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PHYSICOCHEMICAL PROPERTIES AND AGRICULTURAL
USE OF SEWAGE SLUDGE FROM DIFFERENT INDUSTRIES
Elżbieta Malinowska*, Kazimierz Jankowski, Beata Wiśniewska-Kadżajan and Jacek Sosnowski
Department of Grassland and Grean Areas Creation, Siedlce University of Natural Sciences and Humanities, Prusa 14 Street, 08-110 Siedlce, Poland

ABSTRACT
The present study, based on the reports on waste production in the Kujavia-Pomerania and Masovian voivodeships from 2007 to 2012, compares physicochemical characteristics of different kinds of industrial sewage sludge to
the same characteristics of municipal sewage sludge. It
turned out that physicochemical properties of such waste
were related to the kind of industry that produced it. All
sewage sludge used in agriculture met sanitary standards
and regulations concerning heavy metal content (lead, cadmium, chrome, copper, nickel, mercury and zinc). It also
had a high amount of nutrients. The highest content of nitrogen was in the waste produced by paper industry, the
most phosphorus was in municipal sludge while the most
calcium magnesium was in the waste from sugar industry.
Sewage sludge from fruit and vegetable processing plants
had a smaller heavy metal concentration than municipal
sludge. The research proved that the sewage sludge from
fruit and vegetable industry was the safest and could be
used in agriculture to grow all kinds of crops.

KEYWORDS: agricultural utilization, physicochemical properties,
sewage sludge

1. INTRODUCTION
The dynamic development of advanced technology,
the upgrade of sewage treatment technology as well as the
construction of new sewage treatment plants result in a
growing production of municipal sludge in Poland. That is
why it is necessary to develop new methods of its recycling. Considering its high fertilizer value the most obvious
way of dealing with communal and industrial sludge is
spreading it on agricultural land [1,2]. Growing public environmental awareness and the fact that smaller amounts
of sludge are stored indefinitely, together with a falling
production of manure due to the smaller number of farm
animals, contribute to the use of sludge as an alternative
source of organic fertilizer. Recycling of sludge is not only
* Corresponding author

limited to agriculture but it can be extended to green areas in
towns and cities as well as to recreation areas [3]. There are
a lot of types of sewage sludge according to its treatment
technology and the proportion of industrial and municipal
waste in it. There are also different kinds of industrial waste.
Generally, waste is a valuable organic fertilizer, on condition
that it is not hazardous when it comes to a heavy metal content and if it is not contaminated with bacteria [4-6]. According to Polish legal acts [7] and the regulations of the Minister
of the Environment [8, 9] sewage sludge produced during
waste treatment can be used as fertilizer.
The aim of this paper is to determine physicochemical
characteristics of industrial waste after chemical treatment.
The waste was produced by fruit and vegetable industry,
sugar industry and paper industry. To compare different
kinds of industrial waste, communal waste produced in the
Kujavia-Pomerania and Masovian voivodeships was also
studied.

2. MATERIALS AND METHODS
The paper contains the result of the research presented
in the reports on waste production in Kujavia-Pomeriania
and Masovian voivodeships [10]. Among 296 municipal waste treatment plants and 123 industrial waste
treatment plants in the Masovian voivodeship and, respectively, 144 and 53 in the Kujavia-Pomerania voivodeship
[11], a few of them were selected from each of the following
industries: fruit and vegetable with eight plants selected,
sugar (four) and paper (two). Eight municipal treatment
plants were also chosen as a base for comparison with the
industrial waste treatment plants mentioned above. All those
plants used the same technique, namely the filter press and
chemical hygienization. To assess the sewage sludge the following criteria were used: pH, parasite eggs count, dry matter content, organic matter content and macro element content, the latter without potassium and heavy metals. The reports say that the sludge produced by those selected waste
treatment plants in the Masovian and Kujavia-Pomerania
voivodeships did not contain eggs of intestinal parasites.
The data concerning the content of macro elements and
heavy metals were statistically compared using the program Statistica, Version 10.0 StatSoft. To find out which
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means differ significantly, Tukey’s test was used with the
significance level of p≤0.05.

3. RESULTS AND DISCUSSION
Natural and organic fertilizers used in agriculture include different kinds of organic waste, some of which are
sewage sludge and food processing industry waste. It has
been observed that those kinds of waste have a pH between
5.29 and 13.4 (Table 1). Municipal sludge and that of the
sugar industry had a neutral pH level. Fruit and vegetable
industry sludge and paper industry sludge had the lowest
pH level. There is a relation between soil pH level and
heavy metal mobility [4]. The higher the value of pH in the
sewage used on agricultural land, the lower the thread of
heavy metals bioaccumulation is. McBride, Blasiak [12]
and Łabętowicz, Rutkowska [13] say that concentration of
zinc in soil solution can be lowered even 30 times if a pH
level is raised one unit.
There was a significant diversity of dry matter content
in the tested sludge, ranging from 10.3 to 47.3%. The highest dry matter content was in municipal sludge (25.9%), the

lowest in sludge from fruit and vegetable industry (15.9%).
The sewage sludge had a varied content of organic matter,
from 12% to 94.9%, with paper industry sewage sludge
having the highest content, on average 75.4%. According
to Maćkowiak [14] the average content of organic matter
in sewage sludge in municipal waste and in food processing industry waste is 50.62%. During decomposition
of organic matter heavy metals are released in the forms of
metal organic chelates and are bound by soil components
[15]. The higher the content of organic matter in the soil,
the more intensive chelating of heavy metals is and, in consequence, the lower bioavailability. The specific structure
of humus compounds, containing functional groups: carboxyl, phenol, amino and others, determines ion exchange
adsorption and complexation of multivalent metals. In the
top soil 20-95% cation exchange capacity depends on the
presence of humus matter [16].
A soil pH is the main factor determining how strongly
heavy metals are bound by organic and mineral matter
[17,18]. According to Keizer and Bruggenwert [19] the
ability of metal compounds to undergo hydrolysis is in this
order: Cd < Ni < Co < Zn < Cu < Pb < Hg.

TABLE 1 - Mass and selected parameters of selected sewage sludge

Sewage sludge

Aim
application

pH

of

D.M. (%)

min.

max.

average

min.

2

6.30

7.30

6.95

2
1
2;4

7.01
6.12
7.91

7.44
7.33
12.8

from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage
sludge

2

6.91

2
1
2

from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage
sludge

from the fruit and
vegetable industry
form the sugar industry
from the paper industry
municipal sewage
sludge

Organic material
(% D.M.)
min.
max.
average

average

11.5

max.
2007
16.1

14.2

40.2

51.2

46.5

7.15
6.75
11.1

13.0
10.3
19.8

21.4
47.3
24.3

17.3
19.0
22.3

36.5
74.8
48.8

55.7
94.9
59.3

44.2
81.9
52.2

7.92

2009
7.02

14.5

18.5

15.3

35.2

58.9

42.3

9.05
5.29
9.59

12.2
6.75
13.4

11.0
5.96
11.1

21.5
13.6
17.5

22.3
27.2
28.3

22.0
17.9
24.0

12.0
66.7
39.7

21.0
86.4
52.0

19.5
76.5
44.9

2

5.65

8.52

2012
7.21

16.2

19.6

18.1

41.2

65.2

60.2

2
1;5
1

6.58
6.50
12.3

11.2
12.5
12.7

8.25
8.93
12.5

19.2
12.9
27.2

40.2
23.5
33.8

25.1
16.0
31.5

62.3
46.3
8.63

89.1
81.4
27.4

70.2
67.7
20.0

Average of the years
from the fruit and veg6.29
7.91
7.06
14.1
18.1
15.9
38.9
58.4
49.7
etable industry
form the sugar industry
7.55
10.3
8.80
17.9
27.9
21.5
36.9
55.3
44.6
from the paper industry
5.97
8.86
7.21
12.3
32.7
17.6
62.6
87.6
75.4
municipal sewage
9.93
12.9
11.6
21.5
28.8
25.9
32.4
46.2
39.0
sludge
LSD0.05 for: A–the type of sludge
0.735
0.556
0.880
0.895
0.805
0.761
B –years
0.590
0.436
0.702
0.702
0.632
0.597
A/B- interaction
1.30
0.963
1.55
1.55
1.40
1.32
B/A - interaction
1.18
0.871
1.40
1.40
1.26
1.19
1- in agriculture, to the cultivation of all agricultural crops; 2-for reclamation, including land for agricultural use; 3-in order to adapt of land to the
specific needs resulting from plans of waste management, spatial-use or zoning land use; 4-for the cultivation of plants for the production of compost;
5-to crops not specified for consumption and for feed production
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TABLE 2 - Content of selected macroelements (g . kg-1 D.M.) in selected sewage sludge

Sewage sludge
from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage sludge
from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage sludge
from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage sludge
from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage sludge
LSD0.05 for:
A –the type of sludge
B –years
A/B- interaction
B/A - interaction

min.

nitrogen
max.
average

phosphorus
max.
average
min.
2007

min.

calcium
max. average

min.

magnesium
max.
average

33.1

34.2

33.9

4.9

9.85

6.78

48.0

280.2

177.3

0.890

1.25

0.989

20.4
2.70
4.60

35.6
127.0
56.9

25.1
51.7
24.2

2.10
2.50
10.8

3.89
9.37
24.7
2009

3.01
6.68
17.9

250.1
1.50
3.70

348.0
9.01
93.9

302.0
4.23
54.5

2.56
0.500
1.90

3.89
2.91
3.60

2.96
2.06
2.80

7.01

11.0

4.58

0.103

1.23

0.578

84.5

180.2

119.6

0.500

1.50

1.10

21.0
5.30
14.9

31.6
41.0
39.3

26.2
21.9
28.6

2.70
2.50
11.8

3.80
13.6
27.1
2012

3.20
7.30
17.8

248.0
2.50
65.9

386.0
7.80
112.0

317.0
3.80
81.5

3.80
2.40
2.20

5.00
5.30
6.00

4.40
3.40
3.90

20.3

32.0

26.2

4.03

8.21

6.23

63.0

241.0

145.0

1.10

1.89

1.25

19.4
10.0
12.7

32.6
68.3
20.3

20.1
37.4
16.8

1.90
3.20
10.0

2.89
2.01
13.8
9.30
13.5
11.4
Average of the years

190.1
27.7
182.0

308.0
37.9
301.0

263.0
13.8
227.0

2.26
2.20
2.60

3.62
2.60
3.90

2.78
2.43
3.20

20.1

25.7

21.6

3.01

6.43

4.53

65.2

233.8

147.3

0.830

1.55

1.11

20.4
6.01
10.7

33.3
78.7
38.8

23.8
37.0
23.2

2.23
2.73
10.9

3.50
12.3
21.8

2.74
7.76
15.7

229.4
10.57
83.9

347.3
18.2
168.9

294.0
7.28
121.0

2.87
1.70
2.23

4.17
3.60
4.50

3.38
2.63
3.30

0.929
0.729
1.61
1.46

2.84
2.23
4.92
4.45

0.624
0.490
1.08
0.979

0.701
0.550
1.22
1.10

0.583
0.457
1.01
0.913

0.439
0.344
0.761
0.689

1.70
1.34
2.95
2.67

3.98
3.12
6.89
6.24

1.61
1.26
2.78
2.52

0.339
0.266
0.587
0.532

0.587
0.461
1.02
0.921

0.290
0.227
0.502
0.454

chromium
max.

average

TABLE 3 - Contents of selected heavy metals (mg . kg-1 D.M.) in selected sewage sludge
Sewage sludge

min.

lead
max.

average

min.

from the fruit and vegetable
industry
form the sugar industry
from the paper industry
municipal sewage sludge

4.36

5.20

4.85

0.402

10.3
17.3
52.6

51.1
39.8
65.9

32.4
27.9
60.1

from the fruit and vegetable
industry
form the sugar industry
from the paper industry
municipal sewage sludge

3.52

5.29

4.63

3.25
0.760
2.76
2009
0.569

12.3
33.4
28.4

35.1
43.4
69.2

22.1
37.9
52.0

from the fruit and vegetable
industry
form the sugar industry
from the paper industry
municipal sewage sludge

2.88

8.52

5.63

10.3
5.72
14.4

45.1
21.2
23.0

from the fruit and vegetable
industry
form the sugar industry
from the paper industry
municipal sewage sludge
LSD0.05 for:
A – the type of sludge
B –years
A/B- interaction
B/A - interaction

3.80

5.26

24.3
1.95
13.9
0.540
18.5
1.14
Average of the years
4.70
0.513

10.9
18.8
31.8

43.8
34.8
52.7

26.3
26.6
43.5

0.413
0.324
0.715
0.647

0.625
0.490
1.08
0.979

1.23
0.960
2.12
1.92

cadmium
max.
2007
0.532

average

min.

0.475

10.5

20.7

15.5

5.36
4.68
4.08

4.36
2.85
3.32

39.6
6.54
70.6

65.2
34.1
12.7

45.2
21.2
101.5

0.632

0.575

7.25

18.7

12.5

4.36
6.60
4.42

2.36
5.99
3.49

38.2
14.8
8.24

75.2
115.0
28.4

58.2
49.2
16.7

0.532

0.495

6.35

15.2

11.2

6.38
2.66
1.49

3.52
1.72
1.33

29.8
10.4
39.7

84.1
37.0
58.4

42.3
23.7
48.6

0.597

0.542

8.33

19.4

13.5

2.40
2.28
2.17

5.37
4.65
3.33

3.41
3.52
2.71

35.9
10.6
39.5

74.8
62.0
33.2

48.6
31.4
55.6

0.210
0.164
0.363
0.329

0.221
0.174
0.384
0.347

0.386
0.303
0.669
0.606

0.657
0.515
1.14
1.03

0.744
0.583
1.29
1.17

0.570
0.447
0.987
0.893

2.00
5.54
2.60
2012
0.452
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TABLE 4 - Contents of selected heavy metals (mg . kg-1 D.M.) in selected sewage sludge

from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage sludge

18.3 36.2
42.3 89.3
9.80 201.0
141.0 159.0

from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage sludge

16.2 39.2
50.2 78.2
103.0 122.0
67.3 140.0

from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage sludge

20.3 47.2
68.1 81.2
30.6 106.0
98.0 120.0

from the fruit and vegetable industry
form the sugar industry
from the paper industry
municipal sewage sludge
LSD0.05 for:
A – the type of sludge
B –years
A/B- interaction
B/A - interaction

18.3 40.7
53.5 82.9
47.8 143.0
102.1 139.7

nickel
max. average min.
2007
29.6
3.74 8.52
6.12
0.030
62.3
22.1 32.6
25.1
0.010
87.4
8.22 20.6
15.4
0.010
150.0 197.0 261.0 225.0 0.410
2009
30.1
4.21 10.3
7.58
0.025
59.8
28.6 40.2
31.2
0.080
114.0
12.7 17.9
15.7
0.130
97.9
18.2 56.6
39.9
0.330
2012
35.2
3.02 11.2
8.41
0.011
70.2
19.8 39.4
28.7
0.069
78.48
5.87 25.7
15.9
0.050
109.7
29.3 38.2
34.4
0.010
Average of the years
31.6
3.77 10.0
7.37
0.022
64.1
23.5 37.4
28.3
0.053
93.3
8.93 21.4
15.7
0.063
119.2
81.5 118.6
99.8
0.250

1.55
1.22
2.67
2.43

5.33
4.18
9.23
8.36

Sewage sludge

min.

calcium
max. average

5.86
4.59
10.2
9.19

min.

1.26 0.724
0.989 0.567
2.18 1.25
1.98 1.14

From 2007 to 2012, during the period presented in the
reports, agricultural use of sewage sludge varied. Sewage
sludge from fruit and vegetable industry, sugar industry
and municipal sewage sludge were used mainly for agricultural land rehabilitation. Paper industry sewage sludge
was used in farming as a fertilizer for growing all crops.
The content of macro elements in sewage sludge presented here varied significantly and was dependent on the
origin of the sludge and the year (Table 2). Sewage sludge
is rich in biogenic elements (nitrogen, phosphorus, magnesium), which has been confirmed by many publications
[20]. The content of nitrogen in sewage sludge varied from
8.58 to 51.7 g . kg-1 and the highest concentration of it was
found in paper industry sludge, with the value of the average content of 37.0 g . kg-1 during six years when measurements were taken. The same value for municipal sludge
was 23.2 g . kg-1. Many publications confirm the beneficial
effect of sewage sludge on the growth rate and on nitrogen
concentration in agricultural plants [21,22]. Additionally,
the average phosphorus concentration was from 2.74 to
15.7 g . kg-1. The concentration of it in municipal sludge
was two times bigger than in paper industry sludge and
three times bigger than in food processing industry sludge.
The average magnesium concentration was from 0.989
to 4.40 g.kg-1. In all measurements the highest average concentration of it was in sugar industry sludge and municipal
sludge with the value of 3.38 and 3.30 g . kg-1, respectively.
There was a very high concentration of calcium in the
sludge produced by treatment plants of sugar industry
waste. The average concentration of it was 294 g . kg-1

2.03
1.60
3.52
3.19

0.013
0.010
0.023
0.020

mercury
max. average

min.

zinc
max.

average

0.040
0.789
0.220
0.820

0.030
0.340
0.115
0.590

38.6
51.2
62.3 145.0
207.0 415.2
814.0 1193.0

40.1
99.6
300.1
1009.3

0.085
0.952
0.240
0.680

0.055
0.553
0.170
0.510

35.2
68.2
156.0
702.0

60.2
152.3
273.0
979.0

48.7
98.5
237.5
826.0

0.035
0.700
0.230
0.340

0.024
0.500
0.147
0.210

30.1
68.3
70.2
184.0
89.9 1121.0
611.0 832.0

50.1
110.0
393.3
725.0

0.053
0.814
0.203
0.613

0.036
0.464
0.144
0.437

34.6
59.9
66.9 160.4
150.9 603.1
0.709 1001.3

46.3
102.7
310.3
853.4

0.040
0.031
0.069
0.063

0.041
0.032
0.072
0.065

1.13
0.885
1.95
1.77

0.802
0.629
1.39
1.26

1.73
1.36
3.00
2.72

while in the other types of sludge it was considerably
lower, nearly two times, and in the case of paper industry
sludge 40 times lower. There was a high concentration of
biogenic elements in the sludge, more or less the same as
in manure [23], which makes sludge a good fertilizer. In
the literature on this subject there are a lot of publications
on the experiments on the chemical composition or nutrients needed by plants and present in sewage municipal
waste sludge. Beneficial effects of sewage sludge on the
growth rate of plants was confirmed by many field and pot
experiments [20,24,25].
Agricultural use of sewage sludge is limited only to
sludge without heavy metal concentration. The amount of
heavy metals introduced to soil together with traditional
fertilizer is generally not high, while in some organic
waste, like in sewage sludge, the concentration can be
higher. The sewage sludge that the present paper deals with
met the standards of heavy metal content given in the Minister of the Environment’s regulations on sludge used in
agriculture [9] (Tables 4 and 5). This content varied significantly, depending on the factors presented here and their
interactions. In sewage sludge from waste treatment plants
of fruit and vegetable industry heavy metal concentration
was not high, a few times lower than in municipal sludge.
However, municipal sludge contained ten times more of
nickel, mercury and zinc, nine times more of lead and
nearly four times more of cadmium, chromium and copper
than fruit and vegetable industry sludge. The average concentration of heavy metals in the sludge from sugar and paper industry was also considerably lower than in municipal
sludge, with the exception of cadmium and mercury.
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Maćkowiak [14] says that heavy metals concentration in the
sewage sludge from fruit and vegetables plants is similar.
Basing on the criteria used in the study it was concluded that sewage sludge treated with the same technique
from different kinds of industry is a more valuable fertilizer
than municipal sludge because of a considerably lower
heavy metal concentration. Use of sewage sludge can cause
accumulation of heavy metals in soil, which is one of the
basic causes of soil chemical degradation and contamination of groundwater, soil water and surface water [26]. No
matter what the source of heavy metals is, when in soil they
become to a greater or lesser extend part of food chain: soil
– plant - animal – human and can accumulate in any part
of the chain up to the toxic level.

4. CONCLUSIONS
1. Physiochemical properties of the sewage sludge selected for this paper were dependent on the kind of industry which produced them. All kind of sewage sludge
met heavy metal concentration standards and regulations for using it in agriculture.
2. The study of the reports on the production of sludge
from 2007 to 2012 in the Masovian and Kujavia-Pomerania voivodeships shows that the waste tested had
properties of fertilizer. It was used in agricultural land
rehabilitation but also as a fertilizer for growing all
crops, according to recommendations.
3. The highest concentration of nitrogen was in paper industry sewage sludge, phosphorus in communal sludge,
while the most calcium and magnesium was in sugar
industry sludge.
4. In the sludge from fruit and vegetable processing plants
the concentration of heavy metals was a few times
lower than in municipal sludge. It was found that of all
the sewage sludge studied here that of fruit and vegetable industry was the safest to use in agriculture.

[4]

Speir T.W., Schaik A.P. Van, Percival H.J., Close M.E., and
Pang L.P. (2003) Heavy metals in soil, plants and groundwater
following high-rate sewage sludge application to land. Water,
Air and Soil Pollution, 150, 1-4, 319-358.

[5]

Gasco G., Martinez-Inigo M., and Lobo M. (2004) Soil organic matter transformation after a sewage sludge application.
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[6]
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solidification on immobilisation of heavy metals. Polish J. Environ. Stud. 16(2A), 625-628.

[7]

Waste Act of December 14, 2012, ch. 4, Municipal sewage
sludge. Art. 96.

[8]

Regulation of the Minister of the Environment on standards for
soil quality and land quality standards (Dz.U. Nr 165, poz.
1359, 2002).

[9]

Regulation of the Minister of the Environment on municipal
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ABSTRACT
The aim of this study was to document the patterns of
leaf C, N, P and their ratios to identify how these patterns
varied with environmental variables. We measured leaf C,
N and P concentrations of Phragmites australis at 5 marsh
sites across northeastern China, and explored the effects of
altitude, climate, and soil on leaf C, N and P. Results
showed that leaf C, N, P and N/P were negatively related
to altitude, and positively, except leaf P, to mean annual
temperature and precipitation, while leaf C/N and C/P ratios showed opposite trends. Furthermore, leaf P was positively related to soil P and negatively to soil pH. The pattern of leaf P was more stable than leaf C and N responding
to changing environment and had stronger stoichiometric
homeostasis. Leaf chemical traits on species level were
mainly determined by temperature, precipitation and soil
nutrients distribution.

