50 ml) at ambient temperature for
30 min and measuring the metal concentrations in the resulting solution by inductively coupled plasma spectroscopy (ICP)-optical emission spectroscopy (OES). Digestion
for the sample was done in duplicates and ICP-OES reading was done for each solution in triplicate and averaged.
The metal contents are presented in Table 1.
Innovative pyrometallurgical process for metal recovery from
PCBs

The pyrometallurgical method was adopted to recycle
metals effectively from waste PCBs while minimizing the
release of toxic gas. The whole process consisted of three
parts, which is shown schematically in Figure 1. At first,
the PCBs were pyrolyzed under non-oxygen atmosphere
to allow the epoxy resin to decompose and to separate the
metals from slag. The metals and part of the slag were
then melted under oxidizing atmosphere to achieve congruent melting and recovery of metals. Finally, the pyrolysis gas containing pollutants from the first step was
cleaned with the melting slag formed in the second step
while accompanying the reduction of Cu2O in the slag to
elementary copper. As compared to the traditional pyrometallurgical process, the main differences of the current
method are as follows: (i) pyrolysis under non-oxygen atmosphere was adopted to decrease the production of dioxin to a greater degree, and (ii) the pyrolysis gases were
used as the reducing agent to minimize the emission of
toxic gas and maximize the recovery of metals.

Cu2O, the eutectic point is 1200 °C with 12.4-90% of Cu2O.
The experimental temperature was set at 1200 °C by analysis of the content of Cu2O. A crucible that contained about
100 g of the PCB sample was placed in the reactor at the
beginning of the experiment, and the reactor was then sealed
and purged with argon before being heated to 1200 °C at a
rate of 10 °C/min. The reactor was held at this temperature for 90 min to ensure that pyrolysis of the sample was
complete. After exiting the fixed bed reactor, pyrolysis
gases and oil passed through a water-cooled condenser
and then two ice-cooled condensers collecting any oil and
wax released during pyrolysis.

Experimental setup

Waste PCB was pyrolyzed in a fixed bed reactor
(height 900 mm, internal diameter 200 mm), which was
externally heated by a home-made 9 kW tube furnace (Figure 2). According to the binary phase diagram of Cu-

FIGURE 2 - Layout of the experimental equipment.

The pyrolysis gases and light oil were characterized
by GC-MS, the frozen oil was monitored by elementary
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analysis, and the molten metal mixture was analyzed by
ICP-OES. The resulting molten metal mixture was blown
under oxidizing atmosphere with and without the introduction of slag-formation material, respectively. Subsequently,
the pyrolysis gas was introduced into the smelting furnace
to be in contact with the Cu2O-enriched slag. The fume
was monitored by the fume analyzer, and the element bromine in the residue was identified by fluorescent X-ray
spectrometry.
RESULTS AND DISCUSSION
Separation of the molten metal mixture from slag

In this step, the molten metal mixture was separated
from the slag after pyrolysis. The waste PCBs and the slagformation material NaOH were heated together to ensure
the effective separation of the metals from the slag. The
use of the slag-formation material NaOH was mainly due to
the similar melting point of Na2O-SiO2 slag with copper,
and it was found that the addition of NaOH could notably
decrease the melting temperature. Figure 3 shows that the
complete melting temperature of the waste PCBs decreases
with the increase in NaOH. The addition of NaOH by
12 wt.% of waste PCBs could achieve the effective melting
of the mixture below 1200 °C, and the epoxy resin could be
broken down to reductive gas. In this oxygen-free atmos-

phere, metals, such as Fe, Cu and Pb, as well as precious
metals could exist at the bottom of the crucible in Cu alloy,
and the slag floating on top mainly consists of SiO2,
Al2O3, and CaO. After cooling down, the metals at the bottom can easily be peeled off from the resulting slag. The
metal contents of the residual slag and metal phase are
characterized in Tables 2 and 3, respectively. The components of the pyrolysis gases and light oil are presented in
Figures 4 and 5, respectively.
The noble metal in personal computer PCBs was mainly silver (Ag), while precious metal contents, such as Au,
Pt and Pd, were very low, especially those of Pt and Pd
which were below the detection limits (Table 1). It was
found that the recovery ratios of Cu, Ag, and Au in the
metal phase were 99.04, 99.8 and 94.9%, respectively, by
mass balance calculations from Tables 2 and 3. This result indicated that NaOH could be used as the slagformation material to achieve effective metal separation
from slag during the pyrolysis process.
Figure 4 demonstrates that the pyrolysis gases were
mainly composed of benzene, 2-butyne and toluene, while
bromo compound levels including 4-bromo-1-butene, 1bromobutane as well as bromobenzene were very low (0.020.06%). The main components of the pyrolysis light oil were
benzene, toluene, phenol, benzonitrile, naphthalene, and
4-(1-methylethyl)-phenol, and assumed dioxin precursors,

TABLE 2 - Metal content of the residual slag phase (wt. %).
Element
Content
Element
Content

Al
4.14
Pd
< 0.004

Ca
8.30
Sr
0.053

Fe
0.18
Zr
0.041

Mn
0.011
Au
< 0.001

Pb
0.007
Ba
0.42

Sn
0.024
Cu
0.15

Ti
0.24
Mg
0.25

Ag
< 0.0006
Ni
0.002

Pt
< 0.0047
Sb
0.037

As
0.006

K
0.077

Zn
0.049

TABLE 3 - Metal content of the metal phase (wt. %).
Element
Content
Element
Content

Mn
0.026
Na
0.008

Ca
0.006
Si
0.006

Fe
0.49
Sb
6.54

Pb
2.08
Cr
0.083

Sn
7.71
Cu
82.247

As
0.02
Zn
0.22

Ag
0.080
Ni
0.35

Au
< 0.024

Pt
<0.004

Pd
< 0.004

FIGURE 3 - Experimental relationship curve of NaOH addition with the melting temperature (error bars represent: average ± S.D.).
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such as benzofuran, dibenzofuran, and benzo[k]fluoranthene,
were also of relatively high concentrations (Figure 5). Elementary analyses of frozen oil revealed the following components (wt.%): C 85.0, H 6.7, O 6.8, N 1.3, and Br 0.2.
This finding suggests that frozen oil could be reused as a
raw material in the chemical industry, but measures should
be taken to separate Br from the oil before utilization
Metal enrichment by oxidizing blow

FIGURE 4 - GC-MS analysis of pyrolysis gas from waste PCBs
pyrolysed under 1200 °C with addition of NaOH by 12 wt. % under
argon.

This step was designed to separate Cu from the other
metals and allow noble metals to enter the metal phase to
the greatest extent. At the initial stage of this study, we
attempted to smelt and oxidize the metal mixture from the
first step by direct air-blowing. However, it was difficult
to separate the resulting Cu2O from the crucible container,
and the crucible was easily broken too. Additionally, more
melting of Ag occurred in the slag phase, and 85.4% silver
recovery was achieved. An interesting finding was that the
addition of slag facilitated the separation of the smelted
copper from the crucible when part of the slag from the
first step was retained together with the metal mixture
during the oxidizing blow. Meanwhile, the melting of precious metal (mainly silver) in the slag phase decreased, and
the silver recovery was thus increased. The influence of
slag retaining rate on silver recovery is shown in Table 4. It
was observed that the silver recovery efficiency was proportional to the slag remaining ratio. When all of the slag
was retained in the smelting step, 99.04% Ag recovery
was achieved.
Deoxidization of Cu2O

This step aims to attenuate the release of toxic pollutants in pyrolysis gas. The pyrolysis gas from the first step
was heated to 1200 °C together with the Cu2O-containing
slag from the second step. Figure 6 provides the behavior
of the emission of CO and NOx during pyrolysis gas contact with Cu2O-containing slag. A notable decrease in the
emission of CO and NOx was observed in the former 9 min,
and negligible variations occurred afterwards. Interestingly,
the Cu2O content in the slag exhibited a similar tendency
with the emission of CO and NOx, and 65.1% of Cu2O
was reduced to elemental copper, which appeared at the
bottom of the crucible container. Taken together, the contact time of 9 min could be recommended.
It was also found that the final gas pollutants consisted
of CO and NOx, and no bromo compounds were detected.
Hazard assessment of the final gas emission was conducted
by comparing the average concentrations of CO and NOx
with the national discharge standards. The results demonstrated that both CO and NOx in the gas emission were
well below the discharge permits, which could be attributed mainly to the deoxidization of Cu2O and the
absorption of the alkali material in the slag.
FIGURE 5 - GC-MS analysis of oily material from waste PCBs
pyrolysed under 1200 °C with addition of NaOH by 12 wt. % under
argon.

The composition of the resulting final slag is shown
in Table 5. It was important to note that 0.1 wt. % of Br
was observed in the slag phase, indicating that the bromo
compounds transferred from the gas phase to the slag phase
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TABLE 4 - Influence of slag retaining ratio on Ag recovery (wt. %).
Slag remaining ratio
Ag recovery efficiency

0
85.4

50.34
89.3

69.5
94.5

79.1
97.9

85.9
98.6

100
99.04

TABLE 5 - Composition of deoxidized slag with pyrolysis gas (wt. %).
Component
Content
Component
Content

Na2O

Al2O

SiO2

P2 O5

CaO

3

Fe2O

NiO

3

17.5
ZrO2

1.7
SnO2

0.02

1.4

47.4
Sb2O

0.06
PbO

0.48
Cl

1.0
Br

0.03
Cu2O

0.08

0.10

0.03

0.1

30.1

3

FIGURE 6 - Gaseous pollutant emissions during pyrolysis gas contact with Cu2O-containing slag (the time starts from the appearance of CO).

due to the interception of the alkali slag. To sum up, the
Cu2O-containing slag was very effective in cleaning the
pyrolysis gas mainly by deoxidization of Cu2O and absorption of alkali material in the slag.
Considering the contents of Pt and Pd were below the
detection limits, the recovery of Cu, Ag and Au from waste
PCBs was mainly investigated. The evaporation losses of
the aforementioned recovered metal could be ignored due
to their boiling point well above the operation temperature. Based on mass balance calculation of this process,
the total recovery rates of Cu, Ag and Au were 68.4, 92.6
and 85.5%, respectively. The relatively low copper recovery can be attributed to the high Cu2O content (30.1 wt. %)
in the deoxidized slag.

covery rate below 1200 °C. The slag retained in the following air-blowing step could help separate Cu from the other
metals and allow noble metals to enter the metal phase to
the greatest degree. When all of the resulting slag was retained in the smelting step, 99.04% Ag recovery was
achieved. The Cu2O-containing slag proved to be very
effective in cleaning the pyrolysis gas mainly by deoxidization of Cu2O and absorption of alkali material in the slag.
The mass balance analysis of this process showed the total
recovery rates of Cu, Ag and Au were 68.4, 92.6 and 85.5%,
respectively. Further research is needed to study the application of a continuous rotary furnace to integrate the modified
three-step pyrometallurgy technology, which could expand
the possible applications of pyrometallurgy in recovering
metals from waste PCBs.

CONCLUSION
The use of a modified three-step pyrometallurgy technology was recognized as an efficient method to recover
metals from waste PCBs. It was found that the introduction of NaOH to the pyrolysis step could contribute to the
decrease of melting temperature and the separation of metal
mixture from the non-metal slag. Addition of NaOH by 12
wt. % of PCBs could result in more than 99% copper re-
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SPECTROSCOPIC STUDY OF HUMIC SUBSTANCES
ISOLATED FROM SEDIMENT AND WATER
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ABSTRACT
NMR, EPR and IR spectroscopic studies of humic substances isolated from sediment and water samples have
been used for characterization of humification process
occurring in the Goczałkowice Reservoir. Fulvic acids (FA)
were isolated from both sediment and water samples whereas humic acids (HA) only from the former due to their absence in the latter. Humic substances were studied with IR
spectroscopy in order to suggest the presence of functional
chemical groups. Comparison of signal intensity of the main
functional groups was conducted by means of 1H-NMR
techniques. The concentration of free radicals was determined with EPR.
It was found that free radical concentrations of FA isolated from sediment are considerably higher than those of
FA from water and HA from sediment. On the basis of the
interpretation of EPR and IR spectra, the formation of transition metal complexes with humic substances was confirmed.

humic substances can be used as complexing agents to remove hydrophobic contaminants from water by the complexation-flocculation process [6, 7]. The presence of carboxylic or phenolic groups enables metal complexation,
which is of vital importance for the preservation of the
aquatic environment.
The water reservoir at Goczałkowice has been in use
for over 50 years. The main task of this dam reservoir is
to supply water to the inhabitants of the Upper Silesia agglomeration. It is also a storage reservoir, and takes water
in excess during periods of flood threat. Goczałkowice Reservoir is the biggest reservoir in the south of Poland (Fig. 1).
The reservoir has an area of 32 km2, a volume of 165.6 ×
106 m3, a mean depth of 5.2 m, with a maximum dam height
of 14 m and a maximum dam level of 257 m. Water management causes ca. 2 m fluctuations of the water table [8].
Hydrobiological properties of the reservoir lead to intensive
waves, strong current and the mixing of water with the
sediment [8]. Hence, to characterize the course of humification, it is necessary to determine the physicochemical
properties of HA and FA isolated from both sediment and
water samples.

KEYWORDS: nuclear magnetic resonance (NMR), electron
paramagnetic resonance (EPR) infrared (IR), humic acids, fulvic
acids, sediment.

INTRODUCTION
The exchange of organic matter and its transport with
groundwater to the water reservoir is a complicated process. The elution of natural organics, especially humic
substances, from soil and sediment, and their presence in
water, can lead to a decrease of water quality in the respective reservoirs. Chlorine treatment of water, in which humic substances are present, may result in the formation of
trichloromethane and other low- and high-molecular weight
chlorine-containing organic compounds that are carcinogenic products [1, 2]. Moreover, humic substances can contribute to over-blooming of algae. The studies of the water
show a decrease of nutrient concentrations in recent years.
Hence, the still observed over-blooming of algae can be the
result of the presence of a large quantity of humic substances and nutrients in sediments [3-5]. On the other hand,

MATERIALS AND METHODS
Samples of surface sediment and water, directly in
contact with the sediment, were collected for studies according to Polish standards in autumn 2007 from 8 places
of the Goczałkowice Reservoir [9]. Since differences in
physico-chemical properties of humic substances isolated
from various places of the reservoir are insignificant, only
the mean values obtained for HA and FA are compared.
Humic and fulvic substances were isolated from sediment samples following the conventional procedure described by Stevenson and Hayes [10], and involving sediment sample shaking with NaOH, centrifugation and acidification to pH 1.0 with HCl. FA were purified using XAD-7
polymeric resin. FA were isolated from water samples by
sorption on the XAD-7 resin according to IHSS procedure
[11].
EPR spectra were obtained with a Bruker EMX EPR
spectrometer operating at X-band frequency and room
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FIGURE 1 - The Goczałkowice Reservoir with marked points of sampling.

temperature. The EPR was applied for both quantitative (free
radical concentration) and qualitative (g factor) analysis of
humic substances isolated from all samples.
Comparison of signal intensity of the main functional
groups of HA and FA was conducted by means of 1HNMR techniques. The 1H NMR spectra were obtained after
dissolving 5 mg of HA and FA in 0.3 M solution of NaOD
(sodium deuteroxide) in D2O (heavy water). All measurements were obtained with a BRUKER 400 Ultra Shield
spectrometer at room temperature using a 5-mm broad band
inverse probe. For water suppression, the presaturation
method was used [12]. Spectra processing was performed
with TOPSPIN 2.1 Bruker software. The percentage of hydrogens present in HA and FA was determined by integrating the field of a given range of chemical shifts. The identification of functional groups was done by means of IR
spectrometry. IR spectra of HA samples were recorded
with a Perkin Elmer FTIR Spectrum One spectrometer, from
KBr pellets (1 mg sample and 100 mg KBr).

that the degree of humification is higher in sediment than
in water samples.
In general, FAs constitute the main fraction of humic
substances in water [15]. Only very small quantities of HA
are found in water [7, 16]. This is probably connected with
the fact that HAs are not soluble in water under acidic
conditions whereas FA are soluble in water under all pH
conditions [10]. Moreover, according to the polyphenol
theory, FA are precursors of HA [10, 17], and so the lack
of HA in water could testify that the humification process
in water is less advanced than in sediments. This is con-

RESULTS AND DISCUSSION

FA isolated from water

1

H-NMR was used to estimate the relative contents of
aromatic and aliphatic protons in humic substances. On all
spectra of HA and FA isolated from sediment and water,
the signals attributed to aliphatic protons (HAli), to protons
attached to O or N heteroatoms (HR–O ) and to aromatic
protons (HAr) are observed (Fig. 2, Table 1) [13]. The peaks
at 5-6 ppm on the NMR spectra of FA are omitted in the
analysis since they originate from the acrylester groups
present in the XAD 7 resin [14]. FA isolated from water
samples contain fewer aromatic groups and more aliphatic
ones in comparison with FA extracted from sediment.
However, the highest aromatic to aliphatic ratio is found
for HA (Table 1).

FA isolated from sediment

HA isolated from sediment

10

The properties of the humic substances point to the
stage of the humification process in both water and sediment. The higher HAr/HAli ratio that corresponds to the humic substances isolated from sediment samples suggests
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FIGURE 2 - The 1H NMR spectra of humic
substances isolated from sediment and water.
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TABLE 1 - Percentage participation of hydrogen aromatic (HAli), aliphatic (HAli) and functional
group (HR-O) atoms calculated from 1H NMR spectra for HA and FA extracted from bottom sediment and water.
HAli [%]
(0–3 ppm)
59.1 ± 1.9
63.2 ± 3.4
71.9 ± 4.5

Sample
HA from bottom sediment
FA from bottom sediment
FA from water
mean ± SD

HR-O [%]
(3–6.5 ppm)
29.3 ± 2.1
28.1 ± 1.7
23.6 ± 3.9

sistent with the results of our spectroscopic studies. The
presence of the same groups of signals on 1H NMR spectra of HA and FA (Fig. 2) possibly point to the formation
of the former from the latter.
IR spectroscopy allows to identify various functional
groups. The most distinctive features of the IR spectra are
observed at 3440 cm-1, 3200 cm-1, 2900 cm-1, 1650 cm-1,
1450 cm-1, 1039 cm-1, and 900 cm-1 (Fig. 3).

HA isolated from sediment

FA isolated from water

3500

3000

2500

2000

cm

HAr/HAli
0.20 ± 0.02
0.13 ± 0.04
0.06 ± 0.03

band at 1650 cm -1 is assigned to aromatic C=C double
bonds conjugated with C=O and/or COO-. The presence of a
high number of negatively charged carboxylic acid groups
could suggest metal-binding with humic substances [13,
21, 22]. The band at 1450 cm-1 is more intensive at the
spectra of FA isolated both from water and sediment than
at the spectra of HA [18]. This band indicates the presence of CH3 and CH2 in aliphatic compounds (antisymmetric deformation) [23]. The considerably higher contribution of this band to IR spectra of FA in comparison with
HA points to the dominance of the aliphatic groups in FA.
This finding is consistent with NMR data, which also show
that the participation of aliphatic groups in the FA structure
is greater than those of HA (Table 1, Fig. 2).
It should be noted that the band at 1039 cm-1, produced mainly by ether linkages C-O-C, is relatively intensive at HA spectra, somewhat less intensive at spectra of
FA isolated from sediment, while it is absent at spectra of
FA isolated from water. These results seem to confirm the
presence of highly oxidized polymerized structures in humic substances isolated from sediment. This is compatible
with NMR results, where the signals derived from HAr are
more intensive for HA than for FA (Fig. 2). This fact confirms the higher aromaticity of HA.

FA isolated from sediment

4000

HAr [%]
(6.5–10 ppm)
11.6 ± 1.8
8.2 ± 2.2
4.5 ± 1.8

1500

1000

500

0

-1

FIGURE 3 - The IR spectra of humic substances isolated from
sediment and water.

The intensive broad band centered on 3440 cm−1 can
be attributed to the H-bonding hydroxyl groups of carboxylates, phenols and alcohols [13, 16]. This band can
be also due to N-H stretching [18]. The band at 3200 cm-1
probably originates from OH-stretching of hydrogen bonds,
present especially in carboxylic acids [13, 19, 20]. This
band appears only on the spectra of FA isolated from water
samples implying the presence of a large quantity of carboxylic groups in water. The band at 2900 cm-1 on IR spectra of humic acids indicates the presence of fatty acids
which are common metabolites in anaerobic sludge. The

EPR spectra of humic substances isolated from all
samples give the broad lines deriving from paramagnetic
metal ions (Fe3+, Mn2+ and Cu2+). In the case of HA, the
broad signals at g = 2 and g = 4.3 are observed while as
far as FA are concerned, insignificant metal signals are observed (Fig. 4). Resonance at g = 4.2-4.3 is ascribed to high
spin Fe3+ ions, especially bonded with HA and FA in complexes with the structure of a rhombus, a deformed tetrahedron or an octahedron [24]. The signal at g = 2 may indicate, except of Fe3+, also the presence of other transition
metals, such as Mn2+ and Cu2+ [25]. Moreover, all EPR
spectra show the narrow line of free radicals (Fig. 4). Free
radical concentrations are 3.72 ± 1.25 *1016 spin/g for HA
isolated from sediment, 2.27 ± 1.83 *1016 spin/g for FA
isolated from sediment, and 1.21 ± 0.85*1016 spin/g for
FA isolated from water. These values are low in comparison with those of HS isolated from soil (~1017-1018 spin/g)
[25, 26], sewage sludge (~1016-1017 spin/g) [21, 27], and
composts (0.25-1*1017 spin/g) [25, 26]. However, they are
comparable with the values obtained for HA isolated from
surface water (~1016 spin/g) [25]. The free radical concentration of FA isolated from water is lower than that of FA
isolated from sediment suggesting a lower degree of humification in water.
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FIGURE 4 - The EPR spectra of humic substances isolated from
sediment and water.

CONCLUSIONS
1. Both HA and FA were isolated from sediment whereas
in water only FA were present. This could indicate that
the humification process in water is less advanced than
in sediment.
2. Free radical concentration of FA isolated from sediment
is considerably higher than that of FA from water. Moreover, FA from water corresponded to fewer aromatic
groups and more aliphatic ones in comparison with FA
from sediment. However, the highest free radical concentration and HAr/HAli ratio were found for HA.
3. On the basis of EPR and IR spectra, the formation of
transition metal complexes with humic substances was
confirmed.
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ABSTRACT

INTRODUCTION

This study is carried out to report the concentrations
of trace elements (As, Cd, Cr, Cu, Mn, Pb, V and Zn) in
several species sample of lichens which were collected from
Maliau Basin, Sabah and Universiti Kebangsaan Malaysia
(UKM) Bangi campus in Selangor. Comparison with the
natural concentration of trace elements from different species of lichens collected in Maliau Basin with the samples
collected in UKM Campus provides unambiguous evidence
of pollutions from both study locations. Eight species of
lichens were sampled from Maliau Basin, Sabah, and two
more species from UKM campus, Bangi. The eight species
collected from Maliau Basin were Coccocarpia dissecta,
Cladonia cf. floerkeana, Cladonia adspersa, Pseudocyphellaria cf. gilva, Parmotrema acrotrychum, Parmotrema
cristiferum, Parmotrema cf. pseudonilgherrense, and Sticita
weigelii, while the species collected from UKM campus
were Parmotrema praesorediosum and Dirinaria picta.
Generally, the results of this study showed that concentrations of trace elements in the lichens from UKM campus
were relatively higher than those from Maliau Basin. Besides that, the distribution of each trace metal is uneven in
each lichen species from Maliau Basin. The ranges of concentrations (µg/g) of each trace element in the lichens from
UKM campus were V (0.38-0.67), Cr (1.02-3.78), Mn
(3.48-7.94), Cu (9.97-44.39), Zn (68.38-98.36), As (0.761.73), Cd (0.05-0.09) and Pb (12.36-31.99), whereas that of
each trace element in the lichens from Maliau Basin were
V (0.01-0.14), Cr (0.46-0.93), Mn (3.28-234.35), Cu (3.0513.74), Zn (1.61-16.01), As (<2.00), Cd (0.0004-0.09) and
Pb (1.49-7.73). The fast pace of modernization together with
air pollution may probably be the reason for the difference
in level of metals accumulated compared from both study
locations. The present study will be a reference record for
conducting future biomonitoring studies in this fast-growing
country.
KEYWORDS: lichens, trace elements, bio-indicator, accumulation

Lichen is a symbiosis between fungus and alga. As an
organism, lichens are an outstanding successful group of
symbiotic organisms exploiting a wide range of habitats
throughout the world [1]. Green algae (Chlorophyceace) and
blue-green algae (Cyanophyceace) are common algae that
form lichens [1]. A combination of numerous algal cells
(phytobiont) distributed in filaments of fungi (mycobiont)
form the body structure (thallus) of lichens. Usually, there
are three categories of lichens being classified according to
the specific structure of thalli: crustose, foliose, and fructose lichens [2].
The most noticeable characteristic of lichen is that it
can be used as bio-indicator to study the atmospheric deposition of heavy metals and other toxic elements since this
organisms are very sensitive to changes in its surrounding
environment. Because lichen does not have strong cuticle
or lots of stomata, small particles in the air can be absorbed through its thallus, thus characterizing it as most
significant bio-indicator in the environment. Lichens can absorb pollutants such as trace metals from air-borne particles, and then accumulate and saturate the metals in their
system [3]. Lichens also can absorb metal ions which are
floating around in the atmosphere through the thallus’ surface with the rain water due to their structure and anatomy,
and each species has a different capability of absorbing different metal particles [4]. Besides, over the long term, lichens
reflect the elemental composition and prevailing concentration of metal ions in the atmosphere [5]. Lichens accumulate and tolerate metals to a high degree because of their
relatively large surface area and slow growth rate. The accumulation of metals in lichens occurs by passive adsorption and ion exchange because of the lack of cuticle wax
covering and their poikilohydric nature [6]. Various investigations have shown that lichen species can be used effectively to monitor the levels of metal contamination and
deposition in the atmosphere because of their ability to
reflect prevailing atmospheric pollution status and pollu-
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tant levels in their tissues, without significant adverse effects on survival or growth [7]. To be a good accumulation in-dicator of air pollutants, lichens should accumulate
pollutants from the air in the same way and to the same
degree under different conditions [8, 9]. The pollutants
should be easily measured and the measurements should
provide information about the level of pollutant deposition, and it should also indicate the risk limits caused by
increasing levels of pollutants. Lichens have been proven
to be good accumulators of heavy metals, and that their
concentrations correlate well with those measured in deposition. The concentrations were very high near the emission sources, but decreased exponentially with increasing
distance from the emission sources [10] and, therefore, the
lichens had primarily been used to survey the spread of
heavy metal emissions from industry and traffic.
Up to the recent decade, several studies on lichens in
relation to pollution, especially air pollution and metal
deposition in different regions of the world carried out by
a number of researchers, are available [3, 7, 11, 12]. Apart
from these, a range of air purity indices have been developed based on the occurrence of lichens. Studies on the
distribution of lichens in Malaysia by local researchers
began only in 1975. Almost 20 years later, the Universiti
Kebangsaan Malaysia lichen research group started collecting, identifying and analyzing the secondary metabolites of lichens in Malaysia.
Because of rapid development, especially in Malaysia,
the use of lichens as potential bio-indicator organisms that
reflect the status and trend of pollution is very crucial. There
is a demand to provide data and information to facilitate
decision-making processes that are related to air pollution
status. Thus, the main action for air pollution management
includes not only collecting and identifying the bio-indicator
organisms but also analyzing them for prospecting the
status and its trend. To date, almost all studies on the use
of lichens as bio-indicators of atmospheric pollution have
been undertaken in European countries and South America, while equivalent studies in tropical countries, especially
Southeast Asia, are lacking. Through collecting, identifying
and analyzing metal concentrations of the lichens collected
in Maliau Basin and Universiti Kebangsaan Malaysia
(UKM) campus, this paper sought to evaluate metal levels in lichens in Malaysia as to provide a baseline data for
tropical countries by contributing two different regions of
lichen sample collection (pristine and relatively polluted
areas). Data obtained in this study were also compared to
some available data that had been reported for lichens in
Malaysia and several other countries.
MATERIALS AND METHODS
Maliau Basin is an area surrounded by high mountains
on all sides, an almost circular area of about 59,000 square
kilometers and located in the Malaysian state of Sabah on
the Island of Borneo. The basin is sheltered by the thick

clouds, and currently it is a conservation area as had been
declared by the State Government of Sabah. Maliau Basin
was first identified in 1947, when a pilot narrowly avoided
a crash into the steep mountainsides. In 1982, a scientific
expedition found its way into the Basin after several unsuccessful attempts of entering. The 1982 expedition was
a pilot reconnaissance trip, and it was only in 1988 that
the first comprehensive research expedition in Maliau Basin took place, and since then several stakeholder groups
had made strong calls to preserve the ‘lost-world’ area. In
1997, the Maliau Basin Conservation Area was upgraded
by the Sabah state government to a Protection (Class One)
Forest Reserve [13]. By now, only 25% of the total area has
been mapped, and less than 10% have been studied intensively. As a highland forest, Maliau Basin constitutes key
freshwater ecosystems in the Sabah state that deliver a multitude of benefits, such as providing natural freshwater and
a pool for large flora and fauna diversity [14]. This study
took place in the “Eucalyptus scientific base camp” that
was set up during the site expedition co-organized by the
Academy of Science Malaysia, The Sabah Foundation,
several universities in Malaysia, Sabah Parks as well as
several other partners and sponsors in 2006. The diversity
of lichen tends to increase as one goes higher in altitude.
Since the studied location was at about 1675 m in height,
the collection of 13 genera of lichens at the expedition site
was not as varied as in other highland sites, but still there
were several interesting findings. A total of eight species,
namely, Coccocarpia dissecta, Cladonia cf. floerkeana,
Cladonia adspersa, Pseudocyphellaria cf. gilva, Parmotrema acrotrychum, Parmotrema cristiferum, Parmotrema cf. pseudonilgherrense, and Sticita weigelii were
found during the expedition.
Universiti Kebangsaan Malaysia (UKM) campus is the
national university of Malaysia with an area developed for
about 39 years from a forested area, which has now been
developed into quite a modern suburban township. The
reduced area of forests and the increasing area of housing
and light industry in the vicinity of UKM with several
forms of impressive infrastructures had caused some level
of air pollution due to the various kinds of anthropogenic
activities that included transportation, and at times the
pollution was observed to be quite significant. Located in
the heart of the surburban area named Bangi, in the state
of Selangor, UKM is located about 35 km south of Kuala
Lumpur. The UKM campus comprised of pockets of attractive landscape and green valleys of about 1,096 hectares.
Bangi is a small town situated on the south of the district of
Hulu Langat, in the state of Selangor, Malaysia, and it is
roughly situated between the towns of Kajang (9 km away)
and Putrajaya, the relatively new federal government administrative capital of Malaysia (about 20 km away from
Bangi). Bangi is mainly surrounded by the palm oil estates
and being populated with several industrial complexes and
housing areas. The samples of lichen from the UKM campus area for this study were collected in 2008 (selected
locations of lichen sampling shown in Fig. 1). Sixty samples from 10 species collected from Maliau Basin (8 spe-
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cies) and UKM campus, Bangi (2 species) were analyzed
in this study.
The sample of each lichen species was rinsed before
being dried at room temperature (~32 °C) for 24 h. Next,
the sample was dried in the oven for another 12 h at 50 °C
and let to cool down to room temperature. The sample was
then crushed to small pieces and kept in a separate clean
and labeled polyethylene plastic bottle according to species. All reagents used were of analytical grade (Analar).
To ensure minimum mineral contamination, all containers
were washed with detergent solution before soaking overnight with 10% HNO3, and rinsed with double- deionized
water.
The sample was then weighed accurately (0.1 g) and
placed into a beaker with 10 ml nitric acid (HNO3) and
1 ml hydrogen peroxide (H2O2). The beaker was covered
with a glass Petri dish when being heated on a hot plate to
prevent the sample solution from being lost and also to
prevent contamination. The sample solution was then let to
cool down to room temperature after heating until the yellowish solution turned clear.
Inductively coupled plasma-mass spectrometry (ICPMS; model PESCIEX ELAN 6000) was used to determine
the concentrations of As, Cd, Cr, Cu, Mn, Pb, V, and Zn.
The ICP-MS is an analytical instrument with sensitivity

suitable for trace metal analysis, and very sensitive in tracing the presence of elements. Since the detection limits of
the ICP-MS were in the range of 1-10 ng/L, all sample
solutions were prepared to be in acceptable ranges that
could allow detection by ICP-MS. The sample solution was
finally diluted to the 50 ml mark in a volumetric flask before being analyzed by ICP-MS. Operational parameters of
ICP-MS as used in this study are summarized in Table 1.
Pine needles coded NBS SRM 1575 and tomato leaves
coded NBS SRM 1573a which were produced by the National Bureau of Standards (NBS), USA have been used as
reference materials in the analyses to ensure the accuracy
of the data. In order to maintain the detection precision, the
internal standard reference materials (SRM) were analyzed
for every 10 lichen samples determined. A mean value was
calculated for each parameter, with the standard deviation
TABLE 1 - Instrument settings for ICP-MS analysis.
Parameter
Aerosol carrier argon flow rate
Auxiliary (plasma) argon flow rate
Sample uptake rate control
Lens voltage
ICP RF power
Analog stage voltage
Pulse stage voltage
Vacuum pressure (plasma on)

Values used
630 ml/min
300 ml/min
1.2 ml/min
5.5 V
1100 W
-2850 V
2000 V
1 x 10-5 Torr

FIGURE 1 - Selected study locations in Malaysia mentioned in the text with insert showing the locality of sampling points in Selangor state.

1270

Fresenius Environmental Bulletin

(SD) being used as an indication of the precision of each
parameter measured in triplicates. Chemical checks on the
accuracy and reproducibility of analyses were made for
all samples analyzed. The check for accuracy of analysis
employed measured SRM samples to values certified in
the SRM certificate. Based on the criteria, all the lichen
samples were found to be within the sample recovery of
95-100%. The excellent agreement between measured and
certified values of SRM means that the data obtained were
internally consistent and correct.
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For lichen species from Maliau Basin, concentration
of Mn was found to be the highest most frequently, that is
30.82 ± 1.27 µg/g for Coccocarpia dissecta, 19.58 ± 1.50
µg/g for Parmotrema acrotrychum, 13.70 ± 0.57 µg/g for
Cladonia adspersa, 5.75 ± 0.17 µg/g for Pseudocyphellaria cf. gilva, and 234. 35 ± 9.67 µg/g for Parmotrema
cristiferum. This indicated that these 5 species of lichens
have high sensitivity towards Mn. Numerous papers suggest a wide range of manganese accumulation rates depending on different species as well as intra-specific variation. Examples can be given from this current study as
shown in Fig. 3. Based on the variation of Mn concentration, it can be deduced that different lichen species show
different accumulation of trace metal ions (significant
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FIGURE 2 - Distribution of analyzed metals in Parmotrema praesorediosum and Dirinaria picta collected from UKM campus, Bangi.

40
35
30
25
20
15
10
5
0

30.82

0.14

0.46

V

Cr

Mn

3.34

1.61

2.00

0.09

1.49

Cu

Zn

As

Cd

Pb

Coccocaroia dissecta (Maliau Basin)

Conc. (ug/g)

25
20
15

11.11

13.74

10

6.41

5
0

0.10

0.71

V

Cr

0.20
Mn

Cu

Zn

2.00
As

0.03

Cd

Pb

2.63

2.63

Cd

Pb

Sticita weigelii (Maliau Basin)

Conc. (ug/g)

Concentrations of trace metals in the various species of
lichens were calculated and compared to those of earlier
studies conducted elsewhere as shown in Table 1. As, Cd,
Cr, Cu, Mn, Pb, V and Zn were present in ICP-MS detectable concentrations in the species of lichens. In this
study, the distribution of trace element levels for the species analyzed was found to be uneven. The element with
the highest relative concentration in the lichen species from
UKM campus was Zn (98.36 ± 0.26 µg/g for Parmotrema
praesorediosum and 68.38 ± 0.54 µg/g for Dirinaria picta).
This high concentration was perhaps due to the emissions
from traffic vehicles and other anthropogenic sources from
nearby light industrial area [15]. Human activity, such as
motorized vehicles using leaded gasoline, could have been
the source of pollution. The distribution of the studied heavy
metals in lichens collected from UKM campus, Bangi are
shown in Fig. 2. Zn was accumulated in both lichen species, and concentrations recorded were slightly similar to
those collected in polluted area (Kajang, Ampang and Pudu;
Table 2). From Fig. 2, it is obvious that the accumulation
rates of heavy metals in lichens were significantly speciesdependent (p < 0.10). The data indicate that Parmotrema
praesorediosum had higher affinity in metal accumulation
compared to Dirinaria praesorediosum. The metals accumulated in Parmotrema praesorediosum were found to be
two times higher than those analyzed in Dirinaria praesorediosum (Fig. 2). The results indicated that among the
2 species, Parmotrema praesorediosum showed the best
heavy metal accumulation properties.
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There is also evidence that Cd, Cu and Zn have a main
common characteristic that is they accumulate intracellularly in lichens [15]. Beside that, there is a study in Bologna, Italy that showed the fraction of soluble heavy metals
in dry deposition is lower than that in wet deposition, and
that Cu and Zn are much more soluble than Cr, Ni and Pb
in both wet and dry deposition [17].
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The comparative data on heavy metal accumulation of
8 selected lichen species growing in the same site indicate
that all different species have different accumulation capacities depending on their bio-accumulation factors (Fig.
3). All lichen species from Maliau Basin showed a high
heavy metal accumulation capacity, but they differed from
each other regarding the degree of metal accumulation.
Comparison of current measurements confirmed the higher
affinity of Parmotrema sp. (Parmotrema cristiferum and
Parmotrema cf. pseudonilgherrense) for V, Cr, Mn, Cu,
Zn, As, Cd and Pn, compared to the other species (p <
0.01) from Maliau Basin. Parmotrema cristiferum had a
higher capacity in heavy metal accumulation than Parmotrema cf. pseudonilgherrense.
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study area.
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FIGURE 3 - Distribution of analyzed metals in
different lichen species collected from Maliau Basin.

differences (p < 0.10) among the species). According to
Hauck and Paul [16], Mn reaching the microhabitat of
epiphytic lichens is primarily soil-borne and usually not
derived from pollution. This is supported by the presence
of Mn in analyzed water samples which were likely to be
originating from dissolution of the basin’s rocks as reported by Mokhtar et al. [14].
In the other 3 species, Cu showed highest relative concentration in Sticita weigelii (13.74 ± 2.09 µg/g), Zn in
Cladonia cf. floerkeana (16.01 ± 0.04 µg/g) and Pb in
Parmotrema cf. Pseudonilgherrens (7.73 ± 0.71 µg/g). The
ion levels as well as the ability to absorb such ions show
significant differences (p < 0.10) among lichen species. This
indicated that these 3 lichen species have different sensitivity toward different trace elements. A relationship between
Cu and Zn was rather common in lichens, and, possibly
due to anthropogenic sources or metabolic interactions,
since these 2 elements are essential for lichen metabolism.

Generally, lichen species from campus UKM, Bangi
gave higher relative concentrations of trace elements than
those from Maliau Basin, Sabah. One-way ANOVA test
proved that there were significant differences between trace
element levels from the 2 different locations (p < 0.05).
Among these trace elements, Zn and Pb showed the biggest
diferences (98.36 ± 0.26 µg/g (UKM) and 31.99 ± 2.92 µg/g
(Maliau Basin) for Parmotrema praesorediosum but 68.38 ±
0.54 µg/g (UKM) and 12.36 ± 0.33 µg/g (Maliau Basin)
for Dirinaria picta). This demonstrated that the surrounding in campus UKM was perhaps relatively more polluted,
especially by Zn and Pb, with regard to the surrounding of
Maliau Basin. The main factor that possibly has caused the
pollution in UKM campus is due to the traffic vehicles
present at relatively higher density [15]. Jorgensen [18]
listed gasoline combustion and incineration activities as key
sources of heavy metals in urban atmosphere. Vehicular
traffic as well as some industrial emissions in Bangi area
are the likely anthropogenic sources contributing to the presence of these elements in the local surrounding atmosphere.
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The samples of lichens in this study have been taken
from the bark of trees and as epiphytic lichens. Lichens
adsorbed metal elements not only from the air but also
from their substrates. These lichens grow on the outer bark
of trees, which were made up of dead and dried materials.
Different species show different concentrations. Rate of
accumulation of specific metals depends on metal amounts
present in the air as well as in water and substrates. Metal
levels would be lower if lichens were located further from
the pollution sources [3]. The data obtained were compared
with values of similar metals in the other species of lichens
that had been sampled and analyzed by other researchers
in other parts of the world as a general comparison to give
some idea on the order of magnitude of samples that had
been obtained from clean or polluted areas. It was not possible to compare metal levels studied in similar lichen species obtained from polluted places with those detected in
the study locations (pristine and slightly polluted environments). Nevertheless, the data obtained are invaluable because they could be used for future comparisons when researchers could sample the same species of lichens found
in ‘polluted’ areas. The values obtained in this study are
representative of ‘pristine’ and ‘slightly polluted’ areas in
Malaysia, and will also be of use as important inputs into

database on metal contents in lichens of tropical countries,
and specifically Malaysia.
From Table 2, by comparing the data in this study with
the previous researches, Maliau Basin is still very clean and
free from pollution, especially for that caused by motorized vehicles. One-way ANOVA test showed that there was
significant difference (p < 0.05) in this comparison. The
most obvious difference is shown between Kajang, Ampang
and Pudu areas with Maliau Basin (Fig. 1). High Pb and
Zn amounts were found in Kajang, Ampang and Pudu, town
areas frequently congested with traffic vehicles [19] and
well-known for being some of the most developed areas
in Malaysia. Zn usually occurred in environment as a natural metal, but may also be released into the atmosphere
during manufacturing and processing activities such as in
the petroleum refining industry [20]. Besides, Scerbo et al.
[21] outlined some other anthropogenic Zn emissions into
the environment, such as incinerators, pesticides, traffic,
coal burning power plants and fertilizers.
By comparing the concentration values of trace elements in the lichens collected from UKM campus between
2001 and 2008, the environmental status was of increasing
trend as seen from the increase in Pb, Zn and Cu values
perhaps due to the traffic vehicles which were getting
congested nearby or around the campus area.

TABLE 2 - Concentration of trace metals in lichens of this study and
compared with those of earlier studies around Malaysia and other countries.
Metal

Lichen species

Location, Country

As

Parmotrema tinctorum
Parmotrema Praesorediosum
Dirinaria picta
Cladia aggregate
Cladonia sp.
Heterodarmia flabellate
Parmotrema sp.
Parmotrema acrotrychum
Dirinaria picta
Coccocarpia dissecta
Sticita weigelii
Parmotrema praesorediosum
Cladonia floerkeana
Cladonia adspersa
Pseudocyphellaria cf. gilva
Parmotrema cristiferum
Parmotrema cf. pseudonilgherrense
Canoparmelia texana
Ramalina celastri
Leprocaulon microscopicum
Parmotrema tinctorum
Parmotrema tinctorum
Cladia aggregate
Cladonia sp.
Heterodarmia flabellate
Parmotrema sp.
Parmotrema acrotrychum
Dirinaria picta

UKM campus, Bangi

Cd

Gunung Jerai, Kedah

UKM campus, Bangi
Maliau Basin, Sabah

Centro, Brazil
Argentina
Kajang, Ampang dan Pudu
UKM campus, Bangi
Gunung Jerai, Kedah

UKM campus, Bangi
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Concentration
(µg/g)
1.72±0.41
3.80±0.14
2.57±0.06
0.56±0.98
0.48±0.82
< 2.00
< 2.00
1.73±0.03
0.76±0.04
< 2.00
< 2.00
< 2.00
< 2.00
< 2.00
< 2.00
< 2.00
< 2.00
1.47±0.02
1.03-3.83
1.77-6.56
0.20±0.10
< 0.10
< 0.10
< 0.10
< 0.10
< 0.10
0.09±0.03
0.05±0.00

Area

Reference

Slightly Polluted [22]

Pristine

[3]

Slighly Polluted This study
Pristine

This study

Polluted
Polluted
Polluted
Slightly Polluted
Pristine

[23]
[24]
[19]
[22]
[3]

Slightly Polluted This study
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Cr

Cu

Mn
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Coccocarpia dissecta
Sticita weigelii
Parmotrema praesorediosum
Cladonia floerkeana
Cladonia adspersa
Pseudocyphellaria cf. gilva
Parmotrema cristiferum
Parmotrema cf. pseudonilgherrense
Usnea aurantiacoatra
Usnea antartica

Maliau Basin, Sabah

Parmotrema tinctorum
Parmotrema Praesorediosum
Dirinaria picta
Parmotrema tinctorum
Cladia aggregate
Cladonia sp.
Heterodarmia flabellate
Parmotrema sp.
Parmotrema acrotrychum
Dirinaria picta
Coccocarpia dissecta
Sticita weigelii
Parmotrema praesorediosum
Cladonia floerkeana
Cladonia adspersa
Pseudocyphellaria cf. gilva
Parmotrema cristiferum
Parmotrema cf. pseudonilgherrense
Ramalina celastri
Leprocaulon microscopicum
Parmotrema tinctorum
Parmotrema Praesorediosum
Dirinaria picta
Parmotrema tinctorum
Cladia aggregate
Cladonia sp.
Heterodarmia flabellate
Parmotrema sp.
Parmotrema acrotrychum
Dirinaria picta
Coccocarpia dissecta
Sticita weigelii
Parmotrema praesorediosum
Cladonia floerkeana
Cladonia adspersa
Pseudocyphellaria cf. gilva
Parmotrema cristiferum
Parmotrema cf. pseudonilgherrense
Usnea aurantiacoatra
Usnea antartica
Leprocaulon microscopicum
Parmotrema tinctorum
Parmotrema Praesorediosum
Dirinaria picta
Parmotrema tinctorum
Cladia aggregate
Cladonia sp.
Heterodarmia flabellate
Parmotrema sp.
Parmotrema acrotrychum
Dirinaria picta
Coccocarpia dissecta
Sticita weigelii
Parmotrema praesorediosum
Cladonia floerkeana
Cladonia adspersa
Pseudocyphellaria cf. gilva
Parmotrema cristiferum

UKM campus, Bangi

Shetland Islands, Antartica

Gunung Jerai, Kedah

UKM campus, Bangi
Maliau Basin, Sabah

Argentina
Kajang, Ampang and Pudu
UKM campus, Bangi
Gunung Jerai, Kedah

UKM campus, Bangi
Maliau Basin, Sabah
	
 
	
 
	
 
	
 
	
 
Shetland Islands, Antartica
Kajang, Ampang dan Pudu
UKM campus, Bangi
Gunung Jerai, Kedah

UKM campus Bangi
Maliau Basin, Sabah
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0.09±0.03
0.03±0.01
0.03±0.00
0.05±0.02
0.01±0.00
0.00±0.00
0.09±0.03
0.00±0.00
0.01±0.02
0.01±0.00

Pristine

This study

Pristine

[25]

1.61±0.08
2.05±0.38
2.37±0.47
0.47±0.23
1.75±0.29
1.39±0.25
0.25±0.15
0.10±0.01
3.78±0.03
1.02±0.02
0.46±0.04
0.71±0.00
0.58±0.09
0.93±0.08
0.63±0.05
0.53±0.03
0.65±0.05
0.49±0.04
0.61-2.89
1.33-23.62
0.06±0.22
5.85±1.06
8.67±0.61
3.34±0.37
1.07±0.52
6.93±0.23
4.94±0.76
3.05±0.43
44.39±6.75
9.97±2.92
3.34±0.51
13.74±0.11
4.42±0.44
11.94±1.82
9.70±0.15
3.05±0.20
7.79±1.18
5.39±0.82
3.85±1.48
5.12
15.37-41.34
11.81±0.16
14.70±1.30
12.80±0.71
32.69±0.34
8.17±0.45
108.59±.69
85.32±17.67
28.59±0.36
7.94±0.33
3.48±0.06
30.82±1.27
11.11±9.45
19.58±1.50
3.56±0.15
13.70±0.57
5.75±0.17
234.35±9.67

Slightly Polluted [22]

Pristine

[22]

Slighly Polluted This study
Pristine

This study

Slightly Polluted [24]
Polluted
[19]
Slightly Polluted [22]
Pristine

[22]

Slightly Polluted This study
Pristine

This study

Pristine

[25]

Polluted
[19]
Slightly Polluted [22]
Pristine

[22]

Slightly Polluted This study
Pristine

This study
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Pb

V

Zn

Parmotrema cf. pseudonilgherrense
Usnea aurantiacoatra
Usnea antartica
Canoparmelia texana
Leprocaulon microscopicum
Parmotrema tinctorum
Parmotrema praesorediosum
Dirinaria picta
Parmotrema tinctorum
Cladia aggregate
Cladonia sp.
Heterodarmia flabellate
Parmotrema sp.
Parmotrema acrotrychum
Dirinaria picta
Coccocarpia dissecta
Sticita weigelii
Parmotrema praesorediosum
Cladonia floerkeana
Cladonia adspersa
Pseudocyphellaria cf. gilva
Parmotrema cristiferum
Parmotrema cf. pseudonilgherrense
Usnea aurantiacoatra
Usnea antartica
Parmotrema tinctorum
Parmotrema Praesorediosum
Dirinaria picta
Parmotrema tinctorum
Cladia aggregate
Cladonia sp.
Heterodarmia flabellate
Parmotrema sp.
Parmotrema acrotrychum
Dirinaria picta
Coccocarpia dissecta
Sticita weigelii
Parmotrema praesorediosum
Cladonia floerkeana
Cladonia adspersa
Pseudocyphellaria cf. gilva
Parmotrema cristiferum
Parmotrema cf. pseudonilgherrense
Leprocaulon microscopicum
Parmotrema tinctorum
Parmotrema Praesorediosum
Dirinaria picta
Parmotrema tinctorum
Cladia aggregate
Cladonia sp.
Heterodarmia flabellate
Parmotrema sp.
Parmotrema acrotrychum
Dirinaria picta
Coccocarpia dissecta
Sticita weigelii
Parmotrema praesorediosum
Cladonia floerkeana
Cladonia adspersa
Pseudocyphellaria cf. gilva
Parmotrema cristiferum
Parmotrema cf. pseudonilgherrense
Usnea aurantiacoatra
Usnea antartica
Canoparmelia texana
Ramalina celastri
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Shetland Islands, Antartica
Centro, Brazil
Kajang, Ampang and Pudu
UKM campus Bangi
Gunung Jerai, Kedah
	
 
	
 
UKM campus, Bangi
Maliau Basin, Sabah

Shetland Islands, Antartica
UKM campus Bangi
Gunung Jerai, Kedah

UKM campus Bangi
Maliau Basin, Sabah

	
 
	
 
Kajang, Ampang and Pudu
UKM campus, Bangi
Gunung Jerai, Kedah

UKM campus, Bangi
Maliau Basin, Sabah

Shetland Islands, Antartica
Centro, Brazil
Argentina
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3.28±0.14
26.89±10.53
33.52±11.24
61.80±0.40
43.10- 366.82
12.30±0.30
12.30±0.30
18.90±1.55
0.84±0.59
9.75±0.30
6.97±0.27
6.67±1.08
31.99±2.92
12.36±0.33
1.49±0.14
6.41±0.06
1.86±0.36
7.44±0.73
2.03±0.19
2.63±0.14
3.40±0.31
7.73±0.71
4.52±0.02
1.15±1.03
0.95±1.05
3.00±0.66
3.00±0.66
5.26±1.14
2.45±0.61
< 0.50
1.57±0.07
2.45±0.61
0.53±0.04
0.67±0.04
0.38±0.01
0.14±0.01
0.10±0.01
0.06±0.00
< 0.01
0.03±0.00
0.04±0.01
< 0.01
0.01±0.00
209.89-316.98
51.90±30.40
77.40±6.70
61.30±4.48
36.50±9.45
17.54±1.78
33.26±3.06
45.45±4.78
34.26±1.57
98.36±0.26
68.38±0.54
1.61±0.00
< 0.20
< 0.20
16.01±0.42
< 0.20
< 0.20
10.40±0.03
< 0.20
9.66±4.03
10.90±2.85
104.20±0.40
11.83-233.8

Pristine

[25]

Polluted
[23]
Polluted
[19]
Slightly Polluted [21]
Pristine

[22]

Slightly Polluted This study
Pristine

This study

Pristine

[25]

Slightly Polluted [22]
Pristine

[22]

Slightly Polluted This study
Pristine

This study

Polluted
[19]
Slightly Polluted [22]
Pristine

[22]

Slightly Polluted This study
Pristine

This study

Pristine

[25]

Polluted
[23]
Slightly Polluted [24]
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CONCLUSIONS

REFERENCES
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DECOMPOSITION OF BENZENE IN
DRY AIR BY SUPER-IMPOSED BARRIER DISCHARGE NONTHERMAL PLASMA–PHOTOCATALYTIC SYSTEM
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2
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ABSTRACT
A hybrid system comprising a nonthermal plasma
(NTP) reactor packed with two kinds of material (A & B)
and nano-titania catalyst was used for benzene decomposition. Firstly, the paper compares the effects of packed
materials A & B on benzene decomposition in the plasma
reactor. The results showed that simple B material, and
especially B coated with nano-titania catalyst (hybrid system), had better removal efficiencies of benzene than A.
Additionally, the latter saved power consumption and controlled the reaction products effectively. The selectivity of
carbon dioxide or carbon monoxide in the hybrid system
was higher than the simple NTP system. At last, the reaction mechanism of NTP with photo-catalyst was discussed.

KEYWORDS: packed material, catalyst, non-thermal plasma,
removal efficiency

In this paper, NTP coupled with nano-titania (TiO2)
photo-catalyst for benzene decomposition was used to further reduce the energy consumption and harmful byproducts
in plasma process.
O2 and H2O are adsorbed on the surface of TiO2 to
form adsorption oxygen and adsorption water:

O2 ( g ) → O2 (ads)

(1)

H 2O( g ) → H 2O(ads)

(2)

The molecules of VOCs are also adsorbed on the surface of TiO2 to form adsorption matter:

VOCs → (VOCs)ads

(3)

Discharge plasma as a driving force of photocatalyst
furnished a mess of UV light. According to the report of
Kim [29], hole-electron pairs are produced by supplying
energy larger than the band-gap energy of TiO2 (3.2 eV
for anatase crystal type):

TiO2 + hν → TiO2 (e − + h + )

(4)

And then, OH radicals come into being:

INTRODUCTION
As an emerging technology for environmental protection, non-thermal plasma (NTP) has attracted much attention of many researchers for two decades [1-4] due to its
unique properties, such as quick response at ambient
temperature, achievement of high electron energies within
short residence times, system compactness, and easy operations [5]. In the field of air pollution control, the NTP technology has been used for some representative pollutant decompositions, such as volatile organic compounds (VOCs)
[6-10], SO2 [11-14], NOx [15,16], CFCs [17-19], odors
[20], mercury [21], etc.
In order to further improve the energy efficiency of the
VOC removal decomposition process by the NTP process,
the hybrid system of NTP with catalyst has been investigated by some researchers [22-25]. These studies showed
that the combination of discharge plasma with catalyst is a
very effective method in VOC removal [26-28].

h + + H 2O(ads ) → •OH + H +

(5)

h+ + OH − → •OH

(6)

High-energy particles, such as electrons, excited molecules, and radicals may transfer their energy to TiO2 by
bombardment when TiO2 is placed in the NTP reactor.
Various chemical reactions are induced on the excited
TiO2 surface through the following reactions [30]:

e− + O2 (ads ) → •O2− (ads )

(7)

•

O2− (ads) + H + → HO2•

(8)

2HO2• → O2 + H 2O2

(9)

H 2O2 + •O2− (ads) →• OH + OH − + O2

(10)

At last, the molecules of VOCs are decomposed as
follows:
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OHads (HO•2ads ,Oads or h + ,etc.)+(VOCs)ads → (active intermediate products) →→→ CO2 + H 2O + CO

This paper illuminates the experimental results of the
effect of packed materials on benzene decomposition using
NTP generated by dielectric barrier discharge (DBD) coupled with nano-TiO2 catalyst. The effects of A and B
packed materials on benzene removal were compared in
the paper. The results show that removal effect was visible by B packed materials in NTP reactor. At the same
time, we got higher removal efficiency and a better selectivity of carbon dioxide or carbon monoxide with B packed
materials coated with nano-TiO2. Above all, this technology of self-support ray polarization would have a great
potential for application in the future.

Fig. 3 (manufactured by Japan, D/MAX-RA). According
to Fig. 3, the results of physical characteristics of both
packed materials are indicated in Table 1. Non-crystal
content of A was up to 70% and non-crystal content of B
was 50%. This means that interstitial rate and adsorption
capability of B was higher with regard to A.

MATERIALS AND METHODS
FIGURE 2 - Tube-wire reactor of DBD [30,31].

Experimental System

The reaction system is a tube-wire packed-bed reaction system at atmospheric pressure. The schematic diagram of NTP system is shown in Fig. 1. Dry air (78% N2,
21% O2) is used as a balance gas for benzene decomposition. Air supplied from air compressor is divided into 2 airflows, and each flow rate is controlled by a mass flowmeter. One air-flow is introduced into a bottle which contained liquid benzene. The air with a mass of saturated vapour of benzene was mixed with the other airflow in a
blender (5), and gaseous phase benzene was diluted to a
prescribed concentration. A wire-tube DBD reactor with
catalyst in situ was used in the reaction as shown in Fig. 2.
(a) A packed materials

1. air compressor, 2. buffer, 3. bottle of liquid benzene, 4. attemperator
(desuperheater), 5. blender, 6. NTP reactor, 7. flowmeter, 8. valve, 9.
high voltage, 10. gas chromatograph (GC).
FIGURE 1 - Schematic diagram of
NTP system for benzene removal [30, 31].

A packed reactor with coaxial electrodes was designed
as illustrated in Fig. 2. There were two kinds of packed
materials, A and B (i.d. 2, 4, 5, 7 mm, thickness 3 mm,
length 10 mm, ceramic Raschig rings). The structure characteristics of A and B were detected by XRD as shown in

(b) B packed materials
FIGURE 3 - XRD pattern of packed materials.

TABLE 1 - Physical characteristics of the two packed materials used.
Packed
materials
A
B

quartz
15
15

Component (%)
Al2O3
15
35

(11)

non-crystal
70
50

1279

Interstitial rate (%)

Hygroscopic coefficient (%)

1.8
19.5

0.8
9.4
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The packed materials coated with nano-TiO2 catalyst
were packed into the reactor. The reactor was made of a
ceramic tube (i.d. 50 mm, reaction length 500 mm), inner
axes electrode (i.d. 0.8 mm, stainless steel wire), and outer
electrode (80 circles stainless steel wire). The characteristic
of packed materials include volume density (21.7 g/cm3),
hole rate (12.7 %) and bibulous (5.9 %).

Nano-TiO2 films were prepared by the sol-gel method
[32] in experiments. In Fig. 4, the flow chart on preparing
nano-TiO2 thin film by sol-gel method is shown.
The nanometer TiO2 thin film was inspected and analyzed by Scan Electric Mirror (SEM, Made in Japan, S2700). The results of SEM micrograph (Fig. 5) show that
average particulate diameters of TiO2 were <100 nm.

Control temperature

dropping
1/3 share of solvent +Water+HNO3

Well-proportioned and transparent colloid

2/3 share of solvent +[Ti(OBu)4]+AcAc
pull

deposit
Steady Sol

Plate film

Dry and heat treatment
Nano-TiO2 film
FIGURE 4 - Flow chart on preparing nano-TiO2 thin film by Sol-Gel method.

η (%) =

[benzene]inlet − [benzene]outlet
×100%
[benzene]inlet

(12)

Selectivity of CO2 (ζ):

ζ (%) =

[CO2 ]
×100 %
6([ Benzene]inlet − [ Benzene]outlet )

(13)

Selectivity of CO (ξ):

ξ (%) =

[CO]
×100%
6([ Benzene]inlet − [ Benzene]outlet )

(14)

RESULTS AND DISCUSSION
Relationship between packed materials and removal efficiency
FIGURE 5 - SEM micrograph of TiO2 [30].
XRD pattern of packed materials

The plasma reactor employed an alternating current
(AC) power supply of 60 Hz (designed by ourselves). The
AC voltage was applied to the reactor in the radial direction, and the AC voltage extension lied from 0-30 kV. The
benzene concentration was determined with a GC (American Thermo Finnegan Co., TRACE-GC ULTRA) with FID
and a DB-1 capillary column. Separately, another GC (SC1001) equipped with an FID and a methane converter was
used to analyze concentrations of CO2 and CO. Reaction
gas samples were taken by a syringe from the sampling
ports of the reactor. The by-products were identified by
GC-MS with a 30 m wide–bore DB-1 capillary column.
As evaluation criterion, the benzene removal efficiency,
the selectivity of CO2 and that of CO in the gas phase were
calculated as follows:
Benzene removal efficiency (η):

Figs. 6 and 7 show the effects of A & B materials on
removal efficiency of benzene (benzene concentration of
600 mg/m3, gas flux 100 L/h, dry air, A & B packed materials coated with nano-TiO2). With increasing electric
field strength, the removal efficiency of benzene increased.
During an impulse cycle in NTP reactor, a mass of highenergy electrons was produced in discharge space. When
effective collisions between high energy electrons and benzene molecules took place in NTP reactor, electron energy
would destruct molecular structure of benzene, and benzene molecules could be converted into inorganic little
molecules like carbon dioxide (CO2), carbon monoxide
(CO) and water (H2O), at last. Thus, removal efficiency of
benzene was proportional to the number of electrons, while
the electrons’ number was positive to electric field strength.
It had come to light that TiO2 was helpful for generating
higher concentrations of different types of active oxygen
species in non-thermal plasma. So, the hybrid system would
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have an effective utilization of active oxygen species in
benzene removal.
As shown in Fig. 6, removal efficiency with B material (i.d. 2 mm) was higher than that with A (i.d. 2 mm).
Firstly, compared with the components of A & B packed
materials, non-crystal type being in existence had influence on dielectric polarization. Secondly, B packed materials possessed higher interstitial rate, hygroscopic coefficient and bigger surface area. These factors were helpful
for benzene molecule adsorption, so that they prolonged
reaction time between benzene molecule and high electrons

were helpful for dielectric polarization and enhanced electric field strength. The same result was gained by Ogata et
al. [33].
Relationship between packed materials and ozone concentration

Figs .8 and 9 show that ozone concentration increased
with increasing electric field strength (benzene concentration of 600 mg/m3, gas flux of 100 L/h, dry air, A & B
packed materials coated with nano-TiO2). When electric
field strength increased, more high-energy electrons and
radicals were generated in the early discharge phase. They
possessed high energy compared to the dissociation energy of O2 so that a series of reactions took place in NTP
reactor. The oxygen dissociation was the most important
radical formation reaction:

e + O2 → e + O + O

(15)

Electronically excited atomic oxygen (O (1D)) was a
very short-lived radical, whereas ground state atomic oxygen (O) and hydroxyl (OH) radicals had a longer lifetime.
O (1D) reacted with H2O resulting in formation of OH
radicals. O- and OH- radicals were consumed by O3 formation. O3 as the main long-living radical was transported
to packed materials and could take part in oxidation reaction on packed materials’ surface. The pathways of reactions were stated as follows:
FIGURE 6 - Effect of different packed materials on removal efficiency.

O + O2 + M → O3 + M

(16)

O + O3 → 2O2

(17)

e + O3 → O + O2 + e .

(18)

As shown in Fig. 8, ozone concentration with A packed
materials (i.d. 2 mm) was higher than that with B packed
materials (i.d. 2 mm) in NTP reactor, because B adsorption capability in NTP reactor was higher than that of A.
Therefore, B packed materials would be helpful for decreasing ozone concentration though prolonging reaction
time on B material surface following equations (17) - (18).

FIGURE 7 - Effect of different diameters of B packed materials on
removal efficiency.

or free radicals. Thirdly, the surface of B packed materials
was rough and could assemble more polarization electric
charge to form a more local electric field, so that electrons
in NTP gained higher energy to improve reaction efficiency.
The size of B packed materials (i.d. 2, 4, 5, 7 mm) had
effects on removal efficiency of benzene (Fig. 7). Removal
efficiency increased with decreasing size of Raschig ceramic rings (removal efficiency with 2-mm B was 81%,
electric field strength was 12 kV/cm). At the same time,
packed materials` density increased, thus reducing interspaces between packed material particles. These factors

FIGURE 8 - Effect of different packed materials on ozone concentration.

As shown in Fig. 9, ozone concentration followed an
order of B packed materials of i.d. 2>3>5 mm > no pad-

1281

Fresenius Environmental Bulletin

ding. It was obvious that B packed materials were helpful
for increasing ozone concentration. The reaction took place
as shown in equation (16).

Fig. 11 illustrates that power consumption was 13.5 W
if removal efficiency was up to 85% and benzene concentration was 600 mg/m3. Through calculating, electric
energy consumption was 2.25×10-4 kWh to treat benzene
quality of 1 mg. If benzene concentration was 1500 mg/m3,
power consumption was 20 W for the same removal
efficiency. Electric energy consumption was calculated to
be 1.33×10-4 kWh to treat benzene quality of 1 mg.
Removal efficiency(%)

© by PSP Volume 19 – No 7. 2010

FIGURE 9 - Effect of different diameters of B packed materials on
ozone concentration.

Power consumption （W）

80
60
40

Concentration of 600 mg/m3

20

Concentration of 1500 mg/m3

0
0

Relationship between power consumption and removal efficiency

Fig. 10 shows that the biggest electric power consumption was up to 120 W with electric field strength changing
from 0 to 12 kV/cm, with B packed materials coated with
nano-TiO3. Urashima and Chang [34] drew a similar conclusion under the same experimental conditions.

100

20

40

60

80

100 120

Power consumption(W)
FIGURE 11 - Relationship between power consumption and removal efficiency (B packed materials coated with nano-TiO2).
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FIGURE 12 - Relationship between CO2 and CO selectivity and
removal efficiency (B packed materials coated with nano-TiO2)

Electric field strength （kV/cm ）
FIGURE 10 - Relationship between electric field strength and power
(B packed materials coated with nano-TiO2).
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FIGURE 13 - GC-MS patterns of reaction products (electric field strength of 10 kV/cm, benzene
concentration of 1500 mg/m3, gas flux of 100 L/h, B packed materials of i.d. 2 mm coated with nano-TiO2).
Analysis of reaction products

The changes of CO2 and CO selectivity in NTP reactor with nano-TiO2 catalyst were 61 and 30%, while removal efficiency was 94% at an electric field strength of
12 kV/cm, benzene concentration of 1500 mg/m3 and gas
flux of 100 L/h (Fig. 12). According to calculation, the
total carbon was up to 91%, close to removal efficiency of
94%. It is obvious that NTP coupled with nano-TiO2
catalyst resulted in a higher CO2 selectivity and a more

thorough removal effect in NTP processing, i.e. the final
reaction products were almost CO2, CO and H2O.
Fig. 13 shows the reaction products detected by GCMS. According to GC-MS patterns, the reaction products
included aldehyde, ketone, acylamide and acetic acid, etc.
As shown in Figs. 12 and 13, the reaction mechanism
could be speculated as follows:
Free radical formations in the surface of nano-TiO2:
(19)
(20)

(21)
(22)
(23)
The reaction between free radicals and benzene molecules:

(24)

(25)

(26)

(27)

1283

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

(28)

(29)

(30)
(31)
(32)

(33)

(34)

(35)

(36)

At last, the final reaction products should be CO2, CO
and H2O if there was enough energy in NTP reactor from
AC high voltage.

•

The plasma reactor packed with catalyst (B packed
material coated with nano-TiO2) showed a better
selectivity of CO2.

•

Detected by GC-MS, the products in plasma processing were only traces of aldehydes, ketones,
acylamide and acetic acid, etc., but the main products were CO2, CO and H2O.

CONCLUSION
The laboratory-scale plasma reactor was used for
benzene removal in an air stream and the following conclusions are obtained;
•

B packed materials was better than A for benzene
removal.

•

Comparing different sizes of packed materials, B
(i.d. 2 mm) was better than the others’ sizes for
benzene decomposition.
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ABSTRACT
The contamination of water-bodies with pesticides
can pose a significant threat to aquatic ecosystems and
drinking water resources. Pesticides can enter waterbodies
via diffuse sources (surface and subsurface runoff and soil
erosion from treated fields, spray drift at application, and
deposition after volatilization), or via point sources (farmyard runoff, sewer overflows, and accidental spills, nonagricultural use, such as from application on roads, railways). Organochlorine pesticides are categorized as highly
toxic substances by US Environmental Protection Agency
(EPA) and the World Health Organization (WHO) considering their environmental persistence, bioaccumulation
and toxic action upon the nervous systems. This study was
carried out to determine the residue levels of some organochlorine pesticides in domestic drinking water of the Province of Kayseri. Water sampling was performed at 5 water
storages providing drinkable water, and the water samples
were analyzed by GC-ECD system. Under current analysis conditions, no residues of pesticides were found in the
water samples.
KEYWORDS: Organochlorine pesticide, Water pollution, Pesticide concentration in water, Liquid-liquid extractor.

INTRODUCTION
Pesticides are widely used for agricultural and nonagricultural (such as public health) purposes worldwide.
Because of their widespread use, pesticide residues are currently present in various environmental matrices, such as
soil and water [1].
The preservation of water quality, particularly of ground
water, has been considered to be a priority. Especially,
pesticides` contamination has been looked for with great
concern, due to their usual persistence in ground water resources used for human consumption. Pesticide treatments
in agricultural areas have been responsible for the contamination of water resources worldwide [2]. Recently, considerable scientific interest and public concern has arisen
worldwide due to the occurrence of pesticides in water

sources with multiple possible effects on humans, and the
environment in general. It is, therefore, very important to
monitor surface and ground water, as well as drinking
water in order to verify whether inadmissible levels of toxic
micro-contaminants and their degradation products are present. The presence of pesticides in the aquatic system, as a
result of their common use, persistence in the environment
and toxicity, is a potential risk not only to humans but also
to animals and plants (Table 1). Because many pesticides
are water soluble, they may be transported to surface and
groundwater at higher than ppb levels [1].
Aquatic ecosystems may be contaminated by organochlorine pesticides (OCP) used in crop protection. They
reach aquatic ecosystems by direct application, spray drift,
aerial spraying, erosion and run-off from agricultural land,
by discharge of effluents from factories and in sewage.
OCPs are now less widely used than previously, because
of disadvantages including environmental persistence and
their toxic action upon the nervous systems. Also, entry of
these pesticides into the aquatic ecosystem will adversely
affect many non-target organisms including fish and birds.
These effects may be acute, resulting in mass mortality or
chronic diseases, involving changes in survival, growth and
reproduction [3].
In the EU Drinking Water Directive (80/778/EEC), a
limit of 0.1 mg/L for each individual pesticide and 0.5 mg/L
for the sum of them has been set [4]. Levels of pesticides in
surface (75/440/EEC) and estuarine river water may be in
the range 0.01–0.5 mg/L [5, 6]. Since the use of OCPs
(DDT, HCH) has been banned worldwide for decades,
residues in soils have gradually reduced. However, high
levels still occur in some areas, especially in developing
countries [7, 8].
OCP residue concentrations were analyzed in water
samples collected from rural areas of northern and north
eastern districts of India. In the study, pesticide residues
were detected in both the surface and ground water although the concentrations detected were below the limit.
The total DDT was detected in 90.9% of ground water and
82% of surface water samples. The average ß-HCH and pp'DDT concentrations were found to be higher as compared
to their other metabolites. Ground water had α-HCH, βHCH, γ-HCH, op'-DDT, pp’-DDT, pp'-DDE, pp'-DDD, en-
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dosulfan and aldrin levels, being 4.6, 14.06, 2.4, 24.2, 15.6,
101.02, 174, 57.85 and 24.73% higher than in surface water
[9].
The presence of OCPs in Libyan human milk collected
in two major Tripoli maternity hospitals was investigated
[10], and 76% of the samples were contaminated with
several of these compounds. GC analysis showed that
the highest concentration for ß-HCH (240 ng/g fat) and the
lowest for op’-DDD (75 ng/g fat). Miranda et al. [11] also
detected low concentrations of pp-DDT in river sediments
from the Pantanal wetland, Brazil.
In a study, pesticide residues in ground and surface
waters of Bulgaria were investigated. As for the classic representatives of OCPs – DDT and its metabolites, the present work shows a clear trend for decreasing of these substances in the hydrosphere of Bulgaria. During the 70’s,
DDT and its degradation products were found regularly in
amounts between 0.023-0.410 µg/L, during the 80’s, 0.0130.150 µg/L; at present, DDT is found only at incidental
point pollution, and DDE – in rare cases - in non-drinking
waters. That remarkable reduction of the residues for the
most persistent insecticide is an expectable consequence
from 30 years of prohibited DDT use in Bulgaria [12].
In Turkey, the use of OCPs was controlled in the late
1970s, but effective restrictions were not imposed until the
1980s. Despite this restriction, OCP residues have been
found in fresh water, sediment, and biota indicating that
pesticides stored in sediments will continue to be biologically available due to their long residence time [13]. DDT
had been banned in 80’s, and endosulfan was also banned
last year in Turkey. Endosulfan was used very intensively
in crop production, especially in Aegean and Mediterranean regions of Turkey, until 2007. High levels of heptachlor epoxide and DDT metabolite residues were detected in
fish adipose tissue, in a study carried out in Sakarya Basin
of Turkey [14]. Endosulfan is one of the most toxic insecticides and, based on LD50 values, it is categorized by WHO
as class 2 (medium poisioning) and by EPA as 1b (high
poisoning) [15]. Yavuz et al. [16] reported that OCPs were
highly toxic compounds that are responsible for a number
of severe intoxications and several casualties worldwide. In
another study, pp-DDT, pp-DDD, pp-DDE and endosulfan residues in water samples from Meriç River- Turkey
were determined by GC-ECD analysis [13].
Insecticide consumption in Kayseri region of Turkey
is low compared to Aegean and Mediterranean coast. But
persistence of OCP is very long in the environment, even
if used at very low levels. On the other hand, findings of
Ustunbas et al. [17] are also interesting. In 1988, they investigated OCP residues in human milk of Kayseri. In this
study, DDT and its metabolite (DDE) were investigated in
51 samples of breast milk of 51 lactating women. Some
OCP residues were above WHO limits. These amounts of
OCPs in Kayseri region are still high, altough being prohibited 5-6 years ago and numbers clearly indicate how
badly the region was affected by OCPs.

To determine OCPs in water samples, Karasali et al.
[1] used GC-ECD detection for the analysis of endosulfan,
pp’-DDT, and pp-DDD, and Rajendran and Subramanian
[18] used the same system for the analysis of pp’-DDT,
pp-DDD, pp-DDE and op-DDT. Batista et al. [2] studied
the evaluation of pesticide contamination of ground water
in two agricultural areas of Portugal. GC–MS analyses
showed that α and β-endosulfan, were also detected in
water samples but at lower occurrences.
According to EPA, aqueous samples may be extracted
at neutral pH with methylene chloride using Method 3520
(continuous liquid-liquid extractor) [19].
The aim of this study was to determine the concentrations of some OCPs, such as endosulfan, DDT and its metabolites (pp-DDT, pp’-DDE and op’-DDD) in drinking
water of the Province of Kayseri.
MATERIALS AND METHODS
Solvents

All solvents, such as n-hexane, methylene chloride, acetone, HCl and anhydrous Na2SO4, were of analytical grade
from Merck, with purity of 98, 99.9, 99.8, 37 and 99.3%,
respectively. Extra pure petroleum benzene (Merck), N2
(99.99 purity) and Florisil (60-100 mesh) were used in the
study.
Pesticides

The standards endosulfan (C9H2Cl6O3SD4), pp-DDT,
pp’-DDE and op’-DDD, with purities of 96.0, 99.2, 99.4
and 99.2%, respectively, were purchased from Dr. Ehrenstorfer Laboratories GmbH, Germany. The structure and
chemical properties of these compounds with respect to
environment and ecotoxicology aere given in Table 1 [20,
21]. Stock solutions of all the compounds (1000 µg ml-1)
were prepared by diluting the analytical standards with nhexane. Working solutions of all pesticides (concentrations of 0.1, 0.5 and 1 µg ml-1) were obtained by dilution
with mobile phase. Mixtures of working solutions were
prepared and used to construct the calibration curves for
detection system.
Apparatus

The following equipments were used to perform this
study: A liquid-liquid extraction system, rotary evaporator, separation funnel, chromatographic glass column (25
x 1.5 cm), SHIMADZU GC-14 B and capillary column
connected to a 63Ni electron capture detector (ECD), balance with 0.0001 g digit, polyethylene vials, and other
basic glassware such as measuring cylinders and Hamilton microsyringe.
Sampling Site

Water sampling was carried out from the 5 water storages providing drinkable water for Kayseri, in both summer
and autumn. Sampling sites were Germiraltı, Argıncık,
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TABLE 1 - The properties of some pesticides useful for predicting environmental fate and ecotoxicological risks [20, 21].

Pesticide/Chemical Structure

Cl
Cl
Cl

O

Cl

SO

Cl

Water
Vapor
solubility
pressure at
mg/L at 20
25 oC (mPa)
o
C

ADI
(mg/kg
b.w. day-1)

Acute oral
LD50 (mg/kg) for
mammals

Neurotoxicantmutagenic
potential highly
toxic

0.006

38

0.025

Endocrine
disrupter,
neurotoxicant,
highly toxic

0.01

113

0.12

-

Carcinogen,
Endocrine
disrupter, skin
irritant, eye
irritant

825 for birds

880

0.1

1.94x10-6

Carcinogen

-

-

IUPAC Name/
Cas RN#

DT50*
(days)

Koc
(mL/g)

1,4,5,6,7,7-hexachloro8,9,10-trinorborn-5-en2,3-ylenebis methylene
sulfite /115-29-7

86

11500

0.32

0.83

1,1,1-trichloro-2,2bis(4-chlorophenyl)ethane
/
50-29-3

6200

151000
**

0.006

1,1-bis-(4-chlorophenyl)-2,2dichloroethene
/7255-9

5000

50000
***

1,1-dichloro-diphenyldichloroethane /5319-0-1

-

Log Koc
= 5.19

Human health

O

Cl

Endosulfan/C9H6Cl6O3S)

Cl

CH

Cl

CCl3
DDT(pp’-DDT)(4,4-DDT)

p,p’-DDE (2,4-DDE)
****

o,p’-DDD (2,4′-DDD )
****
*Field; **Log Koc given as 5.18; *** Log Koc given as 4.7;
at 30 oC; b.w. = body weight

Keykubat, Belsin, and Erkilet. Water samples were collected in 1-L colored glass bottles (previously cleaned
3 times with detergent, tap water, distilled water and
methylene chloride) with Teflon caps, and analyzed
within 5 days. Samples were stored at 4 °C until extraction.

24 h. Thus, OCPs were collected in the methylene chloride
phase and water phase was discarded. The extracted materials were concentrated to 1 ml by rotary evaporation and
N2 stream.
Cleanup Procedure

Filtration and Extraction Procedure

To eliminate particulate matter, water samples were filtered through Whatman No. 5 filter paper by vacuum trump.
After filtration, HCl was added to the 1-L sample at a rate
of 1% of total volume for the inhibiting of biological
activity and adjusting neutral pH. Pesticides were extracted
from the water according to the Method 3520 (continuous
liquid-liquid extractor) described by EPA [19]. 185 and
75 ml of methylene chloride were transferred to the extractor part of system and boiling flask (including boiling chips),
respectively. The volumes of water samples were adjusted to
1 L, and added to methylene chloride in the extractor. Measuring cylinder was rinsed with 5 ml methylene chloride
twice and transferred to the extractor. The heater of the
boiling flask was adjusted to 40 °C, and a cooler was connected to the system. Then, the samples were extracted for

The concentrated water samples were cleaned up by
using Florisil column chromatography. Florisil (60-100
mesh) was kept at 130 oC in the oven overnight. After cooling, it was de-activated with 1.5% distilled water. Then, nhexane was added, and it was waited overnight for the stabilization. Glass wool rinsed with n-hexane was placed to the
bottom of the chromatographic column. A small amount of
watered Florisil was transferred to column with n-hexane
and anhydrous Na2SO4 was also added to absorb water.
Florisil column was conditioned with 50 ml petroleum
benzene.
Aliquots (1 ml) of concentrated water samples were
transferred to the column by dissolving 2 ml n-hexane with
5 replications. Thus, samples passed through the column
with total 10 ml n-hexane. Column was rinsed with 100 ml
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petroleum benzene and total eluate was collected in a
150-ml flask. Eluted material was concentrated again to
just dryness by using Rotary evaporator and N2 stream.
Then the residue in the flask was dissolved with n-hexane
and transferred to the GC vial, final volume of cleaned
extract was adjusted to 1 ml. All sample extracts and standards were kept at 4oC until the GC-ECD analysis.

virtue of GC calibration can be very well characterized by
the standard deviation (S y/y,n-2) of the relative residuals
(residuals/predicted Δyi=yi - ŷ ; Yi=Δyi / ŷ ), which is calculated with n-2 degrees of freedom by applying Eq. 1
[24-26]:
Δ

s

Identification and Quantification

All sample extracts and standards were conditioned at
room temperature before chromatographic analysis. For
the GC analysis of water samples, a Shimadzu GC-14 B
with ECD was used, simultaneously applying 3-point calibration, under the following conditions: capillary column
(30 m length x 250 µm id x 0.25 µm nominal film thickness, DB-5 - 5% phenyl polysiloxane); carrier gas nitrogen (N2) 2.0 ml min-1, and make-up gas (N2) 30 ml min-1.
Operating conditions were as follows: column temperature:
100-270 oC; initial time 2 min at 100 oC; rise (I):15 oC min-1
to 160 oC – 0 min, rise (II): 5 oC min-1 to 270 oC, total run
time: 28 min; detector temperature: 300 oC, injector temperature: 225 oC, injection volume: 1 µl.
Identification of the sample peaks was achieved by
comparison of the retention time (Rt) of each individual
peak with the Rt of each pesticide standard. Quantification
was achieved digitally by a computer integrator, after calibrating the system by injecting a series of working standard
solutions, at the range of 100-1000 pg µl-1. All analytical
procedures above mentioned were illustrated in Fig. 1.

Δy / yˆ

=

∑ (Y − Y )

2

i

(1)

n−2

where yi is the response obtained from spotting/ injecting analytical standard; ŷi is the point corresponding
with analytical standard on the regression line; n is the total
number of standard spots/injections e.g. when the calibration is made at three levels with duplicate injections, then
n is equal to 6.
A good calibration curve has a standard deviation of
relative residuals less than 0.1. Since the standard deviation of the relative residuals is not constant but generally
proportional to the injected analyte, standard deviation of
the relative residuals reflect the average variability of the
calibration points, even if unweighted regression equation
is used for the estimation of the calibration relationship
[25].

The retention times for endosulfan, p,p’-DDE, o,p’DDD and p,p’-DDT standards under the above GC conditions were 11.074, 12.071, 12.300 and 14.584 min, respectively.

Three-level calibration curve (100, 500 and-1000 pg
µl-1) between the peak area and the analyte concentration
is used in this study (Fig. 2). This can be expressed as y =
a+bx , where y, x, a and b are the peak area, concentration
of analyte, intercept and slope of the curve, respectively.
The linearities of all 4 calibration curves were determined
by computing r and S y/ŷ values. The curves of standards
were linear over the range of 100-1000 pg/µl, with r, S y/ŷ
and regression equation. This is given in Table 2 for 4
different calibrations. As shown, the calculated S y/ŷ were
between 0.009-0.098, which was lower than the acceptable limit of 0.1 [25, 27].

Calibration and Linear Range

Analysis Result of the Samples

A traditional method for testing the linearity of calibration functions after linear regression is to compute the
correlation coefficient, r (or the similar coefficient of
determination, r2). But further comments have been made
on the miss-use of r for testing the linearity. The value of
r correctly describes a correlation between two files; it
describes the quality of the fit only poorly, and its linearity not at all. Since equal results can have different meanings, depending on the number of the degrees of freedom,
the use of r is not reliable measure of linearity. The
standard deviations of the relative residuals are clearly
better to interpret than r, because of their linear response
to the random errors of the signals combined with possible systematic errors produced by non-linearity of the real
calibration function. By using this concept, problems due
to different numbers of degrees of freedom between calibration and analytical data could be avoided [22, 23]. The

Under above-mentioned chromatographic and analysis conditions, there was no OCP residue in water, sampled from Germiraltı, Argıncık, Keykubat, Belsin, and
Erkilet water storage. But there were other peaks in the
chromatogram of samples. It must be pointed out that there
was an increase in peak number and peak area in autumn
samples. This may result of intensive pesticide application
in summer reaching to ground water in autumn.

RESULTS AND DISCUSSION

Δ

Analytical Separation

Δ

Δ

In a study, Kayhan et al. [28] reported that OCP levels in the tissues of Atlantic bluefin tuna were lower than
the level limited by Turkish Food Codes. The analysed OCP
residues were found in all samples at mean concentrations
under the permissible limits proposed by FAO/WHO. As
a result, there was no serious hazard in the samples in
terms of the OC residues analysed from the Gulf of Antalya, the Mediterranean Sea, Turkey.
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Laboratory sample
(1-L water sample)

Filtration of sample

Addition of HCl to inhibit
biological activity

Liquid-liquid extraction
of water sample

Concentration of extract

Florisil column chromatography
(Clean-up)

Concentration of
cleaned extract

GC-ECD analysis

Identification and quantification
FIGURE 1 - Schematic diagram of analytical steps used to determine organochlorine residues in water samples.

TABLE 2 - Summary of parameters for GC-ECD detection of compounds with three-level calibration.

Analyte

Linear range
(pg/µl)

Calibration equation

Correlation
coefficient
r
0.9955

Relative residual standard deviation
S y/y
Δ

p.p'-DDT

100-1000

y = -124473+152627x

p.p'-DDE

100-1000

y= -26251+31643x

0.9946

0.030

o,p'-DDD

100-1000

y = - 30296+36761x

0.9911

0.098

Endosulfan

100-1000

y = - 30185+36150x

0.9915

0.096
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FIGURE 2 - Calibration curves of the tested compounds.

Our findings also showed that there was no OCP residue in drinking water of Kayseri. But, in 1988, Ustünbas
et al. [17] investigated OCP residues in human milk from
Kayseri and the concentrations of pp'DDE, op'DDT,
pp'DDD and pp'DDT were found to be 2389±280, 70±12,
60±7 and 410±60 µg kg-1 in milk fat, respectively. The
amounts of total DDT derivates were above the limits set
by the WHO. There are few works indicating OCP residues in Turkey. Erkmen and Kızılkaya [13] reported that
the Meric Delta was contaminated with low levels of OCPs,
ranging from 0.466 to 1.127 mg/l. Barlas [14] carried out
an intensive work in Sakarya Basin and reported higher
levels of heptachlor epoxide and DDT metabolite residues
in fish adipose tissue. Aktafi [15] reported that due to the
intensive usage of OCP in agricultural area, several acute
poisoning cases occurred in the Aegean and Çukurova
regions of Turkey. Yavuz et al. [16] also reported that OCPs
are highly toxic compounds. A 9-years analysis by one of
Turkey’s poison control centers reported that pesticide intoxications accounted for 8.8% of 25572 poisoning calls,
with 80.3% of them relating to insecticides and 19.7%
concerning rodenticides.

In these situations, our findings need to be confirmed
by using GC-MS to verify current analytical results. Other
peaks in the chromatogram of samples should also be identified with sensitive analysis methods, such as GC-MS-MS

CONCLUSION
According to the results of this study, two basic conclusions can be drawn. The first one - there is no pesticide
pollution in domestic water of Kayseri. Indeed, pesticide
consumption of Kayseri is very low when compared to
Mediterranean and Aegean regions. The second one - although we did not find OCP residues in the water samples,
there may be some other chlorinated compounds than the
4 test compounds. Our findings support this comment,
since there was another peak in the chromatogram of samples. Üstünbaş et al. [17] also found other OCP residues
in human milk fat samples in Kayseri. In addition to these
comments, our conclusion is that these results must be confirmed by GC-MS analysis.

1292

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

REFERENCES
[1]

[2]

Karasali,H., Hourdakis,A., Anagnostopoulos,H.and Doulia, D
(2002) Pesticide residues in thermal mineral water in Greece.
J.Environ.Sci.Health. B37(5), 465-474.
Batista, S., Silva, E.L., Galhardo, S., Viana, P. and Cerejeira, M.
J.(2002) Evaluation of pesticide contamination of ground water in
two agricultural areas of Portugal. Intern. J. Environ. Anal.
Chem. 82 (8–9), 601–609.

[3]

Hellawell, J.M.(1988) Toxic substances in rivers and streams.
Env.Poll. 50, 61-85

[4]

EU Council Directive 80/778/EEC concerning the quality of water
intended for human consumption (1980) OJ L229, 30.8.80, 11.

[5]

EU Council Directive 75/440/EEC, concerning the required of
surface water intended for the abstraction of drinking water in the
member states. (1975) OJ L194, 25.7.75, 26.

[6]

Fielding, M., Barcelo, D., Helweg, A., Galassi, S., Tortenson, L.,
Zoonen, D., Wolter, R. and Angeletti, G. (1992) Pesticides in
Ground and Drinking Water. In Water Pollution Research Report;
Commission of the EC: Brussels, 27, 1–136.

[7]

Feng, K., Yu, B.Y., Ge, D.M., Wong, M.H., Wang, X.C. and
Cao, Z.H. (2003) Organo-chlorine pesticide (DDT and HCH) residues in the Taihu Lake Region and its movement in soil–water
system, I. Field survey of DDT and HCH residues in ecosystem
of the region. Chemosphere, 50, 683–687.

[8]

Kolankaya D. (2006) Organochlorine pesticide residues and their
toxic effects on the environment and organisms in Turkey. Intern.
J. Environ. Anal. Chem, 86( 1–2), 147–160

[9]

Kumar, S., Singh, K. P. and Gopal, K. (1995) Organochlorine
residues in rural drinking water sources of northern and north
Eastern India. J. Environ. Sci. Health, 30 (6),1211-1222.

[10] Elafi, A., Rahmani, M., and Abdennebi, H (2001) Organochlorine pesticide residues in breast milk from women living in
Tripoli, Libya. Fresenius Enviromental Bulletin 10(4), 349-352.
[11] Miranda K., Cunha, M.L.F., Dores, E. F.G.C. and Calheiros, D.
F. (2008) Pesticide residues in river sediments from the Pantanal
Wetland, Brazil. J. Environ. Sci. Health. 43, 717-722.

[19] EPA, Method 8081B (2000) Organochlorine pesticide by GC,
8081B-1 Revision 2, USA, (http://www.epa.gov/osw/ hazard/
testmethods/sw 846/pdfs/8081b.pdf)
[20] The FOOTPRINT Pesticide Properties DataBase (2006). Database collated by the University of Hertfordshire as part of the
EU-funded
FOOTPRINT
project
(FP6-SSP-022704),
http://www.eu-footprint.org/ppdb.html.
[21] Worthing, C.R. and Hance, R.J. (1987) The Pesticide Manual: A
world compendium, P. Imprenta: Great Britain. BCPC.
[22] Huber, W. (2004) On the use of the correlation coefficient r for
testing the linearity of calibration functions. Accred Qual Assur,
9, 726.
[23] Hibbert, D.B. (2005) Further comments on the (miss-) use of r
for testing the linearity of calibration functions Accred Qual Assur, 10, 300-301.
[24] Guidelines for Single-laboratory Validation of Analytical Methods for Trace-level Concentrations of Organic Chemicals
AOAC/FAO/IAEA/IUPAC Expert Consultation Meeting, Miskolc, Hungary, 8-11 November, (1999) http://www.iaea.org/trc/
pest-qa_val_ guide.pdf
[25] Miller, J.N., Ambrus, A. (2005) Manual on Basic Statistics,
Chapter: 3, 9 and 10. In Lectures Database, FAO/IAEA Workshop on Introduction to QC/QA Measures in Pesticide Residue
Analytical Laboratories, Seibersdorf, Vienna Austria, (September
12 – October 7)
[26] Tiryaki, O., Baysoyu, D., Seçer, E.and Aydın, G. (2008) Testing
the stability of pesticides during sample processing for the
chlorpyrifos and malathion residue analysis in cucumber, including matrix effects. Bull.of Environ. Contam. Toxicol. 80 (1), 3843.
[27] Tiryaki, O. (2006) Method validation for the analysis of pesticide
residues in grain by thin-layer chromatography. Accreditation
and Quality Assurance, 11 (10), 506-513.
[28] Kayhan, F.E., Özesen Colak, S., Deniz Koç, N. and Colak, A.
(2008) Organochlorine compound residues in muscle and liver
tissues of atlantic bluefin tuna (Thunnus thynnus L., 1758).
Fresen. Environ. Bull. 17, 1367-1369.