KEYWORDS: C:N, C:P, N:P, altitude and climatic factors, Soil nutrient availability, Soil pH

1. INTRODUCTION
Ecological stoichiometry examines the relationships
between organismic lifestyle and ecosystem structure and
function with the C:N:P stoichiometry of environment and
organism [1-4]. C:N:P biomass ratios of abiotic media (water, soil) and organisms are associated with several important
ecological processes, such as nutrient limitation [5], litter decomposition [6, 7], ecosystem species composition and diversity [8-10], the capacity to adapt to environmental stress
[11-13] and others. The C:N:P stoichiometry in plant tissue
is influenced by environmental stoichiometry [14-17]. The
extant stoichiometry of plants may be an adaptation to the
habitats in long term evolution [18].
* Corresponding author

Exploring the relationships between leaf nutrient stoichiometry and environmental variables is important to understand and possibly predict plant responses to future climate change. Several factors such as climate, soil or plant
growth form have been shown to explain the patterns of leaf
stoichiometric traits [19-21]. Likewise, several hypotheses
have been proposed to explain these correlations. Plant physiology hypothesis states that plant metabolic processes are
temperature-sensitive, and that increases in N and P concentration can compensate for decreases in metabolic rate at low
temperature [13, 17, 22]. The biogeochemical hypothesis
proposes that cold temperatures have depressing effects on
litter decomposition and microbial activity, which reduce the
nutrient availability (i.e. N, P) and, consequently, likely of
leaf N and P [22, 23].
At present, the study of ecological stoichiometry,
whether on a small area or large scale, mainly aims at how
large numbers of species respond to environmental factors,
however, leaf stoichiometry characteristics along with the
change of environmental factors for a particular species may
better reflect the influence on leaf characteristics. Whether a
similar nutrient-climate relationship exists between a given
genus/species and a community is still under debate. Recent
studies have discovered that a quadratic relationship exists
between leaf N, N/P and altitude, climatic factors at species
levels [17, 24], which are different from the linear relationship for the global or regional vegetation observed previously [22, 25, 26]. Yet, there still exists inconclusive relationships between leaf nutrient and environment, climatic
variables for a single genus/species.
Phragmites australis is a perennial plant that is widely
distributed over the world and is one of dominant species
in the wetlands of northeastern China. It provides ecosystem services such as water purification and supply of energy in the form of biomass [27, 28]. Furthermore, to our
knowledge, no research has attempted to document the relationships between leaf stoichiometry in P. australis and
the altitude and climatic factors across China. C, N and P
are indispensable nutrient elements for P. australis to grow
and develop. In this study, we analyzed these three nutrients in leaves of P. australis collected from 5 marshes in
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of them are enlisted as the Ramsar wetlands of international importance.
Shuangtai estuarine wetland is located in the south of
the Liaohe River Delta in Panjin City of Liaoning Province.
The average elevation is 1.3~4.0 m above the sea level. The
dominant plant species in the littoral zone includes Puccinellia distans, Suaeda heteroptera Kitog, Phragmites australis, and Typha orientalis Presl. Xingkai Lake is located
in an inter basin in the Ussuri-Khanka Depression, composed of big Xingkai Lake and small Xingkai lake. Reed
marshes were chosen around small Xingkai Lake. Momoge
marsh is located in the Southwestern part of the Songnen
Plain, with an area of 1440 km2. Reed marsh covers 41.7%
of the total wetland [29]. It is a typical inland saline wet-

northeastern China. Our objectives are to document the
patterns of leaf C, N, P and their ratios for P. australis
across northeastern China, and to determine how leaf nutrient concentrations vary along an environmental gradient
underlying the pattern of leaf stoichiometric traits at individual species level.

2. MATERIALS AND METHODS
2.1 Site description

This study was conducted at 5 mash sites, including
Shuangtai estuary, Xingkai Lake, Momoge marsh, Qixing
River wetland and Zhalong wetland (Fig. 1, Table 1). All

FIGURE 1 - Distribution map of plots used in this study.

TABLE 1 - Detail information of the five wetlands
Study area

Longitude and latitude

Wetland type

MAT
(◦C)

MAP
(mm)

Water
level (cm)

Dominant species

Shuangtai Estuary

121°30′~122°00′E
40°45′~ 41°10′N
131°58'~133°07'E
45°01'~45°34'N
123°27'~124°04'E
45°42'~46°18'N
132°05'~132°26'E
46°40'~46°52'N
123°47'~124°37'E
46°52'~47°32'N

Estuarine Wetland

9.4

601.1

26.8

Phragmites australis

17

Lake Wetland

4.0

545.4

42.3

Phragmites australis

5

Salt Marsh

5.3

408.9

23.9

Phragmites australis

9

Freshwater Marsh

4.5

480.3

0

Phragmites australis

12

Freshwater Marsh

4.4

445.0

35.0

Phragmites australis

14

Xingkai Lake
Momoge marsh
Qixing River
Zhalong marsh
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land. Zhalong National Natural Reserve is located in the
Northwestern Songnen Plain with an area of 2100 km2.
Reed marshes are the largest landscape, covering 47.6~
76.2% of the total area [29]. Qingxing River wetland is located in the south Sanjiang Plain, with an area of 200 km2,
70% of which are reed marshes [29].
2.2 Sampling collecting and nutrient analysis

Samples were collected at 5 marshes, which are dominated by reed in northeastern China (Fig. 1) in August 2012
when P. australis was at the peak biomass of vegetation
season. We selected research sites with open areas and
minimal anthropogenic disturbances. At each site, all current-year leaves, which of fully expanded, mature leaves of
similar age, were collected in a 1 m×1 m quadrat, amounting to 57 plots (Table 1). Soil samples from 0 to 20 cm depth
were collected simultaneously. Due to the deeper water in
Xingkai Lake no soil samples were collected. The leaf samples were bagged into envelopes individually in the field
and returned to the laboratory where they were oven-dried
at 70 ◦C at least 48 h to constant weight, ground in a micro
plant grinding machine (FZ102, Tianjin, China) before chemical analysis. Soil samples were air dried and ground to pass
through 1mm nylon screens prior to laboratory analysis.
Total C concentrations of leaf and soil samples were
measured with a TOC analyzer (Multi N/C 2100, Jena, Germany). Total N concentrations were analyzed using the
Kjeldahl determination and total P concentrations were
measured by the Molybdenum-Antimony Anti-Spectrophotometric Method [30]. N and P were measured with Continuous Flow Analyzer (SKALAR San++, Netherlands) after
pretreatment. All concentrations will be expressed on a dry
mass basis. Soil pH was determined by Leici pH (PHS-3C,
Shanghai).
2.3 Climate data collection

Mean annual temperature (MAT)/mean annual precipitation (MAP) estimates were derived using the spatial interpolation method with a resolution of 10×10 km in Arcgis 9.3
software package of ESRI. Data for the estimates were obtained from 95 climate stations in northeastern China (during
1983–2012) (obtained from http://cdc.cma.gov.cn/home.do).
2.4 Data analysis

As our data obeyed normal distribution (pk-s>0.05,
Table 2), the data had no need to be transformed. Spearman

Rank Correlations were provided to reflect the relationship
between leaf stoichiometry and environmental factors.
One-way analysis of variance (ANOVA) was used to determine the differences in leaf C, N, P concentrations and
their ratios among different types of wetlands.
Principal component analysis (PCA) was performed as
a data reduction technique to convert those highly correlated environment variables, including altitude, mean annual temperature, mean annual precipitation, soil C, soil N,
soil P and soil pH, into orthogonal axes, enabling to assess
the strength of correlation between leaf stoichiometry and
environmental scores along these axes. All above statistical
analyses were conducted with SPSS 18.0, 2010.

3. RESULTS
3.1 Patterns of leaf C, N, P and their ratios of P. australis in
northeastern China

The mean C, N and P concentrations were 451.71 mg/g,
25.51 mg/g and 1.73 mg/g, respectively, with a range of
430.82 ~ 469.50 mg/g, 17.18 ~ 34.78 mg/g and 1.28 ~
2.34 mg/g, in which, the coefficient of variation of N was
the highest, 16.3%, and C is the lowest, 2.1%; the mean
leaf C/N, C/P and N/P were 18.27, 267.60 and 14.87, respectively, with a range of 13.16 ~ 25.08, 184.96 ~ 367.84
and 10.80~ 19.49, with C/N showing the greatest variation
(16.3%) (Table 2).
3.2 Variations of Leaf C, N and P with altitude and climatic variables

Linear relationships were found between the concentrations and ratios of the nutrients and altitude. With increasing altitude, leaf C, N P, and N/P significantly diminished but C/N and C/P increased (Fig. 2).
Leaf nutrient contents and ratios were also related to
climatic variables (MAT and MAP) and soil P and pH.
Changing trend of leaf nutrient concentrations with MAT
and MAP was exactly opposite to that of altitude, that is,
as MAT and MAP increased, leaf C, N, P, N/P significantly
increased and C/N, C/P decreased, except that leaf P and
C/P did not reach the significant level with MAT (Fig. 3).
No relationships were found between leaf C, N and soil C,
N, pH, respectively. Leaf P was positively related to soil P,
while leaf P concentrations were negatively related to soil
pH (Fig. 4).

TABLE 2 - The descriptive statistics of leaf C, N and P of P. australis in northeastern China. SD, standard deviation; CV, coefficient of variation; pk-s, probability of Kolmogorov-Smirnov.

Mean
SD
Maximum
Minimum
CV (%)
pk-s

C(mg/g)

N(mg/g)

P(mg/g)

C/N

C/P

N/P

451.71
9.55
469.50
430.82
2.1
0.882

25.51
4.15
34.78
17.18
16.3
0.662

1.73
0.26
2.34
1.28
15.0
0.994

18.27
2.97
25.08
13.16
16.3
0.293

267.60
39.50
367.84
184.96
14.8
0.948

14.87
2.11
19.49
10.80
14.2
0.869
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FIGURE 2 - Trends in plant leaf chemistry along altitude for P. australis in northeastern China.

FIGURE 3 - Trends in plant leaf chemistry along the climatic variables for P. australis in northeastern China.
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FIGURE 4 - Trends in plant leaf chemistry along the soil nutrients and soil pH gradients for P. australis in northeastern China.

FIGURE 5 - S, X, M, Q, Z represent Shuangtai estuary (Estuarine Wetland), Xingkai Lake (Lake Wetland), Momoge (Salt Marsh), Qixing
River Wetland and Zhalong Wetland (Freshwater Marsh), respectively. The different letters above the boxes mean that there exists significant
differences among the five wetlands (p<0.05), on the contrary, no significant difference.
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For different wetland types, large differences were
found among the leaf nutrient concentrations (p<0.05). Differences of element content were the largest between Shuangtai estuarine wetland and Zhalong wetland, whereas there was
no significant difference among Momoge marsh, Qingxing
River wetland and Zhalong wetland. Leaf C, N, P and N/P
of P. australis in Shuangtai estuarine wetland were markedly higher than that in Zhalong wetland, while leaf C/ N,
C/P were lower. Leaf N/P in Momoge marsh was significantly higher than that in Zhalong wetland (Fig. 5).
3.3 Data reduction and principal component analysis (PCA)
profiles

Principal component analysis was performed on 7 environmental variables, with the first two principal axes accounting for 48.42% and 40.56% of the variance, respectively (cumulative variation=88.98%). The PCA1axis was
mainly loaded by soil C, N, P concentrations and soil pH,
which represented the soil nutrients variation. The PCA2
axis was mainly loaded by altitude, MAT and MAP, which
reflected moisture and temperature variation along altitude.

FIGURE 6 - P. australis distribution in the four sites on the principal
component biplots.

Only leaf C concentrations were positively correlated
with PCA1 (r2=0.080, p=0.042). Leaf C, N, P and N/P were

positively correlated with PCA2 (r2 =0.203, p=0.001 for C;
r2 =0.546, p<0.001 for N; r2 =0.175, p=0.002 for P; r2=0.187,
p=0.001, for N/P), while leaf C/N and C/P showed negative
correlation with PCA2 (r2=0.479, p<0.001 for C/N; r2=
0.158, p=0.004 for C/P).
Ordination of P. australis of the four sites in the two
dimensional space defined by PCA1 and PCA2 suggested
three groups. Shuangtai estuarine wetland occupied the upper left, and Qingxing River wetland occupied the bottom
right, whereas Momoge wetland and Zhalong wetland
dropped on the bottom left (Fig. 6).

4. DISCUSSION
4.1 Patterns of leaf C, N and P stoichiometry of P. australis
across northeastern China

To further illustrate the distribution characteristic of
leaf N and P concentrations in northeastern China, leaf N
and P concentrations of this study were compared with the
leaf nutrient contents of P. australis in other regions and
other wetland plants (Table 3 and Table 4). On the whole,
leaf P concentrations of P. australis in northeastern China
were at a higher level compared with that in other regions.
In different wetland types, the mean N/P was relatively
higher in coastal wetland and estuarine wetland (Table 3).
In the same wetland type, leaf N, P concentrations were
higher and N/P was lower in northeastern China, which is
probably due to the lower MAT in northeastern China than
in other places. Globally, as well as across China, plant leaf
N, P increase and N/P decreases with decreasing MAT [16,
22]. This is coincident with the plant physiology hypothesis. Moreover, leaf N, P concentrations and N/P in this
study were at a higher level in China's terrestrial herbaceous plants.
In our research region, leaf nutrient contents and their
ratios of P. australis in Shuangtai estuarine wetland were
significantly different from these in Momoge marsh and
Zhalong wetland, whereas there was no significant variation between Momoge mash and Zhalong wetland. This was
supported by the PCA ordination of the four sites. Momoge
mash and Zhalong wetland were suggested to possess the

TABLE 3 - Comparisons between leaf N, P and N/P of P. australis
Study area

Leaf N
mg/g

Leaf P
mg/g

Leaf N/P

Wetland type

Location

Reference

Momoge
Baiyangdian
Xingkai Lake
Lake Niepruszewskie
Hangzhou Bay
Chesapeake Bay
Minjiang Estuary
Shuangtai estuary
Qixing River
Zhalong
Terrestrial herbaceous plants in China

23.46
24.69
28.56
15.10
13.69
27.00
26.40
30.68
23.40
24.01
20.90

1.68
1.55
2.12
0.80
0.70
1.45
1.30
1.82
1.54
1.67
1.55

14.15
15.44
13.12
18.37
18.53
18.62
20.31
16.89
15.04
15.77
13.50

Salt Marsh
Lake Wetland
Lake Wetland
Lake Wetland
Coastal Wetland
Coastal Wetland
Estuarine Wetland
Estuarine Wetland
Freshwater Marsh
Freshwater Marsh

China
China
China
Poland
China
USA
China
China
China
China

This study
[31]
This study
[32]
[33]
[34]
[35]
This study
This study
This study
[16]
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TABLE 4 - Comparisons between leaf N, P and N/P of P. australis in northeastern China and other wetland plants
Plants
Phragmites australis
Carex lasiocarpa
Calamagrostis angustifolia
Trapa matans
Glyceria maxima
Carex acutiformis
Typha domingensis
Schoenoplectus lacustris subsp. tabernaemontani

Leaf N
mg/g
24.54
15.50
15.62
9.68
12.96
13.46
31.50
17.99

Leaf P
mg/g
1.64
1.10
1.34
1.42
0.80
0.96
1.02
1.35

similar environmental conditions about heat, water and nutrient concentration in the soil, which were markedly different from these in Shuangtai estuarine wetland.
N and P are generally regarded as the two most limiting mineral nutrients to terrestrial vegetation, and N/P is an
essential indicator for assessing plant nutrient status. A
study on wetland ecosystem suggested that P<1 mg/g and
N/P>16 indicated P limitation whereas N<20 mg/g and
N/P<14 indicated N limitation. Co-limitation of N and P
was indicated when N and P concentrations were individually limiting and when N/P between 14 and 16 [41-43]. The
mean of N/P (14.87) for P. australis indicated that it was
co-limited by both. However, other wetlands, such as Lake
Niepruszewskie (Lake Wetland, N=15.10 mg/g, N/P=18.37)
and Hangzhou Bay (Coastal Wetland, N=13.69 mg/g, N/P=
18.53) were both P limited (Table 3).
In addition, leaf N, P content and N/P also had comparatively large differences between plant species (Table 4).
Relative to other wetland plants, leaf N and P content of P.
australis were relatively higher, but leaf N/P stayed in the
medium level. Several wetland plants such as Calamagrostis
angustifolia, Trapa matans and Schoenoplectus lacustris
subsp. tabernaemontani with relatively low N content and
N/P, were limited by N. However, others such as Glyceria
maxima with relatively low P and high N/P, were limited
by P. This indicates that the large differences of leaf N and
P content and growth limiting factors also vary between
different species.
4.2 Relationships between leaf stoichiometry and environmental variables for P. australis across northeastern China

Although variation in plant leaf N, P and N/P is genetically determined [19] or the result of adaptation to the environment [18], leaf N, P and N/P still show a significant
variation trend in a certain space range. Leaf N, P significantly increased with the increases in MAT and MAP
(p<0.01) except that leaf P had no significant correlation
with MAT, which was different from a previous study conducted for the various plant groups on a global scale [22] and
other research results for plant communities in China [16,
44], but similar to the results of Larix gmelinii Rupr. [26].
The reason may be that our study area is located in higher
latitude of the temperate zone and has low MAT and short
growing season. The negative effects of litter decomposition and microbial activity result in low nutrient availability.

N/P

Reference

15.11
14.15
11.64
6.82
16.13
14.05
30.88
13.33

This study
[36]
[37]
[38]
[32]
[32]
[39]
[40]

This might lead to the changing trend of leaf N, P in our
research which is different from the results on a global
scale [26]. On the other hand, our study area did not cover
a wide range of climate scale, and furthermore, nutrient
contents of different species have larger variations. These
may be the reasons why our results are different from other
research results on a larger regional scale. Leaf N/P significantly increased with increasing MAT and MAP (p<0.01),
consistent with the global scale, China's region and the
findings in Larix gmelinii Rupr. Due to the different study
scales, the conclusions of this study, compared with these
on a large scale, showed both a common feature of research
results on a large scale and the uniqueness on a small scale.
The relationships between leaf C, N, P and their ratios
of reed and environmental factors in our research area were
in accordance with the results of Larix gmelinii Rupr. On a
small regional scale, even contrary to the research results
on the global scale. The research results on a large scale
may not be suitable for those on a small area and vice versa.
It illustrates that it is necessary to strengthen the researches
on biogeochemical cycles on a regional scale.
In this report, soil P concentrations were positively related to leaf P (p< 0.01), conforming to the research results
by Han et al. (2011) [45] and Li et al. (2014) [46]. Leaf P
of P. australis was negatively related to soil pH. This may
be because inorganic phosphorus in soil is the most direct
source phosphorus for plants. With an increase in soil pH,
soil phosphate immobilization increases leading to decreases in soil phosphorus availability [47, 48].
In the principal component analysis (PCA), PCA1 represented the soil nutrient concentrations gradient variation,
which significantly influenced the leaf C concentrations.
PCA2 reflected the temperature and precipitation variation
along altitude, which significantly influenced leaf C, N, P,
C/P, C/N and N/P. In a word, leaf nutrient concentrations
were mainly driven by heat, water and soil nutrient content.
Given that leaf nutrient concentration is a crucial component in nutrient cycling, the responses of leaf stoichiometric traits to climate and soil will contribute to understanding the influence of global warming on nutrient cycling. Our analyses suggest that the pattern of leaf P for P.
australis is more stable than leaf C, N in responses to
changing temperature (Fig. 3, p>0.05) and has stronger
stoichiometric homeostasis. Leaf chemical traits on species
level, which are correlated with environmental variables,
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are mainly determined by heat, water and nutrient concentration in the soil.

5. CONCLUSIONS
Overall, our analysis suggested that leaf C, N, P concentration and N:P ratio of P. australis displayed a linear
decrease in altitudinal direction and positively linear relationships, except P, with MAT and MAP, while leaf C/N
and C/P ratios showed opposite trends, except C/P with
MAT. Relative to leaf C and N pattern, the leaf P kept a
smaller variation with changing environmental variables
(p>0.05) and had stronger stoichiometric homeostasis.
Leaf stoichiometry on species level was mainly driven by
heat, water and soil nutrients distribution. A better understanding of the patterns would enable predictions of how
the wetland system response to future climate change and
develop effective ways to enhance the potential capacity of
wetland ecosystems to fix carbon and decrease the emission of greenhouse gases. In addition, our results are different from these on a global scale, illustrating that it is
necessary to strengthen the researches on biogeochemical
cycles on a regional scale.
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ABSTRACT

1. INTRODUCTION

Soil enzyme activities play key roles in soil biochemical processes. Enzymes are sensitive to environmental
changes. To investigate the effects of vegetation and permafrost on the soil quality in the Qinghai-Tibetan Plateau,
this study examined the enzyme activities of invertase, amylase, catalase, polyphenol oxidase, urease, and alkaline
phosphatase in the soils under different vegetation and permafrost conditions of the northern fringe of the permafrost regions in the Qinghai-Tibetan Plateau. In addition,
19 soil physio-chemical variables including moisture, bulk
density, organic matter, total nitrogen (TN), phosphorus
(P), total potassium (TK), and pH, were investigated. The
results showed that the environmental variables and enzyme activities varied in the soils from the wet meadow to
the meadow where permafrost exists. The soil from the alpine desert showed the lowest enzyme activity and the lowest organic matter content, whereas the soils from the alpine steppe showed some similarities with the meadow and
the steppe meadow. The statistical analyses demonstrated
that the soil properties were greatly affected by the vegetation and the permafrost, and the enzyme activities were
good indicators of soil quality. There were no obvious differences between the soils from the meadow and the wet
meadow, which may indicate that the wet meadow ecosystems in this fringe area are more vulnerable than those of
the continuous permafrost regions.