[12] Bratanova and Vassilev K. (2001) Pesticide residues in ground
and surface water in Bulgaria. Fresenius Enviromental Bulletin
10(4), 401-404.
[13] Erkmen, B. and Kolankaya, D. (2006) Determination of organochlorine pesticide residues in water, sediment, and fish samples
from the Meric¸ Delta, Turkey. Intern. J. Environ. Anal. Chem.,
86 (1–2), 161–169.

Received: November 16, 2009
Revised: January 27, 2010
Accepted: February 19, 2010

[14] Barlas, N. E. (1999) Determination of organochlorine pesticide
residues in aquatic systems and organisms in upper Sakarya Basin, Türkiye. Bull. Environ. Contam. Toxicol. 62, 278-285.

CORRESPONDING AUTHOR

[15] Aktafi, E.Ö., Koçak, A, Fienol E., Ertürk, S., Karali, H. and
Yunus, T. (2005) Endosülfan ile kasten zehirlenme: İki olgu. Adli
Tıp Bülteni, 10(2):66-69.
[16] Yavuz, Y., Yürümez, Y., Küçüker H., Ela, Y. and Yüksel, S.
(2007) Two cases of acute endosulfan toxicity. Clinical Toxicology 45, 530–532.
[17] Üstünbaş, H.B., Öztürk, M. A., Hasanoğlu,E. and Dogan,M.
(1994) Organochlorine pesticide residues in human milk in Kayseri. Human & Experimental Toxicology, 13(5), 299-302.
[18] Rajendran, R. B. and Subramanian, A. (1997) Pesticide residues
in water from River Kaveri, South India, Chemistry and Ecology,
13, 223-236.

1293

Osman Tiryaki
Erciyes University
Seyrani Agriculture Faculty
Plant Protection Department
(located in Science and Art Faculty)
38039 Kayseri
TURKEY
Phone: ++90 (352) 4374901
Fax: ++90 (352) 4376209
E-mail: osmantiryaki@yahoo.com

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

FEB/ Vol 19/ No 7/ 2010 – pages 1283 – 1289

1294

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

ENVIRONMENTAL IMPACT OF TROUT FARMS
ON THE EŞEN STREAM (MUGLA), TURKEY
Ahmet Adem Tekinay1*, Nazan Çevik2 and Derya Güroy3
1

Çanakkale Onsekiz Mart University, Faculty of Fisheries, Department of Aquaculture, 17100, Çanakkale, Turkey
2
Çanakkale Onsekiz Mart University, Bayramiç Vocational College, 17700, Bayramiç, Çanakkale, Turkey
3
Yalova University, Armutlu Vocational College, 77500, Armutlu, Yalova, Turkey

ABSTRACT
The purpose of the present study was to evaluate the
environmental effects of four trout farms on the water quality of the Eşen Stream, South-Western Turkey, between
February and December 2006. Water quality was monitored by bi-monthly sampling inlet and outlet water of each
farm, at the same hour of the sampling day. The dissolved
oxygen (DO) concentrations of the effluent water of the
farms A, C and D were significantly lower compared to
the inlet DO levels (p<0.05). Although an increase in the
biochemical oxygen demand (BOD5), chemical oxygen demand (COD), total phosphorus (TP) and total nitrogen
(TN) was observed in the effluents of all farms, this increase was significant only for the COD value of farm D
(p<0.05). The total annual phosphorus and nitrogen loads
of the farms on the receiving water were estimated to be
37.575 tons and 197.55 tons, respectively. The TP load of
the farms in terms of kg P per ton of fish produced per
farm were found to be between 10.82 and 12.32, while the
TN load was in the range of 58.77 and 66.18 kg N per ton
of fish produced.

KEYWORDS: Environmental impact, nitrogen loading, phosphorus loading, trout farming

INTRODUCTION
Rainbow trout (Oncorhynchus mykiss) production in
Turkey started in the early 1970s, and has increased from
28500 tons in 1997 to 61073 tons in 2007 [1]. Such a rapid
development in trout production in land-based and cage
farms has driven the concern of the environmental pollution caused by freshwater aquaculture facilities. Although
numerous publications dealing with environmental impact
of fish farms have been reported for decades in many
countries [2-11], information about the status of environmental effects of trout farming in Turkey is quite limited
[12-14].

The environmental impact of fish farms might be
evaluated by using chemical or biological methods [15].
The chemical method, which is the older and the most frequently used one for the assessment of the environmental
effects of flow-through aquaculture facilities, is based on
the monitoring of the physico-chemical parameters of the inlet and discharge water of the farm. In the biological method
which is more practical and time-saving, the fish production quantites and the feed used in the farms are taken into
consideration [15, 16].
In this study, the quality of the effluent water from
4 flow-through trout farms at the Eşen Stream was characterized, and the phosphorus and nitrogen loading of these
farms were estimated by using the biological method.
MATERIALS AND METHODS
Study Area

This research was carried out in 4 flow-through trout
farms located on the Eşen Stream (Muğla-Fethiye-Ören,
Turkey). The Eşen Stream, approximately 100 km long, is
originating from the Akdağlar Mountains and is flowing
into the Mediterranean Sea in the south-western part of
Turkey, at the boundary between the Muğla and Antalya
provinces. The trout farms A, B, C and D under investigation
are situated near Ören village in Fethiye district (Fig. 1).
There are no domestic or industrial sewage discharge points
prior to the study area. The Eşen Stream is flowing at high
velocity throughout the study area. Trout production in all
of the monitored farms, except farm D where production
takes place in earthen ponds, is realized in concrete raceways which are designed so that water flows by gravity.
The farms under investigation, operating for more than a
decade, are situated on both sides of the Eşen Stream, and
the effluent of each farm is discharged into the stream after
passing through settlement basins. The characteristics of
the farms are presented in Table 1. Extruded feed is used
in all of the farms throughout the production period. The
average proximate composition of the grow-out feed (4, 6,
8 mm size), which is about 80% of the total feed consumption, is given in Table 2.
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FIGURE 1 - Location of the trout farms.

TABLE 1 - Characteristics of the trout farms.
Characteristics
Production (tons/year)
Feed used (tons/year)
FCR
Type of ponds
Feeding practice
Effluent treatment
FCR = feed conversion ratio

Farm A
300
350
1.17
Concrete
Manual
Sediment basins

Farm B
500
600
1.20
Concrete
Manual
Sediment basins

Farm C
1500
1750
1.17
Concrete
Manual
Sediment basins

Farm D
900
1100
1.22
Earthen
Manual
None

TABLE 2 - The chemical composition of the feed used in the trout farms.
Parameter
Dry matter, %
Crude protein, %
Lipid, %
Ash, %
Phosphorus, %

Farm A
90.31
45.52
20.23
8.59
1.36

Farm B
91.65
44.75
19.49
9.86
1.36

Water Quality Monitoring and Sampling

Sampling from the inlet and outlet of the farms was
conducted during the period of February - December 2006,
on bi-monthly basis. Water samples were collected in triplicate from the middle of the water column, and the collected samples were carried to the laboratory in acidprewashed bottles at +4 oC and analyzed within 24 h.
Water temperature, pH and DO were measured in situ via
567 YSI probe. Feed samples were collected from the
farms, carried to the laboratory at +4 oC and kept frozen
until analysis.
Analytical Methods

The biological oxygen demand (BOD5) and chemical
oxygen demand (COD) of the water samples as well as

Farm C
90.68
44.90
22.57
9.95
1.35

Farm D
89.85
46.64
21.85
8.62
1.27

the proximate analysis of the feed and fish samples (moisture, protein, fat, ash and phosphorus) were determined
according to Standard Methods [17]. Total phosphorus
(TP) and total nitrogen (TN) of the water samples were
measured according to Strickland and Parsons [18].
Calculations
Phosphorus and Nitrogen Load Determination

The TP and TN load was estimated according to the
method suggested by the OSPAR Commission [15, 16].
Total Nutrient Load = 0.01 x (I x Ci – P x Cf)
where total nutrient load = TP or TN discharge to water-body (tons/year); I = feed used (tons/year); Ci = P or
N content in feed (%); P = fish production (tons/year); Cf
= P or N content in produced organisms (%).
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Statistical Analysis

The collected data were statistically analysed (p< 0.05)
using Statgraphics software package (Statgraphics Centurion) [20]. Differences between the means of the inlet and
effluent were determined by independent sample comparison of means with the t-test, and the normal distribution of
the data was tested.
RESULTS AND DISCUSSION
The physico-chemical compositions of the water
samples at the inlet and outlet of each farm are presented
in Tables 3 and 4, respectively. Statistical summary of the
results for various parameters is also displayed (Table 5).
The changes in pH values between the inlet and outlet
of the farms B, C and D were found to be insignificant
(p≥ 0.05), however, there was a significant decrease in pH
at the outlet of Farm A (p<0.05) (Table 5). Boaventura et
al. [8], Kazancı and Dügel [12] and Pulatsu et al. [13]
have detected no significant pH changes between the inlet
and effluent water samples of rainbow trout farms.
The measured DO levels during the sampling period
were found to be significantly reduced in the effluents of

farms A, C and D (p<0.05). Although a decrease in the DO
level in the effluent was observed in Farm B, the difference
was not significant (p≥0.05) (Tables 3, 4 and 5). The observed reductions in the farm effluent DO levels were in
accordance with previous reports [8, 10, 13, 14]. Nevertheless, the measured effluent DO levels, especially for
farm A, were quite near to the limit of DO concentration
for fish farm effluents (5 mg L-1), recommended by the
Global Aquaculture Alliance [20].
The means of BOD5 and COD values in the effluents
displayed an increasing trend compared to the inlet concentrations (Tables 3 and 4). However, this increase was
significant only for the COD values of farm D (p<0.05),
where trout farming is realized in earthen ponds (Table 5).
When suspended solids concentrations of the effluents
increased, as a result of fish farming activities, BOD5 and
COD values in the effluents also increased [21]. The
significant increase in these effluent values was also reported in previous investigations [8, 13].
The TP and TN levels of the effluent water of the
farms increased with regard to inlet water (Tables 3 and
4), although this increase could not be proven statistically
for all the farms analyzed (p≥0.05) (Table 5). TP and TN
values in the effluent water of the farms in this study were

TABLE 3 - Water quality parameters at each farm inlet (Mean±SE )
Parameter
Temperature (°C)
pH
DO (mg L-1)
BOD5 (mg L-1)
COD (mg L-1)
TP (mg L-1)
TN (mg L-1)

Farm A
14.3±1.1
8.2±0.2
7.9±0.6
3.6±1.8
22.7±20.7
0.184±0.123
0.439±0.451

Farm B
13.3±0.6
7.9±0.3
8.1±1.0
3.1±2.3
22.5±21.6
0.135±.099
0.505±0.387

Farm C
13.7±0.9
8.1±0.2
8.9±0.7
3.1±2.3
17.3±16.4
0.147±0.170
0.501±0.371

Farm D
16.7±1.2
7.7±0.3
8.0±0.9
4.0±6.2
11.7±9.5
0.167±0.106
0.509±0.425

TABLE 4 - Water composition at each farm outlet (mean ± SE).
Parameter
Temperature (°C)
pH
DO (mg L-1)
BOD5 (mg L-1)
COD (mg L-1)
TP (mg L-1)
TN (mg L-1)

Farm A
14.4±1.5
7.9±0.1
5.3±0.9
6.2±5.1
37.6±14.4
0.211±0.137
0.493±0.454

Farm B
13.9±1.3
8.0±0.2
7.2±0.4
4.5±2.3
29.3±19.5
0.204±.129
0.525±0.400

Farm C
14.1±1.3
8.0±0.2
7.8±0.4
3.9±1.6
28.5±14.8
0.170±0.019
0.556±0.438

Farm D
17.1±3.2
7.9±0.2
6.4±1.0
5.4±4.0
31.7±19.0
0.211±0.134
0.526±0.443

TABLE 5 - Comparison of the inlet and outlet parameter means using the t-test.
Parameter
Temperature (°C)
pH
DO (mg L-1)
BOD5 (mg L-1)
COD (mg L-1)
TP (mg L-1)
TN (mg L-1)

Farm A
t
-0.108
3.199
6.624
-1.234
-1.526
-0.370
-0.223

Farm B
t
-0.923
-1.216
2.132
-1.090
-0.601
-1.088
-0.094
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Farm C
T
-0.735
0.316
3.730
-0.713
-1.300
-0.289
-0.244

Farm D
t
-0.256
-1.756
3.020
-0.471
-2.423
-0.661
-0.072
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TABLE 6 - The TP and TN load of the trout farms.
Farm

Production capacity
(tons/year)

Feed consumption
(tons/year)

Phosphorus load*
kg P /
year

kg P / ton
fish

Nitrogen load**
kg P / ton
feed

Farm A
300
350
3245
10.82
9.27
Farm B
500
600
6160
12.32
10.27
Farm C
1500
1750
17800
11.87
10.17
Farm D
900
1100
10370
11.52
9.43
* P content of fish was assumed to be 0.4 % on dry basis;** N content of fish was 2.5% on dry basis [16].

in accordance with earlier studies in which TP and TN
levels were observed to be within the ranges of 0.060.591 mg L-1 and 0.17-2.2 mg L-1, respectively [8, 10, 13].
Besides the effects of the trout farms on the receiving
water, the TP and TN loads of the farms were determined
(Table 6). The TP loads, in terms of kg P per ton fish production, were reported to be in the range of 4.8-25.6 kg P
per ton fish produced in previous studies [4-6, 11, 13, 14,
22]. Furthermore, the estimated TP loads for the farms on
the Eşen stream were found to be in the ranges observed
for farms on the Karasu Stream/Turkey, for which the TP
loads were between 6.25-14.5 kg P per ton fish produced
[13]. The TN loads of the farms, in terms of kg N per ton
fish produced, were found to vary in the range of 58.7766.18 (Table 6). In other reports, TN loads were in the
range of 40.8-124.2 kg N per ton fish produced [4-5, 7, 11].
The nutrient loads from trout farms to the receiving
environments were much higher in 1990’s in Europe when
compared to recent records [4-5, 11]. This is simply because the quality of the industrial feed used in Europe has
been improved, in terms of reduction in the P content of
feed and development of high nutrient dense diets with
higher digestibility leading to lower feed conversion ratio
as well as lower pollution. In Turkey, the P content of the
industrial fish feed is still higher than in the feed used in the
EU countries. Therefore, the TP and TN loads of the fish
farms are still higher than those reported in recent studies
dealing with nutrient loads of European trout farms [11,
13, 14]. In order to overcome the excessive nutrient load
of the Turkish aquaculture facilities, the legal authorities
dealing with aquaculture and environmental protection,
i.e. Ministry of Agriculture and Rural Affairs and Ministry of Environment and Forestry, should adopt a new fish
farm legislation leading to a decrease in the actual total
nutrient load of farms to the receiving water, as is the case
in Denmark [23].

kg N /
year

kg N / ton
fish

kg N / ton
feed

17630
30460
89900
59560

58.77
60.92
59.93
66.18

50.37
50.77
51.37
54.15

CONCLUSION
In the present study, BOD5, COD, TP and TN values
in the effluents of all farms investigated were increased,
although this was not statistically supported. The DO levels
decreased in the receiving water which is in agreement with
previous reports. The TP and TN load, both per ton fish
produced and per ton feed used, were found in the range
of the values reported in previous studies. The TP and TN
loads could be further decreased by improving the feeding
management, the feed digestibility, the feed quality and decreasing the P content of the fish feed. Taking into account
that the aquaculture in Turkey, with a promising future
progression, is quite a new sector, there is still a lot to be
performed for the improvement of the fish feed quality as
well as the farming activities leading to a minimization of
the environmental impact of the sectoral activities.
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Good manufacturing practices, such as effluent treatment activities, improved feed quality and better feeding
management, should be adopted by the fish farms in this
study, in order to decrease the nutrient loading. Bearing in
mind that 10,000 tons of fish are produced on the Eşen
Stream, the environmental impact of this significant production may come out with a multiplying effect on the final
receiving environment which is one of the most touristic
areas of the Mediterranean region of Turkey.
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ABSTRACT
The toxic effects of excess Cu2+ and Zn2+ doses on
growth of tomato seedlings were studied in a pot experiment with the measurement of fresh and dry biomass of
the plants. The toxic effects of both elements were evaluated by measuring copper and zinc accumulations, glutathione S transferase (GST) and superoxide dismutase
(SOD) activities in tomato plants. The doses were 0, 150,
300, 450, and 600 mg kg-1 of copper as well as 0, 250, 500,
750 and 1000 mg kg-1 of zinc, and two separate pot experiments were conducted for these metals. The experimental
results demonstrated that the excess Cu2+ and Zn2+ applications inhibited the growth of tomato seedlings and diminished their biomasses. The applications increased
copper and zinc accumulations in the shoots and roots in
comparison to control treatments. The accumulations were
markedly higher in the roots than those in the shoots. The
excessive Cu2+ amounts caused significant decreases in the
GST and SOD activities of the roots. However, the SOD
activities in the shoots significantly increased with excessive Cu2+ doses. The excessive Zn2+ applications significantly affected the GST activities in the shoots and the
SOD activities in the roots. Both enzyme activities in the
roots decreased with excessive Cu2+ and Zn2+ applications.
This study shows that GST and SOD activities in tomatoes
may be used as sensitive indicators of copper and zinc
toxicity.
KEYWORDS: Superoxide dismutase, Glutathione-S-transferase,
Copper, Zinc, Tomato

INTRODUCTION
Heavy metal contamination is one of the most important environmental problems limiting plant productivity
and threatening human health. Their presence in the atmosphere, soil, and water, even in trace concentrations,

can cause serious problems to all organisms. Heavy metals
can be accumulated and redistributed in some plant
organs, resulting in plant injuries, changes in plant protective enzymes, or changes in photosynthetic sensitivity of
plants at different growth stages [1, 2]. Therefore, some
authors use enzyme activities of plants to reflect soil pollution level. The utility of antioxidant enzymes as biomarkers
for metal pollution was established by several investigators
[3-6]. This concept is derived from the idea that a toxic
effect manifests itself at the sub-cellular level of biological
organization. Biomarkers have an advantage of being
more bio-logically relevant in the measurement of biochemicals, and to enhance the ability to assess their risk on
the health and survival of a toxicant-exposed population
when compared to chemical residue analysis [4, 7-9].
It is well-documented that heavy metal stress leads to
sharp changes in the activities of certain enzymes, such as
SOD (superoxide dismutase), GR (glutathione reductase),
CAT (catalase), APX (ascorbate peroxidase), GST (glutathione S transferase), and GPX (glutathione peroxidase).
SOD constitutes the first line of defense converting superoxide radical to hydrogen peroxide [10]. One of the most
abundant and ubiquitous detoxification enzyme families is
the glutathione S transferase family. These enzymes play
a pivotal role in inhibiting the cellular damage produced
by a wide variety of structurally diverse carcinogens and
endogenous toxins [11-13].
Copper and zinc are known to be essential nutrients for
plants, but they can also be toxic, and their toxicity can be
observed, even at tissue contents slightly higher than the
optimal level. Both Cu2+ and Zn2+ in excess levels inhibit
respiration, negatively affect nitrogen and protein metabolism, cause reduction in chlorophyll content, and inhibit
some photosynthetic functions in leaves [14].
An important feature of Cu2+ toxicity is the generation
of oxidative stress. Excessive Cu2+ can catalyze the generation of harmful reactive oxygen species. The response of
antioxidant enzymes to Cu2+, Zn2+ and other metal ions
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remains controversial and can vary among plant species
and different tissues [15].
In the present study, we have investigated the effects
of excessive Cu2+ and Zn2+ doses on the growth of tomato
seedlings, copper and zinc accumulations and the activities
of some antioxidant enzymes, such as SOD and GST.
MATERIALS and METHODS
Growth conditions

Tomato seedlings (Solanum lycopersicum L.) were
grown in plastic pots (about 350 g soil capacity), placed
in a growth chamber. Experimental design was completely randomized with 4 replicates, each containing
ten pots.
Loamy sandy top soil was collected from the farmland of the University of Yüzüncü Yıl for the pot experiments. Some characteristics of experimental soil are given
in Table 1.
TABLE 1 - Some characteristics of the experimental soil.
Properties
Organic matter, %
pH (1:2.5)
CaCO3, %
EC, mS cm-1
Olsen-P, mg kg-1
Exchangeable K, mg kg-1
DTPA-Fe, mg kg-1
DTPA-Mn, mg kg-1
DTPA-Zn, mg kg-1
DTPA-Cu, mg kg-1

Experimental soil
2.20
8.70
9.54
1.26
18.0
665
7.70
13.0
0.98
0.85

soil-water suspension. Organic matter was analyzed colorimetrically using the modified Walkley Black method.
Calcium carbonate was measured with a calcimeter. Available P was determined by the molybdenum blue method in
a sodium bicarbonate extract. Fe, Mn, Zn, and Cu were
extracted using a solution containing 0.005 M DTPA, 0.1 M
TEA, and 0.01 M CaCl2 with a 2-h shaking time [16]. The
concentrations of these elements in the extracts were determined by atomic absorption spectrophotometry (M6MK2,
Solar Thermo Electron Corp.). The oven-dried plant material was converted to wet ash with an acid mixture (HNO3 –
HClO4), and analyzed for copper and zinc by atomic absorption spectrophotometry.
The samples of the fine roots and young leaves pooled
from terminal shoots were wrapped in an aluminum foil,
quick-frozen in liquid nitrogen and stored. Frozen plant
tissues were ground to a fine powder in liquid nitrogen with
a chilled mortar and pestle under ice-cold conditions. They
were subsequently homogenized in 50 mM potassium phosphate buffer (pH 7.0) containing 0.4 mM EDTA and 2%
polyvinyl polypyrrolidone. Homogenates were centrifuged
at 10.000 g for 20 min at 4 0C, and the supernatant was
used for enzyme determination [10].
All enzyme activities were expressed as units per gram
fresh weight. Enzyme activities were measured spectrophotometrically (UV/VIS-1201; Shimadzu Corp.). Glutathione
S transferase activity was measured as the amount of CDNB
(1-chloro-2,4-dinitrobenzene) conjugate formed by recording
the absorbance at 340 nm [17].

The plants in the growth chamber were grown at day/
night temperature of 25/20 oC, with 12 h of fluorescent
illumination (8000 lx light intensity).
There were two separate pot experiments for Cu2+ and
Zn treatments, and five separate doses in copper and
zinc experiments. The doses were 0, 150, 300, 450, and
600 mg Cu2+ kg-1 as CuSO4 5H2O, and 0, 250, 500, 750,
and 1000 mg Zn2+ kg-1 as ZnSO4 7H2O. All pots in the
experiments were given 200 mg N kg-1, 80 mg P kg-1, and
80 mg K kg-1 as a basic fertilization. The pots were irrigated to field capacity with distilled water throughout the
6-week growth period. All seedlings were analyzed after
6 weeks of the treatments.
2+

Superoxide dismutase was determined using the commercially available Randox-Ransod superoxide dismutase
detection kit at 505 nm. Enzyme activity was calculated
using inhibition percentage of formazan formation [18].
All data were subjected to analysis of variance for completely randomized design. If the F value indicated significant differences (P<0.05), the means were compared using
Duncan’s multiple range test [19].
RESULTS AND DISCUSSION
Plant Biomass and Plant Growth

Analysis methods

Table 2 shows the influence of increasing Cu2+ doses
on the biomass and growth of tomato plants. Shoot and
root weights and growth were significantly affected with
the increasing Cu2+ concentrations. The highest fresh and
dry biomass plant length, shoot diameter, and leaf number
were obtained from control and 150 mg kg-1 Cu2+ applications. Compared to control soil, dry shoot and root weights
in the soils containing 300, 450, and 600 mg kg-1 Cu2+ decreased by 60 and 49%, 63 and 55%, 58 and 48%, respectively. Similarly, 300, 450 and 600 mg kg-1 Cu2+ doses
significantly decreased plant length, shoot diameter, and
leaf number (Table 2).

In the experiment, soil texture was determined using
the hydrometer method. Soil pH was determined in a 1:2.5

Increasing Zn2+ doses caused significant differences
in fresh and dry weights and growth of tomato seedlings

The shoots and roots were separated, weighed, and
stored. Before weighing, the roots were washed for 5 min in
distilled water. The samples were dried for at least 48 h by
desiccation at 70 0C. The dry weight was used as a measure
of growth. The lengths of shoots and roots were measured by a ruler.
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TABLE 2 - Effect of various Cu2+ doses on biomass and growth of tomato seedlings.
Cu2+ doses
mg kg-1

Fresh biomass,
Dry biomass
Length, cm
Shoot
g pot-1
g pot-1
diameter
Shoot
Root
Shoot
Root
Shoot
Root
mm
0
7.00 a
1.86 a
0.60 a
0.110 b
11.4 a
22.1 a
4.69 a
150
6.85 a
2.15 a
0.60 a
0.131 a
10.2 b
22.3 a
4.58 a
300
2.91 b
1.09 b
0.24 b
0.056 c
6.7 c
18.7 b
3.55 b
450
2.51 b
0.94 b
0.22 b
0.050 c
6.7 c
15.9 c
3.56 b
600
2.82 b
1.08 b
0.25 b
0.057 c
6.6 c
16.9 c
3.64 b
Significance
***
***
***
***
***
***
***
***, P<0.01; means followed by different letters in the same column are significantly different (Duncan test, P<0.05).

Leaf
number
6.2 a
6.3 a
5.1 b
4.9 b
5.2 b
***

TABLE 3 - Effect of various Zn2+ doses on biomass and growth of tomato seedlings.
Zn2+ doses
mg kg-1

Fresh biomass,
Dry biomass
Length, cm
Shoot
Leaf
g pot-1
g pot-1
diameter
number
Shoot
Root
Shoot
Root
Shoot
Root
mm
0
3.83 b
0.99 b
0.32 b
0.064 b
8.8 a
20.8 b
3.96 ab
5.6 a
250
3.94 b
1.09 b
0.34 b
0.060 b
9.5 a
19.9 b
3.97 ab
5.6 a
500
4.53 a
1.62 a
0.40 a
0.091 a
8.7 a
22.3 a
3.99 a
5.5 a
750
3.14 c
1.11 b
0.28 c
0.065 b
7.3 b
20.3 b
3.76 bc
5.1 b
1000
3.00 c
1.05 b
0.26 c
0.067 b
6.8 b
20.3 b
3.68 c
4.9 b
Significance
***
***
***
***
***
*
*
***
***, P<0.001; *, P<0.05; means followed by different letters in the same column are significantly different (Duncan test, P<0.05).

TABLE 4 - Effect of various Cu2+ doses on the copper concentration,
glutathione-S-transferase (GST) and superoxide dismutase (SOD) activities of tomato seedlings.
Cu2+ doses
Copper concentration, mg kg-1
GST activity, U g-1 FW
SOD activity, U g-1 FW
-1
mg kg
Shoot
Root
Shoot
Root
Shoot
Root
0
8.4 c
70 d
0.278
0.174 a
804 b
805 a
150
26.5 b
443 c
0.256
0.165 ab
816 a
801 a
300
30.6 a
800 b
0.242
0.144 bc
816 a
796 ab
450
30.7 a
1121 a
0.266
0.130 c
814 a
787 c
600
30.7 a
1195 a
0.261
0.133 c
822 a
788 bc
Significance
***
***
ns
**
**
**
***, P<0.001; **, P<0.01; ns, non significant; means followed by different letters in the same column are significantly different (Duncan test,
P<0.05).

(Table 3). The highest shoot and root weights, plant length,
shoot diameter and leaf number were significantly obtained from the 500 mg kg-1 Zn2+ application. All growth
parameters and the biomass were decreased with the 750
and 1000 mg kg-1 Zn2+ application rates in comparison to
the 500 mg kg-1 Zn2+ application. The losses in biomass
and growth demonstrate the toxic effects of the excessive
Cu2+ and Zn2+ doses. Growth reduction effects because of
excessive Cu2+ and Zn2+ were more obvious in the shoots
than in the roots. The excessive zinc doses did not even
decrease root biomass and growth.

accumulated more in the roots than in the shoots. For 600 mg
kg-1 Cu2+ dose, copper accumulation in the roots was about
39-fold that in the shoots. These results show that the
main accumulation was in the roots. Significant growth
reduction and increase in copper concentrations in shoots
and roots were observed. However, these data show that
the shoot growth is more sensitive to copper accumulation
in spite of lower copper contents of the shoots compared
to the roots. Probably, roots play an important role in the
copper retention preventing its toxic excessive accumulation into shoots. There is a potential tolerance mechanism
operating in the root cells [15, 20].

Copper and Zinc Accumulation and Enzyme Activities

The effects of various Cu2+ doses on copper accumulation, glutathione S transferase (GST) and superoxide dismutase (SOD) activities in the shoots and roots are presented in Table 4. Shoot and root copper concentrations in
tomato seedlings increased significantly with increasing
Cu2+ doses. Cu2+ applications increased copper accumulation about 4 times in the shoots and more than 17 times in
the roots. In the plants exposed to excessive Cu2+, copper

The shoot GST activity did not change, but the root
GST activity significantly decreased with the excessive
Cu2+ doses. In the 450 mg kg-1 Cu2+ application rate, the
root GST activity reached its lowest value (Table 4). The
decreased activity of GST may lead to decreased protection against oxidants [21]. Doyotte et al. [22] pointed out
that a decreased GST response might accompany a first
exposure to pollutants, which can be followed by an in-
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duction of antioxidant systems. Thus, the existence of an
inducible antioxidant system may reflect an adaptation of
organisms. Teisseire and Guy [23] reported that GST activity was inhibited by the high CuSO4 concentrations in fronds
of duckweed. Despite treatment time and manner and the
different setting of studies, the results of the mentioned
study above are in agreement with our results.
Increased SOD activity in the shoots was observed
with increasing Cu2+ concentrations in the soil. However,
the roots showed a different trend in SOD activity. The
root SOD activity decreased with increased Cu2+ levels in
soil. The 150 mg kg-1 Cu2+ dose did not significantly change
fresh and dry shoot biomass, shoot diameter and leaf number of tomato seedlings in comparison to control. However,
the same Cu2+ level caused a significant increase in shoot
SOD activity. Probably, the excessive copper content of
shoots would be likely exerted a severe toxicity to SOD.
The shoot and root zinc concentrations increased with
increasing Zn2+ doses in the soil (Table 5). The zinc concentrations in the roots were higher than those in the shoots
of all Zn2+ treatments. With regard to control, the Zn2+
treatments increased the zinc concentrations about 54-fold
in the shoots and 98-fold in the roots. The shoot zinc accumulation was too much higher than the shoot copper accumulation. In the shoots and the roots, the GST activity
was stimulated by Zn2+ (Table 5). The Zn2+ treatments
markedly increased the shoot GST. However, no significant

change was recorded in the root GST activity based on the
treatments. The increase in GST activity was observed in
Allium cepa (onion), after exposure to industrial
wastewater containing heavy metals [4]. This finding is in
line with our finding. A significantly enhanced GST activity was re-corded, even at lower metal concentrations, making GST a good biomarker of metal stress [4]. The fact
that GST is ubiquitous, also makes it suitable as biomarker [23].
Table 5 presents the changes in SOD activity of shoots
and roots of tomato seedlings after Zn2+ treatments. The
shoot SOD activity was slightly stimulated at 250 and 500
mg kg-1 Zn2+ doses, but at higher concentrations, Zn2+ led
to an inhibition in SOD activity. However, these variations
were not found to vary significantly. The root SOD activity gradually decreased with increasing Zn 2+ doses. The
lowest root SOD was significantly obtained at 750 and
1000 mg kg-1 Zn2+ doses. However, at 250 and 500 mg kg-1
Zn2+, the root SOD activity began to decrease significantly,
in spite of no loss in the biomass. Zhu et al. [24] stated
that the SOD activity in rice roots had a trend of reducing
SOD with increasing Zn2+ concentrations. Tripathi et al. [25]
reported that the SOD activity did not significantly change
with the Zn2+ application although it was stimulated. In
addition, Koricheva et al. [26] stated that heavy metals inhibited the SOD activity in the roots, but they did not
significantly affect it in the shoots.

TABLE 5 - Effect of various Zn2+ doses on the zinc concentration, glutathione-S-transferase (GST) and superoxide dismutase (SOD) activities of tomato seedlings.
Zn2+ doses
Zinc concentration, mg kg-1
mg kg-1
Shoot
Root
0
17 e
21 e
250
229 d
318 d
500
338 c
1074 c
750
534 b
1328 b
1000
924 a
2053 a
Significance
***
***
***, P<0.001; *, P<0.05; ns, non-significant; means followed by
P<0.05).

GST activity, U g-1 FW
SOD activity, U g-1 FW
Shoot
Root
Shoot
Root
0.297 b
0.321
810
809 a
0.294 b
0.344
812
804 b
0.298 b
0.350
813
790 c
0.340 a
0.353
812
783 d
0.344 a
0.383
803
783 d
*
ns
ns
***
different letters in the same column are significantly different (Duncan test,

In the present study, the Cu2+ and Zn2+ treatments
have shown to increase the mobility of these metals in the
soil and their uptake by tomato plants. Therefore, it was
expected that the heavy metals would cause more pronounced changes in enzyme activities. When the plants
live in an environment polluted with heavy metals, a large
number of free radicals will be produced, causing damage
to the plant cell. Under these conditions, antioxidant enzyme activities in the plants will change automatically to
remove these free radicals. That is why the SOD activity
in the plant cells is often used to show injury degrees in
the plants due to heavy metals. However, the SOD activity generally increases at the early stage of plants suffering

from heavy metal pollution. Once the pollution becomes
more severe, the SOD activity decreases [27].
CONCLUSION
Excessive Cu2+ and Zn2+ treatments inhibited the
growth of tomato seedlings and reduced their biomasses.
Biomass losses in relation to the control were more markedly for copper than zinc. This situation shows that Cu2+
is more toxic than Zn2+. The Cu2+ and Zn2+ applications
increased the heavy metal accumulations. The copper and
zinc accumulations were about 4-fold and 54-fold in the
shoots, respectively, in comparison to control. In addition,
in Cu2+ and Zn2+ pollution, more realistic and biologic
changes could be observed in antioxidant enzymes of plants.
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Effect of heavy metal pollution in the shoots and roots of
tomato seedlings was different. The Cu2+ and Zn2+ rates decreased the GST and SOD activities in the roots, probably
due to excessive accumulation. However, the treatments increased GST and SOD in the shoots of tomato plants. In
view of the present results, it is suggested that variations
in the GST and SOD activities of tomato plants can serve
as useful biomarkers for the detection of Cu2+ and Zn2+
pollution.
REFERENCES
[1]

[2]

Skorzynska Polit, E. and Baszynski, T. (1997) Differences in sensitivity of the photosynthetic apparatus in Cd stressed runner bean
plants in relation to their age. Plant Sci (limerick) 128, 11-21.
Chien, H.F., Wang, J.W., Lin, C.C. and Kao, C.H. (2001) Cadmium toxicity of rice leaves is mediated through lipid peroxidation. Plant Growth Regul. 33, 205-213.

[15] Mazhoudi, S., Chaoui, A., Ghorbal, M.H. and Ferjani, E.E. (1997)
Response of antioxidant enzymes to excess copper in tomato (Lycopersicon esculentum, Mill.). Plant Science 127, 129-137.
[16] Kacar, B. (1994) Soil Analyses. Ankara University, Agriculture
Faculty, No:3, Ankara.
[17] Habig, W.H., Pabst, M.J. and Jakoby, W.B. (1974) GlutathioneS-tranferase: the first enzymatic step in mercapturic acid formation. J. Biol. Chem. 249, 7130-7139.
[18] McCord, J.M. and Fridovich, I. (1969) Superoxide dismutase: an
enzymatic function for erythrocuprein (hemocuprein).J. Biol.
Chem. 244, 6049-6055.
[19] Gomez, K.A. and Gomez, A.A. (1984) Statistical Procedures for
Agricultural Research. A Wiley Inter Science Publication, Los
Banos, 1-680.
[20] Ernst, W.H.O., Verkleij, J.A.C. and Schat, H. (1992) Metal tolerance in plants. Acta Bot. Neerl. 41, 229-248.
[21] Amstad, P., Peskin, A., Shah, A.G., Mirault, M.E., Moret, R.,
Zbinden, I., Cerutti, P. (1991) The balance between Cu, Znsuperoxide dismutase and catalase affects the sensitivity of
mouse epidermal cells to oxidative stress. Biochemist. 30, 93059313.

[3]

Geret, F., Serafim, A., Barriera, L. and Bebianno, M.J. (2002) Effect of Cd on antioxidant enzyme activities and lipid peroxidation in
the gills of the clam Ruditapes decussates. Biomarkers 7, 242-256.

[4]

Fatima, R.A. and Ahmad, M. (2005) Certain antioxidant enzymes
of Allium cepa as biomarkers for the detection of toxic heavy
metals in wastewater. Science of the Total Environment 346,
256-273.

[22] Doyotte, A., Cossu, C., Jacquin, M.C., Babut, M. and Vasseur, P.
(1997) Antioxidant enzymes, glutathione and lipid peroxidation
as relevant biomarkers of experimental or field exposure in the
gills and the digestive gland of the freshwater bivalve Unio tumidus. Aquat. Toxico. 39, 93–110.

[5]

Saviozzi, A., Levi-Minzi, R., Cardelli, R., Cipolli, S. and Riffaldi,
R. (2006) Biological activity in Cu-contaminated soils: a laboratory
experiment. Fresenius Environmental Bulletin 15 (6), 477-483.

[23] Teisseire, H. and Guy, V. (2000) Copper induced changes in antioxidant enzymes activities in fronds of duckweed (Lemna minor). Plant Science 153, 65-72.

[6]

Cardelli, R., Saviozzi, A., Cipolli, S. and Riffaldi, R. (2009) Biochemical parameters in monitoring soil contamination by cadmium. Fresenius Environmental Bulletin 18 (4), 438-444.

[7]

Rees, T. (1993) Glutathione-S-transferase as a biological marker
of aquatic contamination. M. Sc. Thesis in Applies Toxicology,
Portsmouth University, U.K.

[24] Zhu, X., Lin, L., Shao, J., Yang, Y., Xu, J. And Jiang, X. (2008)
Effects of compound pollution of Zn and Cr on antioxidant enzyme activity of rice (Oryza sativa L.) roots. Transactions of the
Chinese Society of Agricultural Engineering 24 (3), 203-208.

[8]

[9]

Şat, I.G. (2008) The effect of heavy metals on peroxidase from
Jerusalem artichoke (Helianthus tuberosus L.) tubers. African
Journal of Biotechnology 7 (13), 2248-2253.
Soyut, H., Beydemir, Ş. and Hisar, O. (2008) Effects of some
metals on carbonic anhydrase from brains of rainbow trout. Biological Trace Element Research 123 (1-3), 179-190.

[10] Nouairi, I., Ammar, W.B., Youssef N.B, Miled D.D.B., Ghorbal,
M.H. and Zarrouk, M. (2009) Antioxidant defense system in leaves
of Indian mustard (Brassica juncea) and rape (Brassica napus) under cadmium stress. Acta Physiol. Plant. 31(2), 237-247.
[11] Jaiswal, A.K. (1994) Antioxidant response element. Biochem.
Pharmacol. 48, 439-444.
[12] Vitoria, A.P., Lea, P.J. and Azevedo, R.A. (2001) Antioxidant
enzyme responses to cadmium in radish tissues. Phytochemistry
57, 701-710.
[13] Panda, S.K. (2003) heavy metal phytotoxicity induces oxidative
stress in a moss, Taxithellium sp. Curr. Sci. 84, 631-633.
[14] Kevresan, S., Petrovic, N., Popovic, M. and Kandrac, J. (2001)
Nitrogen and protein metabolism in young pea plants as affected
by different concentrations of nickel, cadmium, lead and molybdenum. J. Plant Nutr. 24 (10), 1633-1644.

1304

[25] Tripathi, B.N., Mehta, S.K., Amar, A. and Gaur, J.P. (2006) Oxidative stress in Scenedesmus sp. During short and long term exposure to Cu and Zn. Chemosphere 62, 538-544.
[26] Koricheva, J., Roy, S., Vranjic, J.A., Haukioja, E., Hughes, P.R.
and Hanninen, O. (1997) Antioxidant responses to simulated acid
rain and heavy metal deposition in birch seedlings. Environmental Pollution 95, 249-258.
[27] Liao, B., Liu, H., Zeng, Q., Yu, P., Probst, A. and Probst, J.L.
(2005) Complex toxic effects of Cd, Zn and acid rain on growth
of kidney bean (Phaseouls vulgaris L). Environment International 31, 891-895.

Received: December 15, 2009
Revised: February 02, 2010; February 15, 2010
Accepted: February 19, 2010

CORRESPONDING AUTHOR
Mehmet Ali Bozkurt
Yüzüncü Yıl University
Agriculture Faculty
Department of Soil Science and Plant Nutrition
65080 Van
TURKEY

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

FEB/ Vol 19/ No 7/ 2010 – pages 1295 – 1299

Phone: ++90 432 2251392
Fax: ++90 432 2251104
E-mail: malibozkurt@hotmail.com

FREQUENCY ANALYSIS OF MEAN
MONTHLY STREAMFLOW IN ÇORUH BASIN, TURKEY
Cahit Yerdelen1*, Yashar Karimi1 and Ercan Kahya2
1

2

Civil Engineering Department, Ege University, İzmir/Turkey
Civil Engineering Department, Istanbul Technical University, Istanbul/Turkey

ABSTRACT
This paper analyzes mean monthly stream-flow data
recorded from 29 stream-flow gauging sites in Çoruh basin,
Turkey. In regional mean monthly stream-flow analysis
based on L-moments, at first, discordancy measures have
been used to screen data on each of the 29 gauging sites.
Homogeneity of the basin has been tested using L-momentbased heterogeneity measure. We divided Çoruh basin into
5 subregions and single sites. A number of L-momentsbased frequency distributions (i.e., generalized logistic
(GLO), generalized extreme value (GEV), generalized
Pareto (GPA), generalized normal (GNO), Pearson type ΙΙΙ
(PE3), and 5-parameter Wakeby (WAK) distribution) have
been used in order to find a suitable distribution for quantile estimates. We determined that the GNO, GPA, and
WAK distributions appeared to be a robust distribution in
Çoruh basin. Finally, we carried out the Monte Carlo simulations for the quantile estimation accuracy. As a result,
the GPA, GNO and WAK distributions generated similar
quantiles.

KEYWORD: Discordancy measure, L-moment, Quantile estimation, Regional frequency analysis, Çoruh Basin.

INTRODUCTION
The primary objective of frequency analysis is to relate the magnitude of extreme events to their frequency of
occurrence through the use of probability distributions [1].
Regional frequency assessment has been a fundamental
problem in hydrologic engineering. Design of different
types of hydraulics structures, such as dams, reservoirs and
spillway, requires information about stream-flow magnitudes and their frequencies. On the other hand, effective
management of surface water resources relies on accurate
information about magnitude and variability of stream-flow.

Monthly mean stream-flow data is of particular interest to
fish and wildlife managers, water-right administrators, and
other land-/water-use planners [2]. Data observed over an
extended period of time in a river system are analyzed
through the frequency analysis, and are assumed to be independent and identically distributed [3]. These data at a site
are expected to be a true representation of quantity being
measured, and should all be drawn from the same frequency
distribution [4].
In north-eastern Turkey, where Çoruh basin is located
and different precipitation regimes occur, stream-flow data
having scattered locations has not been continuously measured. As a result, determination of accurate monthly streamflow characteristics in such regions requires regionalization
using gauging station records and other available hydrologic information. To date, many methods for the purpose
of regionalization have been proposed in the literature [5,
6]. Readers are referred to [2] for further information. Examples on the hydrologic regionalization based solely on
Turkish stream-flow data are Kahya et al. [7], who used
hierarchical cluster analysis to classify objectively monthly
stream-flow data as regions encompassing similar streamflow patterns over Turkey, and Isik and Singh [8], who
studied hydrologic regionalization of watersheds in Turkey. In addition, Kahya et al. [9] used different approaches
(namely, the principle component analysis) for stream-flow
regionalization and identified 7 distinct homogeneous regions over Turkey.
Several methods have been developed for forming
similar sites [4]. Regionalization serves for two purposes.
For sites where data are not available, the analysis is based
on regional data [10], and for sites with available data, the
joint use of data measured at a site, called at site-data, and
regional data from a number of sites in a region provides
sufficient information to enable probability distribution to
be used with greater reliability [3]. One of the simplest
regionalization approaches which have often been applied
is the index flood method. The key assumption in the
index flood method is that the distribution of floods at
different sites in a region is the same expect for a scale or
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index flood parameter, which selects rainfall and runoff
characteristics of each region [3]. Many different types of
data can be used in this procedure. The index parameter
can be taken for different models of data, for example Hosking and Wallis [4] used mean flood as an index parameter.
In this paper, we apply the index flood approach for mean
monthly stream-flow regional frequency analysis. At a
given site for a given return period T, regional quantile
estimates

qT

Q̂T can be calculated with Qˆ T = µ i qT , where

mate conditions similar to those of the previous 2 zones.
High mountains in this transition zone have different effects on the weather conditions in Çoruh basin. These
mountains stand as a barrier to the course of humid clouds,
which originate from the Black Sea, and cause immense
variability in the annual precipitation regime between north
and south hillsides of these mountains. Another role of
these mountains is to prevent the movement of cold weather
from south hillsides to the region between Çoruh River
and Black Sea.

is the quantile, estimate from the regional distribution

for the given return period, and

µ i is

the mean stream-

flow at the site. Results obtained by statistical analysis are
inherently uncertain, and for the results to be maximally
useful, some assessment of the magnitude of uncertainty
should be made [4]. To overcome the uncertainty, Monte
Carlo simulation is a reasonable approach. Numerous
studies have been carried out to identify regional probability distributions based on L-moments approach for
flood frequency analysis, but this study is the first one
using a mean monthly stream-flow for L-moments based
on regional frequency analysis, and also for Çoruh basin.
Fig.1 shows irregularity in distribution of stream-flow
gauging in Çoruh basin. For this reason and lack of data
in some sites, we prefer to use the geographical location
for grouping sites.
The objectives of this study are (i) to use the indexflood procedure for mean monthly stream-flow frequency
analysis, (ii) to apply L-moment methods, (iii) to select
the best distribution with quantile estimations and to draw
a growth curve for each region, and (iv) to discuss the accuracy of quantile estimation.
MATERIAL AND METHODS
Data and study area

Çoruh basin, located in the northeast of Turkey, was
selected in this study. It has a drainage area of 19872 km2
with a total amount of annual mean flow of 6.30x109 m3
[11]. Terrain elevations in the basin, with reference to
mean sea level, range from 30 to 2200 m (Fig. 1). Prevailing climate conditions over the basin are quite changeable.
Based on prevailing climate and geological characteristics
over different parts of the basin, we herein attempted to
define 3 major climate zones. It is important to note that 5
regions outlined in Fig. 1 were, in fact, the result of our
homogeneity analysis which essentially relies on the statistical characteristics of stream-flow in the basin.
In the northern zone of the basin, nearby the Black
Sea, humidity and hot weather prevail, and, in turn, produce frequent precipitation. Conversely, the south-western
zone of the basin has various types of weather conditions
(hot summer, cold winter, snow). The third zone, designated as the transition zone, is located between the northern and south-western zones of the basin, and shows cli-

FIGURE 1 - Distribution of stream-flow sites in Çoruh Basin. [11]
Method
L-moments

The shape of a probability distribution has been traditionally described by the moments of the distribution, and
the estimation of parameters of a distribution is achieved
by equating the sample moments` estimates to those of a
fitted distribution. For example, the mean refers to the central
tendency of a distribution and is expressed as µ = E (X ) .
The standard deviation is a measure of dispersion of
the distribution about its central location, expressed as

σ = µ 20.5 = {E ( X − µ ) 2 }0.5 .
The coefficient of variation

cv = σ µ

implies the

dispersion of a distribution as a proportion of the mean.
Dimensionless higher moments
used, particularly the skewness

µ r µ 2r / 2 can be also
γ = µ 3 µ 23 / 2 and the

2

kurtosis k = µ 4 µ 2 . L-moments are the alternative
method of describing the shape of probability distribution.
In a historical manner, they arose as an adjustment of the
“probability weighted moments (PWM)” [12] which are
expressed as follows:

1306

M p,r ,s = E[ X p {F ( X )}r {1 − F ( X ) s ]

(1)

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

1

α r = ∫ x(u )(1 − u ) r du

Regional stream-flow analysis has been carried out in
4 steps using the index flood procedure: (i) data screening, (ii) identifying the homogeneous and heterogeneous
regions, (iii) selecting a suitable frequency distribution,
and (iv) estimating the frequency distribution [4].

(2)

0

1

β r = ∫ x(u )u r du

(3)

0

The PWM (αr, βr) have been used as the basis of the
methods in estimating parameter of probability distributions [4, 13-15].
In term of the PWM, L-moments are achieved by:

(−1) r −k (r + k )!
βr
2
k =0 (k!) (r − k )!

0

(5)

(6)

For the purpose of data screening, Hosking and Wallis [4] expressed the discordancy measure for N sites in
the group as follows:

(4)

where F(x) is a cumulative distribution and x(F) is the
quantile function and

(−1) r −k (r + k )!
βr
2
k =0 (k!) (r − k )!
r

Pr* ( F ) = ∑

1

β r = ∫ x( F ) F r dF
0

Step 1: Data screening

In general, two kinds of data error occur in the hydrological applications. At first, data points may have an incorrect recording or transcription; secondly, circumstance
errors can be due to the consequence of change in location
or environmental conditions of the measuring device. This
means that the frequency distribution from which the data
are sampled is not invariable in time domain. It is also not
a valid basis for estimating the probability distribution of
future observations at site.

r

1

λr +1 = ∫ x( F ) Pr*dF = ∑

Regional Stream-flow Analysis

1
Di = N (ui − u )T A−1 (ui − u )
3

Therefore, the first useful L-moments defined in
terms of PWM are:

λ2 = 2β1 − β 0

(7)

λ3 = 6β 2 − 6β1 + β 0

(8)

λ4 = 20β3 − 30β 2 + 12β1 − β0

(9)

λ5 = 70β 4 − 140β3 + 90β 2 − 20β1 + β0
L-moment ratios are the quantities

τ r = λr λ2

(r = 3, 4 ...), which are analogous to the

traditional moment ratios. τ is the coefficient of variation
(L-CV), τ 3 is the L-Skewness, and τ 4 is the L-Kurtosis
[16-18].
Parameters are estimated by equating the sample Lmoment to the distribution L-moments. In practice, the Lmoment should be calculated from a definite sample. If
x1:n ≤x2:n ≤…… ≤xn:n would be the ascending ordered
sample of size n, the unbiased sample L-moments are
given by:
r

(11)

where bk is an unbiased estimator of β with:
κ

bk =

1 n (i − 1)(i − 2)...(i − k )
xi:n
∑
n i =k +1 (n − 1)(n − 2)...(n − k )

(12)

The sample L-moments ratio is expressed as
(r = 3, 4, ….).

t = l2 l1 and tr = lr l2

ui = [t (i )t3(i )t 4(i ) ]T is the transpose vector con-

taining the t, t3, and t4 (L-CV, L-skewness, and L-kurtosis
values , respectively) for site i;
unweighted

(10)

τ = λ2 λ1 and

(−1) r −k (r + k )!
lr +1 = ∑
bk
2
k =0 (k!) (r − k )!

where

(13)

N

group

A = ∑i =1 (ui − u )(ui − u )

u=

1
N

average;
T

N
i =1 i

∑

u

is the
and

is the matrix of sums of

squares and cross-products. Critical values of the discordancy statistic depending on the number of sites in a region
are available in Hosking and Wallis [4].
Step 2: Identification of homogeneous regions

This is not an easy step since it involves a great deal
of subjective judgements. Several methods exist to form
groups of analogous sites for the regional frequency analysis, such as geographical convenience, subjective partitioning, cluster analysis, etc. The aim of assessing the heterogeneity measure is to evaluate the measure of heterogeneity in a group of sites and to assess whether the sites have
a same treatment as a homogeneous region. Once the region is accepted as a homogeneous region, all sites in the
region are considered to have the same population Lmoment ratios. The L-moment test for heterogeneity first
fits a 4-parameter kappa distribution on the regional data set,
and then generates a series of 500 equivalent regions’ data
by numerical simulation and compares the variability of
the L-statistics of the actual region to those of the simulated series [19]. Hosking and Wallis [4] defined the heterogeneity measure (H) based on various orders of sample
L-moment ratios. It is particularly based on the variability
of 3 different levels of tests: 1, based on L-CV only (H1); 2,
based on the L-CV and L-skewness (H2); 3, based on the
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L-skewness and L-kurtosis (H3). Then, the V1, V2, V3 statistics, respectively, are involved as follows:

∑
=

V1

V2

{

N

}

2 12

n (t i − t R )
i =1 i

(14)

N

∑i =1 ni

{(

N

2

) (

n t (i ) − t R + t3(i ) − t3R
i =1 i

∑
=

N

∑

)}

2 12

n

(15)

where

V3

and

2

) (

n t3(i ) − t R + t 4(i ) − t
i =1 i

(i )

where t
R

{(

N

R
3

t ,t ,t

N

∑i=1 ni
(i )
3

,t ,t
R
4

(i )
4

)}

R

data, t 4 is regional L-kurtosis. Standard deviation of
is expressed as:

[

(16)

where

k = 1, 2, 3

µ vk

and

(17)

σ vk

are mean and standard deviation

Step 3: Selection of a frequency distribution

The aim of choosing frequency distribution in this
step is not to identify a “true” distribution, but to find a
distribution that produces exact quantile estimates for
each site. Many parent distributions may be candidate to
be fitted to a regional data set. The appropriateness of a
fitted distribution is measured by its power to reproduce
the characteristics of data. In the case of several distributions, which have good potential to fit the data, the selection of the appropriate frequency distribution in a homogeneous region is made by comparing the moments of the
distributions to the average moments statistics from the
regional data. The objective is again to identify a distribution that best fits the observed data. The best fit is determined by the fact that how well the L-skewness and Lkurtosis of the fitted distribution match the regional average L-skewness and L-kurtosis of the observed data.
Hosking and Wallis [4] expressed the statistic Zdist as
goodness of fit measure to choice the suitable distribution.

Z dist =

(τ

Z dist

R
4

− t + B4

σ4

)

}]

12

(19)

is sufficiently close to

zero. A reasonable criterion for that is | Z

dist

|≤ 1.64.

Hosking and Wallis [4] suggested Monte Carlo simulation for principle element of assessment of L-moment
algorithm. In this procedure, quantile estimates for various non-exceedance probabilities are to be computed. Letting the site i quantile estimate for non-exceedance proba-

ˆ ( F ) at the mth repetition, the relative
bility F be Q
error of quantile estimation for non-exceedance probabilm

ity F for site i can be computed by

of the simulated values of the v, respectively. Region can
be regarded as “acceptably homogeneous” if H≤1; “possibly heterogeneous” if 1<H<2, and “definitely heterogeneous” if H>2.

dist
4

2

N sim

t 4R

Step 4: Quantile estimation

are the regional average L-CV, L-

σ vk

{

σ 4 = ( N sim − 1) −1 ∑m=1 (t4[ m] − t4R ) − N sim B42
fit is decided to be adequate if

are the sample L-moment ratios

(Vk − µvk )

) is the bias in the

where m shows the number of simulation regions. The
12
R 2
4

skewness, and L-kurtosis, all weighted proportionally to
the sites record length. The heterogeneity measure is
defined as:

Hk =

(

regional average L-kurtosis for regions with the same
number of sites and the same record length as the observed

i =1 i

∑
=

N

−1
B4 = N sim
∑m=sim1 t4[m] − t4R

{Qˆ im ( F ) − Qi ( F )}
.
Qi

This quantity can be squared and averaged over all M repetition to approximate the relative RMSE of the estimators.
The relative RMSE is approximated, for large M, by:
12

2
⎡
ˆ [ m ] ( F ) − Q ( F )}⎫ ⎤
M ⎧{Q
−1
i
Ri ( F ) = ⎢ M ∑m=1 ⎨ i
⎬ ⎥ (20)
Q
(
F
)
⎢
i
⎩
⎭ ⎥⎦
⎣

Accuracy of estimated quantile over all of the sites in
the region is given by the regional average relative RMSE
of the estimated quantile:
N

R R ( F ) = N −1 ∑ Ri ( F )

(21)

i =1

Analogous quantities can be calculated for the estimated growth curve, but with

Qi (F ) and Qˆ i[ m] ( F )

qi (F ) and qˆi[ m ] ( F ) , respectively. The 90%
ˆ ( F ) are
error bounds for Q
replaced by

Qˆ ( F )
Qˆ ( F )
≤ Q( F ) ≤
U 0.05 ( F )
L0.05 ( F )

(18)

where

L0.05 ( F )

and

U 0.05 ( F )

(22)

are the values be-

tween which approximately 90% of the distribution of
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ˆ ( F ) Q ( F ) lies. More details can
simulated values of Q
be found in Hosking and Wallis [4].

RESULTS AND DISCUSSION
We considered more than 30 stream-flow gauging
sites in Çoruh Basin, but some of these sites did not have
sufficient sample length for the analysis. After preliminary
screening of our data set, we selected 29 suitable sites for
the regional analysis.

TABLE 1 - L-moment ratios

Region 5

Region 4

Region
3

Region 2

Region 1

Regions

Site

Site
23-06D
23-18D
23-28D
23-29D
23-30D
23-15D
23-27D
2304
2305
2316
2320
23-26D
23-31D
23-32D
23-40D
23-23D
23-24D
23-35D
23-36D
23-37D
23-38D
23-39D
2323
2325
23-01D
23-10D
2315
2321
2322
23-03D

N
Number of
records
456
131
252
288
240
144
180
516
504
480
408
312
252
252
096
202
204
144
120
168
120
132
480
372
324
252
444
396
348
324

l1

t
L-cv

t3
L-skewness

t4
L-kurtosis

Di
discordancy

0.641
3.889
5.435
0.563
1.167
12.154
10.329
15.799
69.081
38.431
28.626
1.671
1.032
18.93
11.688
4.269
23. 262
0.625
0.569
1. 186
0.374
0.139
33. 361
7. 021
24. 325
158.25
206.91
13. 763
158.632
24. 324

0.5990
0.6552
0.5894
0.5568
0.5384
0.5083
0.4790
0.4926
0.5066
0.5186
0.5197
0.5075
0.5654
0.4586
0.5005
0.5849
0.5028
0.7241
0.6513
0.6544
0.7151
0.5375
0.4525
0.5032
0.5242
0.4894
0.4342
0.4802
0.4766
0.5242

0.5593
0.5765
0.5439
0.5364
0.5265
0.5217
0.5101
0.5280
0.4791
0.5176
0.5222
0.5099
0.5508
0.4796
0.5171
0.5641
0.5345
0.6299
0.6115
0.6010
0.5853
0.5544
0.5452
0.5314
0.4825
0.4620
0.4484
0.4009
0.4820
0.4825

0.3445
0.3397
0.3552
0.3372
0.3765
0.2658
0.2410
0.2612
0.1756
0.2148
0.2317
0.2872
0.3298
0.3343
0.3116
0.3411
0.2952
0.3702
0.3561
0.3576
0.3164
0.3910
0.3039
0.3581
0.2298
0.1855
0.1969
0.1154
0.1826
0.2298

0.96
0.97
0.72
1.21
1.15
1.51
1.07
0.55
1.51
0.84
0.51
1.00
1.00
1.00
1.00
0.07
0.96
1.00
0.70
0.25
1.97
1.38
1.69
0.97
1.19
0.05
1.32
1.28
1.16
---

Discordancy measure

These 29 sites in the basin were assigned to 5 groups
according to the main and tributary river geomorphologic
structures. Record length, L-moment ratios and discordancy
measure for each site in the 5 regions are given in Table 1.
The critical value of discordancy measure (D = 3) is not exceeded by each site. The reason why we considered 2303D site as a single on, is the fact that it showed very high
values of heterogeneity in the both adjacent regions (namely,
region 1 and region 2) when the heterogeneity test was carried out. For example, if this site was included in region 2,
H1 value drastically increased from 0.43 to 10.12. It is
interesting that when we inspected the time series of this
site (Fig. 2); we detected no such gross errors or incorrect
recording of data values. Moreover when the entire basin
is assumed to be a single region, this site revealed D = 2.12;
therefore, we decided to consider this site as a single entity.

Hosking and Wallis [4] recommended ⎛⎜ D ≤ (N − 1) ⎞⎟ ,
i
3 ⎠
⎝
as algebraic bound for D. For region 3, with N = 4 (N,
number of sites in the region), Di calculated one. For this
reason, D criterion is not suitable for the small region and
can be derived from theoretical considerations (for more,
refer to [4]). Therefore, tests do not show any outlier
values and discordant site in this region. The general
review about the Çoruh Basin is listed in Table 1. Maximum mean monthly stream-flow occurs in region 5 and
23-15 gauge station as shown in Table 1. This station is
located in the outlet point of Çoruh Basin. On the contrary,
23-03D station shows the minimum mean monthly streamflow which is located the inlet point of the basin.
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given in Table 4. For region 1, GNO and GPA are suitable distributions. Region 2 is a homogeneous region with
H1 = 0.43, but none of the distributions appeared to be a
suitable one. This sometimes occurs when the number of
the sites in the region or the at-site record lengths are
large (Site 2304 with N = 516). In these cases, σ is small
and Z can be large, even if the regional average Lskewness and L-kurtosis are fairly close to those of one of
4

the candidate distributions. If the regional average

(t3R , t 4R )

point does not lie between 2 operationally equivalent disFIGURE 2 - Time series of site 23-03D.

Five hundred simulations were carried out using the
4-parameter kappa distribution with the quantile function

{ [

Q( F ) = ζ + α 1 − (1 − F h ) h

] } k . This is to avoid
k

committing to a particular 2-or-3-parameter distribution
[4]. We observed different heterogeneity measure values
H1, H2, and H3. The results of the homogeneous and heterogeneous regions are presented in Table 2. Çoruh Basin
is divided into 5 regions; 2 regions have H1 values less
than 1, and are designated as a homogeneous region. For
region 3, the heterogeneity measure was calculated as H1
= 1.54. Therefore, this region is thought to be heterogeneous. Regions 4 and 5 showed high values of H1 and, consequently, were identified as heterogeneous regions. The
kappa-4 distribution parameters in each region are given in
Table 3.
TABLE 2 - Heterogeneity measures
Region
1
2
3
4
5

H1
0.52
0.43
1.54
8.24
5.65

H2
-0.83
-1.25
-0.12
4.03
3.28

H3
-1.82
-0.97
-0.92
-1.13
1.77

TABLE 3 - Parameters of the kappa distribution in each region
Region
1
2
3
4
5

ζ
-0.1171
-2.7148
-0.0027
-0.4635
-1.8114

α
0.6486
2.7843
0.6399
0.8215
2.3270

k
-0.3589
0.2198
-0.3006
-0.2756
0.2406

h
1.3950
3.4060
1.3444
2.0817
2.7383

Selection of a distribution and goodness to fit

L-moment ratio diagram is a plot of L-skewness
(τ ) versus L-kurtosis (τ ) , which is a useful guideline for
the selection of an appropriate distribution. In this study, we
used this diagram for selecting the distribution in each region. The goodness of fit of the distribution has been tested
by the Zdist statistic in such a way that a satisfactory fit is
the one with | Zdist |≤ 1.64. For Çoruh Basin, the selected
distributions and corresponding Zdist values for the 5 distributions; namely, generalized logistic (GLO), generalized extreme value (GEV), generalized normal (GNO),
Pearson type III (PE3) and generalized Pareto (GPA), are
3

4
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tributions (Fig. 3, regional average for region 2 falls down
PE3 distribution line), a 3-parameter distribution is not
acceptable, and a more general distribution, such as the
Kappa or Wakeby should be used [4]. In order to identify
the best distribution function in region 2, we considered
regional growth curve for the 5 distributions in Fig. 4. The
growth curve for the GPA and Wakeby distributions are almost identical throughout the range of quantiles between
0.01 and 0.999, and, as a result, either distribution would
be an appropriate choice for this region. The regional growth
curves for the 2 distributions are even indistinguishable in
Fig. 4. For the 5 distributions, the value of growth curves is
given in Table 5. For F = 0.999, GLO distribution has the
highest score whereas PE3 distribution has the lowest
value.

FIGURE 4 - Regional growth curves for the five distributions in
region 2.

FIGURE 3 - L-moment ratio diagram in region 2.

TABLE 4 - The best distribution and Zdist statistics.
Region
GLO
GEV
GNO
PE3
1
1.99
1.78
0.14*
-2.6
2
12.18
11.57
7.91
1.74
3
2.12
1.85
0.38*
-2.12
4
4.07
3.83
1.58*
-2.16
5
13.54
12.44
9.1
3.41
* shows the suitable distribution in each region (criteria value Zdist ≤1.64)
TABLE 5 - Growth curve values for the five distributions in region 2.
F
0.01
0.1
0.5
0.9
0.99
0.999

LOG-N
0.149
0.229
0.588
2.093
6.51
15.202

GLO
0.053
0.212
0.626
1.896
6.445
21.04

GEV
0.059
0.219
0.618
1.935
6.493
19.922

Region 3 with H1= 1.54 is identified as “possibly heterogeneous” region, and its L-moment ratio diagram and
Zdist statistics indicated that the GNO and GPA distributions are suitably fitted for this region. To select the best
distribution, we consider the regional growth curve for the

PE3
0.257
0.261
0.525
2.352
5.833
9.634

GPA
0.173
0.226
0.591
2.073
6.389
16.155

GPA
0.33*
7.94
0.32*
1.96
7.82

WAK
0.172
0.225
0.59
2.082
6.41
16.192

two distributions. Table 6 and Fig. 5 show the growth curves
and values for this region. In general, the GPA distribution
values slightly differ from those of the GNO distribution.
Moreover, Fig. 5 shows quite consistency between the
curves of the two distributions.
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FIGURE 5. Growth curve for the GNO and GPA distributions in
region 3.
TABLE 6 - Growth curve values for the two distributions in region 3.
F
0.01
0.1
0.5
0.9
0.99
0.999

GNO
0.144
0.221
0.579
2.095
6.526
15.206

GPA
0.162
0.216
0.584
2.074
6.399
16.102

If the region is heterogeneous, there is no reason to
presume that a single distribution will be a good fit to all
sites. Nonetheless, fitting a single distribution can yield
much more accurate quantile estimates, considered to the
average over all sites, than fitting different distributions at
each site. The choice of distribution should be influenced
by robustness. It is particularly important to use a distribution that is robust to moderate heterogeneity in the atsite frequency distribution. The KAP and WAK distributions are widely recommended choices [4]. For region 4,
the Zdist statistic shows that the GNO distribution is good;
however, the region is heterogeneous. This is not a suitable choice for this region since it was inadequate to estimate lower bound quantiles in some sites when we used
the Monte Carlo simulation applying this distribution. In
the L-moment ratio diagram (Fig. 6), the regional average

(t3R , t 4R ) is close to the Wakeby distribution; therefore, we
recommend the WAK distribution for this region. Region 5
is also a heterogeneous region and, similar to region 4, the
WAK distribution is recommended for the quantile estimation. For our single site (23-03D), the goodness of fit
tests (Kolmogrov-Smirnov, chi-square, Anderson-Darling)
suggest the GNO distribution.

FIGURE 6 - L-moment ratio diagrams for region 4.
Quantile estimation and evaluation of its accuracy

The quantile estimates with a suggested distribution
in each of the 5e regions in Çoruh basin were discussed in
the previous section. The purpose of this section is to quantify the accuracy of the estimated regional growth curve
using Monte Carlo simulation with M=10000 repetitions.
Regions 1, 2, and 3 were simulated with the GNO and GPA
distributions, and the results of this analysis are given in
Table 7. For the heterogeneous regions (4 and 5), we earlier
pointed out that the 5-parameters WAK distribution with
x(F) = ζ +α/β {1 – (1 – F) - γ/σ {1 – (1 – F)- } quantile
function is a good statistical model to estimate quantile.
This distribution is differently parameterized and the calculations are made in terms of L-moments rather than probability weighted moments. First, a solution is applied in
which all 5 parameters are estimated, as function of the
first 5 L-moments. If no solution is found, ζ is set to zero
and the solution is applied in which the other 4 parameters
are estimated as function of the first 4 L-moments. If this
is not successful, then a GPA distribution is fitted instead,
using the first 3 L-moments. When we calculated the parameters of WAK distribution, we found that α and β are
equal zero in two heterogeneous regions 4 and 5 as well as
homogeneous region 2. Using the Hosking algorithm, we
applied the Gen Pareto distribution in the simulation for
assessing quantile accuracy. From this simulation, the regional average relative bias, regional average absolute relative bias and the regional average relative root mean
square error of the estimated regional growth curve and
quantiles were calculated (summarized in Table 7) for certain values of the non-exceedance probability (F).
β

δ

We also used the Monte Carlo simulations for 5 regions to demonstrate performance of the regional Lmoment algorithm. The selected distribution in each region is given in Table 4. The simulation reveals that the
regions 1 and 2 are homogeneous ones, with L-skewness
values between 0.5265-0.5765 and 0.4791-0.5280, respectively. Region 2 is homogeneous but the Zdist fails to suggest a best distribution (Fig. 7). Positive bias at sites indi-
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cates that real quantile is less than the average for the region as the negative bias implies the opposite condition. In
Fig. 7, RMSE values are plotted on a logarithmic scale as
there is a proportional difference between RMSEs, which
yields the most informative comparison of different estimators. Accuracy is less when the relative RMSE is large
(i.e., ≥50%). In Fig. 7, extreme bias and RMSE were found
at site 2 in region 1 for F values 0.01 and 0.1, based on the
GNO simulation. At the same time, this site has very high
values of L-cv and L-skewness as well as a relatively short
data length. For region 2, we carried out the Monte Carlo

simulations based on the GPA distribution. As seen in Fig. 7,
irregular fluctuations are evident at site 3 for the case of F
= 0.999. This site has a large data length (N = 516).
In possibly heterogeneous regions, namely region 3,
the Monte Carlo simulations were performed based on the
GNO distribution and the results are shown in Fig. 7. A
large value of bias appeared at site 2 for a small return
period (F = 0.01). Regions 4 and 5 have been identified as
two heterogeneous sub-regions in Coruh basin. Region 4
exhibited a high heterogeneity value (H = 8.24) compared

TABLE 7 - Accuracy measure of the estimated growth curve of the candidate distribution
Region 1
F

0.01
0.569
4.89
-4.778
5
0
0

Abs.bias
Bias
RMSE
90% Error

0.1
0.753
0.394
0.217
0.413
0.548
0.71

GNO
0.5
0.994
0.082
0.032
0.113
0.873
1.087

0.9
1.254
0.02
-0
0.023
1.240
1.276

0.99
1.480
0.07
-0.01
0.103
1.339
1.680

0.999
1.654
0.1
-0.02
0.171
1.370
2.065

0.1
0.74
0.46
0.27
0.48
0.51
0.68

GPA
0.5
0.9
0.99
1.271
0.08
0.01
0.03
0
0.11
0.03
0.88
1.233
1.084
1.321

0.99
1.347
0.067
-0.02
0.103
1.221
1.554

0.999
1.356
0.114
-0.04
0.228
1.046
1.897

0.1
0.742
0.09
-0.007
0.107
0.689
0.817

GPA
0.5
0.9
0.99
1.271
0.02
0.02
0.01
0.01
0.05
0.02
0.93
1.244
1.065
1.290

0.99
1.347
0.033
-0.008
0.072
1.222
1.500

0.999
1.356
0.077
-0.016
0.17
1.087
1.742

0.99
1.347
0.072
-0.01
0.123
1.183
1.557

0.999
1.356
0.135
-0.01
0.268
0.999
1.889

0.01
0.687
9.364
-9.231
9.472
0
0

Region 2
F

0.01
0.569
0.175
-0
0.202
0.502
0.662

Abs.bias
Bias
RMSE
90% Error

0.1
0.753
0.09
-0.01
0.106
0.703
0.823

GNO
0.5
0.99
0.02
0.01
0.05
0.93
1.069

0.9
1.254
0.02
0
0.02
1.236
1.266

0.99
1.480
0.032
-0
0.067
1.349
1.630

0.999
1.654
0.058
-0.01
0.118
1.411
1.961

0.01
0.687
0.13
-0.01
0.149
0.628
0.77

Region 3
F

0.01
0.569
0.199
0.001
0.247
0.476
0.711

Abs.bias
Bias
RMSE
90% Error
Region 4
GPA
F

0.01
0.1
0.687
0.742
Abs.bias
1.717
20.738
Bias
-0.01
-20.04
RMSE
1.729
20.79
0.608
0
90% Error
0.803
0
(a)
Region 1 - GNO
F
1
2
3
4
5

0.01
Bias
0.096
-23.41
0.197
-0.321
-0.422

GNO
0.5
0.994
0.059
0.016
0.095
0.897
0.109

0.1
0.753
0.148
0.017
0.175
0.667
0.831

0.5
0.993
0.21
0.146
0.228
0.794
0.97

0.9
1.271
0.037
-0
0.045
1.241
1.326

0.9
1.254
0.02
0.003
0.024
1.230
1.272

0.99
1.347
0.15
-0.07
0.172
1.283
1.627

0.1
RMSE
0.283
24.347
0.36
0.361
0.445

Bias
0.101
1.314
0.087
-0.182
-0.268

0.99
1.480
0.07
-0
0.12
1.305
1.684

0.999
1.564
0.108
-0
0.2
1.323
2.070

0.999
1.356
0.234
-0.11
0.309
1.140
2.043

Region 5
GPA
F
Abs.bias
Bias
RMSE
90% Error

0.5
RMSE
0.139
1.374
0.142
0.198
0.227

Bias
0.053
0.2
0.013
-0.047
-0.083

0.01
0.687
0.213
0.034
0.247
0.58
0.779

0.01
0.69
0.28
0.11
0.3
0.56
0.7

GPA
0.5
0.9
0.99
1.271
0.05
0.01
0.02
0.01
0.09
0.02
0.9
1.236
1.082
1.300

0.1
0.74
0.16
0.02
0.19
0.65
0.82

0.1
0.74
0.18
0.05
0.19
0.65
0.77

0.5
0.993
0.044
0.011
0.057
0.933
1.041

0.9
RMSE
0.098
0.284
0.099
0.095
0.118

1313

Bias
-0.006
-0.043
-0.011
0.017
0.029

0.9
1.271
0.028
0
0.029
1.254
1.288

0.99
1.347
0.076
-0.008
0.1
1.228
1.506

0.99
RMSE
0.087
0.181
0.109
0.1
0.106

Bias
-0.048
-0.142
-0.013
0.049
0.096

0.999
1.356
0.155
-0.005
0.212
1.100
1.710
0.999

RMSE
0.14
0.239
0.157
0.16
0.187

Bias
-0.073
-0.197
-0.009
0.072
0.144

RMSE
0.192
0.292
0.209
0.224
0.268
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(b)

Region 2 - GPA

F

0.01
Bias
-0.037
-0.207
-0.179
0.199
0.088
0.072

1
2
3
4
5
6

(c)

(d)

Bias
-0.018
-0.156
-0.126
0.111
0.068
0.061

0.01
Bias
-0.014
0.396
-0.253
-0.136
-0.002

0.5
RMSE
0.124
0.175
0.135
0.126
0.093
0.099

Bias
0.015
-0.033
-0.003
-0.019
0.027
0.032

0.9
RMSE
0.13
0.099
0.058
0.058
0.068
0.087

Bias
0.008
0.027
0.03
-0.028
-0.007
-0.003

0.99
RMSE
0.139
0.111
0.078
0.065
0.071
0.094

Bias
-0.025
0.04
-0.009
0.04
-0.037
-0.044

0.999
RMSE
0.174
0.156
0.121
0.116
0.122
0.148

Bias
-0.058
0.047
-0.509
0.145
-0.06
-0.08

RMSE
0.244
0.235
0.203
0.258
0.2
0.234

0.1
RMSE
0.13
0.447
0.27
0.203
0.262

Bias
-0.003
0.324
-0.198
-0.069
0.013

0.5
RMSE
0.068
0.343
0.205
0.139
0.189

Bias
0
0.14
-0.087
-0.002
0.013

0.9
RMSE
0.07
0.173
0.108
0.133
0.121

Bias
-0.002
-0.032
0.036
0.011
0.003

0.99
RMSE
0.084
0.114
0.09
0.151
0.11

Bias
0
-0.14
0.138
0.003
0

0.999
RMSE
0.14
0.204
0.206
0.195
0.186

Bias
0.006
-0.204
0.217
-0.002
0.004

RMSE
0.201
0.276
0.32
0.247
0.261

Region 4 - GPA

F
1
2
3
4
5
6

0.1
RMSE
0.129
0.221
0.186
0.212
0.114
0.112

Region 3 - GNO

F
1
2
3
4
5
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0.01
Bias
0.464
-0.299
-3.87
2.497
4.647
-2.652

0.1
RMSE
0.513
0.31
4.098
2.739
4.832
2.692

Bias
0.301
-0.235
0
1.194
1.579
-7.764

0.5
RMSE
0.352
0.249
0.836
1.371
1.68
7.972

Bias
0.074
-0.076
0.534
0.268
0.261
0.417

0.9
RMSE
0.167
0.126
0.826
0.459
0.377
0.556
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Bias
-0.02
0.025
-0.032
-0.01
-0.03
-0.096

0.99
RMSE
0.155
0.127
0.44
0.322
0.236
0.27

Bias
-0.071
0.094
-0.265
-0.188
-0.186
-0.236

0.999
RMSE
0.215
0.219
0.508
0.392
0.32
0.353

Bias
-0.104
0.171
-0.423
-0.325
-0.303
-0.318

RMSE
0.314
0.383
0.634
0.518
0.439
0.445
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7
8
9

(e)

-0.132
-0.516
-0.288

-0.092
-0.426
-0.227

0.172
0.427
0.234

-0.012
-0.133
-0.078

RMSE
0.312
0.092
0.23
0.218
0.1

Bias
0.086
0.024
-0.049
-0.036
0.023

0.155
0.144
0.105

0.014
0.092
0.02

RMSE
0.115
0.077
0.067
0.063
0.066

Bias
-0.029
-0.007
0.047
-0.034
0.023

0.178
0.119
0.085

0.012
0.178
0.095

RMSE
0.083
0.08
0.073
0.064
0.076

Bias
-0.122
-0.039
0.083
0.087
-0.049

0.248
0.235
0.181

0.015
0.23
0.181

RMSE
0.162
0.118
0.131
0.133
0.117

Bias
-0.206
-0.067
0.108
0.267
-0.129

0.381
0.381
0.352

Region 5 - GPA

F
1
2
3
4
5

0.199
0.517
0.295
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0.01
Bias
0.447
0.074
-0.301
0.442
-0.141

0.1
RMSE
0.46
0.111
0.304
0.451
0.153

Bias
0.3
0.058
-0.227
0.209
-0.084

0.5

0.9

0.99

0.999
RMSE
0.253
0.181
0.211
0.335
0.203

FIGURE 7 - Relative bias and RMSE for the five regions

to that of region 5 (H = 5.65). The bias and RMSE values
for each site in this region are illustrated in Fig. 7. It is important to note that the main effect of heterogeneity seems
to introduce bias into the estimated growth curve. In region 4, the site 3 has high values of bias and RMSE for
F=0.01, F=0.1, and F=0.5. Likely, sites 3, 4, 5 and 6 emerged
with an unacceptable value of bias and RMSE. Region 5 exhibits less heterogeneity than region 4. The results in Fig. 7
show acceptable measures of bias and RMSE comparison
region 4. For further information concerning the influence
of heterogeneity measure and the others parameter (e.g.,
data length, site number, etc.) on the accuracy of quantile
estimations, readers are referred to Hosking and Wallis [4].
CONCLUSIONS
Using the new frequency distribution function to predict monthly stream-flow and offered in this study, have
useful effects on regional water resources management.

Accuracy of prediction affects the cost of water structures
and decreases hazards.
In this investigation, mean monthly stream-flow data
in 29 river sites in Çoruh basin were subjected to Lmoments analysis. These sites were grouped into 5 subregions with identified geographical extents. The discordancy measure test was carried out during initial screening
phase. As a result, we have found no gross error or irregularity in the data, and included all stream-flow sites for
further analysis.
Using heterogeneity test based on L-moments, we
classified the sub-regions as follows: 2 “acceptably homogeneous”, 1 “possibly heterogeneous”, and 2 “definitely heterogeneous”. L-moment ratio diagram and Zdist statistic criteria have been used to determine the most suitable regional
distribution. Among the commonly used distributions in
hydrology (namely, GLO, GNO, PE3, WAK, and GPA dis-
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tributions), the GNO and GPA distributions emerged to
be suitable candidates for the regional distribution.
Regional quantile estimates with non-exceedance probability F have been calculated for the suitable distribution.
Consequently, the GNO and GPA revealed approximately
similar quantile estimates for large return periods. Monte
Carlo simulations have been carried out to evaluate the
accuracy measures of the estimated regional growth curves
and quantiles for the candidate distribution. This study
shows that GPA distribution holds better robustness properties as the GNO distribution being a suitable alternative. In
regions 3 and 2, since the both GPA and GNO exhibited
fairly close quantile estimates, the use of any of them depends on the user judgment and other aims in the region.
In the heterogeneous regions (4 and 5), WAK distribution
with 5 parameters distributions are suggested as an alternative method to estimate quantiles. The GPA distribution,
as special case of WAK distribution, was recommended
for these regions [19, 20].
Considering that, for the heterogeneous region (i.e.
region 5), classical methods for prediction of n-year mean
monthly stream-flow are not useful, we were indicating the
ability of the L-moment method to predict 50-year/100year mean monthly stream-flow in region 5 with GPA distribution in Table 8.
TABLE 8 - 50-100 year mean monthly
stream-flow prediction for region 5.
Station No
23-01D
23-10D
2315
2321
2322
Regional Average

mean
24.325
158.25
206.91
13.763
158.632
113.5388

50 year
115.714
701.8388
827.8469
56.67603
700.2016
493.326

100year
731.0812
4050.311
4235.265
288.8777
4082.176
2775.452

[7]
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DETERMINATION OF LAND-USE/LAND-COVER CHANGE
AND URBAN GROWTH BY USING REMOTE SENSING:
A CASE STUDY OF DUZCE PROVINCE IN TURKEY
Fatih Kara*
Fatih University, Department of Geography, 34500 Istanbul, Turkey

ABSTRACT
Duzce is a richly forested province of Turkey located
in the west part of the Black Sea Region. With the economic development and construction in Turkey, forests,
agricultural as well as green areas have been damaged.
Without prudential planning, the natural environment could
not be protected. In this study, remote sensing was utilized to ascertain whether urbanization damaged areas in
one of the greenest provinces of Turkey, how the land was
used, and, particularly, how the plains that could be used as
agricultural areas were used. As a result of the conducted
research, it is seen that the forest area has been protected
over 22 years, 63% of the land is covered with trees including hazelnut fields. Furthermore, settlement areas were
developed to a considerable extent in the last 9 years but this
development took place in Duzce Plain which is largely
used as agricultural area. This is the most negative situation evident in Duzce. Once again, this study puts forward
the benefits of remote sensing in urban growth and environmental management.

KEYWORDS: Land-use/land-cover change, remote sensing,
urban growth, environmental conservation.

INTRODUCTION
Land-cover is the mixture of physical materials, such
as concrete, grass, tarmac or water, on the surface of a piece
of land, while land-use indicates human activity that aims to
employ the land for various reasons, such as commercial,
residential and industrial ones [1]. Another description of
land-cover is the collection of materials, such as grass, trees,
pavement and shingled rooftops, as a group of patterns [2].
Land-use is, in fact, a cumulative term which includes the
composition of cultural, social, political and economic elements by referring to a connection between land-use and
remote sensing [3].

The observation and analysis of land-use and landcover changes (LU/LC) is becoming more crucial as a research topic, as human activities profoundly influence ecosystems in urban places [4]. This kind of research is essential to understand the effects of human actions, or the impacts of land-cover changes in urban areas within the whole
ecosystem [5]. Population growth creates negative changes
in LU/LC by increasing environmental deterioration in urban areas [6]. These changes and their impacts must be
evaluated properly by policy-makers as well as local and
regional land managers to make sound decisions that find
a balance between the positive and negative effects of development for the sake of preservation of environmental
resources, and the maintenance or enhancement of socioeconomic welfare [7].
It is necessary to determine the rate and trend of conversion of land-cover to plan with the intention of creating logical land-use policies. Hence, benefiting from the
temporal dynamics of remote sensing data can be crucial to
monitoring and examining the changes in land-cover [8].
The detection of changes is the process of determining the
differences in the conditions of an object, or the general
flow of a phenomenon by observing them at various times.
To have a better conception of interactions and connections
between human and natural events, we need to detect the
changes in surface features of the earth rapidly and accurately [9].
Having a wide scope of applications for the detection
of changes, remote sensing and Geographic Information
System (GIS) play great roles as useful and cost-effective
means in identifying the spatial and temporal dynamics of
LU/LC [10]. Through multi-temporal remote sensing data,
changes can digitally be tracked during a process of
identifying and describing the changes in land-use and landcover. The aim of remote sensing data is generally to detect
changes by determining them between two or more satellite
images. Most researchers followed and applied several
methods to discover an exact and accurate way to observe
LU/LC changes [11].
The detection of changes by remote sensing data can
be employed to determine and imitate the areas converted
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by natural and antropogenic processes into another landcover class [12]. Remote sensing plays an active role in
urban and regional planning for practices of change detection in rural and urban areas [13], and it is an influential
instrument to monitor the changes taking place in natural
landscapes, particularly forests [14].

the southwest [20]. Duzce Province is situated on the North
Anatolian fault line, and on the west corner of the Black
Sea coast between 30° 50’- 31° 51’ East longitudes and
40° 37’-41° 06’ North latitudes (Fig. 1). The farthest
distance of the province is 23 km on east-west and 20 km on
north-south, and the total area is known to be 2487.26 km².

Numerous methods of change detection have been developed to analyse changes in LU/LC by means of satellite
data [15]. Pre- and post-classification comparisons were
among the most commonly used techniques [15]. Among
some techniques used in the pre-classification, there are
image differencing, band rationing, change vector analysis,
direct multi-date classification, vegetation index differencing, and principle component analysis [16].

Duzce Plain is a tectonic depression settled in the
coastal belt of the western part of Black Sea Region. It
is encircled by fault zones from the north to the south. The
elevation varies from 130 to 180 m at Duzce City. Duzce
Plain is completely veiled with quaternary alluvial sediments, and enclosed by mountains, except for the bank of
the Melen River flowing along the plain between Sakarya
and Bolu Provinces. The Baba Mountains (1168 m) are
to the north, Bolu Mountains (1980 m) to the east, Abant
Mountains (1794 m) - the extensions of Bolu Mountains on the south, and gradually lowering hills from the north
to the south by isolating Adapazarı and Duzce Plains from
each other (990 m at the top).

On the other side, post-classification tecniques are interested in the changes of classified land-cover data in
different time scales. Nonetheless, using post-classification
techniques involves some challenges [15], but they are still
needed to determine LU/LC changes in detail [17]. The
main function of post-classification techniques is to help
create maps depicting land-cover classes in various times
by giving some details, such as locations, magnitude, and
the changes [17]. Premier and last LU/LC types are generally preferred to detect the changes in “from-to” analysis
[18]. Besides, comparisons of post-classification thematic
maps do not serve only changing detection procedures, but
they also help quantifying types of changes [19].
The aim of this study is to produce a land-cover map
depicting all LU/LC types through supervised classification, to identify spatial dispersion of different land-cover
classes and to detect land-use changes from 1987 to 2009
in Duzce Province.
MATERIAL AND METHODS
Study Area

The word “Duzce” is translated as “planar” in English, so the Province of Duzce has taken its name from its
location on a plateau which has a 0.5-3’ inclination angle to

Duzce Province has a humid and temperate climate
on the coastal zone of Black Sea Region. It has an average
yearly temperature of 13.1 °C and average annual precipitation of 850 kg/m2. The average relative humidity is >70%.
Duzce is affluent with lots of natural vegetation. The coastal
part is surrounded with maquis and pseudo-maquis, and
there are mountains behind the shoreline bounded with
forests made up of beech, oak, hornbeam and chestnut.
Deciduous forests are located in lower parts of the mountains, while there are coniferous forests situated in high
parts of the mountains encircling Duzce Plain and consisting of black pine, Scotch pine and fir.
Since 1980, the population has swelled from migration as a consequence of rapid industrialization, and this increased the need for housing. This also increased the number
of unplanned settlements around the city of Duzce. The last
census shows that the total population of Duzce is 273,928
(year 2009), and population density has reached 106 people/km² [21]. Forestry is one of the main sources of income, and an important sector in the economy of Duzce
Province.

TURKEY

FIGURE 1 - Province of Duzce.
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Landsat remote sensing data have been chosen as the
primary sources in the classification of land types. The
aim of this work is to determine the LU/LC classes in the
present and the past, belonging to the province of Duzce,
and to find out the yearly differences between different
ways of land-use. The general characteristics of the land
have been exhibited and the changes in different LU/LC
classes have generally been determined in accordance with
this aim.
Many researchers have stressed the value of multitemporal imagery in the classification of LU/LC types [16].
In this study, the images at the end of spring and at the
beginning of summer have been preferred to differentiate
the LU/LC classes better. For instance, at the end of spring,
agricultural lands are bare and they are more easily distinguishable from forests. Although bare farmlands look like
the cities made of asphalt and concrete at the end of spring,
they transform into green places in summer, and can easily
be distinguished from the cities [22]. Cloudless or partially
cloudy images, such as 1987 Landsat 4/5 TM, 2000 Landsat 4/5 TM and 2009 Landsat 4/5 TM, have been chosen
with the purpose to determine the rate of land-use/landcover. In the selection of landsat satellite images, the
images from the same period of the year including the
study area completely are preferred to decrease the seasonal changes to a minimum.
Image Pre-processing

Satellite images used in the research have been improved and encoded geometrically, by using a georeferenced satellite image according to Universal Transverse
Mercator (UTM) coordinate system if necessary. At least,
25 control points (GCP) have been determined for each
image in the geocoding of images, and a resampling method
has been applied with the nearest neighborhood algorithm.
The transformation had an error of 0.2 pixels of a root mean
square (RMS) meaning that the image was accurate to one
pixel. As the images used in the research are obtained in
different time scales, they include haze and dust, generally
in different proportions, and this camouflages the real
changes or shows whether different farmlands are similar
to each other. To overcome these kinds of problems, atmospheric correction methods are followed [23]. In 1996,
Chavez [24] developed an image-based method called
Cosine(t) (COST) and used this method to correct the third
and fourth bands of Landsat TM images. The method of

COST used the cosine of the solar zenith angle for the
correct prediction of the atmospheric reflections [24].
The radiometric enhancement of images is another important stage of pre-processing. The aim of image enhancement is to make the objects more prominent by raising the
quality of images, and to make the differences between
objects evident, so the techniques of haze reduction and
noise reduction were applied upon the images for the
better understanding of LU/LC classes. The visual interpretation of digitally-enlarged images is one of the most
important skills of the human mind and computers. The
mind is not only effective in the interpretation of spatial
attributes of a satellite image, but it also has the capacity
to distinguish the recessive images [16]. The method of
contrast streching upon the images produced false color
composite images which were very useful in the discrimination of farmlands. As it was very hard for some classes
like forests and orchards to be distinguished from each other
spatially, the methods of visual interpretation, ground observation and verification were applied in the discrimination
of this kind of classes.
Image Classification

Classes of land-use were mapped through the supervised classification method and digital remote sensing
(satellite images) data [25]. The main objective of classifying satellite images is to categorize pixel values automatically, and transform them directly to the classes or forms
of land-use [16]. The supervised classification tool of
ERDAS Imagine Software was used for the classification
of satellite images. “Parallelpiped” was selected as the nonparametric rule, while maximum likelihood was selected as
the parametric rule [26]. The best grouping of unknown
pixels was provided by the usage of parameters of maximum likelihood statistical method. The land-use/land-cover
classes used in the research were modified through LU/LC
classification system, 1976 established to interpret remote
sensing data in various solubility by Anderson et al. [2]
and shown in Table 1 [2]. As it can be observed from
Table 1, land is divided into 7 main groups: agriculture,
grass, extraction, forest, urban, water and hazelnut farms.
A signature level was chosen over an image between
7 and 25 for each class, and then a map, showing only 7
classes of land-use, was created by using the recode tool
of ERDAS Imagine Software and unifying these classes.