KEYWORDS: Permafrost degradation; Alpine ecosystem; Soil nutrients; Biogeochemistry; carbon cycle
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Permafrost regions play important roles in the global
carbon cycle. It has been estimated that more than 1000 Pg
of organic carbon is stored in permafrost regions of the circum-Arctic areas [1]; the magnitude of organic carbon is
due to the high rates of organic matter input coupled with
the slow decomposition rate. As the product of a cold climate, permafrost is extremely sensitive to climate change.
Many studies have reported that the climate in the permafrost regions has warmed appreciably during the past decades [2-4], and this warming has caused widespread and
rapid degradation of permafrost. Because low temperature
is among the major factors contributing to the slow decomposition of soil organic matter in permafrost regions [5],
the degradation of permafrost will undoubtedly alter the biogeochemical cycles of permafrost zones. It has been generally regarded that permafrost thawing would result in the
accelerated microbial decomposition of organic matter,
which may initiate a positive permafrost carbon feedback
(PCF) on the climate [4,6].
The Qinghai-Tibetan Plateau (QTP) is an important
part of the global terrestrial ecosystem and the main region
of low-latitude permafrost. The QTP covers a permafrost
area of approximately 1.35×106 km2. From 1996 to 2006,
the mean annual permafrost temperatures at 6.0 m depth
increased from 0.12°C to 0.67°C [7], and the active layer
thickness showed a continuous increase [8]. It has been
demonstrated that the active layer thickness of the permafrost regions may increase 0.1–0.7 m by the year 2049 and
0.3–1.2 m by the year 2099 [9]. Therefore, it would be reasonable to assume that large quantities of greenhouse gases
will be released from frozen carbon pools as the permafrost
thaws in the plateau. In addition, the vegetation biomass
will decrease as a result of permafrost degradation because
the plants adapted to this harsh habitat have a narrow ecological niche [10]. It has also been suggested that permafrost degradation would affect soil properties, such as decrease in the SOM (soil organic matter) [11].
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In arctic regions, it has been reported that climate [1214], vegetation [15], permafrost distribution [16], and geochemistry [17] affect terrestrial organic carbon cycling due
to permafrost degradation. However, little is known about
the changes of the soil properties and the biogeochemistry
cycle in the QTP.
Enzyme activities play key roles in the biochemical
functioning of soils [18,19]. Specifically, the assessment of
the activities of hydrolases can provide information on the
status of key reactions that participate in the rate limiting
steps of the decomposition of organic matter and the transformation of nutrients in soils [20]. Thus, knowledge of enzyme activities can be used to describe changes in soil
quality due to environmental changes and to understand
soil ecosystem processes.
Permafrost degradation has become a major concern
throughout the world. At the northern fringe of the permafrost regions in the QTP, there are areas with different vegetation and permafrost conditions. Therefore, it is possible
to study the changes of soil properties and soil enzyme activity under these two regimes and to consider the relationship between the soil biogeochemistry and the permafrost
and vegetation. Based on the interactions between permafrost, vegetation types and environmental conditions, i.e.,
existing permafrost is beneficial to vegetation cover by improving the availability of water, and vegetation affects
permafrost by shading and insulating the ground from solar
radiation, we hypothesize that permafrost distribution and
vegetation types would have important effects on the soil
biogeochemical processes, which could be indicated by
soil enzyme activities. By examining the soil enzyme activities known to play critical roles in the biogeochemical
cycles of C, N, P in soil, the present study aimed to (1)
study the changes in soil enzyme activity under different
vegetation and permafrost conditions and (2) discuss how
permafrost and vegetation had affected the soil biogeochemistry cycle by examining enzyme activities.

2. MATERIALS AND METHODS
2.1 Area description

The selected area (Xidatan area) is located at the northern part of the QTP. It is regarded to be the northern fringe
of the continuous permafrost zone of the QTP (Fig. 1). The
mean annual temperature was approximately -3.7°C, and
the mean annual precipitation was 400 mm. The vegetation
types include wet meadow, alpine steppe, desert steppe and
desert. In the study area, the dominant species are Kobresia
humilis, Kobresia tibetica Maxim, Carex moorcroftii Falc.
ex Boott, Saussurea arenaria Maxim, Oxytropis Stracheyana and so on, and associated species are Androsace
tapete, Leontopodium pusillum (Beauv.) Hand.-Mazz, Arenaria brevipetala Y. W. Tsui et L. H. Zhou, Polygonum sibiricum Laxm etc. The land was mainly covered with a thin
veneer of sandy soil.
2.2 Field sampling

Fieldwork was undertaken from 15 August to 25 August 2012. A total of 8 sites were carefully selected and
investigated, with 2 sites of wet meadows with different
permafrost table, 4 alpine meadows with different permafrost depth (the wet meadows were defined according to
the drainage class, Table 1), 1 alpine desert steppe without
permafrost exists, and 1 alpine desert without permafrost
exists. To verify whether permafrost is present, holes were
drilled to a depth of at least 8 m to verify permafrost conditions.
At each site, at least 1 kg soil samples were collected
using a spade. In the present study, all the samples were
collected from the upper 10 cm layers. For the soils of
meadow and swamp meadow, the soils belonged to A horizons. For the soils of alpine desert steppe and desert
steppe, the upper 10 cm layers belonged to Bw horizons.
The field bulk density was measured by the clod
method and was expressed as dry weight for each sample;

FIGURE 1 - Permafrost distribution in the Qinghai-Tibetan Plateau and the sampling sites
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TABLE 1 - Environmental conditions of the soils under different vegetation and permafrost
Site

Longitude Latitude Elevation Slope Aspect
(N)
(E)
（m）
（°） （°）

Vegetation
cover
(%)

Vegetation
type

Topographic position

Alpine
meadow
Alpine
meadow
Alpine
meadow
Alpine
meadow
Alpine wet
meadow
Alpine wet
meadow

River Valley

MP130

94.1248

35.7191

4456

0

N.A

100

MP160

94.0883

35.714

4504

3

335

100

MP180

94.0386

35.4291

4553

1

325

100

MP240

94.1248

35.7192

4457

0

N.A

98

SP120

94.0889

35.7125

4530

3

0

95

SP130

94.0517

35.714

4575

6

20

100

ADS

94.128

35.7306

4346

1

180

20

Desert steppe

Talus apron

AD

94.034

35.7156

4573

1

75

50

Alpine desert

Floodplain

the soil water content was expressed by weight as the ratio
of the mass of water present to the dry weight of the soil
sample. For moisture determination, samples were stored
in aluminum boxes and carefully sealed to prevent changes
in soil moisture. The measurements for bulk density and
moisture were made in at least triplicates.
The environmental conditions for the soils are shown
in Table 1.
2.3 Soil variables and enzyme activity analysis

Soil nutrients and chemical analyses were performed
on the soil samples using standard soil test procedures from
the Chinese Ecosystem Research Network [21] and the Soil
Science Society of China [22]. SOC was determined by dichromate digestion with air-dried soil samples. Soil total nitrogen (TN) was measured using the semi-micro Kjeldahl
method, and soil total phosphorus (TP) was determined
colorimetrically; samples went through wet digestion with
H2SO4+HClO4. An automatic acid base titrator (Metrohm
702) was used to determine soil pH value in 1:5 soil/water
suspensions. The potassium was measured using an atomic
absorption spectrophotometer (WFX-120C), and the calcium
carbonate was measured by gas volume method. The available sulfur was extracted from the soils using the calcium chloride and then measured by turbidimetric determination.
Extracellular enzyme activity was measured using enzyme assay techniques modified from previous studies using air-dried soil samples [23, 24]. Before the enzyme analysis, the soil samples were sieved using 1 mm meshes and
the roots were carefully removed. Each enzyme was analyzed with 5 g soil samples. For measuring invertase activity,
soil was incubated for 24 h at 37°C with 15 ml 8% sucrose,
5 ml phosphate buffer at pH 5.5 and 0.1 ml toluene. The glucose released by the invertase was then reacted with 3, 5dinitrosalicylic acid and 3-aminonitrosalicylic acid and was
measured at 578 nm using a spectrophotometer (UV 330).
Invertase activity was expressed as mg glucose g-1soi.h-1
[24]. Soil catalase activity was titrated over 20 min with a
standard solution of 0.1 N KMnO4, and the results were expressed as mmol KMnO4 g-1.h-1. For amylase activities, soil

Talus apron
Alluvial fan
Alluvial fan
Talus apron
Talus apron

Soil types
ABDH
(Aquic Molliturbels)
ABDH
(Aquic Molliturbels)
ABDH
(Aquic Molliturbels)
KDDN
(Calcic Haplocryepts)
ABBF
(Typic Aquiturbels)
ABBF
(Typic Aquiturbels)
GAFF
(Ustic Haplocryids)
GAFE
(Xeric Haplocryids)

Drainage Thaw depth Water table
class
(cm)
(cm)
P

130

N.A

P

160

150 cm

SP

180

160 cm

MW

200

160 cm

VP

120

N.A

VP

130

N.A

E

N.A

N.A

E

N.A

N.A

samples were incubated with a substrate and a pH 5.5 phosphate buffer at 37°C for 24 hr and then centrifuged. A suitable aliquot of the supernatant was heated with 3, 5, dinitrosalicylic acid and the color changes were measured at
540 nm with a spectrophotometer (UV 330). The enzyme
activities were recorded in mg maltose.g-1 h-1. Soil urease
activity was measured via indophenol colorimetry with
urea as the substrate. The amount of ammonium released
over 24 h was assayed colorimetrically at 578 nm and expressed as mg NH4+-N g−1 dry sample. Soil alkaline phosphatase activity was measured using disodium phenyl phosphate colorimetry. The amount of phenol released over 24 h
was assayed colorimetically at 660 nm and expressed as mg
phenol g−1 dry sample. Soil polyphenol oxidase activity was
measured using the 1,2,3-trihydroxybenzene method and expressed as mg gullnut g−1 dry soil.
2.4 Statistical analysis

All the measurements were performed at least in triplicate with the subsamples which were divided from the collected samples. Data in the present study are presented as the
mean ± SD. Statistical analysis was performed using SPSS
19.0. The column figures were produced using Origin 8.0.

3. RESULTS
3.1 Soil properties under different vegetation types and permafrost conditions

Soil moisture and pH values were shown in Fig. 2. The
mean water contents (Fig. 2) under the wet meadow (38.3%)
were higher than those under the meadow (28.1%). The lowest water content appeared in the desert area, with a mean
value of 2.9%. For the desert steppe area, the water content
was 9.9%. The average soil pH was 8.4 and ranged from
8.26 to 8.51. The lowest pH (8.26) value was recorded at
the wet meadow with active layer thickness of 120 cm, followed by the soils under the wet meadow with active layer
thickness of 130 cm. The highest pH value was recorded at
the soils of the desert area, where no permafrost exists.

4722

© by PSP Volume 24 – No 12c. 2015

Fresenius Environmental Bulletin

of TN contents was as follows: AD (0.48 g.kg-1) < MP240
(0.99 g.kg-1) < MP180 (1.17 g.kg-1) < MP130 (1.18 g.kg-1) <
AD (1.20 g.kg-1) < MP160 (1.25 g.kg-1) < SP120 (1.33 g.kg-1)
< SP130 (1.44 g.kg-1).
The highest contents of TP and TK were also recorded
at SP130 (Fig.4). However, TP and TK overall showed relatively smaller changes among the sampling areas in comparison with those of SOC and TN.

FIGURE 2 - Soil moisture and pH for the sampling sites

FIGURE 4 - Total phosphorus and total potassium the sampling sites

The other soil physio-chemical variables were listed in
Table 2.
3.2 Soil enzyme activities under different vegetation types and
permafrost conditions

FIGURE 3 - Soil organic carbon and total nitrogen the sampling sites

There is no significant difference in the water contents between the wet meadow and meadow sites.
The SOC and TN varied with the sampling sites (Fig. 3)
and showed similar patterns except for the soils from the
desert area. The soils from SP120 showed the highest SOC.
The SOC contents from SP120 and MP 160 were comparable, and there was a slight increasing trend recorded for
these sites: MP240 (7.9 g.kg-1), MP130 (9.8 g.kg-1), AD
(8.7 g.kg-1) and MP180 (8.0 g.kg-1). The ascending order

The activity of the six soil enzymes, both per unit of
dry soil and per unit of organic carbon, under different vegetation types and permafrost conditions, are shown in Fig. 5.
Although the enzyme activity per unit of soil for amylase
and phenol oxidase showed considerable variation, the activity of the six enzymes was largely comparable in the soils
of the meadow, the wet meadow, and the desert steppe. The
soil under the alpine desert showed some of the lowest values for enzyme activities per unit of soil.
Changes in enzyme activities per unit of organic C also
differed greatly among sites (Fig. 5). For invertase, catalyse, urease, and alkali phosphatase per unit of C, the alpine
desert steppe showed relatively lower values than the other

TABLE 2 - The mean values of soil physio-chemical variables under different vegetation types

MP130
MP160
MP180
MP240
SP120
SP130
ADS
AD

Available
Bulk
CaCO3
Sulfur
(g.cm-3) (g.kg-1)
(mg.kg-1)
29.11
1.29
81.77
11.04
1.09
91.14
16.79
1.31
91.05
14.25
1.39
79.32
30.46
1.00
93.10
52.58
1.23
90.80
119.08
1.51
46.21
23.95
1.54
47.13

Total
salt
(g.kg-1)
0.54
0.64
0.44
0.77
0.44
0.87
0.68
0.44

CO32(mmol.kg-1)

HCO3(mmol.kg-1)

Cl-1
(mmol.kg-1)

SO42(mmol.kg-1)

K+
(mmo./kg-1)

Na+
(mmol.kg-1)

Ca2+
(mmol.kg-1)

Mg+
(mmol.kg-1)

3.70
0.90
1.03
2.19
0.00
0.00
1.68
0.09

3.08
3.42
3.47
2.03
4.06
3.23
2.81
3.28

4.91
3.65
3.95
3.94
4.87
4.91
3.85
4.20

0.15
0.13
0.04
0.08
0.11
0.11
0.10
0.08

0.21
0.13
0.13
0.13
0.13
0.13
0.13
0.13

2.20
0.00
0.51
0.00
2.24
2.28
0.00
2.19

4.53
2.11
3.37
4.20
3.48
0.29
3.58
2.52

2.18
1.69
1.04
0.89
11.60
3.04
1.16
0.84
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FIGURE 5 - Soil enzyme activities for soils under different vegetation and permafrost conditions (a. Invertase; b. Amylase; c. Catalyse; d.
Polyphenol oxidase; e. Urease; f. Alkali phosphatase)

sites. It is worth mentioning that the activity of these four
enzymes per unit of carbon in the alpine desert showed
smaller changes with other types of soils in comparison
with those of enzyme activities per unit of soil. The amylase and polyphenol oxidase per unit of C in the alpine desert steppe showed higher values than for the other areas.
3.3 The relationship between the soil enzyme activities and the
environmental variables

To better understand the relationship between soil enzyme activity and the environmental variables and to visu-

alize the effects of environmental conditions on soil enzyme activities, multidimensional scaling (MS) ordination
is employed to compare the effects of the vegetation types
and permafrost cover on soil nutrients and on enzyme activities per unit of both soil and organic carbon.
Because the results for soil enzyme activity per unit of
C were similar to those for enzyme activity per unit of soil,
all the data from the enzyme activity per unit of C and soil
are included in the MS ordination analysis (Fig. 6). Because C, N, P, and K were usually the most important nutrients in terrestrial ecosystems, the SOC, TN, TP, TK and
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extractable K+ were categorized as nutrients, and other variables were regarded as other variables.
MS ordination results showed that the values for the
enzyme activity were similar for MP130, MP180, MP240,
SP120 and MP180, but the values at SP130 differed from
the values at these sites. The alpine desert and the alpine
desert steppe appeared at the end of the abscissa, indicating
the presence of very different enzyme activity at these sites
(Fig. 6a). As for the effects of vegetation on soil nutrients,
MP130, MP240, MP180, and ADS were close to each other
on the chart, as well as to the sites MP160 and SP 120 in
the middle area, whereas SP130 and AD showed the greatest differences among the group (Fig. 6b). The results of
MS ordination for nutrients and enzymes indicated that the
change of soil nutrient contents and enzyme activity was
not always consistent. As shown in Figure 6c, the soils of
ADS and AD showed the greatest differences, while the
differences among the other five sites were also greater
than those for either nutrients or enzyme activities.

The results from other variables indicated that the soils
from the wet meadow and MP180 were similar, but SP120
and SP130 showed some characteristics that were obviously different from the wet meadow. AD and ADS
showed the most distinct differences among these sites
(Fig. 6d). This spatial distribution pattern was similar to
that of all variables (Fig. 6e) and to the combination of all
variables with enzyme activities (Fig. 6f).
The correlations between variables and enzyme activities per unit of soil are shown in Table 3, other variables
were omitted from this table because there was no statistical significance. The relationships between nutrient factors
(SOC, TN, TP, and TK) and invertase, urease, and alkali
phosphatase were significantly positive. The ratio of organic carbon and TN (C/N ratio) was also significantly correlated to invertase, urease, and alkali phosphatase. In addition, CaCO3 positively correlated to invertase and alkali
phosphatase. The available sulfur was negatively related to
all the enzyme activities, and Ca2+ was largely negatively
related to enzyme activities.

FIGURE 6 - Ordination of soil enzyme activities (a), nutrients (b), enzyme activities and nutrients (c), soil variables except for nutrients (d),
total soil variables (e), and enzyme activities and total soil variables.

TABLE 3 - Correlation coefficient (r) of enzyme activities per unit of soil and soil variables
SOC
Invertase
0.90**
Catalyse
0.66
Amylase
-0.05
Urease
0.87**
Alkali Phosphatase
0.85**
Polyphenol Oxidase
0.37
**p<0.01 *p<0.05; two-tailed test.

TN
0.94**
0.73*
-0.06
0.79*
0.91**
0.42

TP
0.62
0.32
-0.46
0.89**
0.76*
0.41

C/N
0.87**
0.68
0.07
0.83*
0.79*
0.28
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TK
0.74*
0.76*
-0.01
0.72
0.77*
0.53

CaCO3
0.71*
0.44
0.19
0.46
0.72*
-0.25

Available Sulfur
-0.75*
-0.83**
-0.34
-0.39
-0.68
-0.14

Ca2+
-0.49
-0.38
0.35
-0.87**
-0.47
-0.73*
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4. DISCUSSION
Soil enzyme activities are considered to be a valuable
tool for assessing soil fertility and microbial activity in soil
systems [25,26] and for evaluating the influence of environmental factors on soil properties and soil quality [27].
Soil enzyme activities respond to changes in soil nutrients
and have been proposed to be indicators for measuring the
degree of soil degradation because they are sensitive to
small changes [28,29]. However, the interpretation of soil
enzyme activity variation is complicated, and the reliability
of soil enzymes as indicators of soil quality has been questioned [30]. It was also suggested that clear relationships
between nutrient availability and enzyme activity in ecosystems are difficult to establish [31]. For this reason, six
enzyme activities that relate to C, N, and P cycling were
analyzed in this study. The results showed that the activity
levels of all six enzymes showed a similar variation with
the vegetation types and the permafrost conditions. The invertase activity per unit of soil was significantly (Pearson
correlation coefficient, two-tailed, P < 0.05) positively related to the activity level of catalyse, urease, and alkali
phosphatase. In fact, except for amylase, most enzyme activities per unit of soil correlated positively with each other,
but in some cases there was no statistical significance. Considering that these enzyme activities are normally affected
by many chemical and biochemical factors, it is clear that
the use of multiple enzyme activities as a soil quality indicator is valid.
Because the study area was relatively small and the
spatial variations of precipitation were not a factor, the soil
moisture, which was a dynamic property, was included in
the statistical analysis. The moisture contents of the SP120
and SP130 sites were higher than those of the other types
of soils, and thus it is a reminder that these two sites could
be catagorized as wet meadow, which was in consistence
with the results from drainage class.
It is well known that vegetation type and permafrost
affect soil organic carbon, soil nitrogen, and other soil variables [32,33]. Thus, the soil enzyme activities could be expected to show different patterns for different vegetation
and permafrost conditions. In the present study, there were
notable differences between the soil enzyme activities for
the alpine desert and the meadow; there was no obvious
difference, however, between the wet meadow and the
meadow. In the permafrost regions of the Qinghai-Tibetan
Plateau, it has been reported that the SOC of the soils under
the wet meadow is much higher than those of the soil under
the meadow [11,34,35]. In our study area, the soils from
the wet meadow were not always the ones with the highest
nutrient content (Fig. 3-4). A possible explanation is that
the study area is relatively small and the climate conditions
are almost homogenous for these sites, and the topography
conditions of the wet meadow and meadow were similar
(Table 1), thus the SOC accumulation is similar throughout
this area. In addition to the vegetation types, the topography may also affect the soil properties [36]. The total phos-

phorus, total potassium, and pH values of the soils from the
meadow and the wet meadow varied within narrow ranges
(Fig 3-4). Therefore, it may be concluded that some similarities exist in the soil properties of the two vegetation
types, and these similarities may explain why there were
no obvious differences in the enzyme activities between the
soils from the meadow and those from the wet meadow.
Because the transition from wet meadow to meadow is
generally regarded to be a process of permafrost ecosystem
degradation [37], the similarities of the two vegetation
types may suggest that the wet meadow ecosystem in this
fringe area of continuous permafrost regions is more vulnerable than the ecosystems in the rest areas of continuous
permafrost regions.
In the present study, positive correlations were observed between the SOC and the enzyme activities per unit
of soil. This result was consistent with several previous reports [23,38,39]. It has been suggested that the enzyme activities would increase along with increasing soil organic
matter because microbial activity is dependent upon the
supply of substrate [40]. C/N ratio has been used as a general indicator of the degree of SOM decomposition [41]. In
permafrost regions, the C/N ratio could be used as indicators for the decomposability of SOC by microbes [42]. In
our study, the significant relationship between the enzyme
activities and C/N ratios showed the higher quality of substrates were favorable to soil enzyme activities. The polyphenol oxidase showed a different overall activity pattern
than the other enzymes. This result suggested that mechanisms of this enzyme are complicated, and an explanation
for this difference needs further studies.
The soil enzyme activities per unit of soil were mainly
negatively related to the available sulfur. This is quite different from the findings in the agricultural soils. Typically,
in cultivated land, the available sulfur is important for plant
growth, which is possibly related to pedogenesis and/or the
accumulation of sulfuric salt due to the arid climate of
QTP, which means a very low effective leaching. In the
Qinghai-Tibetan Plateau, higher available sulfur generally
means poorer soil development and thus leads to weaker
biogeochemical cycle intensities. It has been recognized
that CaCO3 is related to soil pH [43] and thus affects soil
enzyme activities. However, in the present study, pH values showed relatively small changes among the sampling
sites. Therefore, the significant relationship between
CaCO3 and enzyme activities is most likely related to pedogenesis processes, such as the deposition of parent materials and chemical weathering. The same mechanisms
would be appropriate for Ca2+.
The soil enzyme activities per unit of carbon showed no
clear relationships to the enzyme activities per unit of carbon. In previous reports, it has been proposed that lower
SOC availability leads to increased enzyme activities per
unit of carbon [44]. However, our results did not indicate a
significant negative relationship between enzyme activities
per unit of carbon and nutrient variables (data not shown).
These results are a further reminder that assessments of soil
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enzyme activities as indicators of soil quality should be
carefully conducted.
The multidimensional scaling results for the soil enzyme activities showed some differences, indicating that the
enzyme activities were determined only by nutrient factors.
It is worth noting that the MDS results for nutrient factors
divided the eight sites into three groups, and the alpine desert
steppe was included in the group with the meadow and the
wet meadow. The MDS for enzyme activities categorize the
5 wet meadow and meadow vegetation types as a group, and
these five vegetation types were located in close proximity
to each other. Comparing these charts, the MDS for enzyme
activities combined with nutrients seems a more reasonable
division for these sampling sites.
The MDS for 15 variables clearly divided the sampling
sites, which is in agreement with our categorization according to permafrost and vegetation types. When the 6 enzyme
activities were included, there were only slight changes for
the distribution of these sampling sites. Therefore, it could
be concluded that all the variables and enzyme activities
could be used as indicators for soil quality. If some of these
data were not available, the analysis of soil enzyme activities may be sufficient.

5. CONCLUSIONS
In the present study, the statistical analysis of the results from the selected sites in the northern fringe of the
continuous permafrost regions of the Qinghai-Tibetan Plateau showed that the vegetation type and permafrost have
important effects on soil enzyme activities, and the enzyme
activities can be used as reliable indicators for soil quality
in this region. However, the enzyme activities showed that
there were some similarities between the soils from
meadow and wet meadow, and there was no clear pattern
according to the active layer thickness gradients. From our
study, there are some similarities between the meadow and
wet meadow ecosystem, which may suggest that the wet
meadow ecosystem in this fringe area of continuous permafrost regions is more vulnerable than the ecosystems in
the rest areas of continuous permafrost regions.
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ABSTRACT
In this study, Brassica oleracea L. var. acephala seedlings were treated with different cadmium (Cd) concentrations (100, 200 ve 400 μg g-1) for 15 days. At the end of the
treatment, the effects of Cd on the pigment content, lipid
peroxidation, enzymatic and non-enzymatic antioxidants
were investigated in leaves. In addition, Cd content in
leaves and roots were determined by atomic absorption
spectrophotometer.
The pigment and carotenoid contents did not vary at all
Cd treatments. The Cd content in roots were higher compared
with leaves. Cd treatment caused an increase in the lipid peroxidation product (malondialdehyde) in leaves. Malondialdehyde content increased significantly at 400 μg g-1.
Cd toxicity caused changes in antioxidant enzymes activities. All these treatments depend on concentration
caused decrease in superoxide dismutase (SOD) activity,
increase in guaiacol peroxidase (GPOX) activity. However, there was no significant change in catalase (CAT) activity. Ascorbate peroxidase (APX) activity increased significantly at 200 μg g-1. The analysis of the antioxidative
enzymes activity indicated that GPOX was the most active
enzyme in leaves of B. oleracea var. acephala. While proline content was decreasing, non-protein thiol groups and
total ascorbate contents increased at all Cd treatment.
KEYWORDS: Brassica oleracea L. var. acephala, cadmium, heavy
metal stress, antioxidant enzymes, non-enzymatic antioxidants.

1. INTRODUCTION
Heavy metals are significant environmental pollutants
and have serious effects on soil and water quality, plant and
animal nutrition, as well as human health [1-3]. Heavy
metal stress induces changes in calcium levels, kinase activity and subsequent changes in gene expression. Many of
these responses crosstalk with other stresses [4].
Metal ions are also well known inducers of oxidative
stress. They can stimulate ROS production via two differ* Corresponding author

ent mechanisms. The first one is related with the interference of metal-related processes and the second one with the
generation of free radicals by ions with changeable valence. The second mode may also interfere with the first,
but usually the main attention is paid to effects of metal
ions with changeable valence [5]. Besides, lipid peroxidation by ROS results in the formation of oxidized lipids that
can interfere with protein function through uncontrolled
hydrophobic interactions [6].
Many studies have reported that plants undergo several
physiological/biochemical changes so as to manage a balance between metal/metalloid-accrued elevated generation
of oxidants (reactive oxygen species, ROS) and their antioxidants assisted metabolism [7-9]. The ROS may cause
membrane integrity weakening, elevated electrolyte leakage (EL), oxidation of proteins and membrane lipids [1012]. On the other hand, plants are equipped with an efficient antioxidant defense system, comprising both enzymatic (glutathione reductase, GR; glutathione peroxidase,
GPX; glutathione sulfotransferase, GST; catalase, CAT;
ascorbate peroxidase, APX) and nonenzymatic (reduced
glutathione, GSH, and ascorbate, AsA pools) components,
which control, directly or indirectly, the ROS-accrued potential anomalies [13-16]. Thus, the choice of plant species
with a capacity to manage successfully a fine tuning between the metal/metalloid-led enhanced ROS and their metabolism through enzymatic and non-enzymatic antioxidants is of prime importance in a metal/metalloid phytoextraction/stabilization program [17].
Cadmium (Cd) is a non-essential and potentially toxic
metal to all organisms. Although Cd is a non-essential element, it is readily absorbed by plant roots and is then transported from roots to aerial parts and it disturbs their metabolism [18, 19]. It is well documented that Cd toxicity is
known to cause alterations such as membrane damage, disruption of electron transport, inhibition/activation of enzymes and interaction with nucleic acids [20-23]. In addition, cadmium may directly disrupt photosynthesis by inhibiting CO2 fixation and Photosystem II [24].
Brassica oleracea var. acephala belonging to the family Brassicaceae is known to be a family containing many
metal accumulating species [25]. Certain crop species of
the Brassicaceae such as cabbage (B. oleracea L.) can accumulate high amounts of heavy metals [26].
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To study the effects of Cd2+ on the physiological processes of B. oleracea var. acephala leaves, some physiological parameters were checked and measured in this investigation including the activities of antioxidant enzymes,
contents of non-enzymatic antioxidants (proline, ascorbate,
non-protein thiols), degree of lipid peroxidation, content of
leaf pigments.

2. MATERIAL AND METHODS
2.1 Seedling growth and Cd treatments

B. oleracea var. acephala was grown from seeds in
plastic pots, each of pot contained 5-10 seeds and they were
incubated under green house conditions. Seeds were moistened with distilled water. Distilled water was added daily
to maintain soil moisture. After germination, 15 seedlings
were transferred into pots of the large size.
Seedlings with 3- 4 leaves were treated with one of the
varying Cd concentrations (100, 200, 400 μg g-1). To obtain
the final concentration of 100, 200 and 400 μg g-1 per g of
dry medium, Cd was weighed and dissolved in 1 L of water.
For each concentration of Cd, three test series were set up.
The control pods were irrigated with only distilled water.
After 90 d of growth, plants were harvested and washed
thoroughly with distilled water, then separated into roots and
leaves. The plant samples then oven-dried at 70°C for 72 h.
For the biochemical analysis, the youngest 3rd and 4th leaves
of the plants were frozen in liquid nitrogen and kept at -80 ºC
before use. All measurements were repeated three times.
2.2 Pigment content

B. oleracea var. acephala leaves were used for the estimation of chlorophyll contents. The chlorophyll contents
(total, chl a and chl b, carotenoid) in leaves treated with Cd
and also control plants were extracted in 80% acetone and
estimated by the method of Arnon [27].
2.3 Determination of Cd content in roots and leaves

The plants were divided into roots and leaves and dried
at 80 ºC to a constant weight. The dried tissues of Cdtreated and control plants were digested in HNO3:HClO4
(5:2, v/v) mixture. Cd was determined using an atomic absorption spectrophotometer (UNICAM 929 AAS) [28].

(EDTA) and 0.1% (w/v) insoluble polyvinyl polypyrrolidone (PVPP), using glass powder and a prechilled mortar
and pestle. The homogenate was centrifuged at 15,000 g
for 20 min at +4 oC. The final supernatant was stored at
-20 oC before use for enzyme activity measurements.
Catalase (EC 1.11.1.6) activity was assayed in a reaction
mixture (2 mL) composed of 50 mM K-phosphate buffer
(pH 7.0). Then, 12.2 mM H2O2 was added and reaction was
started by adding 100 μl supernatant. Activity was determined by monitoring the degradation of H2O2 at 240 nm
over 2 min against a supernatant–free blank. Enzyme specific activities were expressed as μmol of H2O2 oxidized
min-1mg-1 protein [30].
Superoxide dismutase (EC 1.15.1.1) activity was measured according to Madamanchi et al. (1984) [31], and expressed according to Madhava Rao and Srestry (2000) [32].
Reaction mixture was made up (3 mL): 50 mM Na-phosphate buffer (pH 7.0) including 0.1 mM EDTA, 13 mM methionine, 2 μM riboflavine, 75 μM 3-(4,5-dimethylthiazol-2yl) 2,5diphenyl-tetrazolium bromide (MTT) and 40 μl supernatant. The mixtures were shaken and placed 20 cm away
from the light source (15-W flourescent lamp). The reaction
was allowed to take place for 30 min, and was stopped by
switching off the light. The absorbance of the solution was
measured at 560 nm, and a nonirradiated reaction mixture
served as control.
Guaiacol peroxidase (EC 1.11.1.7) activity was measured by following the change of absorption at 470 nm due to
guaiacol oxidation (extinction coefficent 25.5 mM-1 cm-1).
The activity was assayed for 5 min in a reaction solution
(3 mL; 100 mM K-phosphate buffer (pH 7.0), 20 mM guaiacol, 10 mM H2O2 and 100 μL supernatant). Enzyme-specific activity was expressed as μmol of H2O2 reduced min-1
mg-1 protein [33].
Ascorbate peroxidase (EC 1.11.1.11) was assayed according to Nakano and Asada (1981) [34], with minor
modifications. Reaction mixture (3 mL) contained 50 mM
K-phosphate buffer (pH 7.0) including 0.5 mM ascorbic
acid, 0.1 mM EDTA, 20 μM H2O2 and 100 μL enzyme extract. The decrease in absorbance at 290 nm was recorded
for 5 min (extinction coefficient 2.8 mM-1 cm-1). The specific activity of enzyme was expressed as μmol ascorbate
oxidized min-1mg-1protein.
2.6 Determination of non-protein thiols and ascorbic acid

2.4 Determination of lipid peroxidation

The level of lipid peroxidation was measured in terms
of malondialdehyde (MDA) content by thiobarbituric acid
(TBA) reaction. MDA content in the leaves (0.2 g each)
was measured according to the method of Heath and
Packer [29]. The MDA concentration was calculated by using an extinction coefficient of 155 mM–1cm–1 at 532 nm.
2.5 Enzyme Activities

The leaves (0.2 g) were placed into liquid nitrogen and
then homogenized in 5 mL 50 mM K-phosphate buffer (pH
7.0) containing 1 mM ethylene diamine tetraaceticacid

Soluble non-protein thiols and total ascorbic acid were
measured as described by Cakmak and Marschner [35].
500 mg frozen leaf sample was homogenized in 5 ml of 5
% meta-phosphoric acid and centrifuged at 10,000 g for 20
min. The supernatant was used as the source of non-protein
thiols and ascorbic acid.
Soluble non-protein thiols were measured with
Ellman’s reagent [36]. The reaction mixture (1 mL) contained 140 μl aliquot of the plant extract, 0.15 M phosphate
buffer (pH 7.4) containing 5 mM EDTA and 6 mM DTNB
(5-5-dithiobis-(2-nitrobenzoic acid). After incubation at
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room temperature for 20 min, the absorbance of the reaction mixture at 412 nm was read and the level of non-protein SH groups was calculated using ε = 13,600 mM-1 cm-1
for the reaction product 2- nitro-5-benzoic acid.
Total ascorbic acid were measured as described by
Cakmak and Marschner (1992) [35]. Total ascorbate (AsA+
DAsA) was measured after the reduction of DAsA to AsA
with dithiothreitol (DTT). The excess DTT was removed
with N-ethylmaleimide, and the total ascorbate was determined. The concentrations of DAsA were calculated from
the difference of total ascorbate (AsA+ DAsA) and AsA .
2.7 Determination of proline

The proline content of leaves were determined according to Claussen (2005) [37]. For each treatment, 0.5 g leaf
sample was ground in a mortar after addition of a small
amount of glass powder and 5 mL of a 3 % (w/v) aqueous
sulfosalicylic acid solution. The homogenate was filtered
through two layers of glass-fibre. To the filtrate (1 mL),
glacial acetic acid and ninhydrin reagent (1 mL each) were
added. The closed test tubes containing the reaction mixture
were kept in a boiling waterbath for 1 h before reaction was
terminated at room temperature (22 °C) for 5 min. The absorbance of the reaction mixture was determined at 546 nm.
The proline concentration was determined from a standard
curve and calculated on fresh weight basis (μg proline g-1
FW).

The results of Cd content in roots and leaves presented
in Table 2. Roots had a higher accumulation of Cd than
leaves (8-fold higher at 400 µg g-1). The leaves accumulated less Cd than the roots did under all treatments. Partitioning of metals in different plant parts is a common strategy to avoid toxicity in above-ground parts. The first barrier against Cd stress occurs in the roots where Cd may be
immobilized by ligands on cell walls and extracellular carbohydrates [39]. In this study, roots had a higher accumulation of Cd than leaves (8-fold higher at 400 µg g-1). Results
obtained for Cd accumulation was in accordance with obtained by Anjum et al., (2014) [17]. In L. sativa (cv. Reinede
Mai) exposed from 0.01 to 100 mM of Cd, roots always displayed higher Cd contents than shoots and reached 980 mg
g DW-1 at 100 mM Cd [40,41]. Our results are consistent
with the findings of several studies that demonstrated that
Cd ions are mainly retained in the root sand that only small
amounts are transported to the shoots; Cd uptake into roots
is relatively fast, whereas translocation to shoots is slower
[39,42].
TABLE 2 - Bioaccumulation of Cd in roots and leaves of B. oleracea
var. acephala
Cd (µg g-1 DW)
(µg g )
Root Cd content
Leaf Cd content
Control
0.00±0.00 a
0.00±0.00 a
100
14.18±5.48 a
6.36±2.79 a
200
26.00±18.07 a
6.74±4.45 a
400
72.51±5.37 b
9.73±1.30 a
Data are means±S.D.(n=3). Different letters within the columns indicate
significant differences at the %5 level
-1

3. RESULTS AND DISCUSSION
The cadmium load in plant organs can impair important physiological/biochemical processes by inducing
oxidative stress due to imbalance between generation and
metabolism of ROS in these organs [8, 9, 12, 14].
The effects of cadmium on photosynthetic pigments of
B. oleracea var. acephala leaves were determined. The cadmium exposed plants showed no statistically significant differences in pigment content neither was the chlorophyll
a/chlorophyll b ratio affected (Table 1). Cadmium toxicity
in Brassica juncea produced chlorosis in young leaves
where Cd accumulated [38]. However, there was no chlorosis phenomenon in the seedlings treated with Cd2+ in B.
oleracea var. acephala. From these results, we also found
Cd2+ did not have significant effects on content of leaf pigments.
TABLE 1 - The effect of cadmium (100, 200, 400 μg g-1 FW) on chlorophyll content (chl a, b) and carotenoid in leaves of B. oleracea var.
acephala.
Chloropyll (mg g-1 FW)
Cd (µg g-1) Chl-a
Chl-b
Chla/b
Carotenoid
Control
0.86±0.22 a
0.35±0.07 a 0.44±0.10 a
2.45±0.33 a
100
0.75±0.14 a
0.35±0.12 a 0.36±0.05 a
2.38±0.39 a
200
0.72±0.10 a
0.25±0.03 a 0.39±0.04 a
2.91±0.05 a
400
0.71±0.09 a
0.25±0.03 a 0.38±0.07 a
2.79±0.06 a
Data are means±S.D.(n=3). Different letters within the columns indicate
significant differences at the %5 level.

Malondialdehyde is an oxidized product of membrane
lipids and accumulates when plants are exposed to oxidative
stresses. Therefore, MDA concentration is commonly considered as a general indicator of lipid peroxidation as well as
stress level [21]. Lipid peroxidation is relevant to ROS level.
In this investigation, MDA content in leaves at 400 μg g-1 Cd
level was 2 times more than that in the control. This suggests
that Cd2+ leads to production of superoxide radicals, resulting in increased lipid peroxidative products and oxidative
stress in B. oleracea var. acephala. In our study, the elevation in MDA content in leaves compared with the control.
Increase in MDA content was found to be significant after
400 µg g-1 cadmium concentration (p≤0.05) (Fig. 1).
Proline content was decreased significantly at 100 and
400 µg g-1 concentration of cadmium, whereas 200 µg g-1
cadmium treatment showed similar rate as the control
(Fig. 2). The proline-inducing ability varies according to
metals. When compared at equal concentrations in the growth
medium, copper was most effective in inducing proline accumulation followed by Cd and Zn. But, when compared at
equal toxic resistance, proline accumulation decreased in
the order Cd > Zn > Cu [43].
Cadmium treatment led to enhancement in the levels
of non-protein thiols in B. oleracea var. acephala. A significant rise was noted in leaves at all the Cd treatments
compared with the control (Fig. 3). Non- protein thiols
(NPT), glutathione, thiol-rich peptides (known as phyto-
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FIGURE 1 - Effect of Cd concentrations on malondialdehyde (MDA) content in leaves of B. oleracea var. acephala.

FIGURE 2 - Effect of Cd concentrations on proline content in leaves of B. oleracea var. acephala

FIGURE 3 - Effect of Cd concentrations on non-protein thiols content in leaves of B. oleracea var. acephala
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FIGURE 4 - Effect of Cd concentrations on ascorbate (AsA), dehydroascorbate (DAsA) and total ascorbate (AsA+DAsA) content in leaves of
B. oleracea var. acephala

chelatins) and other SH compounds (e.g. free cysteine),
fulfill an important role in the detoxification of heavy metals in plants [44]. NPT also plays an essential role in Cd
detoxification [45]. In our study, NPT level gradually increased with increase Cd concentration. The increase of
NPT in plants might be an important defense response to
Cd toxicity. Similar results has also been reported in Cdstressed Phragmites australis [46].
In Figure 4, a significant increase of the total ascorbate
(AsA+ DAsA) content was shown in leaves of cadmium
exposed plants. No significant difference was observed in
the amount of dehydroascorbate (DAsA) between control
and cadmium treated plants. In contrast, the level of ascorbate (AsA) was increased in leaves of the plant with increase in metal concentration.

The enzymatic antioxidants, CAT, SOD, APX and
GPOX showed differential response to Cd treatments in
leaves. CAT can eliminate H2O2 and play a key role in the
elimination of O2.- [43]. CAT activity was nearly the same
at all level stress. CAT activity did not increase significantly in comparison with control (Fig. 5). SOD activity
was reduced at 200 and 400 µg g-1 Cd concentrations with
reference to the control. (Fig. 6). The significant increase
activity of APX was occured at 200 µg g-1 Cd concentration (Fig. 7). GPOX activity was increased with Cd stress.
The most significant increase at 400 µg g-1 Cd concentration (Fig. 8).
The importance of oxidative stress in plants after
heavy metal exposure has been repeatedly reported [47,
48]. Cadmium is one of the metals that stimulates the ROS

FIGURE 5 - Effect of Cd concentrations on the activity of catalases (CAT) in leaves of B. oleracea var. acephala
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FIGURE 6: Effect of Cd concentrations on the activity of superoxide dismutases (SOD) in leaves of B. oleracea var. acephala

FIGURE 7 - Effect of Cd concentrations on the activity of ascorbate peroxidase (APX) in leaves of B. oleracea var. acephala

FIGURE 8 - Effect of Cd concentrations on the activity of guaiacol peroxidase (GPOX) in leaves of B. oleracea var. acephala
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production and activates the antioxidative defence system
[49]. Antioxidative enzymes are one of the important ROS
detoxification systems in plant cells, and the induced increment in enzyme activity was considered as the mechanism
of plants against oxidative stress [50,51]. In our investigation we observed that Cd2+ caused considerable enhancement in the activities of CAT, APX and GPOX which
could scavenge superoxide radicals and alleviate their deleterious effects.
In leaves, a decrease was seen in SOD activity in high
Cd concentrations. Results concerning SOD activity in
Brassica juncea was in accordance with Pandey et al.
(2005) [52]. In this situation, there may be some other factors playing a role in SOD inhibition. It has been reported
that a lot of oxidative factors causing formation of H2O2
may play a role in the inhibition of SOD Cd is a redox inactive metal. For that, this metal has no direct effect on the
SOD activity [53].
POD plays a role in decreasing H2O2 accumulation,
eliminating MDA resisting cell peroxidation of membrane
lipids and maintaining cell membrane integrity. GPOX activity of the metal-tolerant plants was quite high, while the
activity of nonmetal-tolerant plants found to be very low.
GPOX activity can be used as a potential biomarker of
heavy metal toxicity [54]. Also, in this study guaiacol peroxidase enzyme, differently other enzymes was found to
play an important role in the antioxidant defense.