TABLE 1 – Land-use land-cover classes.
Agriculture
Grass
Extraction
Forest
Urban
Water
Hazelnut Farms

Crop fields, pasture, and bare fields
Golf courses, lawns, and sod fields
Quarries, sand and gravel pits
Deciduous forest land, evergreen forest land, mixed forest land, orchards, groves, vineyards, and nurseries
Residential, commercial services, industrial, transportation, communications, industrial and commercial, mixed urban or
build-up land, other urban or built-up land
Permanent open water, lakes, reservoirs, streams, bays and estuaries
Hazelnut growth areas
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RESULTS AND DISCUSSION

Post-Classification

The post-classification enhancements are used to decrease the classification faults stemming from base fields,
cities and classes which have similar responses like some
crop areas and wetlands [22]. As the classes, which are
among the farmlands and perceived as extraction, are
accepted as farmlands ploughed in the time when the image
was taken, they were included into the category of farmlands. There are numerous reedy places in Lake Efteni,
and these reeds have the same spectral responses as the
grass in pasture. Therefore, although they were perceived
as lakes in the supervised classification as a kind of plants,
these places were included into the class of lakes. The
spectral responses of hazelnut trees are very similar to that
of forests’. Orthophotos and maps of land-use taken from
Duzce Municipality were used in the discrimination of these
orchards from forests. A mask was applied by using the
maps of land-use classes of Duzce Municipality in different
years, and small pixels, classified as “urban” in the scope of
farmland, were again classified as “agriculture “.
Accuracy Assessment

It is necessary after the enhancements of post-classification mistakes, to test the accuracy of the research [27].
Because the changes in land-use are discovered by the
estimation of total squares of land-use classes in LU/LC
maps created for each different period, and the errors in
classification can lead to the misinterpretation of change
analyses. One of the main techniques of accuracy assessment of change maps is to evaluate the accuracy of individual classification maps, to calculate the expected accuracy of change maps [28]. Another method leading to more
exact results is to check whether these points are accurately
classified or not, after the selection of the points where
changes are available or not upon the map [19]. Maps of
changes from 1987 to 2009 were created by the selection
of this method in our research. Accuracy assessment was
obtained by the random selection of 170 different points.
100 of these points were determined over lands, while the
remainders were chosen over topography maps, land-use
maps and aerial photos. Great importance was given to
the representation of different LU/LC classes by these randomly-chosen points. The images classified for the sake of
more accuracy of classification results were made visually
by using GIS tools, and so the accuracy was increased
through GIS.

As a result of supervised classifications, a great part
of land in the Province of Duzce can be seen to be composed of green fields (Table 1). The Province of Duzce is
situated in the very west of Western Black Sea Region,
one of the places where Black Sea climate is dominant in
Turkey. It is normal that green fields cover a large area
because of the effect of Black Sea climate.
The land-cover class, which covers the greatest field
within the province of Duzce, is forests. 45.25% of the
land is covered with trees. Deciduous forests are found in
low altitudes, while there are coniferous forests in high
altitudes as a result of temperature and precipitation characteristics of the Black Sea climate. Another dominant
land class area comprises hazelnut fields, with a rate of
17.77%. The Province of Duzce is one of the places where
hazelnut farming is intensive. This hazelnut farming is one
of the most important sources of income of forest peasantry.
Families with large landholdings support themselves by
hazel-nut farming. Hazelnut trees are cultivated very close
to each other, so hazelnut fields are also accepted as “forests”. In this sense, in 2009, 63.02% of the Province of
Duzce is forest area.
Hasanlar Dam and Lake Efteni cover the great part of
the surface area defined as water. The proportion of these
lands (which are 1096.29 ha in total) to the area of the
province is 0.44%, in 2009. An increase in watery fields
from 1987-2000 and from 2000-2009 can be observed.
The main reason for the increase in the rate of fields surrounded with water is that Lake Efteni was proclaimed as
a field of preservation in 1992. The enclosure of Lake
Efteni by barriers prevented water from spreading to the
vicinity and, consequently, the decrease of water amount
seeping into the underground and evaporating. Lake Efteni has saved more water in time, and it has expanded
from year to year.
It is seen that residential areas within the province of
Duzce covered a field of 4263.75 ha (1.71%) in 1987, and
it can be said that this amount is relatively low although
residential areas smaller than villages are included into this
field. While the total population of the province of Duzce
was 156.326 in 1990, this population grew to 314.266 in
2000 but fell to 273.928 in 2008, according to the population register system based on the address [21].

TABLE 2 – Land-use/land-cover classes in the province of Duzce.

Forest
Hazelnut Farms
Water
Urban
Agricultural Areas
Grass
Extraction

Area (ha)
107255
41951.1
374.58
4263.75
33028
16442.3
45411.2

1987
Percentage (%)
43.12
16.87
0.15
1.71
13.28
6.61
18.26

Area (ha)
110089
45346
782.122
5606.53
25073.4
30987.7
30841.1

1321

2000
Percentage (%)
44.26
18.23
0.31
2.25
10.08
12.46
12.40

Area (ha)
112559
44209.3
1096.29
11510.7
43930.6
28080
7340.04

2009
Percentage (%)
45.25
17.77
0.44
4.63
17.66
11.29
2.95
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An increase of 101% in population from 1990 to 2000,
that is, doubling of the population can be atttibuted to
rapid population growth and economical developments. In
fact, the industrial area near the bank of Big Melen River
expanded between 1990-2000 in the province of Duzce,
and in a parallelism to this, lots of large and small industrial companies were established within the province.
The decrease of 40.338 people of the total population
from 2000 to 2008 is not logical. We think that this does
not reflect the real number, because the census in 2008
was conducted over computers and people were asked to
register by going to Census Bureaus. The total number of
births was determined, based on the address database in
2008. As there was no register of births based on address
before 2007 in Turkey, there is no database belonging to
the former years. Accordingly, only people, who were
registered by going to Census Bureaus in 2007 and later
years, were included into the population. In the province
of Duzce which has 139 villages and where nearly half of
these are forest villages, it cannot be said that this kind of
a computer-based register reflects the real number.
The maps obtained as a result of the classification of
Landsat 4/5 TM images also support our thesis (Fig. 2).
Likewise, the total square of residential fields (4263.75 ha

in 1987) reached 5606.53 ha in 2000, and there happened
a 105% increase between 2000 and 2009 and the total
square of residential fields has reached 11510.70 ha.
There are two significant reasons for the increase in
city fields in the last term. One is that every kind of inhabitable field (grass, extraction or agriculture) is used as
residence, especially in rural zones. Another important point
concerns the two great earthquakes in the province of Duzce,
experienced in August and November, 1999. After the
second earthquake, known as the “Duzce Earthquake”, 60%
of buildings in Duzce were evacuated and the rest fortified
and made inhabitable. Within 3 years following the earthquake, planning was completed and earthquake-resistant
dwelling houses were built, especially in two regions within
the province of Duzce. Moreover, because of cost and time
factors, many people whose houses were destroyed preferred to build their new houses in empty fields instead of
removing these ruins. Because the same values of reflection were obtained both from ruined buildings and from
new-built residences, destroyed buildings were also seen
as the residential places on satellite images, and this became
one of the most important reasons for doubling residential
areas, compared with the situation 9 years ago.

FIGURE 2 - Urban growth of Duzce Province between 1987 and 2009.
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In 2009, 17.66% of the area of Duzce Province was
covered with farmlands. However, the point which should
not be forgotten here is that hazelnut fields are not included
in this figure. Since hazelnut gardens are also farmlands,
the proportion of farmlands in Duzce to the total area is
35.43% and this amount signifies to the number of population dealing with farming. Besides, although an increase
was observed in the amount of farm-lands from 2000 to
2009, it is remarkable that there was a considerable decrease
in the rate of meadows and empty fields in the last period.

These fields were begun as farm-lands mostly but then
transformed into new residential centers.
According to classification of Landsat 4/5 TM 2009
images with using it by ERDAS Imagine 9.1 software,
45.25% of the fields of Duzce Province are forests, 17.77%
of them are hazelnut gardens, 0.44 % of them are water,
4.63% of them are residential places, 17.66% are farmlands, 11.29% are green places and 2.95% are unoccupied
fields (Fig. 3). Forest fields are seen to be situated especially

FIGURE 3 - LU/LC classes of Duzce Province in 1987, 2000, and 2009.

FIGURE 4 - Forest areas and hazelnut farms in Duzce Province in 2009.
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in the northern, eastern and southern parts of province
fields. Farming activities are centralized in Duzce Plain,
which is in the middle of the provincial fields, and where
the city of Duzce was established.
Besides the agricultural activities on the plains, hazelnut gardens on the outskirts of mountains compose other
farming fields. As has been pointed out, nearly 2/3 of the
land are covered with trees (Fig. 4). Duzce Province is, therefore, one of the most-afforested regions in Turkey. The
greatest problem for the province in terms of land-use is
the increased usage of Duzce Plain as a residential zone
and the construction of dwelling places, sites and industrial areas in fertile farming fields.
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CONCLUSION
This study focuses on the importance of remote sensing methods pertaining to urban development, change and
development of residential areas, management of natural
sources, and environmental monitoring. At present, the
most important problem with GIS and remote sensing is
that it is not always possible to obtain data in adequate
amounts and quality. The increase in the number of satellite images obtained freely by technologies like Landsat
will solve the most important problem of remote sensing
discipline. As the resolution of usable Landsat images does
not exceed 30 m, every type does not allow us to analyse.
The city analyses through the images with high resolution
will give more accurate results, and it will be possible to
make analyses like the detection of plant types by means
of images with high-resolution.
Another important result of this research is that it tests
the accuracy of the population register system based on the
address. It is not logical that settlement areas doubled
from 2000 to 2009, while there was a decrease of nearly
40,000 people in total population. This situation has shown
that the results of a population register system based on the
address can be misleading.
Another important finding is that forest lands in Duzce
Province have increased by a small factor, without being
exposed to any destruction in time. As has been recognized, in most places in Turkey, forest regions are destroyed because of fires and urban development. However,
the enlargement of forest lands in Duzce indicates that the
destruction is at a low level and more trees have been
planted than destroyed. In addition, the proclamation of the
greatest natural lake, Efteni Lake, as the field of preservation after 1992, and the great increase in the water amount
of the lake after the enclosure of its environment with barriers are important topics which demonstrate that conservation has proven to be useful. The enlargement of the lake
field from 2000 to 2009 can be attributed to several reasons; there was no change in the values of temperature and
precipitation, that is, evaporation did not increase or rain
fall did not decrease, and, consequently, the effects of
climate change remained minimal during this process.
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PREDICTION OF HOURLY ROADSIDE NO2
CONCENTRATION USING A FUZZY LOGIC APPROACH (ANFIS)
Yilmaz Yildirim*
Zonguldak Karaelmas University (Z.K.U.), Engineering Faculty, Department of Environmental Engineering, 67100 Zonguldak, Turkey

ABSTRACT
In this study, an adaptive neuro-fuzzy logic method has
been proposed to estimate roadside NO2 concentration levels. In the analysis, data from summer and winter seasons
were modeled separately and five statistical measures,
namely, RMSE, IA, R2, NMSE and FB, were used for
modeling evaluation. The available data (N=5797) for 2003
were divided into three categories: training, testing and
checking, to set up the ANFIS model. The model was trained
using 4923 data with 13 input variables consisting of air
quality and meteorological data. Summer season data set
(between July and August, N=361) and winter season data
set (between December and February, N=361) have been
separately used for prediction (testing) purposes. In general, RMSE (4.78 and 4.53), NMSE (0.029 and 0.026) and
FB (0.03 and 0.01) values are low but IA (0.96 and 0.98)
and R2 (0.92 and 0.95) are reasonably high enough to predict the observed values for winter and summer season test
data, respectively. In addition, the FOEX values show that
the model slightly under-predicts for all input parameters.
Overall, the statistical measures confirm the adequacy of
the model for predicting NO2 levels in M25 Roadside for
winter and summer season test data.

KEYWORDS:
Roadside air pollution, Neuro-fuzzy modeling, ANFIS, NO2

A summarized review of the applications of ANN in the
atmospheric sciences has been carried out by Gardner and
Dorling [1]. ANN have been studied by various investigators for SO2 [2-5], for NO, NO2 and NOx [6-8], for CO
[9] and for ozone [10-14] concentration forecasting.
Although other modeling approaches, such as time series and neural networks, have been tried by many investigators in different pollutants forecasting studies, it has
been seen from literature survey that there are not much
studies using the Adaptive Neuro-Fuzzy Inference System
(ANFIS) for prediction of air quality levels. The neurofuzzy modeling gives the most reliable forecasts comparing to neural network and time series, as was indicated by
Jorquerra et al. [11]. Recently, predictions of SO2 daily
levels in the city of Zonguldak using ANFIS [15], to estimate the impact of meteorological factors on SO2 and total
suspended particular matter pollution levels over an urban
area using ANFIS [16], were studied in fuzzy modeling,
after the study of Jorquerra et al. [11]. In a very recent paper, prediction of carbon monoxide daily concentration was
performed and uncertainty analysis was estimated by ANN
and ANFIS [17].
This study aims to estimate hourly roadside NO2 pollution levels depending on available on-site meteorological
parameters and air quality data by an artificial intelligence
method known as “adaptive neuro-fuzzy inference system”
(ANFIS).
MATERIALS AND METHODS

INTRODUCTION
Fuzzy and ANFIS Method

In recent years, Artificial Intelligence (AI)-based techniques have been proposed as alternatives to traditional
statistical ones in many scientific disciplines. Artificial neural networks (ANN), one of the most popular AI methods,
are considered to be simplified mathematical models of
brain-like systems. Neural networks are generally trained
by means of “training data”, and due their property of generalization, they can learn new associations, new functional
dependencies and new patterns. Due to these properties,
they have been widely used for modelling and forecasting.
Especially, the “multilayer perceptron” has been applied
within the field of air quality prediction in the last decade.

Fuzzy inference is a method that interprets the values
in the input vector and assigns values to the output by
means of some set of fuzzy “if-then” rules:
if x = A, then y = B,
where A and B are labels of fuzzy sets, e.g, “low”,
“high”. Each fuzzy set is characterized by appropriate
membership functions that map each element to a membership value between 0 and 1. The IF part (antecedent)
and THEN part (consequent) of a rule can have multiple
parts linked by Boolean operators (AND, OR) which have
counterpart fuzzy operators (MIN, MAX).
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A specific approach in neuro-fuzzy development is
ANFIS. It uses a feed forward network to optimize parameters of a given fuzzy inference system (FIS) to perform
well on a given task [18, 19].
ANFIS provides two main perspectives: one is to transform human knowledge or experience into the rule base
and database of a fuzzy inference system, and the second is
to tune the membership functions resulting to minimize
the output error measure or maximize performance index.
ANFIS can also act as a basis for building a set of fuzzy
if-then rules with appropriate membership functions to
generate the stipulated input–output pairs [20].
In the ANFIS, a Sugeno-type fuzzy inference system
was incorporated into adaptive neural networks structure,
consisting of a number of nodes connected through directional links. In ANFIS architecture, each node is characterized by a node function with fixed or adjustable parameters. Learning or training phase of a neural network is a
process to determine model parameter values to sufficiently
fit the training data. ANFIS allows using two learning algorithms: ‘‘backpropagation” and ‘‘hybrid” method which
seek to minimize some measure of error, such as RMSE, the
root mean of sum of squared differences between observed
and predicted data. Hybrid learning rule combines the gradient method and least squares estimate to identify parameters [20].

°C) is the measure of the average kinetic energy of air
molecules. Relative humidity (RH, %) is the amount of
water vapor that exists in a gaseous mixture of air and water
vapor. Temperature and relative humidity were measured
automatically using adequate sensors. Wind speed (WS,
m.s-1) is the rate at which air moves horizontally, and wind
direction (WD, degree) is that direction from which the
wind blows. Both were measured using anemometer and
wind vane, respectively. Solar radiation (SR, W.m-2) is a
general term for the electromagnetic radiation emitted by
the sun, and was measured by a pyranometer. The time
period selected covers the year of 2003.
Hourly meteorological data and air quality data for
2003 were provided from The Transport and Research Laboratory, UK [22].
Model Performance

In order to quantify the model performance, predicted
values and observed data have been evaluated with the
following statistical measures (RMSE, IA, R2, NMSE, FB
and PE) as employed by many researchers [23-25]:
The root-mean-square error (RMSE)

In Takagi and Sugeno's system [21], the output of each
rule is a predetermined function of input variables. For
example, in a first-order model with two inputs, the i-th rule
is described as follows:

(2)

Index of Agreement (IA)
N

2

∑ (O − P )
IA = 1 −
∑ [O − O + P − P ]
i

i =1

i

2

N

İ =1

IF x = Xi AND y = Yi, THEN fi = pi,0 + pi,1, x + pi,2, y (1)
where lower-case variables (x, y) denote the inputs,
upper-case variables (X, Y) stand for the fuzzy sets corresponding to the domain of each linguistic label, and pi is a
set of adjustable parameters. The subject details were explained elsewhere [19].

1 N
(Oi − Pi )2
∑
i =1
N
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i

m

i

(3)

m

2

Square of correlation coefficient (R )

R

2

(∑
=

N

i =1
N

(Oi − Om )(Pi − Pm )

)

2

(4)

∑i =1 (Oi − Om )2 ( Pi − Pm )2

The normalization mean square error (NMSE)

Experimental Data

The experimental data were obtained from a road side
air quality monitoring station. The location of the air
quality monitoring station is in Staines site, situated at the
edge of the clockwise carriageway of the London orbital
motorway, M25, between junctions 13 and 14, to the west
of London, and the pollutants monitored in 2003. Traffic
flows at this site are considerably higher than those at the
other locations, with typical daily flows of 175,000 and
peak-hour flows of between 12,000 and 15,000 vehicles.
The datasets consist of sequential hourly time series
of concentrations and meteorological variables. The input
data include hourly observed 8 air pollutants: PM10, PM2.5,
non-methane hydrocarbons (NMHC), nitrogen monoxide (NO), NO2, methane (CH4), sulfur dioxide (SO2) and
ozone (O3), but also 5 meteorological variables: temperature (T), wind direction (WD), wind speed (WS) relative
humidity (RH) and solar radiation (SR). Temperature (T,

N

∑ (O − P )
NMSE =
∑ (P )
i =1

i

i

N

i =1

2

2

(5)

i

The fractional bias (FB)

FB =

2( Pm − Om )
( Pm + Om )

(6)

where Oi and Pi are the observed and predicted NO2
concentration values on day i, N is the number of days in
the test set. Om and Pm represent means of the observed
and predicted NO2 concentrations.
These indices make assessments of the global performance of the model. RMSE represents differences of
observed and predicted data. IA varies between 0 and 1.0
re-presenting perfect agreement between observed and
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predicted values. R2 represents square of correlation coefficient, achieving perfect agreement when R2 is equal to
1. FB represents a measure of the agreement between
mean observed and predicted values. The perfect agreement be-tween observed and predicted values are indicated when FB = NMSE = 0.
Scatter diagram and Factor of Exceedance (FOEX)

A scatter diagram represents agreement between predicted and observed data sets. A value above the y = x line
indicates a situation of over-prediction, and reverse is true
for a situation of under-prediction.
The Factor of Exceedance (FOEX) is a useful measure of the extent of over- or under-prediction. If N pairs of
observed (Oi) and predicted (Pi) values are plotted in a
scatter diagram, and if N(Oi > Pi) is the number of overpredictions, for example the number of pairs where Oi >
Pi, then FOEX can be defined as follows [25]:

⎡ NO > P
⎤
FOEX = ⎢ i i − 0.5⎥100
⎣ N
⎦

(7)

If FOEX is equal to -50%, then all points lie below
the y=x line, indicating all the modeled results are underpredicted. If FOEX equals +50 %, all modeled results are
over-predicted. If FOEX equals 0%, then one observes
optimum distribution of data where there are half underand half over-predictions.
RESULTS AND DISCUSSION
ANFIS model development

Fuzzy modeling involves two steps: structure identification and parameter estimation. Structure identification
consists of selecting input variables, specifying the fuzzy
inference system, determining the rule base set, and finalizing the type and number of membership functions.
In the ANFIS system for parameter estimation, each
input parameter might be clustered into several class
values to build up fuzzy rules, and each fuzzy rule would
be constructed using two or more membership functions
(MFs). Several methods have been proposed to classify
the input data and making the rules, that the most conventional of them are “grid partition” [26] and “subtractive
fuzzy clustering” [27]. When there are a few input variables, “grid partition” is a suitable method for data classification. But in this research, because of the huge amount
of input variables, this method cannot be used. For example by having 13 input variables and 3 MFs for each of
the 13 input variables, the rules will be 313 rules that it
obstacle for the calculation.
“Subtractive fuzzy clustering” assumes each “data
point” is a potential cluster center and calculates the likelihood that each “data point” would define the cluster center based on the density of surrounding “data points”. The
algorithm selects the data point with the highest potential

to be the first cluster center and removes all “data points”
in the vicinity of the first cluster center as determined by
radii to determine the next data cluster and its center location. This process continues until all of the data is within
radii of a cluster center.
The algorithm parameters of “Subtractive fuzzy clustering” may be summarized as follows:
• Range of influence (RI): It indicates the radius of a
cluster when the data space is considered as a unit hypercube. Good values are typically between 0.2 and 0.5.
A small cluster radius will typically yield many small
clusters in the data, resulting in many rules. In the
ANFIS model development, RI was tried between 0.40.5 (default = 0.5).
• Squash factor (SF): It is a factor that is used to multiply the radii values that determine the neighborhood
of a cluster center to ‘‘squash’’ the potential for outlying points to be considered as part of that cluster. High
values (for example, 2.0) are used to find clusters that
are far from each other. In the ANFIS model development, SF was tried between 1.10-1.25 (default = 1.25).
• Accept ratio (AR): It sets the potential, as a fraction
of the potential of the first cluster center, above which
another “data point” will be accepted as a cluster center. High values are used to accept “data points” that
have a strong potential for being cluster centers. In the
ANFIS model development, it was tried between 0.40.5 (default = 0.5).
• Reject ratio (RR): It sets the potential, as a fraction of
the potential of the first cluster center, below which a
“data point” will be rejected as a cluster center. High
values, such as 0.7, are used to reject all “data points”
without strong potential. In the ANFIS model development, the RR was tried between 0.10-0.15 (default
= 0.15).
In the ANFIS model development, data including air
quality and meteorological variations having 13 parameters together were used as “input variables” to predict NO2
concentration. The modeling was performed using optimization of the 4 algorithm parameter (RI, SF, AR and RR)
to obtain the best fit for the input-output data set. Figure 1
illustrates the layered nature of ANFIS architecture as an
example for NO2 modeling in this study.
In model building, training and testing are performed
by means of graphical user interface supplied in
“MATLAB Fuzzy Toolbox”. Optimum fuzzy structure
was obtained by trial and error of subtractive clustering
for the system. First-order Sugeno model is preferred as
inference system for its simplicity. Neural networks are
trained by hybrid method as suggested by Jang et al. [19].
In a pre-liminary work, various membership function
types, such as triangular, trapezoidal, and Gaussian, were
compared. The best results were obtained with Gaussiantype membership function.
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membership functions (MFs) were obtained. In all training phases, a maximum number of 100 epochs was applied,
which was found to be sufficient to obtain the minimum
RMSE value. The results were summarized in Table 1. As
seen from the table, the optimum clustering parameters were
decided as follows: range of influence (RI): 0.40, squash
factor (SF): 1.10, accept ratio (AR): 0.40, and reject ratio
(RR): 0.10.

FIGURE 1 - ANFIS model structure with
thirteen inputs and six rules for NO2 modeling.
Training and testing the ANFIS model

In order to find an optimal input set which minimizes
the test error given by RMSE, all of the combinations of
input variables have been considered with 9 different input
sets, consisting of meteorological and air quality parameters. Meteorological parameters employed include air temperature (T, oC), relative humidity (RH, %), solar radiation
(SR, w/m2), wind speed (WS, m/s) and wind direction
(WD, degrees). PM10, PM2.5, NMHC, NO, NO2, CH4 and
SO2 air quality data were also employed as input parameters with meteorological variables.
The available data consist of 5797 for 2003, and were
divided into 3 categories: training, testing and checking.
The model was trained using 4923 data for 2003 with 13 input variables. Summer season data set (SSD, between July
and August, N=361) and winter season data set (WSD, between December and February, N=361) have been separately used for testing purposes. For checking (CD), the
152 data were randomly selected from the year of 2003.
In model training works, different values of clustering parameters (RI, SF, AR and RR) were tried, and the lowest
training error (RMSE), the number of input parameters and

After optimizing the clustering parameter, the testing
of winter and summer season data was performed with the
number of input parameters having the least training errors as RMSE. The results are given in Table 2, indicating
that the highest and lowest errors for training, testing and
checking were obtained when 5 (only meteorological data)
and 13 input parameters were used, respectively, with the
employment of the optimized cluster parameters. In more
detail, the training error (TE) of TD (8.92) and testing
errors for WSD (7.60) and SSD (7.13) as RMSE values
were the highest when 5 input parameters (only meteorological data) were used, with the employment of the
optimized cluster parameters. As seen from Table 2, it is
obvious that the training and testing errors were generally
lowered with increasing the input parameters. Although
training error for TD was slightly decreased with increasing the input parameters, the lowest testing errors for WSD
and SSD were obtained to be 4.61 and 4.78, respectively,
when 9 input parameters were used. In addition, setting up
the ANFIS model with 8 and 13 input parameters resulted
in 32 and 44 % decrease of TE, with respect to employment of 5 input parameters. This result indicated that TE
was not considerably decreased when more than 9 input
parameters were used.
Statistical evaluation of observed and modeled results

Statistical evaluation of the model is important to find
a model performance. After finding the optimum clustering parameters (RI=0.40, SF=1.10, AR=0.40 and RR=0.10),
statistical evaluation of observed and predicted data were
performed for different input parameters using RMSE, IA,
R2, NMSE, FB and PE as statistical measures. The results
are given in Tables 3 and 4, for winter and summer season
test data, respectively.

TABLE 1 - The relationships between the clustering and input parameters.
Clustering Parameters
RI=0.50, SF=1.25,
RI=0.40, SF=1.20,
RI=0.40, SF=1.10,
AR=0.50, RR=0.15
AR=0.40, RR=0.15
AR=0.40, RR=0.15
5 Inputs
MF:4, TE: 9.96
MF:5, TE: 9.66
MF:6, TE: 9.39
6 Inputs
MF:4, TE: 8.32
MF:5, TE: 8.38
MF:7, TE: 7.90
7 Inputs
MF:5, TE: 6.72
MF:8, TE: 6.76
MF:10, TE: 6.59
8 Inputs
MF:5, TE: 6.85
MF:8, TE: 6.47
MF:10, TE: 6.36
9 Inputs
MF:5, TE: 6.03
MF:8, TE: 5.74
MF:14, TE: 5.54
10 Inputs
MF:5, TE: 6.11
MF:9, TE: 5.69
MF:11, TE: 5.62
11 Inputs
MF:6, TE: 5.82
MF:10, TE: 5.66
MF:12, TE: 5.55
12 Inputs
MF:6, TE: 5.71
MF:9, TE: 5.58
MF:12, TE: 5.51
13 Inputs
MF:6, TE: 5.71
MF:9, TE: 5.59
MF:11, TE: 5.47
MF: Input membership function; TE: Training Error (RMSE)

1329

RI=0.40, SF=1.10,
AR=0.40, RR=0.10
MF:12, TE: 8.92
MF:11, TE: 7.74
MF:15, TE: 6.27
MF:17, TE: 6.08
MF:19, TE: 5.86
MF:22, TE: 5.25
MF:23, TE: 5.13
MF:22, TE: 5.05
MF:22, TE: 5.01
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TABLE 2 - RMSE values for training, testing and checking data for different input parameters.
Input Parameters

Clustering Parameters

Input MF

5 (WS, WD, T, RH, SR)
RI=0.40, SF=1.10, AR=0.40, RR=0.10
6 (O3, WS, WD, T, RH, SR)
RI=0.40, SF=1.10, AR=0.40, RR=0.10
7 (NO, O3, WS, WD, T, RH, SR)
RI=0.40, SF=1.10, AR=0.40, RR=0.10
8 (CO, NO, O3, WS, WD, T, RH, SR)
RI=0.40, SF=1.10, AR=0.40, RR=0.10
9. (NMHC, CO, NO, O3, WS, WD, T, RH, SR)
RI=0.40, SF=1.10, AR=0.40, RR=0.10
10 (PM2.5, NMHC, CO, NO, O3, WS, WD, T, RH,
RI=0.40, SF=1.10, AR=0.40, RR=0.10
SR)
11 (PM10, PM2.5, NMHC, CO, NO, O3, WS, WD,
RI=0.40, SF=1.10, AR=0.40, RR=0.10
T, RH, SR)
12 (SO2, PM10, PM2.5, NMHC, CO, NO, O3, WS,
RI=0.40, SF=1.10, AR=0.40, RR=0.10
WD, T, RH, SR)
13 (CH4, SO2, PM10, PM2.5, NMHC, CO, NO, O3,
RI=0.40, SF=1.10, AR=0.40, RR=0.10
WS, WD, T, RH, SR)
TD: Training data, WSD: Winter season data, SSD: Summer season data, CD: Checking data

Error (RMSE, ppb)
WSD
SSD
7.60
7.13
5.98
5.84
5.11
5.26
5.15
5.00
4.61
4.78

12
11
15
17
19

TD
8.92
7.74
6.27
6.08
5.86

CD
8.17
7.03
6.10
5.20
5.13

22

5.25

5.48

4.83

5.60

23

5.13

4.89

4.67

5.04

22

5.05

5.19

4.67

4.92

22

5.00

5.42

4.53

5.57

TABLE 3 - Statistical evaluation and performance of the ANFIS model for winter season data.
Input Parameter Number

Input MF

5 (WS, WD, T, RH, SR)
12
6 (O3, WS, WD, T, RH, SR)
11
7 (NO, O3, WS, WD, T, RH, SR)
15
8 (CO, NO, O3, WS, WD, T, RH, SR)
17
9 (NMHC, CO, NO, O3, WS, WD, T, RH, SR)
19
10 (PM2.5, NMHC, CO, NO, O3, WS, WD, T,
22
RH, SR)
11 (PM10, PM2.5, NMHC, CO, NO, O3, WS,
23
WD, T, RH, SR)
12 (SO2, PM10, PM2.5, NMHC, CO, NO, O3,
22
WS, WD, T, RH, SR)
13 (CH4, SO2, PM10, PM2.5, NMHC, CO,
22
NO, O3, WS, WD, T, RH, SR)
MF: Membership function, OPN: Over-predict number.

Winter Season Data, N=361
NMSE
FB
0.084
0.04
0.049
0.07
0.035
0.04
0.037
0.03
0.029
0.03

RMSE
7.60
5.98
5.11
5.15
4.78

IA
0.85
0.92
0.95
0.95
0.96

R2
0.75
0.87
0.91
0.90
0.92

5.48

0.94

0.90

0.038

4.89

0.95

0.91

5.19

0.94

5.42

0.94

OPN
139
122
156
153
143

FOEX
-11.5
-16.2
-6.8
-7.6
-10.4

0.08

123

-15.9

0.032

0.05

134

-12.9

0.91

0.035

0.07

126

-15.1

0.91

0.037

0.09

119

-17.0

TABLE 4 - Statistical evaluation and performance of the ANFIS model for summer season data.
Input Parameter Number
5 (WS, WD, T, RH, SR)
6 (O3, WS, WD, T, RH, SR)
7 (NO, O3, WS, WD, T, RH, SR)
8 (CO, NO, O3, WS, WD, T, RH, SR)
9 (NMHC, CO, NO, O3, WS, WD, T, RH,
SR)
10 (PM2.5, NMHC, CO, NO, O3, WS,
WD, T, RH, SR)
11 (PM10, PM2.5, NMHC, CO, NO, O3,
WS, WD, T, RH, SR)
12 (SO2, PM10, PM2.5, NMHC, CO, NO,
O3, WS, WD, T, RH, SR)
13 (CH4, SO2, PM10, PM2.5, NMHC,
CO, NO, O3, WS, WD, T, RH, SR)

RMSE
7.13
5.84
5.26
5.00

IA
0.94
0.96
0.97
0.97

Summer Season Data, N=361
R2
NMSE
FB
0.89
0.063
0.06
0.93
0.040
0.08
0.94
0.033
0.06
0.95
0.030
0.07

OPN
142
129
142
124

FOEX
-10.7
-14.3
-10.7
-15.7

19

4.65

0.97

0.95

0.027

0.03

140

-11.2

22

4.63

0.98

0.95

0.027

0.03

157

-6.5

23

4.67

0.98

0.95

0.027

0.03

164

-4.6

22

4.67

0.97

0.95

0.028

0.02

172

-2.4

22

4.53

0.98

0.95

0.026

0.01

164

-4.6

Input
MF
12
11
15
17

In Table 3, the statistical evaluations of model results
were shown for winter season test data (WSD, between
December and February, N=361). The statistical measures
were found as follows: RMSE (between 4.78 and 7.60),
NMSE (between 0.029 and 0.084), FB (between 0.03 and
0.08), IA (between 0.85 and 0.96) and R2 (between 0.75
and 0.92).

In Table 4, the statistical evaluations of model results
are given for summer season test data (SSD, between July
and August, N=361). The statistical measures were found
as follows: RMSE (4.53-7.13), NMSE (0.026-0.063), FB
(0.01-0.08), IA (0.94-0.98) and R2 (0.89-0.95).
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In general, the results show that RMSE, NMSE and
FB values are low whereas IA and R2 are reasonably high
enough to predict the observed values for winter and summer season test data.
The FOEX values were found to be between -6.8 and
-17% for winter season data set and between -2.4 and -15.7%
for summer season data set. The FOEX values show that
the model slightly under-predicts for two data sets.
As seen from both tables, the statistical performance
of the predicted data increased with increasing input parameters. For winter season data, the best values of statistical measures were obtained with 9 input parameters. Although very little improvement could be observed in some
statistical measures, the similar case was true for the summer season. When 9 input parameters were used, the model
prediction was better for summer season test data, showing RMSE = 4.65, IA = 0.97, R2 = 0.95, NMSE = 0.027
and FB = 0.03. However, prediction of the winter season
test data was slightly lower than that of summer season
forecasting, showing RMSE = 4.78, IA = 0.96, R2 = 0.92,
NMSE = 0.029 and FB = 0.03.

FIGURE 3 - Time series plot of observed and predicted NO2 concentrations for summer season data, SSD (N=361, arithmetic mean =
23 ppb).

These results indicate that RMSE, NMSE and FB
values are low but IA and R2 are reasonably high enough
to predict the observed NO2 values when 9 input parameters are used. Therefore, in order to predict NO2 concentration, 9 input parameters (NMHC, CO, NO, O3, WS, WD,
T, RH and SR) were decided as optimum input parameters.
Time series and scatter plots

Since 9 input parameters were decided to be optimal
for the ANFIS model, time series and scatter plots were
figured from the data obtained using 9 input parameters
for summer and winter season.

FIGURE 4 - Scatter plot for winter season data with under and over
95% prediction limits.

A time series plot is a useful tool to show observed
and modeled data fit. Figures 2 and 3 display the time series plots of the hourly NO2 concentrations from the monitoring station and the ANFIS model predictions for summer and winter season data, respectively. Both figures show
that the model data follow the trends in increasing and decreasing levels of observed NO2 concentration.

FIGURE 5 - Scatter plot for summer season data with under and
over 95% prediction limits.

FIGURE 2 - Time series plot of observed and predicted NO2 concentrations for winter season data, WSD (N=361, 9 input parameters).

Scatter plot represents a comparison between predicted
and observed data. Figures 4 and 5 display the scatter plots
of the hourly NO2 concentrations from the monitoring sta-
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tion and the ANFIS model predictions for summer and
winter season data, respectively.
It is clear that the prediction results for summer season test period are better than that of winter season. This
may be attributed to more chemical reactions taking place
as a result of radicals acting as oxidizing agents in summertime for NO2 production and destruction [28].

[3]

Reich, S.L., Gomez, D.R and Dawidowski, L.E. (1999) Artificial Neural Networks for the Identification of Unknown Air
Pollution Sources. Atmospheric Environment, 33, 3045-3052.

[4]

Chelani, A.B., Rao, C.V.C., Phadke, K.M. and Hasan, M.Z.
(2002) Prediction of sulphur dioxide concentration using artificial neural networks. Environmental Modelling and Software, 17, 161–168.

[5]

Sahin, U., Ucan, O.N., Bayat, C. and Oztorun, N. (2005)
Modeling of SO2 distribution in Istanbul using artificial neural networks. Environmental Modeling and Assessment,
10(2), 135-142.

[6]

Gardner, M.W. and Dorling, S.R. (1999) Neural Network
Modeling and Prediction of Hourly NOx and NO2 Concentration in Urban Air in London. Atmospheric Environment, 33,
709-719.

[7]

Perez, P. and Trier, A. (2001) Prediction of NO and NO2
concentrations near a street with heavy traffic in Santiago,
Chile. Atmospheric Environment, 35, 1783–1789.

[8]

Pfeiffer, H., Baumbach, G., Sarachaga-Ruiz, L., Kleanthous,
S., Poulida, O and Beyaz, E., (2008) Neural modelling of the
spatial distribution of air pollutants. Atmospheric Environment, 43, 3289–3297.

[9]

Martin, M.L., Turias, I.J., Gonzalez, F.J., Galindo, P.L., Trujillo, F.J., Puntonet, C.G. and Gorriz, J.M. (2008) Prediction
of CO maximum ground level concentrations in the Bay of
Algeciras, Spain using artificial neural networks. Chemosphere, 70, 1190-1195.

CONCLUSION
In this study, a new methodology based on neural
fuzzy method has been proposed to predict hourly roadside
concentrations of NO2.
Nine different input sets consisting of 5-13 inputs were
used in the model. When more than 9 input parameters
were used, the overall statistical performance of the model
was not improved. Therefore, 9 input parameters were decided to be optimal for the ANFIS model to get an acceptable prediction of NO2 concentrations.
When the optimized 9 input parameters were used, the
model prediction was good for summer season test data,
showing RMSE = 4.65 and IA = 0.97, R2= 0.95, NMSE =
0.027 and FB = 0.03. On the other hand, prediction of the
winter season test data was slightly lower than that of summer season forecasting, showing RMSE = 4.78 and IA =
0.96, R2 = 0.92, NMSE = 0.029 and FB = 0.03.
In general, RMSE, NMSE and FB values are low but
IA and R2 are reasonably high enough to predict the observed values for winter and summer season test data. In
addition, the FOEX values show that the model slightly
under-predicts for all input parameters. Overall, the statistical measures confirm the adequacy of the model for predicting NO2 levels in M25 Roadside for winter and summer season test data.
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SEASONAL VARIATIONS OF NUTRIENTS AND CHLOROPHYLL A
IN THE COASTAL WATERS OF THE EDREMIT BAY AND THE
TROPHIC INDEX (TRIX) VALUES OF THE ENVIRONMENT
Neslihan Balkıs* and Muharrem Balcı
Istanbul University, Faculty of Science, Department of Biology, Division of Hydrobiology, 34134 Vezneciler, Istanbul, Turkey

ABSTRACT
This first comprehensive study was carried out on
current ecological quality status of Edremit bay between
the years of 2003 and 2004. The samples were seasonally
collected from 5 different depths (0.5-20 m) at 3 stations
determined from shore to offshore. During the study, temperature, salinity and dissolved oxygen levels of the seawater
ranged between 13.0-26.5 °C, 35.9-38.8 ppt, and 2.6911.2 mg L-1, respectively. Nitrate+nitrite-N (0.05-2.63 µgat L-1), phosphate-P (0.19-0.66 µg-at L-1) and silicate-Si
(0.49-4.92 µg-at L-1) concentrations were measured, and
also chlorophyll a values ranged between 0.1-2.2 µg L-1.
The lowest and highest level of N:P ratio were obtained to
be 0.16 and 11.32, respectively, and also this ratio was
recorded lower than Redfield ratio (16:1). This result
indicates that the studied region is oligotrophic in nature.
Trophic Index (TRIX) values, which were calculated in the
study to describe water quality, were between 0.86 and
2.98, reflecting high quality of water (range of 0-4). According to the Trophic Index, this region has the lowest
trophic level but the highest quality status.

tion, the salinity of the bottom water at a depth of nearly
300 m is 38.8 ppt [1]. The Edremit Bay is an important bay
accommodating intensive touristic and fishing activities.
Since it includes bottom areas suitable for trawling and
nutrient-rich waters originating from the Black Sea and
the surrounding water resources, it has a significantly rich
bottom fish fauna [2].
Coastal areas are intense in terms of nutrient input
due to the population increase, and the increase in nutrient
level produces higher probability of eutrophication which
causes serious problems [3]. Nutrients are among the essential chemical components of life in the marine environment
[4], and are the common limiters of primary production,
especially in nitrogen and phosphorous coastal ecosystems,
fresh water and estuarine regions [5].
This is a first comprehensive study that aims to determine the seasonal variations in the chlorophyll a concentration and current nutrient levels in the coastal waters
of the Edremit Bay, as well as the limiting nutrient in the
environment and to define the ecological quality of the
environment.
MATERIALS AND METHODS

KEYWORDS:
Chlorophyll a, Edremit Bay, Nutrient, TRIX Index.

INTRODUCTION
The Aegean Sea between Turkey and Greece is a part
of the Mediterranean Sea, and linked to the Marmara Sea
by the Dardanelles and the Black Sea by the Bosphorus.
The Aegean Sea has a long coastline with many coves. This
region, which covers the Edremit Bay, consists of three
different water layers (surface, intermediate and bottom).
In the north, the salinity of the surface water under the
effect of the Black Sea is between 26 and 35 ppt. In addi-

Edremit Bay is located south of Biga Peninsula along
the northeastern part of the Aegean Sea, and it is at risk of
reaching an irreversible point where serious negative effects of environmental pollution are inevitable. Moreover,
the bay has domestic and industrial pollution, unprocessed
disposal of municipal solid wastes, basin and coastal erosion [6]. This study was carried out in the coastal waters of
the Edremit Bay, seasonally between 2003 and 2004. The
samples were collected from 5 different depths (0.5, 5, 10,
15 and 20 m) at 3 stations from shore to offshore (Fig. 1).
A 3-L Ruttner water sampler with a thermometer was used
for water analyses. The salinity of the sea water was determined by the Mohr-Knudsen [7] method and the amount of
the dissolved oxygen in the environment by the Winkler
method [8].
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and the quality of waters [11]. The index is given as follows:
TRIX = [log10 (Chl-a·D%O·N·P)+1.5] / 1.2
Chl-a = Chlorophyll a (µg L-1), D%O = Oxygen as an
absolute deviation (%) from saturation, N = Dissolved
inorganic nitrogen N-NO3+NO2 (µg-at L-1), P = Total
phosphorus P-PO4 (µg-at L-1). Calculated TRIX values
were not compared with other regions since NH4, as dissolved in-organic nitrogen, in the original formula was
not used. TRIX is scaled from 0 to 10, covering a range of
four trophic states (0-4 high quality and low trophic level;
4-5 good quality and moderate trophic level; 5-6 moderate
quality and high trophic level, and 6-10 degraded and
very high trophic level) [12, 13].
Spearman’s rank correlation coefficient [14] was used
in order to determine the correlation among the ecological
parameters and Bray-Curtis similarity index in Primer v6
software, based on log(x+1) transformation, was calculated
to detect the similarity between sampling stations [15].
FIGURE 1 - Sampling stations in the Edremit Bay.

The samples taken for nutrient analyses were stored
at -20 ºC until analysis, and the nitrate+nitrite-N concentration was measured by cadmium reduction method using
a “Skalar” autoanalyzer [9]. Phosphate-P, silicate-Si and
chlorophyll a were analyzed according to Parsons et al.
[10]. Ammonium values were not used in nutrient ratios
and calculation of TRIX, because NH4-N values were not
measured in this paper.
Trophic Index (TRIX) values were calculated in order
to determine the eutrophication level of the sampling area

RESULTS
The ecological parameters measured in the environment are given in Table 1. The temperature values ranged
between 13.0 and 26.5 °C, and the highest value (26.5 °C)
was measured at the depth of 0.5 m at stations 1 and 2 in
July, and the lowest in January (Fig. 2). The temperature
measured at all stations in January was the same. Also no
significant variation was observed in the stratification in
vertical direction, and the distribution was homogenous
(13.0 °C).

TABLE 1 - Minimum, maximum and mean (± SD) values of ecological parameters at the research stations.
Temperature (°C)

Dissolved Oxygen (mg L-1)

Salinity (ppt)

Chl a (µg L1)

Period

Min

Max

Mean± SD

Min

Max

Mean± SD

Min

Max

Mean± SD

Min

Max

Mean±

Summer

25.0

26.5

25.8±0.49

37.50

38.30

37.76±0.18

5.68

8.24

6.89±0.73

0.10

2.20

0.58±0.73

Autumn

21.2

21.3

21.23±0.05

36.60

38.80

38.23±0.52

2.69

5.64

3.91±0.90

0.10

0.54

0.22±0.12

Winter

13.0

13.0

13.0±0.00

36.82

37.80

37.24±0.29

4.05

11.22

8.32±2.03

0.34

0.56

0.46±0.07

Spring

15.0

15.8

15.29±0.28

35.86

37.44

36.62±0.49

3.92

8.71

5.32±1.22

0.10

0.22

0.16±0.06

SD

-1

-1

NO2+NO3-N (µg-at L )

-1

PO4-P (µg-at L )

SiO4-Si (µg-at L )

TRIX

Period

Min

Max

Mean± SD

Min

Max

Mean± SD

Min

Max

Mean± SD

Min

Max

Mean±

Summer

0.05

1.81

0.54±0.49

0.20

0.36

0.26±0.05

0.49

1.85

1.21±0.39

0.86

2.98

1.66±0.60

Autumn

0.38

2.15

1.09±0.49

0.19

0.34

0.26±0.06

1.09

2.41

1.81±0.43

1.07

2.21

1.60±0.29

Winter

0.74

2.63

1.36±0.52

0.25

0.66

0.40±0.13

1.60

4.92

2.26±0.99

1.90

2.72

2.36±0.23

Spring

0.33

1.91

0.86±0.59

0.19

0.38

0.25±0.06

0.83

2.06

1.25±0.39

0.98

2.24

1.44±0.34

SD
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FIGURE 2 - Seasonal variations of temperature (°C), salinity (ppt) and
dissolved oxygen (DO, mg L-1) values along the water column at the sampling stations.
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FIGURE 3 - Seasonal variations of nutrient values along the water column at the sampling stations.
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The salinity values of the environment ranged between 35.9-38.8 ppt (Fig. 2). The highest value (38.8 ppt)
was determined at the depth of 10 m at station 3 in October, and the lowest (35.9 ppt) at the depth of 0.5 m at station 2 in April.
The dissolved oxygen content of the bay ranged between 2.69 and 11.2 mg L-1 (Fig. 2). The highest value
(11.2 mg L-1) was recorded at the depth of 20 m at station
3 in January, and the lowest (2.69 mg L-1) at the depth of
10 m at station 2 in October. Especially, in January, the
oxygen content in the intermediate and bottom layers was
determined to be higher than that of the surface layer which
is in contact with the atmosphere.