4. CONCLUSION
Heavy metals, which are among the major pollutants
contaminating our environment, can severely restrict plant
growth [55]. The biochemical effect of metal ions in cells
depends on type of metal as well as their chemical structure
[56]. The fact that Cd in high concentration did not have
any phenotypic changes may point out that B. oleracea var.
acephala tolerant to this metal. Cd treatment induced physiological, biochemical changes in plants. The activity of
antioxidative enzymes and non-antioxidative compounds
could serve as important components of antioxidative defence mechanism against oxidative injury. In short, the outcome of the physiological/biochemical characterization of
the B. oleracea var. acephala responses to Cd stress reveals
the adaptive potential of this plant to Cd-contaminated conditions, which in turn can be significant in elaborating the
innovative plant-based remediation technologies for
metal/metalloid-contaminated sites.
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ABSTRACT
Accumulation of copper, zinc, cadmium and lead in
gill, liver, spleen, kidney and muscle tissues of Clarias
gariepinus was studied after exposing the fish to 5 ppm Cu,
5 ppm Zn, 1 ppm Cd, 1 ppm Pb and to the same concentrations of their mixture over 1, 7 and 15 days. Atomic absorption techniques were applied in determining tissue
metal levels.
Highest Cu and Zn accumulation was observed in liver
and kidney tissues at all exposure periods whereas highest
Cd and Pb accumulation was in gill and liver tissues. The
lowest metal accumulation was observed in muscle tissue.
Accumulation of these metals in the tissues studied increased compared to control when exposed singly. Tissue
accumulation of metals, however, decreased when exposed
to metals in mixture compared with single exposures to
metals. It was concluded that exposure to these metals in
mixture had an antagonistic effect on metal accumulation.

KEYWORDS:
Copper, zinc, cadmium, lead, mixture, Clarias gariepinus.

1. INTRODUCTION
Heavy metal are natural components of aquatic environments and enter to these environments by natural phenomenon such as volcanic eruptions and erosion. The levels
of these metals, however, increased significantly mainly by
anthropogenic activities. Aquatic animals uptake these metals from water and sediment mainly via their gills and digestive track and accumulate them in various tissues. Since
these metals are transferred to higher food chains in more
concentrated forms they pose a danger to aquatic life. Excess amounts heavy metals lead to various physiological
and biochemical abnormalities in aquatic organisms [1, 2].
Fish are frequently used in metal accumulation studies due
* Corresponding author

to their adverse effects on human health and some are used
as pollution indicator species [3].
Discharge of various metal mixture containing urban
and industrial waste waters to freshwater environments result in a number of physiological and biochemical disturbances to organisms living in these environments [1-2].
Copper and zinc are necessary in trace amounts for the
functioning various biological mechanisms. They are
structural components of various enzymes and play role in
a number of physiological activities such as development,
growth reproduction, immunity and metabolism [4-5].
They, however, become toxic above certain levels. Cadmium and lead have no biological function and are toxic
even at very low concentrations [6-7].
Gills are the target organs in accumulation metals since
they are in direct contact with the external media [8]. Liver
and kidneys are metabolically active organs and play a significant role in accumulating metals [9]. Muscle is not an active tissue in accumulating metals, although it plays a significant role in transferring metals through the food chain [7].
Clarias gariepinus was chosen as an experimental animal since the species is commonly found in streams and
drainage channels of Mediterranean region, its consumption as a protein source in the region, its wide tolerance
against pollutants and its habitat being under the effect of
agricultural and industrial activities.
Accumulation of heavy metals in aquatic organisms
depends on various factors including the presence of other
metals in the environment. Hence the aim of the present
study was to determine metal levels in gill, liver, kidney,
spleen and muscle tissues of C.garipinus after exposing the
animals to 5ppm Cu, 5ppm Zn, 1ppm Cd, 1ppm Pb and to
their mixture over 1, 7 and 15 days.

2. MATERIALS AND METHODS
C. gariepinus was obtained from a private fish farm in
Silifke-Turkey, placed in glass aquaria sized 40x120x40
containing 120 L of tap water and were adapted to laboratory conditions for two months.
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The same size of six aquaria were used in the experiments which contained 120 L 1 ppm Cd, 1 ppm Pb, 5 ppm
Cu, 5 ppm Zn, the mixture of the same concentrations of
these metals and the last one contained tap water and evaluated as control. Nine fish were placed in each aquarium
totaling to 54 fish. Cadmium chloride (CdCl2:H2O), zinc
sulphate (ZnSO4:5H2O), copper (CuSO4:5H2O) and the
lead nitrate (Pb (NO3)2 salts were used in the experiments.
Trisodium citrate (C6H5Na3O7.5H2O) was added to stock
solutions to prevent precipitation and adsorbtion.
Some chemical and physical parameters of the experimental water were as follows;
Temperature: 21.5 ±10C
Total alkalinity: 305 ± 0.5 mg CaCO3/L
Dissolved Oxygen: 7.01 ± 0.6 mg/L
pH: 7.5 ± 0.5
Three fish were removed from each aquarium at the
end of 1, 7, and 15 days of exposure periods, they were
washed dried and dissected for their gill, liver, spleen, kidney and muscle tissues. Tissues were transferred to petri
dishes after being wet weighted and were placed in a drying
oven set at 1500C for 48 hours. Dried tissues were then
transferred to experimental tubes and digested in nitric acid
(Merck, 65% ) / perchloric acid (Merck, 60%) mixture
(2/1; v/v) at 1200C for three hours. Digested tissues were
transferred to polyethylene tubes and their volumes were
made up to 10 ml with distilled water. Metal levels in tissues were determined using Varian AA240FS atomic absorption spectrophotometer.
Data were statistically evaluated by a series of Variance Analysis, Student-Newman Keuls procedure (SNK)
and Student’s t-test using SPSS 16.0 statistical package.

3. RESULTS
No mortality was observed during the experiments except for those exposed to copper alone at which all fish
were dead at the end of 8th day. Copper accumulation increased in fish exposed to Cu alone in liver kidney and gill
tissues (P<0.05) whereas no difference was observed in
spleen and muscle tissues compared to control on day one.
Liver and kidney accumulation of Cu in metal mixture was
lower than single copper exposure at the same period
(P<0.05; Table 1). Copper accumulation increased significantly at all tissues compared to control at all the tissues
tested on the 7th day (P<0.05; Table 2). Copper accumulation
was lower in mixture compared to single exposure at this period (P<0.05). The following relationship was found among
the tissues in accumulating copper at all the periods tested;
Liver>Kidney> Gills>Spleen>Muscle (Tables 1 and 2).
Liver accumulation of zinc in single and in mixture exposures decreased, whereas gill and kidney accumulations
increased compared to control on day one (P<0.05; Table 1).
Zinc levels were the same as control in spleen and muscle
tissues at the end of day 1 both in single and mixture exposures. Accumulation in gill and kidney tissues were higher
when exposed to Zn only rather than to metal mixture
(P<0.05; Table 1). Liver, gill, kidney and spleen accumulation of Zn increased compared with control on the 7th day
both when exposed singly and in mixture (P<0.05; Table 2).
Muscle accumulation was significantly higher when exposed to Zn singly compared with control and mixture exposures (P<0.05; Table 2). Liver, gill, kidney, spleen and
muscle accumulation of Zn increased on day 15 compared
to control both on single and mixture exposures (P<0.05; Table 2). The increase in single Zn exposure was higher than
in mixture at all the tissues tested at this period. The following relationship was found between tissues in accumulating
Zn; Liver>Kidney>Gill> Spleen>Muscle (Tables 1-3).

TABLE 1 - Accumulation of copper, zinc, lead and cadmium in liver, gill kidney, spleen and muscle tissues of Clarias gariepinus after exposing
the animals to these metals singly and in their mixture for 1 day (μg metal / g dw).
Liver

Gill

Kidney

Spleen

METAL

Muscle

X  sx *
X  sx *
X  sx *
X  sx *
X  sx *
Control
85.44±3.41 sa
2.80±0.04 sb
11.23±1.16 sc
5.10±0.54 sb
2.60±0.09 sb
Cu
93.79±1.26 ta
5.98±0.65 tb
17.86±1.08 tc
6.51±0.42 sb
2.80±0.13 sd
Mixture
82.60±1.42 sa
5.16±0.08 tb
12.59±0.98 sc
5.61±0.43 sb
2.32±0.04 sd
Control
232.8±5.29 sa
108.9±5.43 sb
159.3±5.53 sc
145.2±4.87 sc
59.13±1.63 sd
Zn
209.7±3.37 ta
159.5±2.12 tb
183.7±3.96 tc
156.3±3.44 sd
59.35±0.94 sd
Mixture
202.2±4.32 ta
125.6±3.54 xb
161.6±3.32 sc
145.4±3.28 sd
58.68±0.61 se
Control
BDL
BDL
BDL
BDL
BDL
Pb
0.025±0.003 ta
1.70±0.26 tb
0.015±0.001 ta
0.004±0.001 ta
BDL
Mixture
0.01±0.001 xa
0.99±0.07 xb
0.009±0.001xa
0.003±0.001 ta
0.001±0.000ta
Control
BDL
BDL
BDL
BDL
BDL
Cd
0.07±0.003 ta
1.02±0.05 tb
0.04±0.003 ta
0.015±0.002 ta
0.002±0.001 ta
Mixture
0.004±0.005xa
0.6±0.08 xb
0.02±0.002 xa
0.016±0.001 ta
0.001±0.000xa
*SNK; Letters a, b, c and s, t, x show differences among the tissues and among control, single metal and mixture respectively. Data shown with different
letters are significant at the P<0.05 level;

X  sx : Mean ± Standard error ; BDL: Below detection limit
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TABLE 2 - Accumulation of copper, zinc, lead and cadmium in liver, gill kidney, spleen and muscle tissues of Clarias gariepinus after exposing
the animals to these metals singly and in their mixture for 7 days (μg metal / g dw).
Liver
METAL

X  sx

Gill

letters are significant at the P<0.05 level.

X  sx

Kidney

Spleen

*
X  sx *
Control
84.71±2.76 sa
2.82±0.13 sb
11.94±0.66 sc
4.91±0.58 sb
Cu
133.8±2.13 ta
20.00±0.65 tb
27.86±1.98 tc
13.00±0.82 td
Mixture
74.43±3.51 xa
11.31±0.69 xb
16.85±0.77 xc
9.41±0.42 xb
Control
217.3±9.00 sa
111.6±11.29 sb
147.9±5.37 sc
146.4±3.49 sc
Zn
288.7±4.52 ta
197.8±3.79 tb
256.5±4.16 tc
178.3±4.88 td
Mixture
253.7±4.83 xa
165.5±4.53 xb
184.2±3.85 xc
165.1±2.54 xb
Control
BDL
BDL
BDL
BDL
Pb
0.05±0.004 ta
2.72±0.08 tb
0.027±0.001ta
0.017±0.001 ta
Mixture
0.027±0.004xa
1.76±0.09 xb
0.007±0.001xa
0.004±0.001 xa
Control
BDL
BDL
BDL
BDL
Cd
0.10±0.004 ta
2.08±0.07 tb
0.07±0.005 ta
0.03±0.002 ta
Mixture
0.07±0.006 xa
1.22±0.07 xb
0.03±0.003 xa
0.02±0.001 xa
*SNK; Letters a, b, c and s, t, x show differences among the tissues and among control, single metal and mixture respectively.
*

*

X  sx

Muscle

X  sx *
2.33±0.06 sb
3.37±0.12 te
2.70±0.07 xd
52.84±2.57 sd
74.16±1.68 te
57.93±2.89 sd
BDL
0.002±0.0003 ta
0.002±0.0003 ta
BDL
0.003±0.0003 ta
0.002±0.0003 xa
Data shown with different

X  s x : Mean ± Standard error . BDL: Below detection limit

TABLE 3 - Accumulation of copper, zinc, lead and cadmium in liver, gill kidney, spleen and muscle tissues of Clarias gariepinus after exposing
the animals to these metals singly and in their mixture for 15 days (μg metal / g dw).
Liver
METAL

Gill

Kidney

Spleen

X  sx
X  sx *
X  sx *
X  sx *
Control
83.47±2.89 sa
2.79±0.10 sb
10.80±1.12 sc
4.75±0.18 sb
Cu
Mixture
113.6±5.33 xa
18.64±0.48 xb
26.44±1.54 xb
16.70±2.49 xb
Control
188.3±5.79 sa
118.6±2.02 sb
144.4±3.34 sc
136.1±3.17 sc
Zn
334.0±6.43 ta
244.8±5.74 tb
299.9±5.77 tc
203.9±2.79 td
Mixture
211.2±6.25 xa
195.6±4.22 xb
175.9±4.60 xc
158.0±2.65 xd
Control
BDL
BDL
BDL
BDL
Pb
1.26±0.03 ta
3.87±0.08 tb
0.09±0.006 tc
0.03±0.001 tc
Mixture
0.09±0.01 xa
2.81±0.02 xb
0.05±0.001 xa
0.009±0.0003xc
Control
BDL
BDL
BDL
BDL
Cd
2.15±0.07 ta
4.10±0.13 tb
0.44±0.06 tc
0.20±0.02 td
Mixture
1.20±0.09 xa
2.10±0.08 xb
0.12±0.01 xc
0.06±0.003 xc
*SNK; Letters a, b, c and s, t, x show differences among the tissues and among control, single metal and mixture respectively.
*

letters are significant at the P<0.05 level.

Muscle

X  sx *
2.41±0.12 sb
3.60±0.08 xc
52.09±1.40 sd
88.21±1.73 xe
69.26±1.25 xe
BDL
0.004±0.0005tc
0.002±0.0003xc
BDL
0.005±0.0006 td
0.002±0.0005 xc
Data shown with different

X  s x : Mean ± Standard error. BDL: Below detection limit

No lead or cadmium was detected in tissues of control
animals. Tissue levels of these metals increased to a higher
level when exposed to these metals singly than in mixture.
The following relationships were found between tissues in
accumulating Pb and Cd; Gill>Liver>Kidney>Spleen>
Muscle (Tables 1-3).

4. DISCUSSION
Accumulation and toxic effects of heavy metals in fish
tissues depends on various factors such as physical and
chemical properties of water [10], developmental stage
[11], sex [12], species [13], metal [8], its environmental
concentration [14] and presence of other metals [15].
Heavy metals accumulate in various tissues at low concentrations and may interfere with metabolic and physio-

logic events, however, they cause mortality at higher concentrations [16-17]. Perkins et al. [12] indicated that 354
and 465 μg Cu L-1 caused mortality in Ictalarus punctatus
within the first week of exposure. All C. gariepinus were
dead on the 8th day of experiments when exposed to 5 ppm
Cu in the present study. Previously observed behavioral
differences were also true for C. gariepinus exposed to
metals at the beginning of experiments [18-19].
Gills are target tissues in accumulating metals due to
their large surface areas and being in direct contact with the
environment. Liver is a metabolically active tissue since it
plays role in conversion of food, binding of harmful substances and in digestion of macromolecules especially lipids [8]. When the metal binding capacity of liver is exceeded, the excess amount of metals are sent to kidneys for
excretion [10]. Although muscle is not an effective tissue
in binding metals it is important to know metal levels in
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this tissue as far as food chain and human health is concerned.
Highest metal accumulation was observed in liver, gill
and kidney tissues of O. kisutch after long term of exposure
to Pb and Cd [20]. Highest levels of Pb, Cr, Cd, Cu and Zn
in gill liver and muscle tissues of five fish species caught
from Mersin Bay was in liver tissue followed by gill and
muscle tissues [21]. Tilapia zillii exposed to 1 ppm concentrations of Cu, Zn, Cd and Pb singly over 10 days accumulated higher amounts of these metals in their liver, gill and
brain tissues compared to muscle tissue [22]. Juvenile and
adult O. mykiss exposed to sublethal concentrations of Cd
over long periods accumulated higher levels of this metal
in their liver, gill and kidney tissues compared with brain
and muscle tissues [23]. C. gariepinus exposed to Cu, Zn,
Cd, Pb and their mixture, accumulation of Cu and Zn was
higher in liver and kidney followed by gill, spleen and muscle tissues whereas the levels of Cd and Pb was higher in
gill and liver followed by kidney, spleen and muscle tissues. These differences among the tissues in accumulating
metals can be explained by variances in metabolic activities of these tissues, Cu and Zn being trace, while Pb and
Cd being toxic elements and that metals are carried to liver
for detoxification and to kidneys for excretion.
Metal mixture had antagonistic effect on Cu accumulation in O. mykiss exposed to Cd, Cu and Zn mixture for
28 days [15]. Metal accumulation was higher in mixture
then in single exposures to Cu and Zn in F. heteroclitus
exposed to these metals over 48 hours [24]. Cd accumulation increased whereas Pb accumulation decreased in metal
mixture compared with single exposures in O. niloticus exposed to 1 ppm concentrations of Pb, Cd and their mixture
over 7 and 15 days [25]. Metal accumulation was lower in
mixture then in single exposure in C. carpio exposed to 0.5
Cu, 5.0 ppm Zn and the same concentrations of their mixture [7]. Liver, gill and muscle accumulations were also
lower in mixture then in single exposure in Tilapia nilotica
exposed to sublethal concentrations of Cd and Zn over 10
days [26]. No difference, however, was observed between
the single and mixture exposures to sublethal concentrations of Cd, Hg and Pb in O. aureus [27].
Gill, liver spleen and muscle accumulations increased
in C. gariepinus compared to control in fish exposed to Cu,
Zn, Cd, Pb and singly and in mixture. Accumulation in
metal mixture was lower compared with single exposures
at all metals and exposure periods. In conclusion it seemed
metal mixture had an antagonistic effect on metal accumulation in C. gariepinus, which might be due to competition
between trace and toxic elements.
The authors have declared no conflict of interest.
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ABSTRACT
In this study, acidic and metal complexation properties
of five humic acid samples, obtained from different source,
were investigated. Humic acid samples were extracted with
1 M NaOH solution and then precipitated using concentrated HCl. Thus, purified humic acid samples were used
in neutralization and Cu(II) complexation experiments. Purity of the humic acid samples varies between 75-85 %.
Structural analysis of purified humic acid samples were
performed by using FTIR, SEM and LC-MS methods. Molecular weights of them were determined by the aid of LCMS method. Distribution coefficients (KD) of humic acid
samples in convenient solvent were also investigated and
calculated. The data gained as a result of potentiometric titration were evaluated in Irwing-Rossotti method. Thus,
acidity constants of -COOH and -OH groups, that can release proton, and formation constants of Cu(II) - humate
complexes were determined. All experiments were performed at 2 oC and 25 oC.
Consequently, distribution of humic acids between
solid and liquid phases, mechanism of surface protonation
and metal-humate complexation are introduced through
this study.

KEYWORDS: humic substances, acid-base properties, thermodynamic properties, proton binding, metal complexation

1. INTRODUCTION
Humic substances are macromolecular compounds
emerging from degradation of plants in soil or surface water.
They can be classified under the “natural organic matter
(NOM)” category. Humic acids are chemically heterogeneous compounds having different functional groups such as
hydroxyl, carboxyl, phenolic-OH or amine with different
percentages [1]. The acid-base properties of humic substances have an important role on proton uptake/dissociation
* Corresponding author

equilibrium of soils and natural waters, together with the effect on heavy metal mobilization in environmental systems.
Since carboxylic groups of humic acids are dominantly responsible for acidic properties, the acidity constants of different humic acids are variable depending on their carboxyl
content [2, 3]. Carboxylic and phenolic ingredients of humic acids form stable complexes with heavy metal cations
via their donor O atoms. Explaining the acidic properties
of humic acid is necessary for understanding heavy metalhumic acid complexation.
Humic acids are described as polymers forming colloidal, polydispersed and weakly acidic polyelectrolytes in
aquatic media. They contain carboxylic and phenolic groups,
which give hydrophilic character, and also aliphatic and aromatic groups which give hydrophobic character. Due to
these functional groups, humic acids specify physical and
chemical properties of soils such as aggregate stability, sorption/desorption transport of organic compounds, complexation, mobilization and bioavailability of heavy metal cations. Additionally, the proton binding/release ability of
these acidic groups cause a buffering effect of humic acid,
which is explicit in a pH scale between 5.5 and 8.0 with a
maximum buffer capacity at pH = 6.0 [4, 5]. The occurrence of humic substance is the second important process after photosynthesis. Humic substance is the most stable form
of organic carbon in environment [6, 7]. It is widely used as
a source of raw material in production of chemicals. Both
natural and modified humic substances are used in production of surfactant and redox polymers, preparation of new
pharmaceuticals [8] or compost in agricultural applications
[9]. Humic substances can also act as radical scavenger via
fenolic groups [10]. Beside all these properties, humic substance helps the uptake of micronutrients by plant [9].
In this study, a convenient solvent was searched to dissolve humic acid effectively, and the distribution coefficient
of humic acid samples in this solvent were determined.
Structural characterization of humic acids was performed
using FTIR, SEM and LC-MS methods. The acidic constants of -COOH and -OH groups, and the formation constant of Cu(II)-humate complexes were calculated by the aid
of application of Irwing-Rossotti Method to the data gained
from potentiometric titration of humic acid samples.
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3. RESULTS AND DISCUSSION

2. MATERIALS AND METHODS
Dimethyl sulphoxide (DMSO), sodium perchlorate
(NaClO4), perchloric acid (HClO4), HCl and NaOH were
purchased from Merck Chemicals. The humic acid (HA)
samples were obtained from different source; i) HA 1: Turf
of Arifiye (extracted with O2/N2method), ii) HA 2: Turf of
Arifiye, iii) HA 3: Turf of Denizli-Tavas, iv) HA 4: Turf of
Afşin -Elbistan, v) HA 5: TKİ. HA2-HA5 were yielded by
conventional extraction method. The purity of the humic
acid samples varies between 75-85 %.
FTIR spectrums (Perkin Elmer Spectrum 100) and
SEM images (SEM, JEOL Ltd., JSM-5910LV) were performed using solid humic acid samples. LC-MS analysis
(Shimadzu LC-MS 8040 Triple Quadrapole) was applied
on 0.01% humic acid solutions in 1:1 DMSO:Distilled water solvent mixture. Distilled water and ethanol were used
as mobile phase A and mobile phase B, respectively. ESI
(electrospray ionization) was adjusted to be positive and
the voltage of ion source was chosen 4.5 kV. 5 mM NH4Ac
solution was used as ionization agent.
2.1 Solubility experiments

0.0100 g of each humic acid samples was weighed
(METTLER TOLEDO XS105DU) and stirred (WISD
MSH-20D) to dissolve in 100 mL of 1:1 DMSO:Distilled
water solvent mixture for 15 h at 25 oC in the presence of
0.01 mol/L NaOH. Ionic strength of solutions was maintained constant using 0.001 mol/L NaClO4 as an inert electrolyte. Colloidal solution was vacuumed through 0.45 µm
filter paper which was weighed before filtration. Following
the filtration, filter paper was dried at 105 oC (BINDER
ED115) for 2 h. All experiments were repeated at 2 oC.
Then, distribution coefficients (KD) and enthalpy of solubility were calculated for each humic acid samples.
2.2 Neutralization and complexation experiments

0.01% humic acid solutions was prepared by stirring
10 mg of humic acid samples with 1:1 DMSO:Distilled water for 15 h at 25 oC in the presence of 0.01 mol/L HClO4
and 0.001 mol/L NaClO4. 20 mL of these solutions was
separately titrated (SI Analytics 1400 automatic titrator,
which was priorily calibrated with pH 4.01 and 7.0 buffer
solutions.) with 0.1 N NaOH solution up to pH 13. Because
initial humic acid solutions contains blank, acidimetric titration was repeated for 20 mL of solution mixture containing 0.001 mol/L NaClO4 and 0.01 mol/L HClO4 as blank
experiment.

3.1 Identifying of humic acid samples

The FTIR data, selected from spectra, of all samples
were listed as following; 3781 cm-1, N-H stretching band of
amides; 3343 cm-1- 3170 cm-1, C-H stretching band of aromatic rings, inter/intra molecular H binding, O-H stretching
bands; 2900 cm-1, aliphatic CH2 stretching band; 2300 cm-12100 cm-1, CC or CN stretching band, mono substituted
aromatic rings; 1570 cm-1- 1550 cm-1, symmetric stretching
band of carboxylate, C=C conjugation bands; 1379 cm-11360 cm-1, asymmetric stretching band of carboxylate, CH3
bending bands, phenolic OH bands; 1179 cm-1- 1024 cm-1,
C-O stretching band of polysaccharides or alcohol groups;
950 cm-1- 880 cm-1, mono substituted alkene; 800 cm-1750 cm-1, long chain band, C-H out of plane bending of
aromatic ring. Investigation of IR spectrums shows that molecular structures of studied humic acid samples are similar
with the structure proposed by Schulten and Schnitzer [11].
So the main functional group which is responsible for acidic
properties of humic acid must be carboxyl groups. On the
other hand, phenolic and polyolic H+ can be activated at
higher pH values. IR spectroscopic data in a previous work
of the authors [12] showed that the humic acid used in experiments bears two different functional groups (i.e., carboxyl at 1620cm-1 and phenol at 1385, 1035 cm-1).
SEM images of humic acid samples are introduced in
Figs. 1 a-e. As seen from the figures, all humic acid samples show homogeneity. On the other hand, HA1 and HA2
have particulate structure, while HA3, HA4 and HA5 have
more layered like structure. HA3 and HA4 show fibrous
and spongy structure, respectively. The structural properties, such as molecular weight and intermolecular interactions, of humic acid samples obtained from different source
are different. These differences result in the differences of
SEM images.
The LC-MS spectrums (Figs. 2 a-e) of humic acid samples are nearly same. The reason of this situation can be
explained by applying the method to liquid phase of colloidal solution. Soluble species or molecularly distributed

Same procedure was applied to 20 mL of 0.01% humic
acid solutions for complexation experiments. But this time,
2.10-3 mol/L Cu(II) was additionally used in sample solution, and the mixture of 0.001 mol/L NaClO4, 0.01 mol/L
HClO4 and 0.01% humic acid solutions was used as blank
solution for alkalimetric titration. All titrations were performed for pH values between 2 and 13.
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(b)
(a)

(c)

(b)

(d)
(c)

(e)
FIGURE 1 - SEM images of humic acid samples (a) HA1, (b) HA2,
(c) HA3, (d) HA4, (e) HA5
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(e)
FIGURE 2 - LC-MS spectrums of humic acid samples ( a) HA1, (b)
HA2, (c) HA3, (d) HA4, (e) HA5

species (such as dimers) can exist in liquid phase, thus,
nearly similar species give same peaks in spectrums.
3.2 Results of solubility experiments

When dissolved in water, humic acids give hydrophylic colloid. Because of more H binding, high pH levels
cause more stable colloidal solution. Because sodium humate solution is a hydrophilic sol, there is a distribution
between solid phase and colloidal phase which is written
as below.
Solid phase

Sol phase

Thus, distribution coefficient (KD) values can be used
instead of equilibrium constants (K) in the Van’t Hoff
Equation (1).

 KDT 2 
H o
  
ln
R
 KDT 1 

1
1 
  
 T2 T 1 

tion is especially significant at low pH values. Whereas,
HA1 and HA3 show opposite behavior. For instance, while
the pH of HA4 solution achieves to 4 by exhausting 0.2 mL
of base solution at 2 oC, 2 mL of this solution is needed to
achieve same pH at 25 oC. The increase of acidic groups
concentration with increasing temperature must lead to this
difference. Because the disparity of energy between two
different temperatures enhances the internal energy of substance, many groups of humic acid, whose binding energy
is low and acidic character is strong, may be activated. This
temperature dependent activation in pH region between 2
and 4 may cause enhancement of the concentration of
acidic functional groups. The fact that this situation is not
observed for HA1 and HA3 can be explained by the lower
relative abundance of acidic functional groups.
3.4 Results of neutralization experiments

As observed from Fig. 3, differences between humic
acid titrations and blank curve in pH scale from 3 to 7
shows the existence of weaker acidic groups than HClO4.
These weaker acidic groups must be carboxylic groups
with different chemical environment.
Inspection of Figs. 3 a-e and Table 1 shows that while
acidic character and solubility of HA2, HA4 and HA5 are
similar, HA3 has the highest solubility at 25 oC.
Carboxylic groups having different chemical environment
may cause this buffering effect.
In application of Irwing-Rossotti Model, ǹA values are
found using V1 and Vb values from the potentiometric titration curves of blank and ligand using eqn. 2, and the
acidity constants are determined from the curve drawn between ǹA and pH [13].
(V1-Vb) (NB+[H+]i)

(1)

ǹA = y +

(2)
(Vo+V1) [HL]i

where, KDT1 and KDT2 are the distribution coefficients
for T2 and T1 temperatures, respectively. R is the gas constant (kJ/K mol), and Ho is the enthalpy of reaction
(kJ/mol). KD and thermodynamic values of solubility
were shown in Table 1. As seen from Table 1, solubility
reaction is an endothermic reaction that spontaneously occurs at room temperature.
3.3 Temperature Dependency of neutralization Reactions

The titration curves of HA2, HA4 and HA5 at 25 oC
are under the curves belonging the data at 2 oC. This situa-

where, Vo is the initial volume of solution (mL), V1 is
the base consumption beyond the titration of ligand (mL),
Vb is the base consumption to titrate blank, NB is the normality of base solution, [H+]i is the initial concentration of
acid (mol/L), and [HL]i is the initial concentration of ligand
(mol/L).
Calculated acidity constants between pH 4 and 7 (Table 2) belong to carboxylic acid groups, of which the chemical environment are different from each other, and/or
amine, diamine and aminoamid groups having different
chemical environment. But according to IR spectra, amine

TABLE 1 - KD and thermodynamic values of solubility reactions.

HA1
HA2
HA3
HA4
HA5

Distribution Coefficient
(KD)
25 oC
2 oC
0.08
1.95
0.70
5.24
0.86
12.59
1.19
7.40
0.30
6.98

% solubility
2 oC
8
41
46
66
23

25 oC
66
84
93
88
87

Mw
(g/mol)

Ho
kJ/mol

304-333
304-349
304-333
304-333
304-333

91.76
59.09
78.57
53.47
92.36
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Go
kJ/mol
2 oC
5.63
0.83
0.34
-0.40
2.77

So
kJ/mol
25 oC
-1.66
-4.10
-6.28
-4.96
-4.81

0.31
0.21
0.28
0.20
0.33

14
13
12
11
10
9
8
7
6
5
4
3
2

25 oC
2 oC
mL NaOH

0

1

2

3

4

2 oC
mL NaOH
1

2

3

4

(e)

14
13
12
11
10
9
8
7
6
5
4
3
2

pH

FIGURE 3 - Potentiometric titration curves of HA samples (a) HA1,
(b) HA2, (c) HA3, (d) HA4, (e) HA5, (10-2 mole/L HClO4, 10-3 mole/L
NaClO4, %0.01 HA, 0.1 N NaOH, VHA= 20 mL)
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25 oC
2 oC
mL NaOH
0

1

2
(d)

3

4

or amine derivated groups do not exist in the studied humic
acid samples. Thus, the pKa values in this pH region are
derived from carboxylic groups. Additionally, the pKa values between pH 8 and 11 come from phenolic groups. The
higher pKa values (11 < pH < 13) come from OH groups
of monosaccharide structure of humic acids. These findings conform with the literature knowledge which states
that humic acids have at least three distinctive pKa values
at different pH range [14, 15]. Campitelli and Ceppi [14]
have drawn potentiometric titrations curves between dQ
(Q; surface charge) and pH. Three distinctive region has
been observed on the graphs. They state that the pKa values
below pH 3.8 are sourced from strong acidic groups, the values between pH 4 and pH 7 are sourced from simple carboxylic groups, and the values higher than pH 8 are sourced
from phenolic and/or other weak basic groups. On the other
hand, Masini et al. [15] have searched acidic properties of
one type of humic acid sample by using non linear method,
and defined humic acids as a mixture of monoprotic acids.
They also stated that the six sited model gave better results
than the five cited model.
3.5 Results of complexation experiments

The model assumes that the initial mole number of
metal cation completely converts to metal-ligand complex.
The nature of the ligand determines the relative position of
titration curves of individual mineral acid, mineral acid/ligand mixture, and mineral acid-ligand/metal cation mixture
[13]. The alkalimetric titration curves of metal-ligand
(Cu(II)-HA) complexes are given in Figs. 4 a-e. If the situation is investigated on a curves belonging the Cu(II)-HA5
sample; the titration curve of metal-ligand complex is quite
close to other two curves especially at lower pH values. But,
it is dramatically drifted through x axis in a pH region between 4 and 12. The reactive species in the experimental
conditions are i) blank (HClO4), which is a strong acid, ii)
free ligand (humic acid), which is a weak acid and remainders from complexation, and iii) protons released through
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TABLE 2 - pKa values of functional groups calculated from Irwing-Rossotti Method.
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mL NaOH
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blank
blank+ HA
mL NaOH
0

1

2

3
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5

(c)

14
13
12
11
10
9
8
7
6
5
4
3
2

metal-ligand complexation. The amount of these protons is
equivalent to complexed metal ions. In the absence of
metal ion, blank and ligand exist in analyte solution. The
exhausted volume of base solution must be equal to the volume exhausted in the presence of metal cation. But, occurrence of buffer system causes more consumption. Inspection of titration curve of ligand explains that the buffer systems, sourced from weak acidic groups of humic acid, are
active at the pH values lower than 4, thus, ligand curve is
drifted through x axis by consuming of base solution in
comparison with blank curve. At higher pH values, as being a donor group, OH groups of humic acid settle in the
gap of coordination sphere of Cu(II). Thereby, formed coordinate covalent bonds cause to drift in curve through x
axis in the presence of metal cation in comparison with the
curve of blank-ligand mixture (Figs. 4 a-e).

pH

According to Irwing-Rossotti Method, the acidity constant of ligand is used in Eqn. 3, in calculation of ǹL and pL
values of the binary (metal-ligand) complex. Log K values
are calculated from the ǹL= f(pL) graph, plotted using the
ǹL and pL values [13].
(V2- (V1+Vb) (NB+[H+]i+ [HL]i (y- ǹA))
ǹL =

mL NaOH
0

1

2

3

4

5

6

(d)
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10
9
8
7
6
5
4
3
2

pH

blank
blank+ HA
blank + HA +
Cu(II)
mL NaOH
0

1

2

3

4

(3)
(Vo+V2) ǹA [M]i

blank

5

(e)
FIGURE 4 a-e Potentiometric titration curves of Cu(II)-humate complexes (a) HA1, (b) HA2, (c) HA3, (d) HA4, (e) HA5, (10-2 mole/L
HClO4, 10-3 mole/L NaClO4, %0.01 HA, 0.1 N NaOH, VHA= 20 mL)

where, V2 is the base consumption to titrate metal-ligand complex (mL), [M]i is the initial concentration of metal
cation (mol/L), and y is the proton number released from
ligand.
It is possible to explain the high K values by binding
of more than one metal ion with donor groups of humic
acid through complexation. The decreasing of Log K values with increasing pH can explain by decreasing in concentration of functional group where Cu(II) binds. These
results conform with the literature knowledge mentioned
that the conditional stability constant of copper complexation with the three fractions of fulvic acid were in the order
5.04-5.52 [16]. On the other hand, molecular weight fractionated humic acid samples were determined from Fukushima et al [17]. It was found that the copper(II) binding
constants of the molecular weight fractionated humic acids
were in the range of 6.0-6.6 while the binding constant of
unfractionated humic acids were smaller. They mentioned
that intermolecular interaction between molecular weight
fractionated humic acid causes decreasing of Cu(II) binding constants [17]. The low molecular size fractions of fulvic and humic acids have more carboxylic groups behaving
as donor sites for heavy metals. Thus, they will complex

TABLE 3 - The stability constants of Cu(II) – Humate complexes

Cu(II) - HA1
Cu(II) - HA2
Cu(II) - HA3
Cu(II) - HA4
Cu(II) - HA5

pH
5.5-6.0
3.4
4.4-4.6
5.6-6.0
4.6

HA/Cu(II)
1:10
1:10
1:10
1:10
1:10

Log K1
17.971.37
40.61
18.990.90
7.181.62
41.72
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pH
6.0-6.3
4.0-4.5
4.6-5.0
5.8-6.5

HA/Cu(II)
1:5
1:5
1:5
1:3

Log K2
17.360.65
23.742.43
16.710.72
27.283.00
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with copper more strongly than higher molecular size fractions [18,19]. The fact that complex formation occurs at pH
between 5 and 6 is thought that the dominant species complexed with metal cation are carboxylic groups having different chemical environment. Log K values are cumulative,
and equal to sum of Log  values of each Cu(II)-carboxylic
group binding.

[7]

Österberg R., Shirshov, L., (1997) Oscillating, nonequilibrium redox properties of humuc acids, Geochimica et Cosmochimica
Acta, 61 , 4599-4604.

[8]

Khil’ko, S. L., Efimova, I. V., Smirnova, O. V., (2011) Antioxidant properties of humic acids from brown coal, 45, 367-371.

[9]

Dhanapal, S., Sekar, D.S., ve Manasa, P. (2014) Enhancement of
antioxidant potential in musa accuminata using humic acid, International Journal of Agriculture Innovations and Research, 2, 429435.

[10] Seffner, W. (1995) Effects of humic acid on the availability of iodine in the food, investigated with the histometric assessment of
the thyroid gland, Conference Paper Mengen- und spurenelemente-15 Arbelstagund.

4. CONCLUSION
In this study, acidic constant of humic acid samples
and cumulative formation constant of Cu(II) - humate complexes were calculated by using Irwing-Rossotti Method.
Unlike from the studies existed in literature, solubilities of
humic acid samples in solvent used in experiments, and the
distribution coefficients of them are considered in calculations. Molecular weights of the samples were determined
to be between 300-350 g/mol. Solubility reaction is an endothermic reaction and the reaction spontaneously occurs
at room temperature. The humic acid samples are mainly
constructed with monosaccharide, carboxylate, phenolic
groups and aliphatic chain. Carboxylic, phenolic and polyolic groups of these humic acid samples cause acidic properties of the samples. Log K values of humic acid samples
are found between 7 and 40 and 16 and 27 for Log K1 and
for Log K2, respectively. As a result of the experiments it
is decided that while humic acid binds to Cu(II), more than
one carboxylic groups interact to metal cation.

[11] Schulten H.R, Schnitzer M., (1993) A state of the art structural
concept for humic substances, Naturwissenschafien, 80, 29-30.
[12] Hizal J., Apak R., (2006) Modeling of copper(II) and lead(II) adsorption on kaolinite-based clay minerals individually and in the
presence of humic acid, J. Colloid Interface Sci., 295, 1-13.
[13] Anilanmert B., Pekin M,. Apak R., (2010) Investigation of the Formation of Copper(II)-Tryptophane-Aspirin Ternary Complexes,
Asian Journal of Chemistry, 22, 8060-8072.
[14] Campitelli P., Ceppi S., (2008) Effect of composting technologies
on the chemical and physicochemical properties of humic acid,
Geoderma, 144, 325-333.
[15] Masini J.C., Abate G., Lima E.C., Nakamura M.S., Lichting J.,
Nagetomy H.R., (1998) Comparison of methodologies for determination of carboxylic and phenolic groups in humic acids, Analytica Chimica Acta, 364, 223-233.
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ISOLATION AND CHARACTERIZATION OF A
DIESEL OIL DEGRADING BACTERIAL STRAIN
FROM OIL POLLUTED SOIL OF PARS SPECIAL
ECONOMIC ENERGY ZONE (ASSALOUYEH, IRAN)
Farshid Kafilzadeh* and Roghayeh Keshavarz
Department of Biology, Jahrom Branch, Islamic Azad University, Jahrom, Iran

ABSTRACT
Diesel, a refinery product of crude oil constitutes is a
major source of pollution in our environment. In the present study six different bacteria were isolated and identified
from the soil around Pars special economic energy zone
(Assalouyeh, Iran). The isolate with higher growth was identified as Pseudomonas aeruginosa strain RK64 based on
16S rDNA gene sequence analysis. The optimum pH that
supported growth of strain RK64 was between pH 7.0 to 8.0.
The strain exhibited maximum growth between 30 and 40ºC.
The maximum growth was observed in 6% concentration
of diesel and potassium nitrate caused the highest growth
of isolates on diesel compared to other nitrogen sources.
The strain also showed high cell surface hydrophobicity
and emulsification index over a period of 7 days and surface tension was obtained 33.3 ± 0.5 mN/m. GC-MS analysis showed that 99.5% of the diesel oil was degraded by
the strain after one week of incubation. The current research
showed high potential of P. aeruginosa RK64 in biosurfactant production and diesel oil degradation.
KEYWORDS: Pseudomonas aeruginosa, Bioremediation, Diesel
oil, 16S rDNA, Emulsification.

1. INTRODUCTION
Increasing industrial activities and technological progress have increased a drastic demand in usage of petroleum hydrocarbons [1]. Diesel oil, a complex hydrocarbon
pollutant is a mixture of alkanes and aromatic compounds
that are frequently reported as soil contaminants [2]. Diesel
oil, one of the major products of crude oil, is a great source
of pollution in the environment. Long distances transports
are responsible for great quantities of diesel oil spills on the
soils. Therefore it enters into the environment through wrecks
* Corresponding author

of oil tankers, cleaning operations of diesel tanks by merchants, war ships carrying diesel oil and motor mechanics
[3]. Remediation of petroleum contaminated sites could be
achieved by either physicochemical or biological methods.
Due to negative consequences of the physicochemical approach, more attention is now given to utilization of biological alternatives [4]. Bioremediation that relies on effective microorganisms to degrade toxic compounds is an attractive approach for cleaning up contaminated sites. Its
natural process is simple to operate, applicable for a large
amount of space, low cost and useful for complete removal
of most contaminants [5].Microbial molecules with surface
active agents and emulsifying activity are classified as biosurfactants [6]. Biosurfactant increase the emulsification
and solubility of hydrocarbons pollutants and resulting in
enhancement of their bioavailability for bacteria [7]. Various species of bacteria such as Pseudomonas fluorescens
[8], Pseudomonas aeruginosa [8,9], Bacillus subtilis [10],
and Acinetobacter baumannii [11] have been reported for
diesel degradation.
The present study aimed to isolate and identify diesel
oil degrading bacteria from the soil around Pars special
economic energy zone (Assalouyeh, Iran). Optimum Physicochemical parameters for efficient degradation of diesel
oil by superior isolate were surveyed. Furthermore, evaluated the cell surface hydrophobicity, surface tension and
emulsification capacity of the isolate.

2. MATERIALS AND METHODS
2.1. Soil sampling

Contaminated soils with crude oil were collected from
high polluted area around Pars special economic energy
zone (Assalouyeh, Iran) from 0 to 10 cm depth with sterile
snapper in the year 2013. All Samples were stored in sterile
containers containing ice and transferred to the laboratory
as soon as possible. Microbial experiments were performed
immediately. Used laboratory chemical in this study were
prepared from Merck Company, Germany.
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2.2. Isolation and identification of diesel-degrading bacteria

One gram of soil samples was suspended in 10 ml of
sterile saline solution (0.9% NaCl) and vigorously shaken
for 5 min. The enrichment culture media consisted of a
modified basal salt medium (pH 7.0) supplemented with
2% (v/v) diesel (density is 0.89 g ml-1) as sole carbon
source composed of (per liter of distilled water): KH2PO4,
1.360 g; Na2HPO4, 1.388 g; MgSO4, 0.01 g; CaCl2, 0.01 g;
(NH4)2SO4, 7.7 g; and 100 ml of a mineral solution containing 0.01 g of ZnSO 4 .7H 2 O, MnCl 2 .4H 2 O, H 3 BO 3 ,
CoCl 2 .6H 2 O, FeSO4.2H2O, CuCl2.2H2O, NaMoO4.2H2O.
The flasks were incubated at 30°C and 150 rpm for 7 days.
The controls were devoid of inoculums. Isolates exhibiting
distinct colonial morphologies were isolated by repeated sub
culturing into basal salt medium and solidified basal salt
medium until purified strains were obtained [12]. Pure cultures of bacterial isolates were identified on the basis of
their colonial and cellular morphology and biochemical
tests according to the taxonomic scheme of Bergey’s Manual of Determinative Bacteriology [13].
2.3. 16S rDNA gene sequencing

(12 h) up to 108 h and bacterial growths were measured
with spectrophotometer at 600 nm.
To study the effect of temperature on bacterial growth,
MSM supplemented with 2% of diesel oil was incubated at
different temperature such as 25, 30, 35, 40 and 45°C to
find optimum temperature. Other steps were performed as
described above in the stage of pH effects investigation.
2.5. Effect of various concentrations of diesel oil

For this purpose, mineral salt medium (MSM) supplemented with different concentrations of diesel oil from 2 to
10% (v/v) was used as substrate. The flasks were inoculated with strain and incubated at 37°C under shaking condition (120 rpm). Controls, without inoculation of strain,
were incubated under similar conditions too. At regular interval of time (12 h) the growth of the bacterial strain was
measured by recording optical density at 600 nm.
2.6. Effect of nitrogen sources

To study the effect of nitrogen sources on growth, MSM
were supplemented with 2% of diesel oil along with 0.77%
(w/v) of nitrogen sources such as sodium nitrite, ammonium
sulphate, ammonium chloride and potassium nitrate. 250 ml
Erlenmeyer conical flasks were inoculated with 1.5 optical
density inoculum size of strain was incubated at 37°C under shaking condition (120 rpm). Controls, were kept under
similar condition. Samples were collected at regular intervals of time (12 h) up to 108 h and bacterial growths were
measured.