L-1, and silicate-Si between 0.49-4.92 µg-at L-1. The highest values were recorded in winter period (Fig. 3). The
lowest N:P ratio was 0.16 (July) and the highest 11.32
(October), but lower than Redfield ratio (16:1). In addition, in October and April, the N:P ratio showed a general
increase from surface to bottom at all stations, and the highest values were measured at the bottom layer. The Si:P ratio
ranged between 1.96 (July) and 13.10 (January), and N:Si
ratio between 0.07 (July) and 1.61 (April).
For the chlorophyll a concentration, which is an indicator of phytoplankton biomass, the highest value (2.2 µg
L-1) was measured at the depth of 5 m at station 1 in July,
and the lowest (0.1 µg L-1) at different depths in July,
October and April (Fig. 4).

The amounts of nitrate+nitrite-N ranged between 0.05
and 2.63 µg-at L-1, phosphate-P between 0.19-0.66 µg-at

FIGURE 4 - Seasonal variations of chl-a and TRIX index values along the water column at the sampling stations.
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TABLE 2 - Spearman’s rank-correlation matrix (rs) to correlate ecological
parameters in the study area (**p < 0.01, * p < 0.05, ns = not significant, n=60).

Temperature
Salinity
Dissolved oxygen (DO)
Nitrogen
Phosphorus
Silica
Chl-a
TRIX

Temperature
0.521**
-0.244*
-0.488**
-0.410**
-0.370**
-0.259*
-0.447**

Salinity
0.521**
ns
ns
ns
ns
ns
ns

Dissolved oxygen
-0.244*
ns
ns
0.438**
ns
0.476**
0.523**

Nitrogen
-0.488**
ns
ns
ns
0.587**
0.267*
0.664**

Phosphorus
-0.410**
ns
0.438**
ns
0.333**
0.329**
0.497**

Silica
-0.370**
ns
ns
0.587**
0.333**
ns
0.408**

Chl-a
-0.259*
ns
0.476**
0.267*
0.329**
ns
0.810**

FIGURE 5 - Bray-Curtis similarity dendogram of the sampling stations.

TRIX values which depend on the nutrient input and
phytoplankton production in the environment ranged between 0.86 (July) and 2.98 (July), but were found to be
below 4 during all sampling periods (Fig. 4).
The results of Spearman’s rank order correlation are
employed to explain the relationship among the ecological parameters (Table 2). The temperature was positively
correlated to the salinity (p<0.01), but negatively to DO,
chlorophyll a (p<0.05), nutrients and TRIX (p<0.01). The
DO was positively correlated with chlorophyll a, P and
TRIX (p<0.01). Also, chlorophyll a was positively correlated with N (p<0.05), P and TRIX (p<0.01). Furthermore,
there were also significant positive correlations between
TRIX and all nutrients (p<0.01).
The Bray-Curtis similarity index detected unpronounced difference in the sampling stations according to
ecological parameters. As shown in the dendrogram (Fig. 5),
there was 96.82% similarity between stations 2 and 3
which were represented from shore to offshore region. The
similarity between stations 1 and 2 was 95.57%, whereas
that between stations 1 and 3 was 95.36%.

DISCUSSION AND CONCLUSION
The water circulation within the Aegean Sea is controlled by prevailing wind conditions and thermohaline circulation patterns as well as their seasonal variability. The
temperature values range between 13-24 °C, and salinity
between 31-39 ppt [16]. In the present study, the highest
and lowest water temperatures throughout the sampling
period were found to be 13.0 °C in winter and 26.5 °C in
summer, while salinity fluctuated between 35.9 ppt and
38.8 ppt. In addition, Küçüksezgin et al. [17] determined
low salinity in spring in the Aegean Sea, and similar results
were observed in our study.
The fate and behavior of DO is of critical importance
to marine organisms in determining the severity of adverse
impacts [18]. When the DO falls below 5 mg L-1, sensitive
species of fish and invertebrates can be negatively impacted, and at the DO levels below 2.5 mg L-1 most fish are
negatively impacted [19]. Best et al. [18] provided DO
thresholds in accordance with 5 ecological categories in
European Water Framework Directive (≥5.7 mg L-1 High;
≥4.0<5.7 mg L-1 Good; ≥2.4<4.0 mg L-1 Moderate; ≥1.6<2.4
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mg L-1 Poor; <1.6 mg L-1 Bad). In our study, the high
quality status was detected at all stations and at all depths
in summer period (5.68-8.24 mg L-1). Good and moderate
quality was detected in autumn (2.69-5.64 mg L-1), and
good and high quality status in winter (4.05-11.22 mg L-1).
In spring, moderate quality status was detected at the
depth of 20 m at station 1 (3.92 mg L-1), and at the other
stations and depths good and high quality status (4.268.71 mg L-1). The main physical factors affecting the concentration of oxygen in the marine environment are temperature and salinity:DO solubility decreasing with increasing temperature and salinity [18]. Negative correlation was found between DO and temperature in the present study (p<0.05).
Friligos [20] reported that the concentrations of nutrients are high in surface waters in winter, and N is the limiting nutrient. In addition, in another study carried out in
the Aegean Sea [21], the nutrient levels were determined
to be low in May when phytoplankton increase was observed. In the present study, maximum nutrient values were
recorded in winter due to the freshwater outflows from
various rivers discharging along the Greek and Turkish
coastlines. In addition, the vertical mixing of the water
column during cold season might be the other reason of
this increase. As Kontas et al. [22] pointed out, in winter,
the water column is almost homogenous due to the surface
cooling and vertical mixing induced by winds. The minimum nutrient levels were usually recorded during spring
and summer. This result is in good agreement with previous observations [21, 23]. Decrease in nutrient levels was
observed as a consequence of uptake by phytoplankton, especially diatoms [23].
It is known that P stress is common in freshwater systems, whereas N stress is found in marine systems [24]. In
the coastal waters of the Edremit Bay, the atomic ratio of
N:P was lower than the Redfield ratio of 16, and N was
limiting nutrient. Diatom growth in marine waters is likely
to be limited by dissolved silica when the N:Si ratios are
above 1:1 [25]. During the study period, the N:Si ratios
were generally low (<1), and this indicated that silicate was
not a limiting factor, especially for the growth of diatoms.
In contrast to this finding, Balkıs [23] reported that N:Si
ratios were high in Bozcaada Island, except in May, August, and September, and silicate was likely to be a potentially limiting factor. The Si:P ratios were low during the
sampling periods (maximum ratio 13.10). However,
Küçüksezgin et al. [17] found that the Si:P ratios for the
northern part of the Aegean Sea was 25.4. Similar values for
Si:P ratio have been reported for the Ionian, Tyrrhenian,
and Aegean Seas [26-28].

0.5-1.0 µg L-1 for mesotrophic and >1.0 µg L-1 for eutrophic waters. Some published examples of chlorophyll a
data along the Turkish coast clearly demonstrated that the
Aegean Sea is oligotrophic (0.1-0.8 µg L-1) in nature [17].
Chlorophyll a values, in this study, showed that the area
was oligotrophic in nature (0.10-0.56 µg L-1), and the
highest chlorophyll a values were found during the winter
period. All nutrient levels were the highest in this period.
Similar results were observed in the study carried out in
the neritic water of Bozcaada Island in the Northeast Aegean Sea [23]. Balkıs [23] detected positive correlation between chlorophyll a and nitrogen (p<0.05), but negative
correlation with temperature (p<0.01). In our study, chlorophyll a was positively correlated with nitrogen (p<0.05)
and phosphorus (p<0.01), but negatively correlated with
temperature (p<0.05). In addition, the negative correlation
in here was in accordance with the results of the previous
study in the Maliakos Gulf [34], as well as those of
Lohrenz et al. [35] in the western Mediterranean and Polat
[36] in the Iskenderun Bay.
Nikolaidis et al. [37] recorded TRIX values between
1.9-4.7 in Kalamitsi at the east coasts of the central Ionian
Sea. Moncheva et al. [38] detected that TRIX index values varied from 5.0 to 6.0 in the Thermaikos Gulf of the
northern Aegean Sea, and the lowest values were recorded
in summer. TRIX index values ranged between 0.86-2.98
in Edremit Bay, and are below 4. These values indicate
that the primary production in the environment is low and
the factor behind this is the low level of especially nitrogen which is among the nutrients that are essential for the
growth of phytoplankton. In addition, TRIX was positively
correlated to all nutrients and chlorophyll a. A similar finding was observed in another study carried out in Mar
Menor lagoon of Spain [39]. All low chlorophyll a, TRIX
and nutrient values indicated a low trophic level but high
quality state in Edremit Bay.

Chlorophyll a distribution depends on hydro-chemical
conditions, namely nutrient availability, temperature
changes, light conditions, water turbulence etc. [2931]. Chlorophyll a production and nutrient availability are
closely associated with eutrophication [32]. According to
the study of Ignatiades [33], the limits of average concentrations in chlorophyll a are <0.5 µg L-1 for oligotrophic,
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USE OF GEOGRAPHICAL INFORMATION SYSTEMS
IN EPIDEMIOLOGY: A CASE STUDY OF DILOVASI DISTRICT
Abdurrahman Geymen*
Erciyes University, Department of Geomatics Engineering, Kayseri, Turkey

ABSTRACT
The Dilovasi district in Kocaeli has one of the largest
industrialized zones in Turkey and experienced rapid,
unplanned industrialization and urbanization in the second
half of the 20th century. There are various activities, such
as steel, chemical and petroleum industries as well as
transportation and storage facilities in Dilovasi district. In
recent years, cancer cases have increased and have been
above both the national and the world average. Despite
the increasing cancer incidents in the area, there are limited preventive measures. One of the major issues in the
district is the illegal occupation of public lands by migrants and current workers of the industrial facilities.
Kocaeli Metropolitan Municipality has to prevent the illegal occupation of public lands, as well as taking action for
the rapid increase in cancer cases. In this study, Geographical Information Systems (GIS) is used to track the
distribution of cancer incidents in the Dilovasi district of
Kocaeli. Map of cancer cases are generated for the entire
region using ArcGIS, and the amount of cancer cases are
compared to the world standards.

KEYWORDS: Geographical Information Systems, Spatial analyses, Environmental pollution, Epidemiology.

INTRODUCTION
Today cancer is one of the most important health problems [1]. Its high mortality rate, the disabilities it leaves
behind, and the high costs of medication are the causes of
heavy losses in terms of both national economy and labour
[2]. In Turkey, for example, cancer is the second most
common disease leading to death [3]. Currently, 100-150
thousand cancer cases are observed annually, and prevalence of cancer is increasing at a rate of 6% every year.
Without any improvement in the current situation, 5 million people will be diagnosed with cancer and 3.5 million
of these cases will be fatal in the next 20 years [4]. The
WHO’s press release announcing its cancer report contains a section entitled “Poverty, affluence and the global

burden of cancer.” It notes that while those who live in
industrialized countries are twice as likely to be diagnosed
with cancer than those living in developing countries, the
death rates are shifted in the reverse direction, with 50
percent of cancer patients dying in rich countries, while
80 percent of victims die of the disease in poor countries.
Although industrialization is suggested to be a major
factor in the prevalence of cancer, the report reveals that
the majority of investigative studies on occupational exposures and the risk of cancer were published between
1950 and 1975, adding that few occupational carcinogens
have been identified in the last 25 years [5].
In 1992, the “Turkish Cancer Record and Incidence”
project was initiated to make cancer statistics and control
programs available. Cancer Record Centers were founded
in 11 provinces of Turkey. One of these centers, the
Kocaeli Cancer Recording Center, is located in the Dilovasi district, in Kocaeli Metropolitan Area.
The Dilovasi district of Kocaeli Metropolitan Province is one of the largest industrialized cities in Turkey,
where iron, chemistry, petroleum transportation and storage
facilities are founded with limited planning. Despite of the
rapid increase of cancer cases in the area, there is still no
health control. As of today, the Kocaeli Metropolitan
Municipality not only has to cope with illegal occupations
of public lands, but also has to find ways of solving the
problem of controlling the rapid increase in cancer cases.
GIS is an innovative technology ideal for generating this
type of information. GIS is a valuable tool for the processing, analysis and presentation of spatial data. GIS can
play an important role in describing spatial data in terms
of the type of data, as well as their distribution in space
and time in terms of geometrical and thematic specifications [6-9]. Therefore, the use of GIS in health-related
studies is emerging as an important and powerful analysis
tool [10].
GIS is increasingly being used in developing countries in order to examine potential access to health facilities and to plan the location of new treatment centres, such
as for malaria [11, 12], tuberculosis [13], access to HIV
treatment [14], cancer [15], hereditary blood disease [16],
planning public mental health and cancer resources [17-19]
and to examine attendance patterns at rural clinics [20].
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2009, Morra et al. [21] presented the assessment of human health impact caused by industrial and civil activities
in the Pace Valley of Messina. Human health risk methodology has been applied with the support of the GIS tool
that is useful because it contains different tools in a single
package designed to evaluate health risk in an integrated
structure.
In 2005, the first GIS-Epidemiology study in Turkey
was implemented by Colak and Yomralioglu [15] in the
Trabzon province. They generated statistical maps displaying cancer density of settlement areas. In this study, it
was determined that risky regions for cancer have higher
population density than other regions. It can be seen on
the map that coastal regions, valleys, and city centres
have a higher incidence of cancer cases. The number of
cancer cases in Trabzon province was 118, less than the
acceptable expected cancer risk of 150-300 per 100.000
populations.
In this study, a Geographical Information System was
used to track the distribution of cancer cases in the Dilovasi
district of the Kocaeli Metropolitan Province.
MATERIALS AND METHODS

and Yeni Yildiz. The last two neighbourhoods are occupied by the Dilovasi Organized Industrial Complex (DOIC)
(Fig. 2).
Dilovasi under the intense pressure of urbanization

After 1965, the population increased dramatically as a
result of incentives to develop industry and increasing
employment possibilities. Together with a 2nd Development Movement in the 1980s, which focused on industrialization based on private sector initiatives and investments and free market principles, the population increased
again. Because of these developments, Dilovasi has been
the first stop for many immigrants coming to Istanbul.
As it is seen in Table 1, the Dilovasi population was
10,600 in 1985. In 1990, this number increased by over
86% to 19,780. In the following 7-year period (19901997), the population almost doubled to 36,267. Based on
1997 census figures, 22% of the population was living in
rural areas and 78% in urban areas. In the same census,
the level of urbanization in the country was only 66%. In
the 2000 census figures, Dilovasi’s population had passed
50,000, demonstrating a cause and effect relationship between industrialization and population growth.

Study Area

The Dilovasi district of Kocaeli Metropolitan Province
was selected as the study area (Fig. 1) due to high concentrations of blast furnaces vats of chemical refuse and fetid
streams. More than 170 plants and factories emitting toxic
compounds, which are located in the heart of Dilovasi,
caused many of the town's 50,000 inhabitants to move
into the surrounding hills, but not far enough to flee the
effects of industrial pollution.

N

GEBZE

FIGURE 2 - Distribution of residential
and industrial areas over the neighbourhoods.

FIGURE 1 - Location of the study area

The study area is surrounded by transportation networks of highways on the northern and eastern sides, a
Transit European Motorway on the west and railroad as
well as sea ports on the southern side. There are seven
neighbourhoods in the Dilovasi district: Mimar Sinan,
Cumhuriyet, Orhan Gazi, Diliskelesi, Turgut Ozal, Fatih
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TABLE 1 - Total population and rate of
population increase in Dilovasi between 1985-2000.
Years

Population

1985
1990
1997
2000

10,600
19,780
36,267
51,862

Annual Rate of
Increase (%)
86.60
83.30
43.00
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70.96

Data

Cancer data for the Dilovasi district was acquired
from the Directorate of Health Center and the Kocaeli
Metropolitan Municipality. After the data quality analysis,
some records of cancer cases which lacked adequate address information were excluded, limiting cancer numbers
to 175 cases only for the period 1995-2004.

Table 3 shows that of the various kinds of cancer affecting local residents, stomach cancer has consistently been
high, with lung cancer increasing dramatically since 2000.
C ancer	
  C as es
200
150
100

Spatial Data and Database

50

The geometric data, which contain spatial base maps
and data with their coordinates, were obtained from the
Kocaeli Metropolitan Municipality. The geometric data used
are in the form of ED 50 Datum and Gauss Kruger Projection. The cancer incident data were positioned according
to street and building numbers via residential addresses of
the affected people. The base map was transferred into a
topological data structure using ArcGIS 9.3 software, and
the data was stored in the shape files (Fig. 3).
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FIGURE 4 - Distribution of cancer related deaths
TABLE 3 – Distribution of cancer types.

N

In Fig. 5, the change of lung cancer cases between
1995 and 2004 can be seen. The simulation of the change
in lung cancer cases in Dilovasi has been prepared via
Tracking Analyst Extension of ArcGIS 9.3.
As can be seen in Table 4, heart failure and cancer are
the most common causes of death over 10 years.

FIGURE 3 - Cancer types map for Dilovasi district.

RESULTS
Heart failure and cancer diseases are the two primary
reasons of death in Dilovasi. Specialists believe that both
illnesses are caused by poor air quality [19, 20]. Of the
60-70 people each year who die in Dilovasi; currently
approximately 20 of them are caused by cancer and the
rest have a high incidence of heart failure. From a historical perspective, the number of cancer deaths nearly doubled from 2000 to 2001, but has declined each year to
approximately 17 per year in 2004 (Fig. 4).

In order to be able to perform some statistical analyses and comparisons, calculation of cancer incidence
values for each administrative unit was needed [15]. A
cancer in-cidence rate is the number of new cancers of a
specific type occurring in a specified population during a
year, usually expressed as the number of cancers per
100,000 populations at risk [22]. For this purpose, the
number of cases for each administrative unit was determined. With using case numbers and census data of the
year 2000, incidence values for each unit were calculated
as in the equation below. In this equation the coefficient
“k” is 100,000.
Incidence rate =

Number of New Cancer Cases
.k
Population

According to the World Health Organization (WHO),
it is expected that 150-300 people are taken cancer illness
for 100,000 populations [22]. The incidence value in Dilovasi district was calculated at about 302. Allocation units
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having an incidence value higher than 300 were determined
as risky districts in view of cancer density [22].

In Dilovasi, the cancer death rate is 3 times greater
than the world average [23]. According to the records be-

FIGURE 5 - Change in lung cancer cases via ArcGIS 9.3 Tracking Analyst.

TABLE 4 - Distributions of diseases over years.

tween 1995 and 2004, 32.3% of deaths are caused by cancer (44% of them are lung, and 19.5% of them are stomach
cancer). The WHO ratio of death around the world caused
by cancer is 12.5% (17.5% of these cancers are lung and
11.9% are stomach). In Dilovasi, the cancer death ratio is
2.6 times more than Turkey’s average and 2.7 times of
world’s average [23].
DISCUSSION
Although Turkey is a developing and industrializing
country, it still has a production infrastructure based on
old-fashioned technology. This situation threatens human
health, causes environmental pollution, and also creates
opportunities for mismanagement of facilities because of
a lack of environmental and health regulations. The Scientific and Technological Research Council of Turkey had a
joint research on 17-20 April 2007 in Dilovasi [24]. As a

result of this investigation, the cadmium ratio in Dilovasi
was found to be 1.195 µg/nm3 which is over the European
Union (EU) standard of 0.005 µg/nm3, and Turkey’s
standard is 0.04 µgr/nm3. In Dilovasi, the cadmium in air
is over 239 times that of the European Union’s (EU) danger limit, and 30 times Turkey’s limit [3, 4, 24].
According to 2005 figures, 44 % of all factories in
Dilovasi were unlicensed, while 76 % of them, located in
the Dilovasi Industrial Complex, had no waste-disposal
permits. Some 72 % also lack emissions licenses [23]. As
a result of their location in the valley and dense industrial
gasses, Dilovasi is the most polluted urbanized district in
Turkey. Because of insufficient filtering of industrial plants,
the air pollution in Dilovasi threatens human health. Kocaeli Metropolitan Municipality takes frequent measurements
in the area (PM10, SO2 values). The air pollution values in
Dilovasi and Organized Industrial Complex in July and
August 2007 can be seen in Figs. 5 and 6. According to
WHO, the daily limit for SO2 is 125 µg/m3 and that of PM10
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is 150 µg/m3. SO2 value in Dilovasi (Fig. 5) and PM10 value
in Dilovasi (Fig. 6) are over WHO limits. These high val-

ues threaten not only Dilovasi district but also other neighbouring districts, such as Hereke, Gebze, and Karamursel.

FIGURE 5 - Air pollution values in Dilovasi residential areas [25].

FIGURE 6 - Air pollution values in Organized Industrial Complex.

Dilovasi was originally known as forest region; however, it has been rezoned as industrial and residential area,
at the expense of the forest. As seen from Table 1, Dilovasi
district has been the destination of persistent migration. The
most important reason for the increase in the number of
cancer incidents is the illegal development (without per-

mits) of factories in the industrial district. Another reason
for these public health problems is the lack of local government inspections on these illegal factories. The data in
Tables 2 and 3 confirm this information. For the last several years, Kocaeli Metropolitan Municipality has been
pursuing a series of projects to solve the problems in the
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region. The first one is, with the partnership of the Kocaeli Directorate of Environment and Forest, the pollution
monitoring and control system. As in examples, in Figs. 4
and 5, pollution in the whole region has been monitored on
a daily basis, and the system alarms when abnormal values
are observed. In this way, the areas having heavy pollution are determined, then, the source factories are warned
and the necessary measures are taken.

flect progressive political approaches. It should also be
noted that effects of globalization and the process of accession to the European Union have mobilized society to
tackle with chronic problems, those being the uncontrolled
spatial developments and public health around urban areas.

The second project is the Public Health Information
System Project pursued by the partnership of Kocaeli
Metropolitan Municipality and the Kocaeli Directorate of
Public Health. In this project, the health incidents in the
region are recorded by their addresses in a database. The
type of incidents and their locations are determined from
this database after a series of queries. By generating maps
for various incidents, public averseness is improved and
warnings are pursued to make sure the necessary measures
taken.

We would like to thank the Directorate of Strategy
Development Department of Kocaeli Metropolitan Province and Provincial Health Directorate Center for Family
Planning for supplying data and equipment to pursue this
research.
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ABSTRACT
Nitrite is an important environmental pollutant, and is
used widely as an additive in foodstuffs. In this study,
acute toxic, genotoxic and histopathologic effects of nitrite in Transcaucasian barb (Capoeta capoeta capoeta)
were investigated. The median lethal concentration (LC50)
at 96 h of exposure was determined to be 122.8 mg L–1. In
the follow-up study, fish were exposed to 25, 50, 75 and
100 mg L–1 of nitrite for 96 h. To determine aneugenic
activity, which is characterized by the formation of binucleated erythrocytes, blood samples were collected at 36
and 96 h. A dose and time-dependent aneugenic activity
was observed in fish. At the end of the exposure period, fish
were necropsied and tissue samples were processed routinely for histopathological examination. Degenerations in
the renal tubular epithelium, liver hepatocytes, as well as
light to mild degenerations in epithelial and chloride cells
of the secondary lamella of gills were noted. Increased
apoptotic cell death was detected in the hematopoietic
region of kidney in nitrite-exposed fish as tested by in situ
TUNEL assay. The results indicate that high levels of nitrite might cause prominent genotoxic and cellular alterations in Capoeta capoeta capoeta.

KEYWORDS: Nitrite, median lethal concentration, genotoxicity,
histopathology, apoptosis, Capoeta capoeta capoeta

from leaching of industrial waste products, sewage and
land runoff to streams and lakes [1-3]. Fish overcrowding
and poor water circulation can also promote nitrite toxicity. In freshwater ecosystems, nitrite pollution might cause
acidification and eutrophication that negatively affect the
aquatic lives [4].
Fish has been suggested as a good animal model to
study nitrite toxicity [5, 6]. Especially freshwater fish, living
in hypo-osmotic environment, can have difficulties in overcoming high concentrations of nitrite. Fish take up nitrite
through gill chloride cells where nitrite competes with chloride [7]. It is subsequently accumulated in the plasma and
affects red blood cells, finally causing methemoglobinemia,
which is also the cause of hypoxia resulting from the reduced oxygen transport capacity of blood [8]. Moreover, in
various fish products, nitrite can cause formation of Nnitroso compounds [9] that are strong genotoxic chemical
carcinogens [10].
Fish show differences in resistance to nitrite toxicity. It
was shown that chloride uptake rate of fish might play an
important role in the different resistance rates [11]. Therefore, the aims of this study were, at first, to determine the
median lethal concentration (LC50) of sodium nitrite in
Transcaucasian barb (Capoeta capoeta capoeta), secondly
to evaluate the nuclear shape abnormalities in peripheral
blood erythrocytes as a sign of genotoxic activity, and,
finally, to investigate histopathological changes with the
affects on apoptotic cell death in selected organs.
MATERIALS AND METHODS

INTRODUCTION
Sodium nitrite (NaNO2) is very soluble in water and
dissociates easily into sodium and nitrite ions. Nitrate and
nitrite compounds are important environmental pollutants
and widely used in foodstuffs as color and flavor preservation. Water pollution of these compounds might result

Fish

Capoeta capoeta capoeta were caught from the KuraAras river basin (lat 38° 35'E, long 48° 49'N) in Lake
Çıldır region, Eastern Turkey. Fish were placed in 500-L
tanks and fed every two days with a commercial feed for
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a week of acclimation. Water temperature was kept at 1820 °C throughout the experiment. The pH of the water
was in the range of 7.2-7.3. Dissolved oxygen was 8-9 mg
L–1, and total hardness (CaCO3) of water was 150-170 mg
L–1. At the end of the acclimation period, fish were 350370 g at weight.
Determination of LC50

Sixty fish were equally divided into 6 groups of 10
animals and placed in separate aquariums. One of the groups
was used as a control and kept in non-chlorinated tap-water.
Nitrite, as NaNO2, at final concentrations of 50, 75, 100, 150
and 175 mg L–1, was added to water of test groups. Fish
were exposed to nitrite for 96 h. Feeding was discontinued
24 h before the experiment in order to maintain the water
quality. The experiment was replicated under the same
conditions. Mean mortality from a particular dose and its
replicate was calculated. LC50 values were found using
the data obtained in acute toxicity bioassays using Finney’s
method [12] of “probit analysis” and SPSS software.
Determination of nuclear shape alterations

Total of 30 fish were used for genotoxic and pathological investigations. Upon determination of the LC50 value, 4
different concentration groups (25, 50, 75 and 100 mg L–1
of nitrite), as well as a negative and a positive control
groups each comprised of 5 animals were used. Groups
of fish were placed in separate aquariums with previously
explained water conditions. While the negative control
group did not receive any application, the positive one was
intraperitoneally given 10 mg/kg colchicine. Blood samples
from all the test and control groups were collected from the
caudal vessels at 36 and 96 h. Five fine blood smears were
prepared for each fish. They were fixed to the slides in
pure ethanol for 20 min, dried in the open air, and then
stained for 15 min with Giemsa.
Slides were examined under a light microscope with
immersion oil. A total of 1,000 erythrocytes were observed
for aneugenic actions in every tested fish. The frequency of
nuclear shape abnormalities per 1,000 erythrocytes was determined for each fish. Finally, the median numbers for
nuclear shape abnormalities were calculated.
The statistical significance (P <0.001) of the differences
in the median numbers between the treatment and control
groups was determined by the ANOVA test.
Histopathology

Upon completion of the treatment period, all fish were
carefully dissected and observed for gross changes. Then,
tissue samples were collected from gill, liver, kidney, heart,
intestine, spleen, skin and muscle for histopathological investigations. The samples were fixed in 10% phosphatebuffered formaldehyde solution for 48 h. Gill samples were
also decalcified with Osteodec (Bio-Optica, Italy). Following the routine preparation of paraffin blocks, 4-5 µm thick
sections were cut and stained with hematoxylin and eosin
for light microscopic investigation.

In situ TUNEL staining

Apoptotic cell death in kidney, liver, and gill samples
of the treatment and control fish was investigated by in
situ histochemistry (DeadEndTM Colorimetric TUNEL System, Promega, Madison, USA). Briefly, 4 µm sections were
cut from formalin-fixed paraffin-embedded blocks and
dehydrated through xylene and alcohol series. After rinsing in 0.1 M phosphate buffer saline (PBS), the sections
were treated with PBS-buffered Proteinase K solution for
30 min. Following rinses in PBS, the sections were placed
in equilibration buffer (200 mM potassium cacodylate,
25 mM Tris-HCl, 0.2 mM DTT, 2.5 mM cobalt chloride,
and 0.25 mg/ml BSA) for 10 min. In a humidified chamber, biotinylated nucleotide mix and terminal deoxynucleotidyl transferase were applied onto the sections and incubated at 37 °C for 1 h. Then, the samples were incubated
in 1 M sodium citrate solution at room temperature for
15 min. Following rinses in PBS, endogenous peroxidase
activity was blocked by 3% H2O2 for 5 min. The sections
were incubated with streptavidin horseradish peroxidase
for 30 min. After rinsing with PBS, the peroxidase activity
was revealed with diaminobenzidine/H2O2. To remove the
excess stain, the sections were rinsed in distilled water and
then counterstained with 0.1% methyl green. Finally, they
were rinsed in distilled water, placed in several changes of
butanol and xylene, and cover-slipped.
RESULTS
LC50

At 96 h, the median-lethal concentration of nitrite for
Transcaucasian barb was calculated to be 122.8 mg L –1
(Table 1). The relationship between the concentration of
nitrite and the percentage of fish mortality by probit analysis is shown in Fig. 1. It was found that fish mortality proportionally increased with nitrite concentration..
Nuclear shape alterations

Aneugenic activity characterized by nuclear shape
abnormalities that is caused by nitrite exposure was determined. The types of nuclear shape abnormalities observed
in the test groups were binucleation (Fig. 2a), micronuclei
formation (Fig. 2b) and nucleoplasmic bridges (Fig. 2c). Of
these abnormalities, the last two ones were detected with
lesser frequencies and, hence, statistical comparison was
only performed for binucleation (Table 2). Dose-dependent
increase in the frequency of binucleated erythrocytes was
determined at both 36 and 96-h exposures. Compared to the
negative control group, significant increases were observed
in the frequency of binucleation at all doses and times
tested (P <0.001), except at 25 mg L–1 for 96-h exposure (P
>0.05). The positive control group presented high frequency of binucleated erythrocytes as expected
Pathological findings

In gross examination, gills were brown-colored in
the fish that received 100 mg L–1 nitrite. There were no

1352

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

TABLE 1 - Lethal concentration (LC) of nitrite (96-h exposure) to Capoeta capoeta capoeta.
Concentration (mg L–1)
95% confidence limits
80.43
71.65-90.28
93.01
84.35-102.6
103.4
94.41-113.2
113
103.3-123.6
122.8
111.8-134.7
133.3
120.6-147.4
145.8
130.5-162.9
162
142.7-184
187.4
160.8-218.3
Chi-squared = 11.7
G = 0.05414
Control group (theoretical spontaneous response rate) = 0.0000
LC10
LC20
LC30
LC40
LC50
LC60
LC70
LC80
LC90

SE log LDx
0.0256
0.02166
0.02011
0.0199
0.02063
0.02218
0.02457
0.02813
0.03386

FIGURE 1 - Plot of adjusted and predicted regression line of nitrite in Capoeta capoeta capoeta.

FIGURE 2 - Nuclear shape alterations in peripheral blood erythrocytes of Capoeta capoeta capoeta
exposed to nitrite: a) binucleus, b) micronucleus (arrow), c) nucleoplasmic bridge (Bar = 3 µm).

TABLE 2 - Frequency of binucleated erythrocytes in Capoeta capoeta capoeta exposed to different concentrations of nitrite.
Treatment
Negative control
25 mg/L
50 mg/L
75 mg/L
100 mg/L
Positive control
ns
: not significant (P > 0.05); * P < 0.001

Binucleated cell frequency (Mean ± SD)
36 h
0.6 ± 0.6992
1.6 ± 0.5477*
1.8 ± 0.4472*
2.2 ± 0.8367*
3 ± 0.7071*
4 ± 0.7071*
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96 h
1 ± 0.7071
1.8 ± 0.7528ns
2 ± 0.6325*
2.1± 0.7528*
3.2 ± 0.8367*
4.2 ± 0.4472*
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FIGURE 3 - a) Histological observation of renal tissue in a control fish, b) moderate renal tubular degeneration (arrows) in a fish exposed to
100 mg L–1 nitrite for 96 h (hematoxylin and eosin; Bar = 100 µm).

FIGURE 4 - a) Normal architecture of liver in a control fish, b) mild hydropic degeneration in liver hepatocytes (arrows) of a fish exposed to
100 mg L–1 nitrite for 96 h (hematoxylin and eosin; Bar = 100 µm).

FIGURE 5 - a) Microscopic view of gill in a control fish, b) degenerations in epithelial (E) and chloride (C) cells in the secondary lamella of
gill in a fish exposed to 100 mg L–1 nitrite for 96 h (hematoxylin and eosin; Bar = 100 µm).
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FIGURE 6 - a) Few apoptotic cells (white arrows) in the hematopoietic region of the renal tissue in a control fish. No apoptotic cells were
present in the renal tubules; b) Many apoptotic cells (white arrows) located in the hematopoietic region of the renal tissue in a fish exposed to
100 mg L–1 nitrite for 96 h (Occasionally, apoptotic cells were also prominent in the renal tubules (black arrows. In situ TUNEL staining; Bar
= 100 µm).

detectable lesions in any of the other organs in the treatment groups. Microscopically, the most striking changes
compared to the control group (Fig. 3a) were observed in
the kidneys of the nitrite-treated fish. Moderate hydropic
degeneration and, occasionally, necrosis in the renal tubule epithelium were observed in these animals (Fig. 3b).
In the liver, mild hydropic degeneration was detected in
the treatment groups (Fig. 4b), while in the control group
normal architecture of liver was preserved (Fig. 4a). As
compared to the control group (Fig. 5a), there was light to
mild hydropic degeneration in gills in the nitrite groups,
characterized by the swelling of the epithelial and chloride cells in the secondary lamella (Fig. 5b). Occasional
partial fusions on the bases of the secondary lamella were
observed in fish that received 100 mg L–1 nitrite. No histopathological changes were observed in other organs.
Many apoptotic cells in kidney of treatment groups
were detected by in situ TUNEL staining. These apoptotic
cells were mostly located in the hematopoietic region of
the kidneys. Occasionally, apoptotic cells were also detected
in renal tubule epithelium of the treatment groups (Fig.
6b). Although not statistically evaluated, there seemed to be
an increase in the amount of apoptotic cells in the 100 mg
L–1 nitrite group, with regard to the other groups. In the
control group, there were few apoptotic cells present only
in the hematopoietic region (Fig. 6a). In gills, apoptotic
cells were equally observed only on the tip of secondary
lamella in the control and treatment groups. No apoptotic
cells were seen in the liver.
DISCUSSION
Nitrite toxicity studies in fish species are overwhelming in recent years. Chloride content of the water was shown
as the major underlying cause of different tolerance rates
to nitrite, since chloride along with several other anions is

important in competing with nitrite in chloride cells [8].
Tucker and Robinson [13] suggested that at least a 20:1
chloride to nitrite ratio must be provided to minimize the
effects of nitrite toxicity in channel catfish. Costa et al.
[14] showed that as the salinity of water increases, LC50
values of Trachinotus marginatus to ammonia and nitrite
increases indicating a lowered state of tolerance. It was
shown that LC50 at 48 h to nitrite in Chanos chanos Forsskal
increased from 12 to 675 mg L–1 when juveniles were
placed in brackish water instead of fresh water [15]. Similarly, the susceptibility to nitrite toxicity increased in Litopenaeus vannamei (Boone) [16] and Oreochromis niloticus [17] as salinity decreased. However, salinity solely
might not be an effective factor in susceptibility to nitrite,
at least in Trachinotus carolinus L. [18]. Moreover, higher
water temperatures were shown to worsen the course of
nitrite toxicity in the common carp [19]. Acute toxicity of
nitrite was also determined to be pH-dependent in Salmo
gairdneri [20]. Age of fish was as well shown to affect the
LC50 value to nitrite in Danio rerio where 2-3 months old
fish were detected to be more susceptible than 20-25 days
old juveniles [21].
Overloading data indicate that there is a great variation in tolerance to nitrite among different species. Palachek
and Tomasso [22] determined that the 96-h LC50 values of
nitrite to channel catfish (Ictalurus punctatus), tilapia (Tilapia aurea), and largemouth bass (Micropterus salmoides)
under similar water quality conditions were 7.1 ± 1.9,
16.2 ± 2.3, and 140.2 ± 8.1 mg L–1, respectively. Species
differences might be related to different Cl¯ uptake rates,
and it has been suggested that fish with high branchial Cl¯
uptake rates are more sensitive to nitrite than species with
low uptake rates [11, 23].
Though a substantial body of data on nitrite toxicity
in fish is present, it is difficult to compare the results of
these studies due to variations in the test conditions and
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the species used. In the present study, LC50 at 96 h was
found to be 122.8 mg L–1 in Capoeta capoeta capoeta.
This value is at the upper end of LC50 values of most of the
other fish species: 0.86 mg L–1 in Brycon cephalus [24],
1.82 mg L–1 in Colossoma macropomum (Serrasalminae)
[25], 10.4 mg L–1 in Cirrhinus mrigala (Ham.) [26], and
190 mg L–1 in Guadalupe bass (Micropterus treculii) [27].
The results of the current investigation indicate that
Capoeta capoeta capoeta has high resistance against
nitrite toxicity.
Studies on the effects of nitrite in fish have focused
mostly on the formation of methemoglobinemia [8, 28].
Nitrite binds to heme group, reduces the oxygen carrying
capacity of blood and, finally, might cause the death of
fish. However, Arillo et al. [29] suggested that general
tissue hypoxia could not cause death, and there should be
some other mechanisms. Similarly, methemoglobinemia was
reported to be unrelated to mortality in nitrite-treated Siberian sturgeon (Acipenser baeri, Brandt) [30]. Sublethal concentrations of nitrite have also been shown to have mutagenic and carcinogenic effects via production of nitrated
polycylic aromatic hydrocarbons in fish [31, 32]. Observation of nuclear shape anomalies is a practical and fast
test to validate the genotoxic potential from simple chemical compounds to pesticides [33], and it is commonly performed with blood, gill, liver and kidney tissues. The test is
used widely for in situ surveys of the aquatic environment
[34-37]. In the present study, genotoxic capacity of nitrite
in Capoeta capoeta capoeta was assessed with the nuclear
shape anomalies in fish blood erythrocytes. Genotoxic
investigations revealed binucleation, micronucletion and
nucleoplasmic bridges in the fish exposed to nitrite. The
frequency of binucleation formation was shown to increase
in a dose-dependent manner. Comparably, in a field study,
Hoshina et al. [38] detected the highest micronucleus frequency for Oreochromis niloticus in an aquatic site with
the highest concentrations of ammonia, nitrate and nitrite
compared to the other examined sites indicating the importance of these substances in fish genotoxicity.
Kirsch-Volders et al. [39] showed that indirect mechanisms of genotoxicity correspond to interactions of mutagens with non-DNA targets and that there is dose dependency of the aneugenic effects and the existence of thresholds for the induction of chromosome non-disjunction and
chromosome loss by spindle inhibitors, such as colchicine,
carbendazim, mebendazole and nocodazole. Colchicine was
previously shown to cause micronucleus formation in Cyprinus carpio [40]. Colchicine was used as a positive control in the present study and produced binucleated cells.
Nitrite is known to cause methemoglobinemia [8, 28].
Therefore, degenerations observed in gills, liver and kidney of nitrite-treated fish might be explained by the anoxic
or hypoxic state caused by nitrite. Since gills are the primary site in fish that regulate respiratory gases and osmotic
and ionic homeostasis, degeneration in these organs significantly affects the whole body. When the work overload
exceeds the capacity of the cellular mechanisms, degener-

ations arise not only in the chloride cells of gills but also in
others due to systemic dysfunctions [8, 41]. Light to
mild hydropic degeneration in epithelial and chloride cells
in the gills of nitrite-exposed fish suggests that nitrite given
in the tested concentrations could cause limited damaging
effects in the current study. With some similarities, histopathological investigations of nitrite-treated fish revealed
hyperplasia, vacuolization and elevated numbers of chloride cells in common carp (Cyprinus carpio) [42], and hypertrophy of epithelia, mucous and chloride cells, epithelia
lifting, hyperplasia, lamellar clubbing and aneurysm in
Siberian sturgeon [43]. In subchronic nitrite exposure to rainbow trout (Oncorhynchus mykiss), generalized edema of the
respiratory epithelium of secondary lamellae and hyperplasia were also recorded as histopathological changes.
As metabolic sites, both kidney and liver are usually
the target organs for many toxic substances in fish [44] as
well as in mammals [45]. In the present study, there was
only mild degeneration in the liver and gills. On the other
hand, moderate renal tubular degenerations were observed
in fish that received 100 mg L–1 of nitrite. After diffusion
into the blood, nitrite metabolites could be eliminated
through gills and urine [8]. Therefore, degeneration in renal
tissue in the current investigation might be explained by
the increased work overload as well as hypoxia. Partial
elimination of nitrite could also be mediated by the liver.
Similar liver involvement was reported in nitrite detoxification process in Siberian sturgeon (Acipenser baeri,
Brandt) [30] and rainbow trout [29, 46].
Apoptosis, which is also known as programmed cell
death, is important in elimination of excess or degenerated cells. Apoptotic cells are characterized by shrinkage of
the cytoplasm, segmentation of the nucleus and fragmentation of the cytoplasmic structures into membrane-bound
bodies known as apoptotic bodies. Apoptosis can be triggered by many extrinsic or intrinsic factors. Hypoxia is
known to cause apoptosis in many cell types. Apoptotic
cell death in the hematopoietic region of the kidney in nitrite-treated fish might as well be explained by hypoxia. Increased turnover rate in the hematopoiesis might be the
other possible cause of increased apoptotic cell death. Occasionally, apoptotic cells were detected in the renal tubule epithelium only with the highest tested concentration
of 100 mg L–1 of nitrite. Moreover, since there was no significant increase in apoptotic cells in gills and liver, it is
possible that the toxic effects of nitrite are limited in fish
at the tested concentrations.
CONCLUSION
In conclusion, LC50 at 96 h to nitrite was detected to
be 122.8 mg L–1, and histopathological and genotoxic alterations were investigated in Capoeta capoeta capoeta. Microscopic changes in the gills, liver and kidney were recorded, especially at the tested highest concentration of
100 mg L–1. Increased apoptotic cell death was also ob-
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served in the hematopoietic region of the kidneys of these
fish. As a sign of genotoxic capacity, increased frequency
rate of binucleation in blood erythrocytes was determined.
These findings suggest that Capoeta capoeta capoeta
though being quite resistant to nitrite toxicity, high concentrations of nitrite might cause significant histopathological
and genotoxic damaging effects.
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[16] Lin, Y.C. and Chen, J.C. (2003) Acute toxicity of nitrite on
Litopenaeus vannamei (Boone) juveniles at different salinity
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ABSTRACT
DNA barcodes are short parts of DNA used to identify
an unknown specimen of the species. DNA barcodes have
been used in associating the stages of life, determining cryptic species, preventing illegal trade, etc. Herein, we used two
DNA barcodes, trnH-psbA intergenic spacer and matK
region to discriminate endemic Ida Mountain Sideritis trojana B. plant. We assessed the genetic relatives of S. trojana
with the other Lamiaceae, and compared the classical taxonomic classifications of the species with the classifications
obtained through DNA barcode trees. matK was found to
be more suitable for DNA barcoding study because of the
easiness of the alignment and constructing the tree. matK
was generally enough to discriminate species. It can be used
as a core barcode but in the identification-based DNA barcode investigations, combination of matK with a more variable region can be suggested.

with the adult counterparts [1], prevent illegal trade, forensic sciences and food industry [2], and identify the taxonomy of damaged organisms (e.g. food, stomach extracts).
It also contributes to taxonomic research, population genetics and phylogenetics [3]. In plants, as mitochondrial DNA
does not have enough variation, genes found in cpDNA
and the regions in nuclear genome have been proposed for
DNA barcoding [4]. In this report, we test the effectiveness
of two DNA barcode matK and trnH-psbA regions for barcoding the Ida Mountain endemic plant Sideritis trojana
B. from Lamiaceae family. It is important to note that the
rate of endemism of Sideritis species is high (80%) [5].
Sideritis species have antispasmodis, anti-feedant, carminative, analgesic, nerveous system stimulant, sedative,
antitussive, and anticonvulsant effects [6]. We discussed
whether these loci could serve as DNA barcodes for
Lamiaceae plants. We evaluated the genetic relative of
endemic plant comparing its sequence with the other
sequences regarding the classical taxonomic classification
of plants with molecular-based classification.

KEYWORDS:
Sideritis trojana,, matK, trnH- psbA, DNA barcoding.