The best degrader of diesel oil was selected based on the
growth of bacterial species on diesel oil and identified by
16S rDNA gene sequence analysis and used for further studies. DNA extraction was done with the Cinnagen company
kit program (DNP kit, CinnaGen, Iran). For PCR amplification, two universal primers for the Domain Bacteria,
(F 5'-ACTCCTACGGGAGGCAGCAG-3') and (R 5'TGACGGGCGGTGTGTACAAG-3') were used as sense
and antisense primers, respectively. The reaction mixture
was prepared to a total volume of 25 μl containing: 1μl
dNTP, 10 μl MgCl2, 2.5 μl 10x PCR buffer, 5 μl of each primers, 2 μl template DNA, 2 μl Taq polymerase. The reaction
mixture was incubated in a thermal cycler with an initial
denaturation step at 94 ºC for 3 minutes, followed by 35 cycles
of denaturation at 94 ºC for 60 seconds, annealing at 58 ºC for
60 seconds and extension at 72 ºC for 60 seconds and a final
extension step at 72 ºC for 10 minutes. PCR product was analyzed in 1% agarose gel stained with ethidium bromide.
Gels were photographed by Gel Doc system. DNA sequences of the cloned 16S rDNA fragments compared using BLAST at http://www.ncbi.nlm.nih.gov/BLAST/ (National Center of Biotechnology Information, NCBI.

Bacterial adhesion to hydrocarbon (BATH) test was
performed to assess the cell surface hydrophobicity according to Rosenberg et al. (1980) [14]. Bacterial cells were harvested by centrifugation at 10,000 × g for 10 min at 4ºC and
washed twice with PUM buffer (KH2PO4, 7.2 g/L; K2HPO4,
19.7g/ L; Urea, 1.8 g/L and MgSO4.7H2O; 0.2 g/L). The
cells were again suspended in PUM buffer to fit an optical
density of 1.0 (A0) at 600 nm. Two mL of cell suspension,
0.5 mL of diesel was added and stirred for 2 min. The optical
density of aqueous phase was measured (A1) after 10 min of
equilibration. The degree of hydrophobicity was calculated
using the formula: H% = [1-(A0-A1)/A0] × 100

2.4. Effect of pH and temperature

2.8. Screening for biosurfactant and bioemulsifier production

The best diesel oil degrading bacterium was cultured
in Luria Bertani (LB) broth and incubated at 37°C for 24 h.
Then the culture was centrifuged at 5000 × g for 10 min,
the pellets were collected and washed twice with saline to
remove the trace amount of LB medium. To study the effect of pH on growth, MSM supplemented with 2% of diesel oil was adjusted to different pH 4-11 using HCl or NaOH.
250 mL Erlenmeyer conical flasks containing 100 mL MSM
were inoculated with 2 mL of 1.5 OD inoculum size of strain
and incubated at 37°C under shaking condition (120 rpm).
Control, without inoculation was kept under similar condition. Samples were collected at regular intervals of time

Isolate was cultivated on the enrichment medium containing diesel oil as the sole carbon source at 30ºC for 7 days
using the enrichment conditions. The medium was centrifuged (7000 rpm for 20 min) and the surface tension of the
cell-free culture broth was measured with a surface tensiometer (Kruss K10 ST, Germany) as a qualitative indicator
of biosurfactant production. The broth culture was collected with a Pasteur pipette to remove the non-emulsified
hydrocarbons. The emulsifying capacity was evaluated by
an emulsification index (E24). The E24 of culture sample
was determined by adding 2 mL of diesel oil to the same
amount of culture, mixed for 2 min with a vortex mixer and

2.7. Bacterial adhesion to hydrocarbon (BATH)
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allowed to stand for 24 h. E24 index was determined using
the following equation:
E24(%) = (Height of the emulsion layer/Total height) × 100
Measurements were also conducted with cell-free supernatants [15].

rium from the gene bank. The homology between sequences obtained from 16S rDNA and gene bank showed
P. aeruginosa with 99% similarity. The 16S rDNA gene
for this bacterium was registered in the NCBI gene bank,
and their accession numbers was as P. aeruginosa strain
RK64 Accession: 222547.

2.9. Gas Chromatography- Mass Spectrometry (GC-MS) analysis

3.2. Effect of pH and temperature

Figure 2 shows the growth of P. aeruginosa RK64 at
different pH in MSM containing 2% diesel oil. The optimum pH for growth by strain RK64 was found between pH
7.0 and 8.0. The growth of the strain was decreased while
decreasing or increasing the pH. Figure 3 shows the growth
of strain at different temperature in MSM containing 2%
diesel oil. Strain RK64 exhibited optimum temperature between 30 and 40ºC. The minimum growth was observed at
45°C (p<0.05).

GC-MS analysis was done for detecting the degradation effect of diesel oil. After the incubation period, 5 ml
of the cultures were extracted twice with 20 ml of n-hexane
as a solvent by using separatory funnels to remove the cellular material. The extracts were transferred to tared vials.
The volume of each extract was adjusted to 100 ml by adding more n-hexane, and vials were kept at 4 °C until the gas
chromatographic analysis was carried out. Uninoculated
control was incubated in parallel to monitor abiotic losses
of the substrate.
The degradation effect of diesel oil was detected by
GC-MS (HP 5890 series II), which was equipped with a
DB 5 capillary column (30 m× 0.25 mm internal diameter) with a 0.25-μm film thickness. The column temperature was held at 50°C for 1 min and then programmed to
increase to 320°C at 5°C/min. This final temperature was
held for 10 min. Injector, transfer line, and detector temperatures were set at 290, 290, and 320°C, respectively.
The samples (1 μl) were injected in the splitless mode, using helium as the carrier gas, at a flow rate of 1.1 ml/min.

3.3. Effect of various concentrations of diesel oil

Effect of various concentrations of diesel oil for
growth of strain RK64 was evaluated. Concentrations of 210% were used for this degradation studies in which MSM
containing 6% of diesel oil showed maximum growth of
strain RK64 (p<0.05), as shown in Figure 4. Minimum
growth was observed in 2% concentration of diesel oil.
3.4. Effect of nitrogen sources

Various inorganic nitrogen sources such as NaNO2,
(NH4)2SO4, NH4Cl and KNO3 were tested for the growth
of strain RK64. Nitrate gave the highest growth on diesel
compared to other nitrogen sources (p<0.05) while there
was no significant difference in terms of growth on ammonium chloride, ammonium sulphate or on nitrite (p>0.05)
(Fig. 5).

3. RESULTS
3.1. Identification of diesel oil degrading bacteria

The results obtained from morphological and biochemical tests are shown in Table 1. Six bacteria were identified
including Pseudomonas aeruginosa, Alcaligenes faecalis,
Pseudomonas putida, Klebsiella pneumoniae, Citrobacter
freundii, and Staphylococcus epidermidis. Pseudomonas aeruginosa showed the highest growth implying efficient cellular assimilation of diesel to carbon source for growth and
energy (Fig. 1). The sequences of 16S rDNA of this bacterium were compared with sequences of registered bacte-

3.5. Cellular hydrophobicity, emulsification index and surface
tension

The cell surface hydrophobicity and surface tension of
strain RK64 was obtained 91.1 ± 0.8 and 33.3 ± 0.5 mN/m,
respectively. Emulsification index of the biosurfactant for
cell residue and supernatant were measured as 75.2 ± 0.9
and 5.5 ± 0.25, respectively over a period of 7 days.

TABLE 1 - The results of morphological and biochemical tests

Motility

Spore
formation

Cell shape

Citrate

LD

Gelatinase

Urease

Oxidase

Indole

Catalase

VP

H2S

Starch

Nitrate
reduction

P. aeruginosa
P. putida
A. faecalis
C. freundii
K. pneumoniae
S. epidermidis

Gram stain

Bacteria

+

+
+
+
+
-

-

Rod
Rod
Rod
Rod
Rod
Cocci

+
+
+
+
-

+
+
+
+

+
-

+
+
+

+
+
+
-

-

+
+
+
+
+
+

+

+
-

-

+
+
+
+
+
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FIGURE 1 - Growth curve of diesel-degrading isolates on medium supplied with 2% diesel
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FIGURE 2 - pH Effect on the growth of strain RK64 at 37°C
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FIGURE 3 - Temperature effect on the growth of strain RK64 at pH 7
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FIGURE 4 - Effect of various concentrations on the growth of strain RK64 at pH 7 and 37°C
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FIGURE 5 - Effect of nitrogen sources on the growth of strain RK64 at pH 7 and 37°C

3.6. GC-MS analysis

The biodegradation of diesel oil by strain RK64 was
confirmed by GC-MS analysis. GC-MS chromatogram
showed reduction in the intensity of diesel oil peaks after
the degradation with strain RK64 when compared with
control diesel oil. The study shows that strain RK64 was
able to degrade 99.5% of the diesel oil within 7 days of
incubation at initial pH 7 and 30°C.

4. DISCUSSION
Microorganisms play important roles in the natural environment; they contribute to the geological cycle of elements and transformation of natural chemicals. A vast array of microbial flora with capability of utilizing the hydrocarbons as energy and carbon sources can be isolated
from contaminated sites such as harbor [16].
In the current study, P. aeruginosa strain RK64
showed the highest growth on medium supplied with 2%

diesel. Accordingly, strain RK64 was chosen for further
studies. Results shown that there was a high correlation between cellular growth and diesel assimilation in microbes
[17]. There for it is very important to optimize the environmental conditions for the enhancement of bacterial growth.
In order to design an effective bioremediation strategy, it is
necessary to identification of optimum condition. Medium
conditions such as pH play an important role in bacterial
growth. pH changes simply by the production and accumulation of bacterial waste products. In the present research
optimal pH that supported growth of the bacterium was between pH 7.0 to 8.0. The growth of the bacterium was decreased while decreasing or increasing the pH. There are a
lot of other bacterial strains that need the neutral or near
neutrality pH for the optimal growth on diesel [18]. According to Whang et al. [19] maximum microbial growth
and diesel biodegradation was found to be at pH 7.2, while
decreasing or increasing the pH, considerably reduced the
degradation efficiency. Based on Figure 3, strain RK64 exhibited optimum temperature between 30 and 40ºC. Growth
decreased dramatically at higher temperature (45ºC). Tem-
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perature of 30oC was reported to be the most optimum temperature for diesel degradation [9]. Nonetheless growth
was reported at the lower temperature optima between 10
and 25ºC [20], and at 27oC [18]. Marquez–Rocha et al [21]
found that 37ºC was the optimum condition for growth of
a tropical diesel degrading bacterium. In the current study
effect of various concentrations of diesel oil (2%, 4%, 6%
8% and 10%) on growth of strain RK64 was evaluated. The
growth of strain reached its maximum at concentration of
6% when diesel was supplied as a hydrocarbon source. The
growth of the bacterium was increased with increase of diesel concentration. However, the strain RK64 not possesses
higher growth at above 6% diesel oil concentration and
growth stopped at 10% concentration. Similar range of optimal diesel concentration supporting growth was reported
in Acinetobacter sp. strain DRY12 [12]. At low concentration Diesel is needed as a carbon source but at a certain
concentrations, diesel can be toxic to microorganisms due
to the solvent effect of diesel which destroy bacterial cell
membrane. This is why a lot of biodegradation studies on
diesel are carried out using lesser diesel concentrations
ranging from 0.5 to 1.5% [22]. Strain RK64 was able to
grow and tolerate higher diesel concentration suggesting
this strain as a good candidate for diesel oil bioremediation.
This high tolerance is not surprising since the soil around
Pars special economic energy zone (Assalouyeh) has been
polluted with diesel for several years and adaptation process favoring high diesel tolerance strains had occurred.
The nitrogen source affects the growth and metabolic activities of the organisms. Potassium nitrate (Fig. 5) was found
to be the most suitable nitrogen source for bacterial growth.
Although the elemental nitrogen content of (NH4)2SO4 was
much higher than KNO3 at 0.77% (w/v), nitrogen in the latter
is the better bioavailable form. Similarly Dahalan et al. [12]
reported that potassium nitrate is the best source for maximum growth of Acinetibacter sp. strain DRY12. In contrast,
Pseudomonas sp. strain DRYJ3 requires ammonium sulphate for optimal growth [17] while Staphylococcus aureus
strain DRY11 grows optimally on nitrite [23]. Biosurfactants are microbial molecules that enhance solubility and
bioavailability of substrates. These molecules reduce surface and interfacial tensions in both aqueous solutions and
hydrocarbon mixtures making them potential agents for bioremediation [6]. Biosurfactant activity can be measured
by changes in surface and interfacial tensions and emulsification/ emulsion stabilization. Microbial candidates for
biosurfactant production are expected to decrease surface
tension to around 35mNm-1 [15]. In our work, we achieved
reduction in surface tension to 33.3 ± 0.5 mNm-1. Another
approach for screening potential biosurfactant producing
microorganisms is the estimation of the emulsification index (E24). The emulsifying capacity of cell residue and supernatant evaluated by the emulsification index were 75.2
± 0.9% and 5.5 ± 0.25, respectively in the culture of strain
RK64 over a period of 7 days. It also showed high cell surface hydrophobicity over a period of 7 days (91.1 ± 0.8%).
The cell surface hydrophobicity was related to the biosurfactant secreted on the cell surface, helping adhesion of mi-

croorganisms to the hydrocarbons, and resulting in the effective degradation [14]. From the point of view of microbial degradation, dissolution and emulsification of hydrocarbons appeared to have a positive effect on degradation
rate [24]. In the current work, it was observed that strain
RK64 seemed to be capable of utilizing the carbon source
and producing biosurfactant. This is evidenced by its high
cellular hydrophobicity. The high emulsifying activity of
its cell residue also indicates its ability for intimate contact
with diesel oil, most likely due to the hydrophobic characteristics of the cell surface. The hydrophobicity may originate from its unique cell wall composition or from cell wall
bound substances produced in a hydrocarbon rich environment [25]. However, no substantial emulsification was
achieved with the supernatant extract (5.5 ± 0.25), indicating that the emulsifying activity was not extracellular.
GC-MS analysis showed that 99.5% of the diesel oil
was degraded by strain RK64 after one week of incubation.
Similarly Shukor et al. [23] reported that 100% of diesel oil
was degraded by S. aureus strain DRY11 after 5 days of incubation. A. baumannii also was able to degrade more than
99% of the diesel oil within 5 days of incubation [11].

5. CONCLUSION
The present study focused on the degradation of diesel
oil by P. aeruginosa strain RK64 isolated from soil of Pars
special economic energy zone (Assalouyeh, Iran). The success of oil bioremediation depends on the ability to optimize various physical and chemical conditions in the contaminated sites. The strain RK64 was able to degrade
99.5% of diesel oil at concentration of 2% (v/v) after one
week of incubation. The biosurfactant secreted by its displayed good emulsification activity on diesel oil. Thus the
current research shows indicated the potential application
of P. aeruginosa RK64 in biosurfactant production and
diesel oil degradation.
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ABSTRACT
This paper presents the use of UV-VIS spectrophotometry as a means of determining ecotoxicity. The method is
based on spectrophotometric measuring of micro-algae
Pseudokirchneriella subcapitata in water suspension. Six
non-steroidal anti-inflammatory drugs (paracetamol, diclofenac, salicylic acid, ibuprofen, naproxen and ketoprofen)
were selected as target compounds because they are the
most commonly used human pharmaceuticals, which also
means they are significant environmental pollutants. The
72hEC50 method was chosen for determination of ecotoxicity. The results reveal paracetamol (104 mgL-1) and particularly ketoprofen (9 mgL-1) as potentially ecotoxic compounds for aquatic organisms.
KEYWORDS: ecotoxicity, non-steroidal anti-inflammatory drugs,
UV-VIS spectrophotometry

1. INTRODUCTION
In recent years, the question of how pharmaceuticals
infiltrate the environment has become very topical. From
the viewpoint of analytical chemistry, these compounds
might be “new” pollutants, but they have in fact been penetrating the environment for a long time. Higher consumption and wrong techniques of disposals of medication in
households are the main reasons for the increase in concentrations in the aquatic system [1,2]. When medication is
used, majority of pharmaceuticals are not eliminated completely in organism and thus they pass into the wastewater
completely unchanged or as a mix of various metabolites
[3]. The wastewater treatment plant (WWTP) effluent effectively supplies pharmaceuticals into the environment
because elimination of these substances during cleaning
processes is only partial [4-6]. Low concentrations (μg L-1,
mg kg-1) of such substances has been shown to impact the
quality of the surface water [7,8] and in soils [9,10]. Owing
* Corresponding author

to this continuous impact on aquatic ecosystems, as well as
the fact that most of them have been in use for a long time,
these compounds are considered pseudo-persistent contaminants as their introduction rates in the aquatic environment exceed their degradation rate [7]. Furthermore, WWTPderived sewage sludge is commonly applied to agricultural
land as fertilizers and reclaimed wastewater is used for agricultural land irrigation, providing another pathway for
pharmaceuticals into the terrestrial environment [11,12].
Industrial effluents have traditionally been regulated using methods with unspecified responses and measuring
global parameters, such as the dissolved organic content or
the chemical oxygen demand. Moreover, information on biological effects is unknown. For all of these reasons, rapid,
simple, sensitive and, at the same time, cost-effective analytical strategies are required to offer specific analytical information and evaluation of effects. Consequently, a range of
acute toxicity bioassays have been developed to establish the
toxicity levels of compounds for aquatic organisms. These
tests are based on the use of micro-organisms, plants, invertebrates and fish [13]. Acute ecotoxicity is not the only risk
associated with the discharge of pharmaceuticals into the environment; genotoxicity, development of pathogen resistance, and endocrine disruption [14, 15] are factors as
well. Standard ecotoxicity assays provide a way to determine
some of the effects, such as acute or chronic toxicity, on organisms of different trophic levels. Different species of fish,
crustaceans and algae are often used for this purpose; however, other microorganisms, such as bacteria, have also been
used in these studies [16]. Toxkit microbiotests are well
suited for screening the ecotoxicity of chemicals in aquatic
and terrestrial environment [13].
Some of the pharmaceuticals present a considerable
threat for aquatic organisms even at very low concentrations [17] and many effects and negative impacts remain
unknown [18]. These substances are biological active compounds with different physical-chemical and biological
properties and as such display great tendency to bioaccumulation. The transport of these pollutants through the
biomembranes is facilitated via passive diffusion where the
hydrophobicity of the compound (logP) describes their per-
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meability, or via facilitated diffusion and active transport
due their ionization and other transformation processes
[2,19-21].
Most of the pharmaceuticals identified in surface waters are non-steroidal anti-inflammatory drugs (NSAID)
commonly used to treat symptoms such as fever, pain conditions and inflammation [22]. These substances are among
the most common and widely used group of human pharmaceuticals, with more than 30 million prescriptions made
every day [23, 24]. Additionally, the large use is caused by
the fact that many drugs in this group do not require medical prescription [2,25]. Diclofenac, ibuprofen and naproxen
are the most frequent and account for 45% of global
NSAIDs sales [23]. Consequently, >90% of NSAIDs are
used by individuals aged 65+ [26].

Pseudokirchneriella subcapitata and ISO Standard 8692
Fresh water algal growth inhibition test with unicellular
green algae, however we adjust requirement for measuring
in our laboratory. The six most frequently used acidic drugs
[27] (Fig.1) from the group of NSAIDs (paracetamol, diclofenac, ibuprofen, naproxen, ketoprofen and salicylic
acid) were selected.

2. MATERIALS AND METHODS
2.1 Reagents

All solutions are prepared from deionized water. Standards of NSAIDs (paracetamol, diclofenac, ibuprofen,
naproxen, ketoprofen and salicylic acid) are all from SigmaAldrich, Germany.
2.2 Conditioning and cultivation of micro-algae

The suspension of micro-algae in the growth medium was
used from pre-owned set of Algaltoxkit FTM. The organism
was stored and cultivated in an incubator (ES 110 Cooled Incubarot, NÜVE, Turkey) with room temperature and constant
uniform illumination (24±2 °C, 3000–4000 Lux). The original
suspension of micro-algae was prepared by dissolution of algal beads from the set of Algaltoxkit FTM. The inert liquid
in the tube with immobilized algal beads was poured out
and was replaced with 5 ml of the “matrix dissolving medium” from the set. After thorough shaking in vortex
shaker Autovortex SA6 (Stuart Scientific, UK) the suspension was centrifuged (NF 800, NÜVE, Turkey) for 10 min
at 3000 RPM. The supernatant from the tube was poured
out, replaced by 5 ml of deionized water and the whole procedure was repeated. After decantation of supernatant the
algae was resuspended in 10 ml of “algal growth medium”
from the set.
For dissolving of concentrated algal inoculum, the “algal culturing medium” was prepared from nutrient solutions according to ISO Standard 8692. Before use, this medium was always bubbled with air compressor, to increase
the level of dissolved oxygen.
2.3 Spectrophotometry

FIGURE 1 - Chemical structure of selected NSAIDs.