MATERIALS AND METHODS
Plant material

INTRODUCTION
Classic systematics and taxonomy have been used as
valid methods in classifying species and constructing the
relationships of species until today. But, especially in the
last 25 years, thanks to the increase in the development of
molecular biology and genetics fields, some new methods
have been used to identify, classify and understand the evolutionary relationships of species. Biodiversity and genetic
sources of a country are very important. So, using DNAbased methods, such as DNA barcoding, biodiversity and
genetic sources of a country and, especially, endemic plants
can be taken under protection and relationships of their
evolutions as well as genetic relatives can be revealed. DNA
barcodes are molecular tags that have been proposed and
demonstrated to identify an unknown specimen of the species. Barcodes have been used to associate immature stages

S. trojana was collected from Ida Mountain (coordinates 39º 41´ 30.2″ N, 26º 52´ 30.1″ E, Altitude 1694 m.).
The specimens are kept in the herbarium of Aristotle University of Thessaloniki (TAU).
DNA extraction and sequencing

Total DNA was extracted from 100 mg of fresh and/or
dried leaves [7]. DNA was precipitated by using the modified protocol [8]. We amplified matK and trnH- psbA regions using the following primers. For matK, 390F (5´CGA TCT ATT CAT TCA ATA TTT C - 3´) and 1326 R
(5´- TCT AGC ACA CGA AAG TCG AAG T-3´) [9], and
for ‘trnH-psbA’ region, trnHf (5´-CGC GCA TGG TGG
ATT CAC AAT CC-3´) and psbA3´f (5´-GTT ATG CAT
GAA CGT AAT GCT C-3´) were used [4]. PCR was performed in 25 µl total reaction volume using Ex-Taq DNA
polymerase (TAKARA, Japan) and 30 cycles of 2' at 95 °C,
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30" at 53 °C, 4' at 72 °C. PCR products were sequenced by
Macrogen Inc. (www.macrogen.org). Sequencing was performed for matK loci with matK390F primer and for trnHpsbA region with psbA3’f primer.
Bioinformatic Analyses

Sequences for matk and trnH-psbA loci from Sideritis
trojana B. were submitted to Gene Bank with accession
numbers, GU230756 and GU230757, respectively.
The trnH-psbA locus of S. trojana was compared with
other five sequences from Lamiaceae plants, subfamily
Lamiodeae with accession numbers AY792671, AY792670,
EU590862, EU590859 and EU590864. Similarly, matk
locus from S. trojana was compared with 28 matk sequences
from three subfamilies of Lamiaceae plants including, Lamioideae, Viticoideae and Teucroideae with accession
numbers AB284176, AB284182, AB284177, AB284175,
AB284180, AB284179, AF315305, AB284178, AF315298,
AF315297, AF477756, AF315296, AF315300, AF315294,
AF315295, AF336235, AF477758, EF395812, EF395811,
EF395815, EF395814, EF395813, EF395816, EF395810,
AJ429332, AF531780, AF477761 and AF315304). Multiple alignment of the sequences performed with CLUSTAL
W2 (www.ebi.ac.uk/Tools/clustalw2) and T-COFFEE
(www.ebi.ac.uk/Tools/t-coffee). Dendrogram analysis was
performed using MEGA 4.1 program. DNA barcode based
trees were obtained by using neigbour-joining and Kimura-2
parameter to evaluate the relationships of species and compare the DNA barcode-based classifications of species with
classical taxonomic classifications of species.

RESULTS AND DISCUSSION
matK locus

matK locus amplification of S. trojana was successful. PCR product size of S. trojana matK region was 864 bp.
This sequence was compared with other sequences from
GenBank using BLASTN. The highest nucleotide similarity was found in the sequences of Leonurus turkestanicus
and Leonurus glaucescens, species of Lamiaceae family.
Multiple sequence alignment of matK loci was performed
with 28 sequences from species of Lamiaceae family using
CLUSTAL W2. The sequence alignment was used to create a phylogenetic dendrogram using MEGA 4.1 (BETA)
program and to evaluate whether species are recovered as
monophyletic, using phylogenetic techniques and bootstrap
resampling (Fig. 1).
According to the inference of DNA barcode-based tree,
S. trojana is found close to the species of Lamiodeae subfamily. This is the first attempt of using it for barcoding
endemic Ida Mountain plants as well as Sideritis species.
When the results are compared with classical taxonomy, it
is seen that Sideritis, Lamium, Leonurus, and Craniotome
genera are all under the same subfamily called Lamioideae.
But Holocheila genus does not have a certain place. When
we looked at the tree, in general, we see that all Vitex
species were in same cluster under Viticoideae subfamily
and Clerodendrum, Schnabelia, Cardioteucris, Ajuga, Pseudocaryopteris, Trichostema, and Caryopteris genera were
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FIGURE 1 – Coalescence analysis with tree obtained from matk.

collected under the same subfamily called Teucroideae.
Olmstead [10] made a classification called “Synoptical Classification of Lamiales”.
According to this, Sideritis, Lamium, Leunorus, andCraniotome were collected under the name of “Marrubiina”. Vitex genus was under the subfamily of Viticoideae
and Clerodendrum, Schnabelia, Cardioteucris, Ajuga, Pseudocaryopteris, Trichostema, and Caryopteris genera were
under Teucroideae subfamily. The same classification
suggests that Holocheila genus is under Colebrookeina
which contains generally uncertain replacements. In general, when we evaluate the DNA barcode based tree, it seems
consistent with classical taxonomic classification. According
to the tree, Holocheila genus is under Lamioideae subfamily, so this result suggests us to revise the classification
of Holocheila genus. DNA barcode based trees can help to
the classical taxonomic researches in obtaining reliable
classifications, and can help to the problematic groups, such
as Lamiaceae family, which has problematic taxonomic
classification.

using CLUSTAL W2. The alignment of trnH-psbA loci
was problematic because the length of the trnH-psbA intergenic spacers was quite variable for each species, and
each sequence had many gaps in different positions. Among
the 6 sequences, the longest trnH-psbA intergenic spacer
belonged to S. trojana sequence. Because of the unreliable
multiple sequence alignment result, we made the alignment
using T-COFFEE programme. Using the T-COFFEE Multiple Sequence Alignment results of 6 Lamiaceae species,
a tree was constructed with the same parameters as the
matK-locus based tree. But the result of the tree was not
so consistent with the result of the alignment of species. As
trnH-psbA loci had so many gaps and the place of gaps
were very variable between species, a parameter regarding
Gaps/Missing data which handled the alignment gaps was
changed, and a new tree was constructed (Fig. 2). Complete
Deletion alternative regarding Gaps/Missing data was used
instead of Pairwise Deletion.

trnH- psbA

PCR amplification of S. trojana trnH-psbA locus was
also successful. The size of S. trojana trnH- psbA intergenic locus was 539 bp. This sequence was compared with
other sequences from GenBank using BLASTN. The highest nucleotide similarity was observed with the sequence
from Phlomis crinita. Multiple sequence alignment of trnHpsbA intergenic region was made from 6 Lamiaceae species

FIGURE 2 - Coalescence analysis with tree obatined from trnHpsbA loci .

The results of T-COFFEE multiple sequence alignment
were more consistent with the classical taxonomy. La-
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mioideae subfamily species were clustered closer to each
other, and also Scutellarioideae subfamily members were
clustered together. In addition, Phlomis subspecies were
placed under the same branch.
DISCUSSION
trnH-psbA locus was determined as a focus barcode
point for future analyses, and it was proposed that this
region is the best plastid region for DNA barcode sequence
[4], as it contained so much variable sequences, and its
amplification was easy. These observations were similar
to our results. The high variability of trnH-psbA locus
that we observed was also supported by the study of [11].
In other researches, because of the insertions and deletions, the alignment of trnH-psbA was problematic, so the
alignment of this locus is ambiguous between most of the
larger angiosperm families. And also there are wide differences in length between closely related taxa, and so, some
sequences remain uncommon [12]. Therefore, this explanation of researchers supports our results about Lamiacaea family members which were studied with trnHpsbA locus. Some researchers compared nine loci and
tried to determine the appropriate locus for DNA barcoding. They used standard primers for trnH-psbA locus and
rbcL locus, trnH-psbA locus and rbcL locus exhibited high
ratio of amplification. The amplification success of matK
locus was low, so they suggested that this gene region did
not show clear differences from the other loci, except ITS
[13]. In this study, we had equal amplification success for
both matK and trnH-psbA. Same researchers proposed
that the problem of the alignment does not have so many
effects on barcoding, and they add that the first aim of
barcoding is to identify the species, and, thus, there is no
need for accurate alignment to construct phylogeny. But
another re-searcher concluded that the ease of the alignment of loci is an important criterion when the loci are
determined whether it is useful for barcoding or not [14].
In our study, the ease of alignment is also a very important
criterion for loci while obtaining the DNA barcode based
tree. In contrast to our study, other researchers showed
that matK locus itself was not enough for species identification [15]. In one research, the usefulness of six coding
regions and one non-coding region were tested for a DNA
barcoding study in Myristicaceae family. They determined
that matK and trnH-psbA loci had variable regions for
species identification and showed promise for barcoding in
nutmets. They also indicated that the trnH- psbA locus
was more variable according to the matK locus [16]. In
another re-search, effectiveness of matK, trnH-psbA,
atpF-atpH and psbK-psbI loci were tested. Amplification
results were ge-nerally successful for every potential
barcode. For matK and psbK-psbI, it was easy to align
it, but it was very difficult to align trnH-psbA and atpFatpH (because of the different lengths of the loci). Because the alignments taken from CLUSTALW2 were not
reliable, they performed visual alignment, and later, they

added so many gaps [17]. So, when the overall results of
this research are evaluated together, it is seen that there
are similarities be-tween our results and previous works
[16, 17]. matK was used in Zingiberaceae family, and
gene sequence of matK was obtained from genebank.
They aimed to evaluate the phylogenetic relationships of
Zingiberaceae family by using matK region. They also
explained the usefulness of matK locus for DNA barcoding studies in Zingiberaceae family. To distinguish Zingiberaceae family, barcodes were selected at the nucleotide
positions between 115-130, 680-690, and 1455-1465. They
determined that matK contained enough variability and are
good candidates for a DNA bar-coding study in Zingiberaceae family [18].
CONCLUSION
In conclusion, matK and trn-psbA intergenic locus were
equally suitable for DNA barcoding of endemic Sideritis
trojana. matK was generally enough to discriminate the
species but combination of matK with a more variable
region can be suggested in the identification-based DNA
barcoding studies.
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ABSTRACT
This paper reports on the monitoring results of 17 polycyclic aromatic hydrocarbon (PAH) compounds made at
four urban locations in Seoul, Korea from February 2009 to
July 2009. The mean concentrations of PAHs in gas plus
particle phases were computed as 19.0 (Jong Ro: JR), 17.7
(Gwang Jin: GJ), 22.2 (Gang Seo: GS), and 25.9 ng m -3
(Yang Jae: YJ). The partitioning patterns of individual
PAHs greatly differed between gas and particle phases.
Despite such differences, phenanthrene (PHN), pyrene
(PYR), and fluoranthene (FLT) were identified as the most
abundant species (about 55% of all PAHs) at all sites. The
overall results of this study, if drawn by such approaches
as the analysis of diagnostic ratios and principal component
analysis (PCA), suggest that the distribution of PAHs at
these urban sites is controlled by a combined effect of such
processes as vehicle emissions, road dust, and coal combustion.

KEYWORDS: Polycyclic aromatic hydrocarbons (PAHs); Emission; Factor analysis; Anthropogenic

INTRODUCTION
The major elements of megacities, including the large
sizes (or scales) of population, energy consumption, transportation, and industries, play a key role in the emission
and transport of manmade airborne pollutants. The pattern
of air pollution can be affected by diverse factors (climate,
local energy structure, life styles of people, etc.) in association with a variety of combinations among different source
processes. Populations living in the megacities can hence be
exposed more frequently to the hazardous air pollutants than
those living in remote or rural areas. According to the
World Health Organization (WHO), 4–8% of deaths that
occur annually in the world are related to air pollution [1]
PAHs are ubiquitous organic pollutants that are formed
from carbonaceous materials due to combustion processes
at high temperature [2-4] and volatilization of uncombusted
petroleum [5]. As PAHs are the most stable form of hydro-

carbons occurring as complex mixtures, they can be present both in the gaseous and particulate phase in air [6].
Although natural sources (such as forest fires and volcanoes) can contribute to their atmospheric load, the majority of input is identified as anthropogenic provenance [7].
The United States Agency for Toxic Substances and Disease Registry (ATSDR) put a total of 17 PAHs on a priority list based on their toxicological profile [8]. Note that
some of these 17 members are classified as suspected carcinogens, while others are associated with acute and chronic
health effects. Moreover, transformated products of PAHs
on particles, such as nitro-PAHs, are even more toxic than
their parent PAHs [9].
Enormous studies conducted over the past three decades made PAHs identified as one of the most persistent
toxic substances in central and northeast Asia (Region
V11) based on the Stockholm convention [10]. As northeast Asia is the world’s largest coal consumption region
[11], PAH emissions and its consequential impacts are expected to be significant. Considering that Seoul, Korea is
one of the megacities in Northeast Asia with 10 million inhabitants and 2.5 million vehicles, it is postulated to produce and release considerable amounts of airborne pollutants including PAHs. In addition, because of the geographical location of South Korea (in the vicinity of China), the
long-range transport of airborne pollutants is also anticipated
to exert large impacts on the regional PAH budget [12].
In this work, a comprehensive survey on the ambient
PAH levels has been carried out from four urban residential locations in Seoul, Korea. The objectives of this study
were initially set to simultaneously assess the status of PAH
pollution in multiple residential locations in a megacity.
Next, the distribution and behavior of PAHs in the ambient air were investigated further to describe the basic properties of their source processes with respect to temporal and
spatial criteria selected in this study.
MATERIALS AND METHODS
Field site and sampling

In this research, four sampling sites, namely, Jong Ro
(JR), Gwang Jin (GJ), Gang Seo (GS) and Yang Jae (YJ),
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were selected to measure the PAH concentrations in ambient air in Seoul (Fig. 1). All of these sampling sites represent air quality monitoring stations in residential areas
where the basic air quality is monitored on a routine basis.
During the study period, three individual daily samples
were collected over 3 consecutive days per month intervals to cover a period from February to July 2009. The
collection of daily PM samples started from 3:00 PM and
ended approximately at the same time in the following day.
Both particle and gas phase samples for PAH analysis
were collected using a high volume sampler at a flow-rate
of 800 L min-1 (HV-1000F, Sibata, Japan). The collection
of total suspended particles (TSP) for particulate PAHs was
made on a quartz filter. In addition, more volatile PAH components were taken by a glass cartridge which contained a
5-cm polyurethane foam (PUF) plug, a 3-cm XAD-2 resin,
and a 2-cm PUF plug. These PUF cartridges were then
treated for sequential extractions. During the sampling time,
the basic meteorological parameters (i.e. ambient temperature, relative humidity, and wind speed/direction) were recorded simultaneously.

Chemical analysis for PAHs

After final weighing, all quartz filters and glass cartridges were placed separately in an accelerated solvent
extractor (Dionex 200) with Soxhlet extractors for extraction with dichloromethane. The extract was then concentrated by rotary-evaporation, cleaned, and reconcentrated
with ultrapure nitrogen to exactly 1 mL. For the analysis of
PAHs, a gas chromatograph with MSD (Agilent GC/MSD,
model 7890A/5975C) was used. The separation of individual PAHs shown in Table 1 was made by a capillary column (DB-5MS, 30 m x 0.25 mm x 0.25 µm film thickness). The mass selective detector (MSD) was operated in
electron impact mode (70 eV). The chromatographic conditions were as follows: injector temperature, 280 0C; interface temperature 290 0C; and temperature program (80 0C
held for 5 min, 80-300 0C at 6 0C min-1, 300 0C for 5 min).
The flow-rate of carrier gas (helium) was maintained at
1.5 mL min-1. A total volume of 1 µL was injected in the
split-less mode. The analytical method was based on the
US EPA Method TO-13 [13].

Jong Ro
Gwang Jin

Sampling site
Gang Seo

Sampling
site

Sampling site

Sampling site

Yang Jae

FIGURE 1 - Geographical location of the four study sites Jong Ro (JR), Gwang Jin (GJ), Gang Seo (GS), and Yang Jae (YJ) in Seoul, Korea.
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TABLE 1 - Basic information of 17 polycyclic aromatic hydrocarbons (PAH) monitored in this study.

Order

Full name

Short
name

CAS number

Molecular
weight
g mol−1

Chemical
Formula

1

Naphthalene

NAP

91-20-3

128.17

C10H8

2

Acenaphthylene

ACL

208-96-8

152.19

C12H8

3

Acenaphthene

ACN

83-32-9

154.21

C12H10

4

Fluorene

FLR

86-73-7

166.22

C13H10

5

Phenanthrene

PHN

85-01-8

178.23

C14H10

6

Anthracene

ANT

120-12-7

178.23

C14H10

7

Fluoranthene

FLT

206-44-0

202.25

C16H10

8

Pyrene

PYR

129-00-0

202.25

C16H10

9

Benzo[a]anthracene

BAA

56-55-3

228.28

C18H12

10

Chrysene

CHY

218-01-9

228.28

C18H12

11

Benzo[b]fluoranthene

BBF

205-99-2

252.31

C20H12

12

Benzo[k]fluoranthene

BKF

207-08-9

252.31

C20H12
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TABLE 1 - continued

13

Benzo[a]pyrene

BAP

50-32-8

252.31

C20H12

14

Indeno[1,2,3-c,d]pyrene

ICP

193-39-5

276.33

C22H12

15

Indeno[1,2,3-c,d]fluoranthene

ICF

193-43-1

276.33

C22H12

16

Benzo[g,h,i]perylene

BGP

191-24-2

276.33

C22H12

17

Dibenzo[a,h]anthracene

DBA

53-70-3

278.35

C22H14

The GC system was calibrated by known standards of
PAH mix (4s-8743, Supelco (EPA 610)). Working standards containing 17 target analytes were prepared at three
concentration levels in a 1/1 methanol/methylene chloride
solution. PAH working standards prepared at each concentration level were analyzed in triplicate. As part of the
basic quality assurance (QA), field and laboratory blank
samples were analyzed. Blank samples (including precleaned
PUF plugs and a quartz filter) were prepared, treated, and
analyzed in the same manner as the real samples. Blank
levels of individual compounds were normally very low
and, in most cases, undetectable. The method detection limits (MDL), if determined based on the instrumental
detection limits for the PAH analysis, were in the range of
~ < 1.0 pg m-3 (0.2 – 1.0 ng in absolute mass).

General characteristics of PAHs

ΣPAHg, ΣPAHp, and ΣPAHg+p. A summary of the PAHs
is hence derived for both of the two phases (g and p) and
their combination (g+p) (Table 2). The sum concentrations
in the gas phase (ΣPAHg) at JR, GJ, GS, and YJ were computed as 10.4 ± 5.46, 8.89 ± 5.09, 12.0 ± 8.57, and 14.2 ±
15.2 ng m -3, respectively. Their particle counterparts
(ΣPAHp) were slightly reduced but with more variable
values of 8.63 ± 7.03, 8.79 ± 6.49, 10.2 ± 8.41, and 11.8
± 11.5 ng m-3, respectively. The concentrations of ΣPAHg+p
measured were 19.0 ± 11.7 (range: 7.58 – 42.0), 17.7 ±
11.0 (4.20 - 36.7), 22.2 ± 16.5 (4.65 – 50.7), and 25.9 ±
26.1 ng m-3 (3.54 – 88.5), respectively. According to this
comparison, the highest concentrations of all different PAH
fractions were found consistently from the YJ sampling
site (Fig. 3). Examination of these data at all 4 sites also
indicates that PHN was the most abundant species in the
gas phase, whereas BBF, BAP and BGP were in the particle phase. If the results are compared for PAHg+p phase,
PHN, FLT, and PYR were the most abundant species at all
sites to account for about 55 – 56% of the all PAHs.

The collection of samples for the daily measurements
of ambient PAH levels in air was made from 4 sampling
sites at JR, GJ, GS, and YJ in Seoul (Fig. 1). A summary of
the environmental conditions measured concurrently for
the whole study period (February to July 2009) is presented in Fig. 2. As our measurements of PAH were made to
cover both particulate and gas phases, all data were examined both as (1) individual components of each (or both)
phases: gas (PAHg), particle (PAHp), and gas plus particle
(PAH g+p) and (2) sum of those individual compounds:

To meaningfully assess the status of PAH pollution in
the study area, our data can be compared with those of other
studies. In a recent report made by our study group [14], we
measured 7 heavy PAHs (CHY, BAA, BBF, BKF, BAP,
ICP, and DBA) from 32 stations dispersed all across South
Korea (Feb. 2006 to Jan. 2008). Despite the limitation in the
selected target compounds, that study also covered two
residential (Do Gok and Gu Ui) and one commercial district in Seoul (Seoul train station), out of all 32 stations
[14]. If we compute the mean concentrations of ΣPAHg+p

RESULTS AND DISCUSSION
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FIGURE 2 - Temporal variation of the basic meteorological parameters at the 4 urban sites in Seoul during the study period: a) temperature,
b) relative humidity, and c) wind speed
TABLE 2 - PAH concentration (ng m-3) in gas (PAHg), particle (PAHp), and both phase (PAHg+p) in ambient air at the 4 sites in Seoul, Korea.
Compound
NAP

ACL

ACN

FLR

PHN

ANT

FLT

PYR

Gas
1.02 ± 0.68
(0.77) a
0.35 - 2.63
(18) b
0.21 ± 0.27
(0.06)
0.03 - 0.94
(18)
0.08 ± 0.05
(0.06)
0.01 - 0.19
(18)
0.86 ± 0.95
(0.26)
0.12 - 2.89
(17)
4.62 ± 2.77
(3.69)
1.24 - 10.36
(18)
0.21 ± 0.17
(0.14)
0.04 - 0.66
(18)
1.91 ± 0.58
(1.70)
1.14 - 3.12
(18)
1.43 ± 0.46
(1.33)
0.85 - 2.57
(18)

Jong Ro (JR)
Particle
0.09 ± 0.04
(0.09)
0.04 - 0.16
(17)
0.12 ± 0.15
(0.06)
0.01 - 0.59
(18)
0.02 ± 0.01
(0.02)
0.01 - 0.05
(13)
0.06 ± 0.05
(0.05)
0.01 - 0.20
(17)
0.55 ± 0.55
(0.27)
0.03 - 1.93
(18)
0.06 ± 0.06
(0.04)
0.01 - 0.20
(18)
1.13 ± 1.03
(0.79)
0.13 - 3.60
(18)
0.89 ± 0.74
(0.67)
0.14 - 2.63
(18)

g+p
1.11 ± 0.70
(0.85)
0.43 - 2.78
(18)
0.33 ± 0.39
(0.14)
0.04 - 1.25
(18)
0.10 ± 0.05
(0.09)
0.03 - 0.20
(18)
0.87 ± 0.99
(0.31)
0.03 - 3.09
(18)
5.17 ± 3.11
(4.08)
1.35 - 10.69
(18)
0.27 ± 0.21
(0.18)
0.06 - 0.71
(18)
3.04 ± 1.36
(2.43)
1.67 - 5.75
(18)
2.32 ± 0.88
(1.94)
1.34 - 3.97
(18)

Gwang Jin (GJ)
Gas
Particle
g+p
0.51 ± 0.36 0.11 ± 0.05 0.59 ± 0.40
(0.45)
(0.10)
(0.57)
0.03 - 1.40 0.03 - 0.21 0.07 - 1.61
(17)
(17)
(18)
0.11 ± 0.15 0.17 ± 0.30 0.28 ± 0.40
(0.05)
(0.06)
(0.10)
0.01 - 0.57 0.01 - 1.27 0.02 - 1.61
(18)
(18)
(18)
0.07 ± 0.05 0.03 ± 0.02 0.09 ± 0.05
(0.05)
(0.03)
(0.09)
0.01 - 0.17 0.01 - 0.07 0.01 - 0.18
(17)
(13)
(18)
0.68 ± 0.76 0.07 ± 0.06 0.74 ± 0.81
(0.28)
(0.05)
(0.31)
0.07 - 2.45 0.02 - 0.26 0.10 - 2.56
(18)
(17)
(18)
4.33 ± 2.84 0.54 ± 0.53 4.86 ± 3.18
(3.50)
(0.27)
(3.96)
0.96 - 10.82 0.05 - 1.93 1.04 - 11.16
(18)
(18)
(18)
0.19 ± 0.15 0.06 ± 0.06 0.25 ± 0.19
(0.14)
(0.04)
(0.19)
0.05 - 0.58 0.01 - 0.20 0.07 - 0.65
(18)
(18)
(18)
1.70 ± 0.64 1.08 ± 0.95 2.78 ± 1.43
(1.50)
(0.77)
(2.33)
1.01 - 3.21 0.11 - 3.37 1.13 - 5.40
(18)
(18)
(18)
1.27 ± 0.46 0.86 ± 0.69 2.13 ± 1.00
(1.17)
(0.66)
(1.93)
0.69 - 2.39 0.13 - 2.47 0.94 - 3.73
(18)
(18)
(18)
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Gas
0.71 ± 0.53
(0.50)
0.10 - 2.13
(18)
0.16 ± 0.23
(0.06)
0.01 - 0.94
(18)
0.10 ± 0.09
(0.07)
0.01 - 0.34
(17)
0.94 ± 1.12
(0.31)
0.07 - 3.36
(18)
5.71 ± 4.56
(3.41)
1.15 - 14.85
(18)
0.27 ± 0.30
(0.12)
0.04 - 0.99
(18)
2.37 ± 1.18
(1.77)
0.87 - 4.51
(18)
1.65 ± 0.88
(1.50)
0.51 - 3.70
(18)

Gang Seo (GS)
Particle
g+p
0.12 ± 0.09 0.81 ± 0.57
(0.07)
(0.61)
0.03 - 0.38 0.13 - 2.21
(17)
(18)
0.21 ± 0.31 0.38 ± 0.46
(0.05)
(0.10)
0.01 - 1.03 0.02 - 1.23
(18)
(18)
0.04 ± 0.04 0.13 ± 0.10
(0.02)
(0.09)
0.01 - 0.13 0.01 - 0.34
(14)
(18)
0.07 ± 0.07 1.01 ± 1.18
(0.04)
(0.33)
0.01 - 0.24 0.09 - 3.60
(17)
(18)
0.64 ± 0.60 6.32 ± 5.01
(0.39)
(3.98)
0.01 - 2.00 1.24 - 15.24
(17)
(18)
0.08 ± 0.08 0.35 ± 0.36
(0.04)
(0.14)
0.02 - 0.29 0.06 - 1.07
(17)
(18)
1.30 ± 1.19 3.67 ± 2.21
(0.98)
(2.48)
0.06 - 3.82 1.11 - 7.50
(18)
(18)
1.03 ± 0.90 2.68 ± 1.57
(0.85)
(1.75)
0.07 - 3.06 0.85 - 5.55
(18)
(18)

Gas
0.46 ± 0.37
(0.36)
0.08 - 1.37
(14)
0.18 ± 0.24
(0.05)
0.01 - 0.86
(16)
0.07 ± 0.05
(0.06)
0.02 - 0.20
(14)
0.92 ± 1.20
(0.24)
0.07 - 4.23
(17)
7.16 ± 8.00
(3.69)
0.65 - 26.30
(17)
0.78 ± 1.34
(0.20)
0.02 - 5.06
(17)
2.56 ± 2.38
(1.69)
0.61 - 9.27
(17)
2.07 ± 2.17
(1.19)
0.43 - 8.76
(17)

Yang Jae (YJ)
Particle
g+p
0.09 ± 0.06 0.46 ± 0.42
(0.08)
(0.31)
0.02 - 0.23 0.04 - 1.54
(16)
(17)
0.18 ± 0.26 0.35 ± 0.48
(0.06)
(0.10)
0.01 - 1.02 0.01 - 1.88
(17)
(17)
0.02 ± 0.02 0.07 ± 0.06
(0.02)
(0.07)
0.01 - 0.07 0.01 - 0.22
(12)
(17)
0.07 ± 0.06 0.98 ± 1.26
(0.04)
(0.28)
0.02 - 0.26 0.08 - 4.48
(16)
(17)
0.57 ± 0.58 7.73 ± 8.36
(0.38)
(4.09)
0.03 - 2.09 0.72 - 27.52
(17)
(17)
0.08 ± 0.09 0.85 ± 1.40
(0.04)
(0.23)
0.01 - 0.33 0.03 - 5.28
(16)
(17)
1.27 ± 1.25 3.83 ± 3.33
(1.07)
(2.82)
0.11 - 4.66 0.85 - 12.14
(17)
(17)
1.06 ± 1.04 3.13 ± 2.96
(0.94)
(2.24)
0.13 - 3.89 0.63 - 11.50
(17)
(17)
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TABLE 2 - continued
0.02 ± 0.02
(0.01)

0.75 ± 0.76
(0.39)
0.08 - 2.40
0.01 - 0.07 (8)
(18)
0.07 ± 0.06 0.79 ± 0.61
(0.06)
(0.73)
0.02 - 0.25
0.09 - 1.84
(15)
(18)
1.51 ± 1.37
0.004
(0.91)
0.15 - 4.34
(18)
0.44 ± 0.43
0.005
(0.27)
0.02 - 1.25
(18)
0.78 ± 0.68
0.003
(0.57)
0.06 - 1.99
(18)
0.44 ± 0.24
0.002
(0.43)
0.12 - 0.90
(18)
0.06 ± 0.05
0.001
(0.04)
0.01 - 0.15
(15)
0.86 ± 0.68
0.001
(0.62)
0.11 - 2.23
(18)
0.09 ± 0.09
0.002
(0.06)
0.01 - 0.32
(18)

BAA

CHY

BBF

BKF

BAP

ICP

ICF

BGP

DBA

Sum

a
b

10.4 ± 5.46
4.70 - 22.4
(18)

8.63 ± 7.03
1.20 - 23.9
(18)

0.76 ± 0.75
(0.39)
0.08 - 2.40
(18)
0.85 ± 0.61
(0.80)
0.14 - 1.84
(18)
1.51 ± 1.37
(0.91)
0.15 - 4.34
(18)
0.44 ± 0.43
(0.27)
0.02 - 1.25
(18)
0.78 ± 0.68
(0.57)
0.06 - 1.99
(18)
0.44 ± 0.24
(0.43)
0.12 - 0.90
(18)
0.06 ± 0.05
(0.04)
0.01 - 0.15
(15)
0.86 ± 0.68
(0.62)
0.11 - 2.23
(18)
0.09 ± 0.09
(0.06)
0.01 - 0.32
(18)

0.02 ± 0.02 0.75 ± 0.71
(0.01)
(0.48)
0.01 - 0.06 0.08 - 2.25
(6)
(18)
0.07 ± 0.06 0.78 ± 0.57
(0.04)
(0.71)
0.02 - 0.21 0.08 - 1.78
(15)
(18)
1.58 ± 1.16
0.004
(1.04)
0.27 - 3.61
(18)
0.44 ± 0.40
0.005
(0.30)
0.03 - 1.18
(18)
0.79 ± 0.66
0.003
(0.69)
0.07 - 2.04
(18)
0.49 ± 0.26
0.002
(0.51)
0.11 - 0.86
(18)
0.06 ± 0.05
0.001
(0.04)
0.01 - 0.17
(16)
0.92 ± 0.62
0.001
(1.00)
0.11 - 2.15
(18)
0.10 ± 0.08
0.002
(0.09)
0.01 - 0.30
(18)

0.76 ± 0.70
(0.50)
0.09 - 2.25
(18)
0.84 ± 0.57
(0.76)
0.12 - 1.78
(18)
1.58 ± 1.16
(1.04)
0.27 - 3.61
(18)
0.44 ± 0.40
(0.30)
0.03 - 1.18
(18)
0.79 ± 0.66
(0.69)
0.07 - 2.04
(18)
0.49 ± 0.26
(0.51)
0.11 - 0.86
(18)
0.06 ± 0.05
(0.04)
0.01 - 0.17
(16)
0.92 ± 0.62
(1.00)
0.11 - 2.15
(18)
0.10 ± 0.08
(0.09)
0.01 - 0.30
(18)

0.03 ± 0.03 0.98 ± 1.09
(0.02)
(0.37)
0.01 - 0.09 0.06 - 3.23
(8)
(18)
0.10 ± 0.11 0.98 ± 0.80
(0.07)
(0.79)
0.01 - 0.41 0.12 - 2.15
(18)
(18)
1.51 ± 1.11
0.004
(1.20)
0.23 - 3.58
(18)
0.62 ± 0.60
0.005
(0.46)
0.02 - 1.64
(17)
1.00 ± 0.95
0.003
(0.60)
0.07 - 2.86
(18)
0.48 ± 0.30
0.002
(0.41)
0.07 - 1.10
(18)
0.08 ± 0.07
0.001
(0.05)
0.01 - 0.20
(15)
1.03 ± 0.86
0.001
(0.62)
0.10 - 2.47
(18)
0.11 ± 0.11
0.002
(0.06)
0.01 - 0.37
(18)

1.00 ± 1.08
(0.37)
0.07 - 3.23
(18)
1.08 ± 0.83
(0.86)
0.19 - 2.24
(18)
1.51± 1.11
(1.20)
0.23 - 3.58
(18)
0.62 ± 0.60
(0.46)
0.02 - 1.64
(17)
1.00 ± 0.95
(0.60)
0.07 - 2.86
(18)
0.48 ± 0.30
(0.41)
0.07 - 1.10
(18)
0.08 ± 0.07
(0.05)
0.01 - 0.20
(15)
1.03 ± 0.86
(0.62)
0.10 - 2.47
(18)
0.11 ± 0.11
(0.06)
0.01 - 0.37
(18)

0.02 ± 0.02 1.28 ± 1.59
(0.02)
(0.62)
0.01 - 0.06 0.09 - 4.99
(8)
(17)
0.07 ± 0.05 1.13 ± 1.08
(0.05)
(1.04)
0.01 - 0.18 0.10 - 3.84
(15)
(17)
2.24 ± 2.13
0.004
(1.04)
0.19 - 6.61
(17)
0.69 ± 0.81
0.005
(0.38)
0.03 - 2.65
(17)
1.23 ± 1.39
0.003
(0.86)
0.07 - 4.69
(17)
0.50 ± 0.39
0.002
(0.43)
0.08 - 1.59
(17)
0.07± 0.08
0.001
(0.04)
0.01 - 0.26
(15)
1.14 ± 1.15
0.001
(0.81)
0.09 - 4.26
(17)
0.13 ± 0.16
0.002
(0.07)
0.01 - 0.66
(17)

1.29 ± 1.59
(0.62)
0.11 - 4.99
(17)
1.19 ± 1.09
(1.08)
0.14 - 3.92
(17)
2.24 ± 2.13
(1.04)
0.19 - 6.61
(17)
0.69 ± 0.81
(0.38)
0.03 - 2.65
(17)
1.23 ± 1.39
(0.86)
0.07 - 4.69
(17)
0.50 ± 0.39
(0.43)
0.08 - 1.59
(17)
0.07± 0.08
(0.04)
0.01 - 0.26
(15)
1.14 ± 1.15
(0.81)
0.09 - 4.26
(17)
0.13 ± 0.16
(0.07)
0.01 - 0.66
(17)

19.0 ± 11.7
7.58 - 42.0
(18)

8.89 ± 5.09 8.79 ± 6.49
2.98 - 20.5 1.21 - 21.8
(18)
(18)

17.7 ± 11.0
4.20 - 36.7
(18)

12.0 ± 8.57 10.2 ± 8.41
2.94 - 30.0 0.83 - 25.8
(18)
(18)

22.2 ± 16.5
4.65 - 50.7
(18)

14.2 ±15.2
2.05 - 51.9
(17)

25.9 ± 26.1
3.54 - 88.5
(17)

11.8 ±11.5
1.06 - 36.7
(17)

Mean ± SD (Median)
Min ~ Max (number of data)

-3

Concentration (ng m )

in our target residential sites. Thus, this suggests that spatial gradients in PAH levels can be developed in association with distance from the direct source activities (e.g.,
vehicles).

g
p
g+p

30
25
20
15
10
5
0
JR

GJ

GS

YJ

Sites

FIGURE 3 - Comparison of the sum concentrations of PAH components among gas (ΣPAHg), particle (ΣPAHp), and both (ΣPAHg+p)
phases at the 4 measurement sites.

for the corresponding 7 components in the present study,
these values (5.71 ± 0.51 ng m-3) are highly comparable to
those of 3 sites from the previous study (5.31 ± 6.30 ng m-3).
The results of the present study can further be compared
with our recent survey made inside the two traffic tunnels
in Seoul [15]. The ΣPAHg+p data for the 16 priority compounds (114.5 ± 9.21 ng m-3), measured at two tunnel sites,
were 4 - 5 times higher than the corresponding components

To make a more meaningful evaluation of PAH data,
gas/particle (G/P) phase ratio of the individual PAH compounds was also assessed. The gas phase concentrations
were below the detection limits for most of the heavy
PAHs (5-6 rings), while light PAHs (e.g., 2–3 ring PAHs)
were abundant in the vapor phase due to low boiling
points and high volatility. As a result, depositions of light
PAHs on particle surfaces occurred less effectively than
those of heavy PAHs [16]. However, because of significant
enrichment in gas phase, the contribution of light PAHs is
more dominant in PAHg+p phase than heavy PAHs [17, 18].
Likewise, the relative contribution of particle phase to the
PAHg+p decreased with increasing volatility. Because of
these unique properties, the partitioning pattern of PAHs is
highly distinguishable between gas/particle phase in compliance with previous reports [18-20].
The G/P ratios calculated at the 4 sites differed greatly
between light ( < 3 rings) and heavy PAHs ( > 4 rings).
Although the ratios for the former were 6.90 (GJ) to 10.3
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(JR), those of the latter varied in a much reduced range
of 1.60 (GJ) to 2.28 (GS). As such, relative dominance of
PAHs is greatly distinguished in relation to their molecular weights (Fig. 4). The relative ordering of PAH concentrations in all phases was fairly consistent, such as GJ <
JR < GS < YJ site, with some exceptions. If the differences
in the PAH levels are checked by the student’s t-test, the
dominance of YJ over other locations is consistently significant in all phases (p < 0.001).
10

Concentration (ng m -3 )

8
JR
6

GJ
GS

4

YJ

2

DBA

ICF

BGP

ICP

BAP

BBF

BKF

CHY

BAA

FLT

PYR

ANT

FLR

PHN

ACL

ACN

NAP

0

Compound

A. Gas phase

Concentration (ng m -3 )

5
JR

4

GJ
GS

3

YJ

Estimation of PAH sources

2

PAHs are persistent and toxic substances produced by
a variety of combustion sources. Although half-lives of these
compounds vary in the atmosphere [27, 28], their atmospheric profiles are strongly affected by meteorological parameters, such as UV light and temperature [29]. Because
of unique fractionations between PAHs, their concentration data are often used as a fingerprint of their emission
sources [30, 31]. The concentrations of several marker compounds and their ratios can hence provide some insights into
the relative role of different PAH source processes [32, 33].
The computation of the PAH ratios, especially between
different reactivities, is highly useful to assess not only their
source/sink processes but also the aging of the air masses
[34-36].

1

BGP

DBA

ICF

ICP

BAP

BKF

BBF

CHY

BAA

PYR

FLT

ANT

FLR

PHN

ACN

ACL

NAP

0

Compound

B. Particle phase
10

Concentration (ng m -3 )

different sites. Although the peak concentrations of PAH
tend to occur in spring months (either February or March),
they decreased gradually until June at all sites. For example, at the YJ site, the values of PAHg+p peaked in March
with 51.9 and 36.6 ng m-3, respectively, while their values
in June experienced dramatic drops to 2.05 and 1.81 ng m-3,
respectively. Although the collection of TSP samples in
this study was confined to the limited periods of February
through July, the results can be compared for seasonal
differences over winter, spring, and summer. The seasonal
patterns of the gas and particle phase are consistent enough
to record the peak in winter and the minimum in summer at
all sampling sites. In previous studies, the wintertime dominance of PAHs has commonly been recognized in urban
areas of Korea and Hong Kong [3, 21, 22]. If the winter/
summer ratios are derived for each individual PAH in
particle phase (PAHp), their mean values tend to fall in
the range of 9.14 ± 5.61 (JR), 7.55 ± 6.84 (GJ), 11.3 ±
9.17 (GS), and 11.4 ± 7.37 (YJ). The PAHp ratios of 1 to 48
have also been reported for samples collected in Hong Kong
[22]. In contrast, the winter/summer ratios for PAHg+p were
7.64 (JR), 6.48 (GJ), 9.86 (GS), and 12.5 (YJ). These ratios
appear to be highly comparable to those reported previously in Europe and USA where PAHp or PAHg+p were
generally higher in winter by a factor of 1.5-10 than in
summer [23-26]. Likewise, such ratios for PAHg+p were
determined as 7.5 and 8.6 at 2 sites in the city of Hong
Kong [22].

8
JR
6

GJ
GS

4

YJ

2

BGP

DBA

ICF

ICP

BAP

BBF

BKF

CHY

BAA

PYR

FLT

ANT

FLR

PHN

ACN

ACL

NAP

0

Compound

C. Both (gas + particle) phase
FIGURE 4 - Comparison of the mean concentrations of individual
PAHs between gas (PAHg), particle (PAHp), and both (PAHg+p) phases
measured at the 4 sites in Seoul, Korea (Error bars represent SD).
Temporal variation in PAH concentrations

If the temporal variations of the PAH levels in each
phase are compared by their daily values at the 4 study sites
(Fig. 5), the patterns exhibit large similarities between the

In this research, the ratios of BAA/CHY, BAA/BAP,
BAP/BGP, and FLT/(FLT+PYR) were calculated for both
heating (winter) and non-heating periods (spring and summer). The findings of higher PAHg+p ratios in BAA/CHY
and BAA/BAP indicate relatively little effect of photochemical processing (of the air mass) but important contributions from local sources. On the other hand, their reduced ratios are likely to reflect the aging effect on PAH
distribution [36]. Lohmann et al. [34] stated that BAA/CHY
ratio above 0.40 should reflect freshly emitted pollution. In
this study, BAA/CHY and BAA/BAP ratios in PAHg+p are
higher during heating season (1.46 and 1.20, respectively)
than non-heating season (0.88 and 0.96, respectively).
Comparison of these ratio values, thus confirms that air
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FIGURE 5 - Comparison of the daily PAH values in gas (PAHg), particle (PAHp), and both (PAHg+p)
phases along with and total suspended particles (TSP) at the 4 sites in Seoul during February to July 2009.

masses sampled during the non-heating season should be
fresher than their counterparts. In our work, the ratio values
for BAA/CHY were variable enough to indicate pyrolytic
input (> 0.90) during the winter season [37], and the use
of gasoline (0.28–1.20) during the non-heating season [2,
38]. Moreover, Li and Kamens [31] observed that the ratio
of BAA/BAP for gasoline exhaust was 0.5, while those of
diesel and wood combustion were 1.0. In our research, we
found that the BAA/BAP ratio for heating season [(1.16
(GS) to1.20 (YJ)] is much higher than that of the nonheating season [(0.20 (GS) to 0.96 (YJ)]. Therefore, these
observations consistently suggest the relative dominance
of diesel and wood combustion as source signature of the
study areas. Comparison of these ratios among all 4 sites
indicates that YJ site maintained the highest ratios (BAA/
BAP and BAA/CHY) of all sites, regardless of seasons.
The differences in BGP/BAP ratio between nonheating (1.03–1.35) and heating season (0.82–0.98) in our
study sites can also be interpreted to emphasize the major
role of road dust as their source processes [39]. The ratio
of FLT/(FLT+PYR) was also used as an indicator of combustion sources [40], incomplete combustion of coal and
petroleum [41], and gasoline engines [42]. Their ratios were
0.4 for gasoline engines [2, 42], while > 0.5 for diesel engines [2, 43, 44]. As these ratios for the 4 sites in our study

fell into the range of 0.55-0.58, it also suggests a more effective role of diesel engines. The results of this diagnostic
analysis are generally coinciding with the relative dominance of diesel source signature for PAHs. In addition,
according to our analysis, the YJ site is affected by more
complicated source processes than the others.
Factors affecting the environmental behavior of PAHs in air

Under real world conditions, emissions from vehicles
do not entirely represent homogenous combustion of fossil
fuels, as they also release unburned fuel and pyrolysis products of simple hydrocarbons and additives [29]. Considering the complicated nature of PAH source processes, a
correlation analysis was conducted to better account for the
factors and processes controlling the behavior of PAHs in
the residential locations investigated in this study. The
presence of significant correlations was first found between
criteria pollutants measured concurrently with PAHs, such
as between SO2 and NO2 (p < 0.01 for all 4 sites), or between SO2 and CO (p < 0.01 at JR and YJ). The relative
abundance of strongly correlated pairs among SO2, NO2,
and CO data suggests that these pollutants should have been
affected similarly by source processes of each area [45].
If the PAH data are compared with those environmental parameters, they tend to exhibit most significant

1371

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

correlations with SO2. For instance, at GJ site, the compatibility with SO2 is found at p values less than 0.01 (CHY,
BBF, and ICP) or 0.05 (FLT and PYR). At the JR and GS
sites, SO2 is also strongly correlated with components
such as BBF or ICP (p < 0.05). In contrast, the results at
YJ do not exhibit such strong correlations with SO2. This
difference in correlation patterns between sites (YJ vs. all
the others) should be closely associated with those observed from such approaches as diagnostic ratios. Similarly to the case of SO2, a high correlation of the particulate
PAHs has also been observed from CO in many types of
roadside sites [46, 47]. In compliance with such findings,
PAH data measured at the GS site showed fairly strong
correlations with CO (p < 0.01 and p < 0.05). Such relationship was also found at the YJ site, with BBF (p <

0.05) or ICP (p <0.01). In contrast, correlations were not
significant enough between those parameters at the GJ
site.
In Table 3, the results of correlation analysis are organized to differentiate the relative abundance of strongly
correlated cases. To allow the comparison between different matching pairs, the results were arbitrarily classified
into 3 categories: i.e., group I (the least significant cases
(p ≥ 0.05), II (p < 0.05), and III (p < 0.01). According to
this classification scheme, the frequency of significantly
correlated pairs was greatly distinguished on the following order: (1) YJ: 129 cases (III) and 7 cases (II), (2) JR:
125 (III) and 6 (II) cases, (3) GS - 118 (III) and 11 (II)
cases, and (4) GJ - 122 (III) and 4 (II) cases.

TABLE 3 - Comparison of relative frequency of strongly correlated cases from all possible matching pairs between different pollutantsa.
Pollutants

Frequency
JR

Level of statistical significanceb
Criteria vs Criteriac
Criteria vs PAHd
PAH vs Metals and Ions

e

GJ

I

II

III % of II + III

62

8

35

177 24
396 20

GS

YJ

I

II

III

% of II + III

I

II

III % of II + III

41.0

54

16

35

48.6

60

14

31

54

30.6

158

33

64

38.0

152

41

26

10.4

373

28

41

15.6

373

18

No.
of
maximum
matching
% of II + III cases

I

II

III

42.9

47

14

44

55.2

105

62

40.4

193 23

39

24.3

255

51

15.6

393 11

38

11.1

442

129

100.0

136

PAH vs PAH
5
6 125
96.3
10
4 122
92.6
7
11 118
94.9
Includes criteria, polycyclic aromatic hydrocarbons, metals and ions
I = P > 0.05 (the least significant); II = p < 0.05; and III = p < 0.01
c
Includes SO2, NO, NO2, CO, O3, THC, CH4, nCH4, TSP, PM2.5, and PM10
d
PAH fraction used for correlation are PAHg+p
e
Includes As, Ag, B, Ba, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Sr, V, Zn, F-, Cl-, NO3-, SO42+, Na+, NH4+, K+, Ca2+, and Mg2+
a

-

7

b

TABLE 4 - The results of principle component analysis (PCA) using the PAHg+p data
and all the relevant parameters measured at JR, GJ, GS, and YJ stations in Seoul, Korea.
Compound
NAP
ACL
ACN
FLR
PHN
ANT
FLT
PYR
BAA
CHY
BBF
BKF
BAP
ICP
ICF
BGP
DBA
SO2
NO
NO2
NOx
CO
O3
TSP
PM10
PM2.5
CH4
nCH4
THC

F1
-0.33
-0.33
-0.49
-0.31
-0.31
-0.29
-0.21
-0.21
-0.31
0.26
0.40
-0.16
-0.20
-0.11
-0.22
0.51
0.89
0.16
0.71
0.53
0.75
0.58
0.84
0.90
0.96
0.52
0.12

F2
0.62
0.74
0.44
0.75
0.87
0.84
0.97
0.96
0.91
0.93
0.57
0.97
0.99
0.96
0.97
0.87
0.67
0.11
0.26
-0.14
-0.33
-0.14
0.77
0.38
0.78

JR
F3
0.25
0.12
0.29
-0.27
0.30

F4
-0.11
0.15
-0.12
-0.23

F5
-0.26
-0.26
-0.29
-0.27
-0.23
-0.17

0.17
0.11
0.16

0.11
-0.56
-0.15
-0.20

-0.13
-0.18
0.24
0.20
0.94
0.60
0.80
0.64
-0.38
0.11
0.11
0.64
0.16

0.25
0.21
0.18
0.41
0.50
0.40
0.14
0.43
0.17
0.41

0.26
0.22
-0.18
-0.12
-0.10
-0.13
0.45
-0.10
0.41
0.37

F1
-0.14
-0.27
-0.41
-0.61
-0.22
-0.16
-0.30
0.54
0.61
-0.32
-0.29
-0.49
-0.51
-0.54
0.57
0.92
0.77
0.95
0.92
1.00
0.64
0.81
0.82
0.87
0.65
0.97
0.84

GJ
F2
0.20
0.31
-0.11
0.55
0.96
0.80
0.99
0.83
0.84
0.57
0.82
0.95
0.87
0.86
0.81
0.37
-0.40
0.63

F3
0.97
0.91
0.99
0.91
0.57
0.20
0.58
0.13
0.47
0.55
0.47
-0.15
0.12
-0.22
-0.74

0.28

-0.16
-0.31
-0.27

-0.64
-0.47
-0.47
-0.44
0.45
0.11
0.30

-0.43
-0.34
-0.34
-0.23
-0.61
-0.24
-0.45
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F1
-0.15
-0.44
-0.19
-0.39
-0.19
-0.21
0.14
0.11
-0.16
0.50
0.84

F2
0.98
0.80
0.83
0.91
0.97
0.95
0.97
0.96
0.98
0.85
0.44
0.99
0.12 0.98
-0.24 0.97
0.99
(0.13) 0.92
0.91 0.33
0.51 -0.26
0.96 0.19
0.89 -0.12
0.95
0.47 0.41
-0.13 -0.45
0.83
0.82
0.74 -0.15
0.68 0.17
0.69 0.19
0.73 0.18

GS
F3
-0.12
-0.17
-0.12
-0.15
-0.23

F4
-0.21
0.29

-0.12
0.13
0.27

-0.11

-0.22

0.79

0.19
0.12
0.18
0.18
-0.77
-0.43

0.39
0.22
0.12
0.76
0.56
0.57
0.62
0.50
0.07

F1
0.59
0.71
0.32
0.38
0.88
0.96
0.95
0.97
0.93
0.97
0.83
0.93
0.96
0.91
0.97
0.97
0.94
0.59
0.24
0.47
0.21
-0.50
-0.11

0.69
0.46
0.65

0.20
0.21
0.21

F2
-0.37
-0.35
-0.65
-0.50
-0.25
-0.21
-0.13
-0.19
-0.14
-0.18
-0.20
-0.16
-0.13
-0.16
0.28
0.23
0.56
0.39
0.33
0.17
0.56
0.51
0.26
0.30
0.41
0.35

YJ
F3
-0.14
-0.25
-0.30
-0.28
-0.22
-0.21
-0.14
-0.14
-0.22
-0.19
-0.16
-0.18
-0.15
-0.18
0.93
-0.10
0.28
0.54
0.65
0.73
0.77
0.93
0.43
0.20
0.34

F4
0.15
-0.14
0.12
-0.12

F5
0.69
0.48
0.54
0.71
0.26

F6
0.14
-0.17
-0.14

0.17
0.13
0.11
0.13
0.33

0.17
0.12
0.27
0.24

0.13
0.25
0.10
0.24

-0.19

0.74
0.74
0.78
0.73
-0.28
0.26
0.31
0.25
0.80
0.83
0.82

0.14

-0.14

0.13

0.12
-0.41

0.11
0.15
0.19
0.13

-0.13
-0.21
-0.11
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TABLE 4 -continued
As
B
Ba
Cd
Co
Cr
Cu
Fe
Li
Mn
Mo
Ni
Pb
Sr
V
Zn
FClNO3SO42Na+
NH4+
K+
Ca2+
Mg2+

0.93
0.80
0.93
0.84
0.36
0.86
0.76
0.72
0.79
0.75
0.85
0.77
0.89
0.92
0.86
0.92
0.92
0.47
0.92
0.95
0.98
0.97

0.16
-0.25
-0.16
0.22
-0.20
-0.21
-0.18
-0.32
-0.32
-0.27
-0.47
-0.31
-0.23
-0.27
0.12
0.86
-0.22
-0.32
-0.53
-0.24
-0.25
-0.11

-0.93
0.50
0.12
0.24
0.36
0.25
0.22
0.27
-0.18
-0.12
0.15

-0.19
0.10
0.14
0.28
-0.23
0.33
0.42
0.36
-0.27
-0.84
-0.38
0.48
0.25

0.17
0.16
0.17
-0.13

-0.24

-0.12

0.14
-0.16

0.35

0.15
0.74

0.46
0.17

0.13
0.24
-0.40
-0.69
0.12
0.10

0.15

-0.16

0.98
0.79
0.95
0.81
0.84
0.94
0.80
0.82
0.89
0.99
0.94
0.93
0.18
0.81
-0.23
0.92
0.83
0.81
0.53
0.81
0.91
0.88
0.96

-0.14
-0.34
-0.53
-0.32
-0.27
-0.44
-0.14
-0.34
-0.37
0.65
-0.52
0.88
-0.24
0.24
-0.55
-0.59
-0.57
-0.57
-0.31
-0.41
-0.29

1.00
-0.17
-0.62
0.31
-0.48
-0.12
-0.33
-0.51
-0.51
-0.10

-0.14
0.79
0.96
0.99
0.98
0.97
0.83
0.99
0.96
0.99
0.97
0.94
0.94
0.95
0.91
0.98
0.75

-0.74
-0.28
-0.42
-0.30
0.97
0.11

0.86
-0.24
-0.15
-0.17
-0.25

0.29
-0.12

0.13
0.16
0.11
0.23

-0.13

0.21

-0.11
-0.24
-0.16

-0.16
0.21
0.30
0.29
0.32
0.14
0.53

-0.26
-0.16
0.16
0.89
0.59 -0.58
0.57 -0.53
-0.24 -0.68
0.58 -0.44
0.86 -0.30
0.67
0.81

0.62
0.15
-0.28
-0.22

0.21
-0.14

0.40
0.54
-0.62
0.56
0.40
0.73
0.58

0.42
-0.11
-0.11
-0.13
0.11

-0.15
-0.21
-0.22
-0.16
-0.25
-0.26
-0.38

0.27
0.33
0.27
-0.12

-0.23
-0.39
-0.21
0.80
0.55
-0.40
-0.33
-0.59
-0.26
-0.28
-0.26
-0.31

-0.13
0.83
0.87
0.96
0.93
0.94
0.84
0.89
0.88
0.92
0.90
0.86
0.89
0.85
0.87
0.15
-0.18
-0.26
0.54
-0.19
0.20
0.27
0.50

-0.23
0.32
0.14
0.10
0.23
0.27
0.15
-0.15
0.13
0.22
0.38
0.24
-0.22
-0.22
0.83
0.87
0.19
0.87
0.77
0.89
0.67

-0.19
0.35
0.15
0.19
0.22
0.40
0.20
0.12
0.17
0.11
0.33

0.80
0.21
-0.33

-0.21

-0.15

0.21

-0.29
-0.17
-0.12

0.25
0.25
0.23

-0.35
-0.12
-0.10
0.25
-0.16

-0.14
0.27
0.18
0.14
0.24
0.10
0.39
0.16
0.37

0.91
0.27
0.65
-0.17
-0.21
0.27
-0.16
-0.36
-0.18

-0.24
-0.32
-0.26
-0.26
-0.32
-0.16

Eigen Value
26.7 14.04 4.29 3.43 2.83
33.46 11.56 8.98
29.56 16.51 3.64 2.57
25.65 13.95 6.36 2.66 2.27 1.58
Variance explained
(%)
49.44 25.99 7.94 6.34 5.24
61.97 21.41 16.62
54.75 30.57 6.74 4.76
47.5 25.84 11.77 4.93 4.21 2.92
Cumulative
variance (%)
49.44 75.43 83.37 89.71 94.95
61.97 83.38 100
54.75 85.32 92.06 96.82
47.5 73.34 85.11 90.04 94.25 97.17
Note: Only factor loading values higher than 0.1 are presented and those higher than 0.7 are in bold; PAHg+p fraction was used for factor analysis.

To further describe the probable sources of the atmospheric pollutants, principal component analysis (PCA) was
applied to the PAH and relevant parameters [3, 48, 49]. As
the concentrations of PAHs can be affected greatly by their
source properties, the PAHg+p data were subjected to
factor analysis along with all the relevant parameters (12
criteria pollutants, 16 metal species, and 9 ionic species).
The results are then classified by a criterion such as eigenvalues > 1, and discussed below according to the basic
information of individual source profiles.
The effect of vehicular emissions can be assessed by
components, such as SO2, NO2, CO, and TSP [50, 51].
Likewise, mixture of gasoline and diesel emissions can be
represented by PAHs, such as ACL, FLT, PYR, CHY,
BKF, BBF, PYR, BAP, and BGP [2, 23, 52-54]. Factors 1
and 2 at three stations (JR, GJ, and GS) or factors 1 and 4 at
YJ appear to be represented by the above source components. Many metals (Zn, Cu, Cd, Mn, Fe, Cr, and Pb) and
ionic species (NO3-, SO42-, Cl-, Na+, and Ca2+) originate
from resuspended road dust or oil combustion/road traffic
activities [53, 55-58]. Additionally, a group of ionic species including (NO3-, SO42-, and NH4+) is representative of
secondary aerosol [59]. Hence, high loadings in factor 1 at
three sites (JR, GJ, and GS) and factor 2 (at YJ) should be
affected by road dust (as their sources). Factor 3 of YJ site
with high loadings of NO3-, SO42-, and NH4+ along with
Ca2+ also suggest the important role of secondary aerosol.
As coal-burning releases PAHs, a number of PAH species (such as ICP, DBA, BGP, FLT, FLR, BBF, and BKF)
can be designated as the marker species for these processes [60-62]. Likewise, some ionic and metallic components

(e.g., F-, Cl- and As) are also reported as tracers of coal
combustion [53, 59, 63]. As seen in factors 2 (JR and GS)
and 3 (GJ), or factors 1 and 5 (YJ), PAH emissions ap-pear
to be affected by coal-burning processes. It is also
acknowledged that Ni and V are primarily emitted from oil
combustion [25, 53]. Banerjee [64] and Karar et al. [65] reported that the presence of Zn in ambient air is associated
with wear and tear of rubber tires or lubricating oil. As is
factor 4 at JR site (high loading of Ni), oil combustion can
also serve as the potent source of PAHs (factor 6 at YJ site).
CONCLUSION
In order to assess the level of PAH pollution from 4
urban residential locations in Seoul, TSP samples were
collected daily for 3 consecutive days on a per month basis
from February to July 2009. The results of our study have
been analyzed to identify the factors and processes affecting PAH behavior in the ambient air of the urban residential areas in Seoul, Korea. The PAH concentrations in
gas plus particle phase (PAHg+p) averaged 19.0 (JR), 17.7
(GJ), 22.2 (GS), and 25.9 ng m-3 (YJ). According to the
analysis of seasonal patterns of these PAH data, a highly
consistent trend was observed from all sites with the peak
values during winter. Comparison of fractionation pattern
also indicated that the light PAH like PHN was the most
abundant species in the gas phase, whereas heavy PAHs
(BBF, BAP, and BGP) were dominant in their particle
counterpart. As was seen from the mean PAH concentrations in each phase, the winter/summer ratios of individual
(or the sum) PAH components were the highest at YJ. The
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YJ site was also distinguished from the others be-cause of
its unique diagnostic ratios between different PAHs. The
existence of the unique trend at YJ site may be attributed, at
least partially, to the outdoor incinerations, in addition to
the traffic activities at this specific site.
According to the results of PCA, the sources of PAHs
in all 4 urban sites should be dominated by diverse source
processes including vehicular emissions (mixture of diesel
and gasoline), secondary aerosol, resuspended road dust,
coal combustion, and open-field incinerations. In line with
the evidence collected in this study, the urban atmosphere
can be subject to the overwhelming influence of PAH
pollution. To allow more detailed analysis on the effect of
diverse source processes and their impacts, one may need
to continue efforts to describe the potential roles of such
processes on the distribution of PAHs and to improve
their management scheme.

[9]

Kotzias, D. and Brussol, C. (1999) Fate of polycyclic aromatic hydrocarbons (PAHs) in ambient air. Fresenius Environ. Bull., 8(9-10), 518-522.

[10] UNEP, United Nations Environment Programme (2002) Regionally based assessment of persistent toxic substances,
Central and North East Asia regionally report. Global Environment Facility,
[11] IEA, International Energy Agency (2006) Energy statistics
(available at http://www.iea.org/Textbase/stats/index.asp).
[12] Lee, J.Y. and Kim, Y.P. (2007) Source apportionment of the
particulate PAHs at Seoul, Korea: impact of long range
transport to a megacity. Atmos. Chem. Phys., 7, 3587-3596.
[13] US EPA (1999) Compendium Method TO-13A: Determination of polycyclic aromatic hydrocarbons (PAHs) in ambient
air using gas chromatography/mass spectrometry. U.S. EPA
Center for Environmental Research Information, Cincinnati,
USA
[14] Nguyen, H.T., Kim, K.-H., Ma, C.-J. and Oh, J.-M. (2010)
Polycyclic aromatic hydrocarbon concentration levels on the
Korean peninsula between 2006 and 2008. The Sci. World
J.,: TSW Environment, 10, 20–37. DOI 10.1100/tsw.2010.5.
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ABSTRACT
The impacts of municipal sewage on the immune status
of feral fish species are poorly understood. The purpose of
this study was to determine the condition and phagocytosis
indices of wild spottail shiners (Notropis hudsonius) collected at upstream and downstream sites (spanning 150 km
distance) from a populated urban area in the Saint-Lawrence River (Montréal, Québec, Canada). Shiners were collected, analyzed for fish weight/fork length, both resting
and active phagocytosis activities in leukocytes. Samples
of surface waters at the sampling site were also collected for
fecal coliform counts. The results revealed that coliform
levels followed a significant upstream-downstream correlation and fish collected at downstream sites had lower condition factor (g/cm). Resting and active phagocytosis activity was significantly positively correlated with fecal coliform levels suggesting that ambient bacterial levels stimulated phagocytosis activity. Normalization of both resting
and active phagocytosis activity against fecal bacteria
counts revealed an immunosuppressive effect in shiners
collected downstream the city’s municipal wastewater
outflow. In conclusion, the immune system of spottail shiners is affected by urban pollution and reflects the cumulative contribution of exposure to bacteria and urban effluent contaminants.

KEYWORDS:
Spottail shiners, fecal coliforms, phagocytosis, sewage effluent.

INTRODUCTION
Municipal effluents are complex mixtures releasing a
variety of biological (e.g., bacteria, viruses and protozoans)
and chemical contaminants (e.g., heavy metals, polyaromatic
hydrocarbons and endocrine disruptors) into the aquatic
environments [1]. Furthermore, fish living near municipal
effluent discharges could lead to many pathophysiological

conditions and could compromise the long-term survival
of fish populations [2-4]. The large scale impacts of urban
areas on local fish population are not well understood at
the present time. This is partly associated with the difficulty of finding site-specific local species that are distributed over large distances. In the Saint-Lawrence River (Québec, Canada), the, spottail shiner (Cyprinidae; Notropis
hudsonius) is common and widely distributed in the StLawrence River and Great Lakes, relatively sessile and
long-lived (up to 4 years). With a median population
doubling time of 1.4-4.4 years, this benthopelagic species is
abundant enough to permit field collections on a regular
basis. In addition, parasitological results suggest that spottails from different sites in the St. Lawrence River are composed of separate ecological stocks [5]. These characteristics make this fish an attractive fish bio-indicator species in
fluvial ecosystems.
Many contaminants found in municipal effluents are
known to be immunosuppressive to fish such as metals,
PCBs, and polyaromatic hydrocarbons [1]. Some of these
contaminants have endocrine disrupting activity in addition to the presence of bacteria and viruses which can impede on the immune system in fish. For example, exposure
to estradiol-17β for 30 days elevated respiratory burst,
myeloperoxidase, immunoglobulin levels, and differential
leukocyte counts with a concomittant decrease in lysozyme
and bactericidal activity in the sea bass [7]. The industrial
estrogen nonyphenol, significantly reduced phagocytosis
activity and increased natural cell cytotoxicity activity in
rainbow trout exposed to environmentally realistic concentrations of this surfactant by-product [8]. Recent studies also revealed that exposure to bacteria not only stimulate the immune system to protect againts disease but
induce the expression of vitellogenin, the major egg
yolk protein, which was shown to have bactericidal activity
[9, 10]. Spottail shiners are also intermediate hosts for
macro-parasite communities in various aquatic ecosystems in the St-Law-rence River [5]. Parasite communities
in these shiners are dominated by digeneans, a subclass of
flatworm parasites (platyhelminthes), where birds are the
definitive host for the larval stage. Contaminants stem-

1377

© by PSP Volume 19 – No 7. 2010

Fresenius Environmental Bulletin

ming from urban and municipal effluents appear to influence the abundance and distribution of parasite species in
these shiners. All these studies plead to the importance of
the immune system when assessing the impacts of urban
sewage effluent on aquatic organisms. In this study, the
immune function of spottail shiners was examined at sites
upstream and downstream of the effluents, as well as in
different water masses. One of the first lines of defense of
the immune system against microorganisms, is the ingestion (phagocytosis) of invading foreign bacteria. Fish
macrophages play a key role in cell-mediated immunity as
accessory, secretory, and effector cells [11]. In teleost fish,
the cells of the immune system are mainly located in the
head-kidney (pronephros), an analog of the bone marrow
in mammals [12]. One of the main functions of macrophages is they are responsible against the fight of infections and prevent diseases by in-gesting microorganisms
that have been recognized by the host immune system
[13].
The purpose of study was therefore to determine the
global impacts of urban pollution from an area encompassing a highly-populated city on spottail shiners. The fecal
coliform contents in surface water and phagocytosis activity were determined in spottail shiners collected at sites
spanning 150 km in the river, upstream and downstream
of the effluent outflow.

MATERIALS AND METHODS
Study sites

The spatial survey followed an upstream downstream
pattern starting in the Ottawa River about 60 km before
the Island of Montreal and ending 90 downstream of the
city in the St-Lawrence River (Figure 1). The community
of Montréal represents the largest city of the province of
Québec (Canada) with a global population of about 3 million inhabitants. In spring (31 May-7 June 2000), spottail
shiners were collected at nine sites in and around the Island
of Montreal: the Ottawa River (upstream site), Île de la Paix
(48 km from Ottawa river site but receives the green waters from the Great Lakes), Île Dorval (63 km), Îles de
Boucherville (106 km), East end of Montreal Island
(114 km; located upstream of the point of discharge of
the Wastewater treatment plant of Montreal), Île Bois
Blanc (115 km; outside the municipal effluent dispersion
plume), Ilet Vert (115 km downstream and 4 km downstream of the outflow in the municipal effluent dispersion
plume), Île Beauregard (121 km downstream and 10 km
downstream of the outflow in the municipal effluent dispersion plume), Île Saint-Ours (150 km; farthest downstream site). The exact geographical coordinates of these
sites are given in Table 1. Spottail shiners (n = 15-20; aged

FIGURE 1 - Spatial distribution of sampling sites along the the Outaouais and St. Lawrence rivers.
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The municipal effluent plume is released and found between the shipping lane (grey line on the South shore) and on the North shore of the St.
Lawrence River.
TABLE 1 - Location and surface water characteristics of the sampling sites.
Sites
Ottawa river
Île de La Paix
Île Dorval
Île de Boucherville
East tip of Montreal
Île au Bois Blanc
Ilet Vert
Île Beauregard
Île Saint-Ours

Geographical location
(Longitude; latitude)
45o31.500’
74o20.973’
45o20.022’
73o51.362’
45o26.016’
73o44.234’
45o38.589’
73o27.687’
45o42.165’
73o28.728’
45o42.850’
73o27.824’
45o42.230’
73o27.143’
45o45.447’
73o24.474’
45o55.333’
73o13.092’

Water Mass1

Fecal coliforms2

Downstream distance
(km)

Aquatic quality
criterion3

Brown

<1

0

A

Green

7±1

48

A

Mixed

<1

63

A

Green

<1

106

A

Brown

350±110

114

D

Mixed

37±2

115

B

Green

4950±50

115

D

Green

1250±25

121

D

Green

700±141

145

D

1

1. Green water is characterized by low organic matter with a characteristic conductivity > 200 uScm- . and mildy alkaline pH (pH 7.4-8.5); Brown water is
characterized by high organic matter rich in humic and fulvic acids with a low conductivity (100-175 uS.cm-1) and mildly acidic pH (pH 6-7). Green water
originates from the Great Lakes (Ontario, Canada) while brown water originates from the drainage of the Laurentian shield).
2. Counts of colony forming cells per 100 mL.
3. According to Quebec provincial water quality criterion for aquatic activities: criterion A, B are acceptable while criterion C and D are not acceptable for
aquatic activities.

1 year) were captured from each site with a beach seine.
The fish were kept alive in river water to which was added
0.1% NaCl to reduce stress. The fish were transported to
the laboratory where they were measured, weighed and
euthanized using a solution of 0.1% tricaine methanosulfonate (MS222, Sigma Chemical Company, Ontario, Canada). Water samples were also collected for fecal coliform
determinations. At each site, two samples of surface water
were collected in 250 ml plastic bottles, kept on ice and
send out to a microbiological laboratory (BioMedco, Montreal, Qc).
Preparation of fish leukocytes and immunocompetence assessments

The anterior section of the pronephros was aseptically
removed on ice and gently crushed with a glass tissue
grinder pestle in 1 mL of sterile RPMI 1640 supplemented
with heparin (10 U/ml), HEPES (10 mM, pH 7.4), penicillin (100 U/ml)/streptomycin and 10% (v/v) and fetal
bovine serum (FBS) and leukocytes were isolated using a
Lympholyte Poly medium gradient (Cedarlane Laboratories, Ont., Canada). After centrifugation (275 g for 5 min),
leukocytes partitioned at the surface of the Lympholyte
medium and were washed twice in RPMI medium and adjusted to a final concentration of 1 x 106 cells/mL. Cell
viability was estimated using the trypan blue exclusion test
at 0.004% concentration (Sigma Chemical Co.) under magnification of 200 x and a hemocytometer. Phagocytosis
activity of freshly prepared leukocytes was determined by
following the ingestion of fluorescent latex beads (1.7 µm
diameter; Polysciences, PA, USA) and flow cytometric ana-

lysis [8, 12]. The number of cells that engulfed one or
more beads was determined by flow cytometry (FACScan;
Becton Dickinson, CA, USA) and 5 000 events were recorded. Resting phagoctyosis was operationally defined as
the percentage of leukocytes that engulfed at least 1 fluorescent latex bead. Active phagocytosis was operationally
defined as the percentage of leukocytes that engulfed at
least 3 fluorescent latex beads.
Statistical Analysis

The data were first tested for normality and homogeneity of variances using Bartlett’s test. The data were then
analyzed using one-way analysis of variance (ANOVA).
When the data followed a normal distribution, a Least
Square difference test (multiple comparison) was performed, otherwise, a rank test (Mann Whitney U test) was
used (Statistica, version 8, France). Correlation analysis was
performed using the Spearman rank procedure. Extraction
of residuals was performed using linear regression. Statistical significance was set at p ≤ 0.05.
RESULTS AND DISCUSSION
The water samples were analyzed for fecal coliforms
as a general indication of urban/agricultural contamination
(Table 1). Over the study sites, the mean levels of fecal
coliform in surface water were significantly higher (24fold) at the downstream sites of the city of Montréal than
the upstream sites (t test; p<0.001). Moreover, the fecal
coliform water concentrations increased proportionally with
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the downstream distances (r=0.81; p<0.001) which suggests
the cumulative accumulation of fecal coliforms in the StLawrence River passing through a large urban area. The
fish condition factor (fish weight/fork length) also changed
throughout the study sites (Figure 2) but did not follow
either an upstream/downstream pattern or correlation with
the site downstream distances. However, analysis of variance of the condition factor data revealed three distinct
groups with decreasing fish condition status: {Ottawa River; Île St-Ours} > {Île de La Paix, Île Dorval, East end
Montreal; Ilet Vert} > {Île de Boucherville, Île au Bois
Blanc; Île Beauregard}. Sites located immediately downstream of the effluent dispersion outflow were located in
the two lower condition factor groups (Ilet Vert and Île
Beauregard). Fish collected from sites Boucherville and
Bois blanc might be influenced by other sources of antropogenic pollution such as effluents from the south shore
of the St-Lawrence river and incoming rivers draining
surrounding townships and agriculture fields. Bois blanc
is in the brown waters from des Milles Isles and de la
Prairie rivers, passing through Laval sewage treatment
plants. Multiple regression analysis of condition factor revealed that a negative relation was observed with the
downstream distances (β=-0.42) while no correlations were
founds with fecal coliforms, resting or active phagocytosis. This suggests that the input of an urban area tend to
decrease the condition factor of local spottail shiners and
was seemingly independent of fecal coliforms and phagocytosis activity at this level.
The immunocompetence status in fish also displayed
significant variations with the sampling sites (Figures 3A
and 3B). However, neither upstream and downstream effects nor influence from the effluent dispersion plume were
observed. Analysis of variance revealed three groups that
were separated in decreasing order of resting phagocytosis activity: {Île de La Paix, East end of Montreal, Ilet

Vert} > {Île au Bois Blanc, Île Beauregard, île St-Ours} >
{Ottawa River, Île Dorval., Île Boucherville}. However, a
strong correlation was observed with resting phagocytosis
activity and fecal coliforms in water (r=0.62; p<0.01) suggesting that the occurrence of coliforms in water is associated with phagocytosis activity. The residual value of resting phagocytosis activity revealed that phagocytosis activity
was sig-nificantly reduced at either the downstream sites
(ANOVA, F=4.9; p<0.001) of the urban area or the downstream sites of the municipal effluent dispersion outflow
(ANOVA, F=11.5; p<0.0001). This suggests that other factors such as chemical pollution could have reduced phagocytosis activity while bacterial loading tend to stimulate
phagocytosis activity. This was also true for active phagocytosis activity where the effects of the effluent dispersion
plume was seemingly stronger than the upstream-downstream effect of the city of Montreal indicating that the river
system was more affected by the release of the principal
municipal effluent in the St-Lawrence River than from the
release of miscellaneous contaminants from the borders of
the island. This is consistent with the fact that the this primary-treated effluent contains important amounts of bacteria and various contaminants usually associated with municipal effluents [14] and with its flow rate of 20-30 cubic
m/sec represents one of the largest flow rate effluent in
North America. Suppression of phagocytosis activity was
also observed in rainbow trout exposed for one week to
dilutions of the primary-treated effluent [15]. Longer exposure times did not reveal a significant induction in phagocytosis activity but this was compensated by the increased
number of circulating granulocytes (which are involved in
phagocytosis). In a previous study with a filtrated primary
effluent from the City of Montréal, phagocytosis activity
was suppressed in the filtrated effluent fraction in respect to
the particulate fraction of the effluent indicating that dissolved contaminants were at play [16]. Moreover the observed effects with the filtrated effluent were more closely
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0,64

Mean

0,62

Stand. error

Fish weight/fork length ratio
(g/cm)

0,60
0,58
0,56
0,54
0,52
0,50
0,48
0,46
0,44
0,42
0,40
0,38
0,36
0,34
0,32
0,30

Ottawa R

Dorval
de la Paix

East tip Mtl
Ilet Vert
St-Ours
Bourcherville
Bois blanc
Beauregard

Sites
FIGURE 2 - Spatial variation in the condition factor of spottail shiners (Notropis hudsonius).
Significant variations were obtained between sites (ANOVA p<0.05).
TABLE 2 - Correlation between the various surface water characteristics and the biomarkers.
Resting Phagocytosis
Resting Phagocytosis

1

Active phagocytosis

Active phagocytosis

Condition factor

0.62
p<0.01

0.27
p=0.18

1

0.09
p=0.59

0.54
p<0.01

0.16
p=0.36

1

0.03
p=0.95

-0.20
p=0.3

1

0.81
p<0.01

Fecal Coliforms

70
Phagocytosis
Corrected for fecal coliform levels

(% of cells that ingested > 1 bead)

Resting phagocytosis activity

60

50

40

30

20

10

0

-10

Ottawa R.

Dorval
de la Paix

Downstream distance

-0.07
p=0.6

Condition factor

A

Fecal Coliforms

0.82
p<0.01

East tip Mtl
Vert Ilet
St-Ours
Boucherville
Bois Blanc
Beauregard

Sites
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30

Active phagocytosis
Correction for fecal coliform levels

20

(% of leucocytes)

Phagocytosis activity

25

15

10

5

0

-5

Ottawa R

Dorval
de La Paix

East tip Mtl
Vert Ilet
St-Ours
Boucherville
Bois blanc
Beauregard

Sites
FIGURE 3 - Spatial variation of resting and active phagocytic activity in spottail shiners (Notropis hudsonius).
Resting (A) and active (b) phagocytosis activities were measured in fish collected at various site in the Ottawa and St. Lawrence River sites.
The number of fish tested was 15 and the results are expressed as means eith the standard error. The ANOVA indicated significant differences between the sites (p < 0.05).

related to those observed with the unfractionated effluent
suggesting that most of the immunotoxicity was associated
to the dissolved fraction of the effluent (i.e., less related to
particles or microorganisms).
In conclusion, fecal coliforms in surface waters increased with the downstream distances passing through a
largely-populated city that do not disinfect their
wastewater effluents. Phagocytosis activity was positively
related with water fecal coliform levels over the study
sites which spanned distances of 150 km. When the effects
of fecal coli-form water levels were removed from phagocytosis activity (residual phagocytosis activity), a significant
decrease in phagocytosis was observed in the downstream
sites in the municipal effluent plume up to 35 km distance from the municipal point of release municipal effluent. Urban pollution seems to compromise the immune
system of local spottail shiners where phagocytosis response
is the result of the cumulative impacts of bacteria and urban
contaminants.
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COMPARISON OF NON DISPERSIVE INFRARED AND VISIBLE
SPECTROPHOTOMETRY DETERMINATIONS OF OIL IN WATER
Asha Srinivasan and Thiruvenkatachari Viraraghavan*
Faculty of Engineering and Applied Science, University of Regina, Regina, SK, Canada S4S0A2

ABSTRACT
Results of a study using a visible spectrophotometer
as an alternate method to infrared spectroscopy for determining concentrations of different oils (standard mineral
oil, canola oil, Bright-Edge 80 cutting oil) in water are
presented. A statistical analysis comparing the two methods showed that the differences in the concentrations of oil
determined using infrared and visible spectrophotometers
in the case of three oils were found not to be statistically
significant.

KEYWORDS: visible spectrophotometry, infrared spectrophotometry, oil estimation, comparison.

INTRODUCTION
In industrial and municipal wastewaters, oil is one of
the major types of organic matter present. Oil and grease in
wastewater constitute a complex, heterogeneous matrix and
its sources range from hydrocarbons of petroleum origin to
fatty matter from animal and vegetable sources [1]. A
primary component of oil contaminants is crude and its
derivatives. Crudes include principally paraffin, olefin,
naphthene and aromatic hydrocarbons; oxygen, sulfur and
nitrogen are present in the form of compounds containing
these elements. Mineral oils consist of mixtures of high
molecular paraffins, naphthene and aromatic hydrocarbons
with certain admixture of tar and asphaltene substances.
Vegetable oils are essentially triglycerides consisting of
straight chain fatty acids attached, as esters, to glycerol [2].
Oil and grease is defined as any material recovered as
a substance soluble in the solvent [1]. In the determination
of oil and grease, an absolute quantity of a specific substance is not measured; instead they are defined by the
method used for their determination [1]. Although a variety
of non-hydrocarbon solvents are commercially available for
determination of oil and grease by infrared (IR) method, for
certain regulatory purposes USEPA currently recommend
only n-hexane [1, 3]. For liquid samples, the 21st edition
of Standard Methods prescribes four methods for oil and

grease determination: 1) the liquid/liquid partition-gravimetric (5520B); 2) the partition-infrared (5520C); 3) the
soxhelet method (5520D); and 4) the solid-phase, partitiongravimetric [1]. Several oil measurement techniques such
as gravimetric, IR, ultra violet (UV) and colorimetric
methods are listed in Table 1. The composition of oil and
petrochemical samples have been analyzed by gas chromatography (GC) involving a variety of detection systems
among which flame ionization is found to be the best
existing detection system [9].
Use of IR techniques to measure oil in water has been
reported in literature [10-13]. Other than conventional IR
spectroscopy [4], instruments using IR such as Horiba
OCMA 220, InfraCal CVH have been used to provide
analysis of oil content of water samples [5, 10-12]. Among
IR techniques, oil determination by Horiba OCMA 220
using different solvents has been extensively studied [14].
Different solvents such as carbon tetrachloride, tetrachloroethylene have been used for extraction prior to oil determination by IR techniques [10-12]. Colorimetric methods had
also been widely used before oil in water was measured by
other methods for compliance with regulation [3]. Use of
visible spectrophotometer as a colorimetric method for determination of oil concentration in water has been reported
in literature [7]. Colorimetric methods can be generally used
to detect those oil components that are colored especially
when dark, usually asphaltic oils are involved. However,
visible spectrophotometric analysis has been performed in
oilfield produced waters using methylene chloride as a solvent in order to form a compound with definite color characteristics [8]. A comparative study on two different analytical methods to determine oil concentration concluded that
visible spectrophotometry was a complementary method to
GC/MS for determining total n-alkane concentrations in oilfield produced water samples [8]. In spite of these earlier
studies, oil determination using visible spectrophotometer
has not been widely reported in recent literature. The use of
visible spectrophotometry would allow for simple costeffective analysis and the cost of a visible spectrophotometer instrument such as Spectronic 21 is less expensive than
an IR or a GC.
In this study, concentration of oil was measured using
a Horiba OCMA 350 oil content analyzer that has an inbuilt non dispersive infrared (NDIR) sensor and a visible
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TABLE 1 - Oil in water measurement methods.
Method
Gravimetric
(USEPA Method 1664;
Standard Methods 5520B)
Infrared
(Standard Methods 5520C)

Extraction solvent
n-hexane

Ultra violet method

Extraction solvents such as
isopropanol have been reported. Measurements can also be
made without an extraction
solvent.
Generally no extraction is
required. Solvents such as
methylene chloride have been
used to impart color to the oil
containing wastewater.
No extraction is required

Colorimetric methods

Particle counting

Trichlorotrifluroethane, nonhydrocarbon solvents such as
tetrachloroethylene, carbon
tetrachloride.

Remarks
Reference
Legally defines oil in the US. Measures only organic compounds
[1]
that are extractable from water in n-hexane at pH 2.0 and that remain
after hexane is evaporated.
C-H bond present in the oil absorbs IR energy at a wavelength of
[1, 3-5]
3.41 µ. Since water absorbs IR energy at the wavelength used to
measure oil, measurements must be made on a sample using a
solvent that does not absorb IR radiation. Calibrated with a standard
sample of known concentration.
Aromatic compounds absorb UV radiation and fluoresce. UV is not
[3, 6]
absorbed by water and hence oil determination can be made directly.
However, other components in the wastewater such as iron may
fluoresce. So instruments using extraction have an advantage.
The absorption of energy in the visible light range is used as the
detection process. The instrument needs to be calibrated with a
known concentration.
No calibration is required. Particle counting methods cannot normally see below 2 µ. This means that they cannot measure soluble oil
concentration.

spectrophotometer for three different oils. The objective of
the study was to compare the two methods and examine
through statistical analysis whether there were any significant differences in oil concentrations estimated using the
two methods.
MATERIALS AND METHODS
Experimental materials

The following oils were used in the study:
1. Standard (light) mineral oil (SMO) marketed by Fisher
Scientific Company, USA, emulsified with oleic acid
and triethanolamine using Regina tap water according
to the procedure used by Biswas [7].
2. Vegetable oil, Canola oil (CO) marketed in Canada,
emulsified in the same manner as SMO.
3. DoALL Bright-Edge 80, a cutting oil manufactured by
DoALL Company, IL, USA, emulsified in the same
manner as SMO.
The characteristics of the three oils used and the
methods used for characterizing them are described elsewhere [15]. The concentrated stock solutions (25,000 mg/L
oil) were milky-white in color and the working stock solutions were prepared by diluting these to 1000 mg/L of
soluble oil [7]. The concentration of oil for actual studies
was obtained by diluting the working stock solutions. The
oil concentrations used for the experiments ranged from
5 mg/L to 300 mg/L. Twenty different concentrations for
each of the three oils were used for measuring oil concentration using two different instruments (NDIR and visible
spectrophotometer).
Visible light spectrophotometry analysis

The instrument used in the study was a Spectronic 21
made by Bausch and Lomb, having a wave length range

[7, 8]

[3]

from 320 nm to 960 nm. All the experiments were made
at a fixed wavelength that was found to be the optimum
transmission wavelength for the three oils. The wavelength at which the oil produced minimum percent transmission was termed as optimum wavelength for the particular oil used. This was established by choosing an arbitrary oil concentration for each oil and recording the percent transmission of that oil at different wavelengths ranging from 420 to 520 nm [7]. Once the optimum wavelength
has been determined, a standard concentration curve was
developed with a concentration range of 5 to 200 mg/L by
measuring the percent transmittance of different concentrations at the determined optimum wavelength for the three
oils. From this graph, it is possible to estimate the oil concentration of any unknown sample if the percent transmission is determined at the optimum wavelength of 480 nm.
The instrument was set to 100 percent transmission for distilled water in a fixed cell to avoid any errors in the results, prior to measuring transmittance of the oil emulsions.
NDIR spectrophotometry analysis

The oil concentrations were determined by IR spectroscopy, using a Horiba OCMA-350 oil content analyzer
(Horiba Instruments Inc., CA). Horiba OCMA-350 has an
inbuilt NDIR spectrophotometer and displays oil concentration directly in mg/L on a digital panel. Oil was extracted
with tetrachloroethylene (ultra-resi analyzed) before being
analyzed by OCMA-350 [11, 12].
Statistical analysis

The most common approach to compare two methods
and find the one that produces measurably better results,
is to apply the paired t-test to these differences [16, 17].
The oil concentrations determined by two different types
of testing equipment were compared to determine the statistical validity of the significance of the difference in their
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means. This was achieved by applying paired samples to
t-test for comparing the mean difference within the pairs
with n-1 degrees of freedom where n is the number of pairs.
Thus H0 the null hypothesis: That the mean of the differences in the population is equal to the chosen reference
value (usually zero) is set against H1 (the alternative hypothesis): That the mean of the differences in the population is not equal to the chosen reference value. Using the
paired t-test analysis is a way to control extraneous variability [8]. MINITABTM release 15 [18] statistical software
was used to perform the paired t-test analysis.
RESULTS AND DISCUSSION
The percent transmittance versus wavelength plot (Figure not shown) revealed a curve with a maximum depression at a wavelength of 480 nm for all the three oils. Therefore, all visible spectrophotometry concentrations were
performed at a wavelength of 480 nm. The calibration
curve obtained at 480 nm showed a correlation coefficient
(r2) of 0.98 for CO and approximately 0.96 for SMO and
Bright-Edge 80, respectively, indicating there is good correlation between the varying concentrations and their associated transmittance values.
The oil concentrations measured using NDIR and visible spectrophotometers in the case of the three oils are
presented in Table 2. From the table, it is clear that NDIR
and visible spectrophotometer analyses generated data
of similar accuracy at concentrations ranging from 5 to
300 mg/L. Thus, it appears that visible spectrophotometry is a complimentary method to NDIR for different types
of oils such as SMO, CO – a vegetable oil, and BrightEdge 80 – a cutting oil. Oil concentrations using NDIR
were plotted against oil concentrations using visible spectrophotometry for all three oil samples in Figure 1. The
correlation coefficient (r2) was found to be approximately

0.99 for all the three oils studied, indicating a good correlation between the data sets.
Results of the paired t-test analysis for all the three oil
samples (n=20 for each oil) indicate that the data are not
significantly different. The details of the t-test obtained for
20 comparisons for the three oils are presented in Table 2.
From the table, it is clear that the p-value is higher than the
α-value (0.005) for the three oils studied. The p-value tells
how likely the distribution of differences would be obtained, with its particular mean and standard deviation, if
the null hypothesis was true. A p-value higher than the αvalue indicates that the null hypothesis can be accepted and
the mean difference is equal to the reference value (equal to
zero) [18]. Hence, for all the three oils, the null hypothesis
can be accepted indicating that oil concentrations measured
by the two methods are not significantly different. High pvalues support accepting the null hypothesis and an order
of preference can be identified by these comparisons. Thus
for CO, there is a strong support for null hypothesis followed by that of SMO and Bright-Edge 80.
Also from Table 2 it can be seen that, at 95% confidence level, the difference between the means in the population is likely to be between -1.348 and 0.178 for SMO.
Since the reference value of zero is contained within the
confidence interval, the two population means are equal
and the null hypothesis can be accepted. Similarly, the
confidence interval for mean difference for CO and BrightEdge 80 also indicate that there is a good support for the
null hypothesis for all the three oils studied. The t-test
compares the magnitude of the difference between methods and the variation among the differences. If the average difference is large compared to its standard error, then
the methods are significantly different [16]. In the case of
all the three oils, it was found that the mean difference is
smaller than its standard error (data not shown) indicating
that oil concentrations estimated by the two methods are
not significantly different.

SMO

Concentration (Spectronic 21), mg/L

300

CO
250

Bright-Edge 80
Linear (SMO)

200

Linear (Bright-Edge 80)
Linear (CO)

150

SMO: y = 1.0051x + 0.187
R2 = 0.9996

100

CO: y = 0.9992x - 0.4362
R2 = 0.999

50
0
0

50

100

150

200

250

Concentration (OCMA-350), mg/L

300

Bright-Edge 80:
y = 0.9481x + 1.5878
R2 = 0.9893

FIGURE 1 - Oil concentrations by NDIR versus oil concentrations by visible spectrophotometry for three oils.
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TABLE 2 - Oil concentrations and statistical parameters obtained by NDIR and visible spectrophotometer measurements.
Parameters

SMO

CO

Bright-Edge 80
Visible
NDIR
spectrophotometer

NDIR

Visible spectrophotometer

NDIR

Visible
spectrophotometer

2.1
6.7
7.2
9.9
16.8
22.6
23.8
35
36.5
45.1
47.1
60.7
78.3
110
118
126
134
204
220
267

2
7
7
9
17.5
24
24
39
37
43
49
61
79
110
119
125
135
204
219
272

2
5
7
9.5
10.5
13.3
20.2
26.3
37.7
41.4
49.7
71
72.3
82.1
135
156
161
200
269
289

1
2
6
9
10
12
19
25
35
41
49
73
74
80
135
159
168
202
263
285

6.5
8.2
15.6
22
27.7
32
46
47.7
53.5
61.7
63.8
73.7
91.4
94.5
114
141
154
216
221
304

7
8
16
20
29
33
43
45
50
62
58
77
80
98
116
142
164
194
191
300

78.5
78.1
17.5

79.1
78.5
17.6

82.9
89.2
19.9

82.4
89.1
19.9

89.7
80.8
18.1

86.7
77.0
17.2

Oil concentration, mg/L

Paired t-test analysis
Mean
Standard deviation
Standard error of mean
No. of samples
95% CI for
mean difference
t-value
P-value

20
(-1.348, 0.178)

20
(-0.791, 1.791)

20
(-1.15, 7.28)

-1.61
0.125

0.81
0.428

1.52
0.144

CONCLUSIONS
The concentrations of oil determined using NDIR and
visible spectrophotometer on three different oils did not
differ significantly. Visible spectrophotometry can be a costeffective method of analysis to make in-plant adjustments
in a timely manner. Inexpensive instrument cost, wide availability and simplicity in operation make visible spectrophotometer an attractive option for measuring oil in water, especially for researchers in developing countries.
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