This study is focused on determining ecotoxiticity of
selected NSAIDs using UV-VIS spectrophotometry. The
main purpose of this paper was to develop method for students and common laboratories which will be affordable
for laboratory practices. The method is based on an alternative test of ecotoxicity Algaltoxkit FTM with micro-algae

UV/VIS spectrometer HACH DR/4000U (HACH
Company, USA) was used for measuring of absorbance of
solutions. For fastening of glass cuvettes with 10 cm path
length (Sigma-Aldrich, Germany) in spectrophotometer, a
special handmade holder was developed. A suspension of
algae in “algal culturing medium” was moved into the glass
cuvette, tightly closed with the lid and thoroughly shaken
to distribute the suspension evenly. Immediately after
shaking the absorbance of cell chlorophyll was measured.
The absorption maximum was experimentally determined
at 680 nm (Fig. 2), by measuring of algae suspension in
visible range of spectra (400–800 nm). 10 subsequently
dissolved suspensions were measured (from original concentrated algal inoculum to 1% suspension) with 1.25%
standard deviation of absorption maximum.
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FIGURE 4 - Relationship of number of algal cells to absorbance (y =
1.106 x + 23949; R2 = 0.9935)
3.2 Determination of ecotoxicity 72hEC50 of NSAIDs

3. RESULTS AND DISCUSSION
3.1 Calibration and verification of linearity of absorbance of
algal cells

For verification of linearity of absorbance, the algae suspension in “algal culturing medium” was subsequently dissolved and the absorption maximum at 680 nm was measured (Fig. 3). The results from this measurement indicate
that the high limit is located about absorbance equal to 1.
Based on the relationship between absorbance of algal cells
and their number, the samples of suspensions under this limit
(1–50 % of original concentrated algal inoculum) were subsequently applied into Bürker cell counting chamber and
measured using microscope Biolux NV 20x-1280x (Bresser,
USA). From these measurements the linear regression was
calculated (Fig. 4) and was used for all following test.
2
A (‐)

From each standard of six selected NSAIDs, 6 solutions in concentration range 20–640 mgL-1 were prepared.
A volume of algae suspension was added to each solution
so that the final number of algal cells represented about
100 000 cells in 1 ml of suspension. For each standard of
drug 3 lines of solution (20, 40, 80, 160, 320 and 640 mgL1
) were prepared and 3 blind tests in volumetric flasks already containing the suspension of algal cells were carried
out. After refilling the flask, the whole volume was moved
into the glass cuvette and closed with the lid.
The method “half maximal effective concentration after 72 hours” (72hEC50) was chosen for determination of
ecotoxicity of NSAIDs. The first measurement of absorbance was performed immediately after preparation of suspensions and subsequently after 24 hours. The glass cuvettes
were stored in an incubator with temperature 24±2 °C and
constant bottom illumination (3000–4000 Lux). The lid on
the cuvette was slightly lifted up for gas exchange. After
72 hours was the final measurement performed and the test
finished. It was noticed significant decrease of chlorophyll
at any samples, when the green color of suspension becames to yellow and brown.
The measured results of absorbances were converted
to number of algae cells via linear regression (Fig. 4) and
subsequently processed as relationship of logarithm of algae cell number to time of test. From these values the
growth factors after 72 hours were calculated. By subtracting the growth factors from blind tests, the inhibition factors were calculated, and by comparing the inhibition factors with logarithm of drug concentrations, the values of
72hEC50 (Table 1) were obtained.

1

0
50

1,0

Absorbance (‐)

FIGURE 2 - Absorption maximum of algae suspension

0

0,5

100

algal suspension (%)
FIGURE 3 - Linearity of absorbance of algal cells (y = 0.0293 x –
0.0153; R2 = 0.9983)

The highest ecotoxicity was recorded in ketoprofen (9
mgL-1) followed by paracetamol (104 mgL-1) and naproxen
(740 mgL-1). In other cases (diclofenac, salicylic acid and
ibuprofen) the values of 72hEC50 were too high, therefore
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the values of 72hEC10 were calculated (Table 1). Only
these values are indicative because of great distance from
selected interval of concentrations. The values of ibuprofen
ecotoxicity were not possible to determine at all.
TABLE 1 - Ecotoxicity values of selected NSAIDs
NSAID
paracetamol
diclofenac
salicylic acid
ibuprofen
naproxen
ketoprofen

72hEC50 [mgL-1]
104
–
–
–
740
9

72hEC10 [mgL-1]
68
100 000
7 000
–
470
3

3.3 Comparison of developed method with other tests

Two alternative tests of exotoxicity (Daphnotoxkit FTM
and Thamnotoxkit FTM) were used to compare our results.
The four compounds of NSAIDs with lowest values of
72hEC10 from previous measuring were selected: ketoprofen, paracetamol, naproxen and salicylic acid. Using
Daphnotoxkit FTM, the methods “half maximal inhibitory

concentration after 24 and 48 hours (24hIC50 resp.
48hIC50) were chosen for determination of ecotoxicity of
analytes by organism Daphnia magna. Using Thamnotoxkit
FTM, the method 24hIC50 with organism Thamnocephalus
platyurus was chosen. For each concentration of standard
exactly 10 organisms were used and after 24 resp. 48 hours
the mortality were observed and inhibitory concentrations
were calculated (Table 2). The results from these two alternative tests are in sufficient correlation, where the highest
ecotoxicity was found at paracetamol, followed by salicylic acid, ketoprofen and naproxen.
The results of ecotoxicity from individual tests achieve
slightly different values [28-30]. This can be caused by different response of plant (algae) and animal (crustaceans) organisms. Only values of concentrations under 100 mgL-1 are
important from the point of view of ecotoxicity to aquatic
organisms; above this limit, the compounds can be considered as non-toxic. Based on the results of this paper, the
drugs paracetamol and especially ketoprofen are evaluated
as potentially ecotoxic compounds.

TABLE 2 - Ecotoxicity values of selected NSAIDs compared with alternative tests
NSAID

ketoprofen
paracetamol
naproxen
salicylic acid

Developed
method
72hEC10
[mgL-1]
3
68
470
7 000

Daphnotoxkit FTM
24hIC50 [mgL-1]

48hIC50 [mgL-1]

193
79
211
133

83
18
130
131

Thamnotoxkit FTM
24hIC50
[mgL-1]
297
41
394
159
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MONITORING LAND USE/LAND COVER CHANGE
AROUND A PLAIN RESERVOIR ALONG SOUTH-NORTH
WATER TRANSFER PROJECT-EASTERN ROUTE, CHINA
Rui-Juan Wu and Xiu-Feng He*
School of Earth Science and Engineering, Hohai University, No. 1 Xikang Road, Gulou District, Nanjing 210098, P. R. China

1. INTRODUCTION

ABSTRACT
The implementation of the South–North Water Transfer Project (SNWTP)-Eastern Route triggered construction
of new reservoirs and expansion of old reservoirs that inevitably changed land use/land cover in surrounding areas.
Taking the Shuangwangcheng (SWC) plain reservoir as a
case study, this study aimed to resolve two challenges in
land use/land cover change (LUCC) detection: (i) limited
classification capabilities with medium-resolution remote
sensing images, and (ii) the “salt and pepper” phenomenon
observed in classification maps created using traditional
pixel-based classification methods. The image fusion algorithm, which combined the nonsubsampled contourlet transform and generalized intensity-hue-saturation (NSCTGIHS), and object-oriented image classification were utilized to generate high-quality classification maps. Post-classification comparisons were used to obtain LUCC patterns
during five periods between 2000 and 2013. The results indicated that significant changes occurred in the SWC reservoir area, including clear increases in the reservoir, rural
settlement, and canal classes, but decreases in the salt field
class. LUCC was most rapid immediately before and after
the SWC reservoir construction. Due to its expansion in
August 2010, the SWC reservoir showed the highest land
use dynamic degree (LUDD; 16.01%) between 2009 and
2011. Rural settlements increased continuously from 2003
to 2013, and had the highest LUDD (4.41%) between 2011
and 2013, reflecting population migration following the
SWC reservoir construction.

KEYWORDS: South-North Water Transfer Project; Eastern Route;
reservoir; land use/ land cover change; object-oriented image classification; image fusion.

* Corresponding author

Water resource distribution in China is uneven, with
sufficient supply in Southern China but a water deficiency in
Northern China [1, 2] (Figure 1). To alleviate water shortage
in Northern China, the South–North Water Transfer Project
(SNWTP), which includes western, central, and eastern
routes, was implemented at the end of 2002. It aimed to meet
a series of social, economic and environmental requirements, including domestic consumption, hydropower generation, flood prevention, and agricultural irrigation [3]. According to the project plans for the Eastern Route, a large
number of reservoirs were constructed or re-built along rivers in order to provide a regulated water supply. Along with
reservoir construction, the surrounding areas underwent land
use/land cover change (LUCC), while local residents were
resettled. These changes were essential to facilitate the construction of reservoirs, which were designed to play a positive role in water supply for urban living and agricultural
irrigation; however, they also contributed to the deterioration of the surrounding eco-environment [3]. Therefore,
there is an urgent need to identify an effective method for
the timely monitoring of these changes.
Satellite remote sensing technology is a widely applied
and effective tool for detecting LUCC in reservoir regions
[4–7]. It has been demonstrated that the exploitation of remote sensing images with low or medium spatial resolution
(e.g., Thematic Mapper (TM), Multispectral Scanner System (MSS), and Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) images) can provide
meaningful insights into LUCC. However, it has also been
shown that high spatial resolution remote sensing images are
more appropriate for land use/land cover interpretation when
land use types are complex [8]. Only traditional pixel-based
image classification methods (e.g., supervised classification
and maximum likelihood classification) are described in the
literature, and these often display the “salt and pepper” phenomenon on the land use/land cover classification maps
produced [8]. In order to solve these issues, this study considered two remote sensing processing approaches: image
fusion and object-oriented image classification.
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The purpose of this study was to develop an efficient
method to investigate LUCC around the Shuangwangcheng (SWC) plain reservoir, situated along the SNWTPEastern Route, China. The NSCT-GIHS image fusion
method, which combined the nonsubsampled contourlet
transform (NSCT) and generalized intensity-hue-saturation
(GIHS), the object-oriented image classification method,
and manual interpretation were utilized to obtain highquality land use/land cover classification maps. The LUCC
in the SWC region was then analyzed in order to identify
the driving forces behind the changes.

2. MATERIALS AND METHODS

watts (MW) [9]. The greatest challenge for the Eastern
Route is dealing with heavily polluted waters in the Beijing-Hangzhou Grand Canal.
Shandong province is one of the water-starved provinces. In order to provide a timely supply of water during the
dry season, several plain reservoirs were constructed, (e.g.,
the Datun Reservoir and the SWC Reservoir; Figure 1). The
SWC reservoir, located in Shouguang city, is an important
regulating reservoir along the SNWTP-Eastern Route, the
Jiaodong Water Transfer Line, and the Water Diversion Project from the Yellow River into Qingdao. It was initially constructed in March 1972, but then further expanded in August
2010 in order to improve its water storage capacity. Today,
its maximum water storage capacity is 61.5 million m3.

2.1 Study area

The SNWTP is a national mega-project aimed at resolving the deteriorating drought problems of Northern
China. The project diverts 44.8 billion m3 of water per year
from the Yangtze River to Northern China through three
systems: the Western, Central, and Eastern Routes [9].
Among the three routes, the Eastern Route was the first to
be built, and was put into operation in December 2002. According to the water diversion plan of the Eastern Route,
water from the Yangtze River is first drawn into the
Jiangdu hydro-junction, where a huge 400 m³/s pumping
station was built in the 1980s [10]. Due to the topographic
difference between the Yangtze and North China plains,
pumping stations are used to raise water from the Yangtze
River to the Yellow River. Water is then pumped in a
northward flow along the Beijing-Hangzhou Grand Canal.
On reaching Shandong province, one tributary flows eastward to Weihai and Qingdao cities, while the other flows
further north to Tianjin municipality (Figure 1). The Eastern
Route extends ~1152 km and is equipped with 23 pumping
stations that have a power generation capacity of 454 mega-

2.2 Datasets

In this study, five Landsat satellite images acquired by
the United States Geological Survey (USGS) on 2 May
2000, 11 May 2003, 25 April 2009, 2 June 2011, and 30
May 2013 were used. The first three images pre-date the
re-building of the SWC reservoir, while the last two relate
to periods of re-construction and post-completion, respectively. All images contain <0.2% cloud cover, and their
similar dates of acquisition (25 April–2 June) allow for reliable comparisons of land use/land cover classes between
different years. For the 2 May 2000, 11 May 2003, 25 April
2009, and 2 June 2011 images, Landsat 7 Enhanced Thematic Mapper Plus (ETM+) bands 1–4 (with 30 m spatial
resolution) and 8 (with 15 m spatial resolution), representing the blue, green, red, near-infrared, and PAN bands,
were used. For the 30 May 2013 image, Landsat 8 Operational
Land Imager and Thermal Infrared Sensor (OLI_TIRS) bands
2–5 (with 30 m spatial resolution) and 8 (with 15 m spatial
resolution), which also represent the blue, green, red, nearinfrared, and PAN bands, were used.

FIGURE 1 - Location map of the study area.
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FIGURE 2 - The flowchart of the image fusion method as the integration of the nonsubsampled contourlet transform and generalized intensityhue-saturation (NSCT-GIHS).

2.3 Image preprocessing

All USGS images are pre-projected onto the Universal
Transverse Mercator (UTM) coordinate system (WGS 84
datum, UTM Zone 50N), and so geometric correction was
not required. However, additional image-to-image registration was needed to correctly align the multi-temporal pixel
locations. Registration was performed with sub-pixel accuracy so as to avoid registration error effects impacting the
quality of change detection. In addition, radiometric and
atmospheric corrections are important for multi-temporal
LUCC monitoring. Thus, the multi-temporal images were
converted to radiance values, and then atmospheric effects
were corrected using the FLAASH model, available in the
ENVI software package (Exelis Visual Information Solutions Inc., Boulder, Colorado, USA).

body, building land, and others, while two-level land cover
classes are subdivided according to practical conditions in
the study area. According to the principles above and to the
15 m spatial resolution data used in this study, four onelevel land cover classes (cropland, building land, water
body, and others) and seven two-level classes (cultivated
cropland, fallow cropland, rural settlement, SWC reservoir, another reservoir, canal, and salt field) were determined. Given that the SWC reservoir was the primary target, it was better to separate the SWC reservoir from other
reservoirs in order to highlight its expansion and the
changes to its surrounding areas.
2.6 Land use/ land cover classification method

2.5 Land use/ land cover classification system

In the SWC reservoir region, fallow cropland and the
reservoir embankment produced similar spectra, appearing
bright white on pseudo color MS images composed of
near-infrared, red and green band as RGB. Furthermore,
there were slight seasonal differences between the multitemporal datasets; therefore, a fully automatic classification method was difficult implement with accuracy. Instead, the strategy employed combined the automatic object-oriented image classification method with manual interpretation. The object-oriented image classification method,
which differs from pixel-based classification methods, focused on image objects composed of homogeneous adjacent
pixels. Manual interpretation was then used to extract land
cover classes that the object-oriented classification method
could not achieve. The object-oriented image classification
method followed two steps: 1) image segmentation, in
which image objects were generated, and 2) image classification, in which image objects were classified into different classes according to their spectral and spatial characteristics (e.g., color, shape, texture).

In general, land use/land cover classification systems
are determined according to the purpose of the study and
the data resource used. Numerous studies have discussed
and proposed land use/land cover classification systems
[13–15]. In these classification systems, one-level land
cover classes include cropland, woodland, grassland, water

In this study, fused images composed of blue, green,
red, and near-infrared bands with 15 m spatial resolution
were used to perform image segmentation and classification processing. Segmentation parameters were uniformly
set to scale = 10, color = 0.9, and smoothness = 50. Experimental results [16] have shown that values of 10 and 50

2.4 NSCT-GIHS image fusion method

Recent studies have demonstrated that the integration
of the nonsubsampled contourlet transform (NSCT) and
classical fusion methods, for example, intensity-hue-saturation (IHS) and principal component analysis (PCA), can
significantly reduce spectral distortion in pan-sharpened
images [11]. Different from the IHS transform, the generalized intensity-hue-saturation (GIHS) transform can expand traditional RGB to IHS from three bands to more than
three bands [12]. Therefore, the NSCT-GIHS image fusion
method was exploited for the pan-sharpening of multispectral (MS) images composed of blue, green, red, near-infrared
bands and PAN image, as shown in Figure 2. The NSCTGIHS method was programmed using the MATLAB®
2012a software (MathWorks Inc., Nat ick, Massachusetts,
USA).
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for scale and smoothness, respectively, are ideal segmentation parameters.
During image classification processing, segmented image objects were classified by seven land use/land cover
classes. The classification procedure was mainly based on
the spectral characteristics and spectral transformation features of the image objects. Through experimentation, the
normalized difference vegetation index (NDVI), the
brightness values of the red band, was used. The classification flowchart is shown in Figure 3.
An object-oriented image classification method based
on the rule-set depicted in Figure 3 was used to extract the
cultivated cropland, salt field, and canal classes. NDVI was
first used to extract cultivated cropland, and was calculated
as NDVI  100  (1 

NIR  R
) in order to enlarge
NIR  R

NDVI differences, in which R is the red band of Landsat
fused images, and NIR is the near-infrared band. For different date-acquired images, slight time difference can
cause significant NDVI differences with regard to cultivated cropland. Manually defining fixed thresholds to extract cultivated cropland is time-consuming and therefore
an automated threshold algorithm embedded in the eCognition Developer 8.7, was used instead. For the salt field
and canal classes, slight time differences don not result in
obvious spectral variance; therefore, fixed threshold values
were set. For the fallow cropland, rural settlement, SWC
reservoir, and another reservoir classes, manual interpretation was used. In particular, manual interpretation with the
assistance of Google Maps place names was used to clas-

sify rural settlements. The object-oriented image classification method and manual interpretation were performed
using the eCognition Developer 8.7 software (Trimble
Navigation Ltd., Westminster, Colorado, USA).
2.7 Land use/ land cover change detection method

Many studies have investigated LUCC using multi-temporal satellite data, including the use of the spectral variance
based method [17], the cross-tabulation detection method
[18], the hybrid classification method [19], visual interpretation [20–22], and post-classification comparison [23–27].
Post-classification comparison is one of the most used methods and can minimize the influence of data acquisition differences. The accuracy of the post-classification comparison
method depends on classification accuracy and image recognition precision. In this study, the land use/land cover classification maps were statistically analyzed to quantify the
LUCC. The change amount and change rate of land use/land
cover of the five periods (2000–2003, 2003–2009, 2009–
2011, 2011–2013, and 2000–2013) were obtained.
In order to determine the change rate of land use/land
cover within a certain period, the land use dynamic degree
(LUDD) was used. The LUDD was calculated as shown in
Eq. (1):
(S  S a )
(1)
LUDD  b
 100%
Sa  T
where

Sb

and

Sa

are the areas of the land use/land

cover types at times b and a, respectively, and
time interval between b and a.

FIGURE 3 - The flowchart of land use/land cover classification methodology.
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3. RESULTS AND DISCUSSION
3.1 Land use/land cover classification results

According to the methodology described in Figure 3,
land use/land cover classification maps (and associated
qualitative information) of the SWC reservoir region during the five different times periods were obtained using
both the Landsat ETM+ and OLI_TIRS images. The results, which are shown in Figure 4, Figure 5, and Table 1,
show the LUCC across the study period. In summary, the
results show increases in the areas of the SWC reservoir,

(a)

(b)

(d)

(e)

another reservoir, and rural settlement classes, but significant decreases in the area of the salt field class. The another
reservoir class doesn’t appear in the classification maps of
2000 and 2003, but appears on the maps for 2009, 2011,
and 2013, and clearly relates to the increased number of
reservoirs. In addition, the results clearly show a converse
change trend between cultivated cropland and fallow
cropland. For example, the area rates of cultivated cropland
(28.30%) and fallow cropland (57.85%) in 2000 were
higher and lower, respectively, than in 2003 (13.81% and
72.43%, respectively).

(c)

FIGURE 4 - Land use and land cover (LULC) classification maps of the Shuangwangcheng reservoir region within time. (a) LULC map in
2000. (b) LULC map in 2003. (c) LULC map in 2009. (d) LULC map in 2011. (e) LULC map in 2013.

TABLE 1 - Land use/land cover area in the Shuangwangcheng reservoir region from 2000 to 2013 (unit: km2).
Land use/land covers

2000

2003

2009

2011

2013

Canal

2.26

3.09

5.74

3.47

5.16

Cultivated cropland

63.67

31.08

22.99

27.13

39.74

Fallow cropland

130.17

162.96

169.05

166.85

150.02

SWC reservoir

5.33

5.50

5.55

7.32

7.79

Another reservoir

0.00

0.00

1.04

1.04

1.04

Rural settlement

7.64

7.64

7.65

7.88

8.57

Salt field

15.93

14.71

12.99

11.31

12.68
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FIGURE 5 - Land use/land cover area change within years (%).

3.2 Land use/land cover change

The LUCC in the SWC reservoir region across the 13year study period are shown in Table 2 and Table 3. The
area of the SWC reservoir increased from 5.33 km2 in 2000
to 7.79 km2 in 2013. From 2000 to 2013, the area of rural
resettlements increased steadily, with 0.93 km2 of other
land use types being converted to rural settlements. The salt
field area decreased by 3.25 km2, falling from 15.93 km2 in
2000 to 12.68 km2 in 2013. Compared with other land
cover types, cropland, including cultivated cropland and
fallow cropland, show a small LUDD rate (−0.16%).
For the periods 2000–2003, 2003–2009, 2011–2013,
and 2000–2013, the canal area showed an increasing trend,
reaching an average LUDD of 9.86% between 2000 and
2013, but there was a declining trend between 2009 and
2011. These increases were due to canal construction, connecting water sources (e.g., rivers and reservoirs) to rural
settlements, croplands, etc., following the completion of
two projects: the Water Diversion Project from the Yellow
River into Qingdao and the SNWTP-Eastern Route. The
decline between 2009 and 2011 can be explained by the
planting of cropland (cultivated or fallow) along the canal

lines to facilitate irrigation. Furthermore, in the land use/land
cover classification processing, the cultivated cropland class
was designed to be the first land use type extracted. Therefore, mixed pixels consisting of cultivated cropland and canals were initially classified as cultivated cropland because
their NDVI values were greater than the user-defined threshold value. For the mixed pixels classified as cultivated
cropland, it was considered an appropriate extraction and
was not corrected.
For the SWC reservoir area, the change trend accelerated continuously during all periods, reaching the highest
rate (16.01%) between 2009 and 2011, and exhibiting a
mean LUDD of 3.55% between 2000 and 2013. These results reflect the expansion of the SWC reservoir in August
2010, which was scheduled for completion in 2013. Therefore, the area of the SWC reservoir continued to increase
between 2011 and 2013, with LUDD of 3.21%.
In addition to the SWC reservoir, an additional reservoir was also completed before April 2009; therefore, the
area of another reservoir class increased by 1.04 km2 from
2003 to 2009. From 2009 to 2013, the area of another reservoir class remained unchanged.

TABLE 2 - Land use/land cover change and its dynamic degree in the Shuangwangcheng reservoir region from 2000 to 2013 (area unit: km2,
LUDD unit: %).
2000-2003
2003-2009
2009-2011
Area
LUDD
Area
LUDD
Area
LUDD
Canal
0.83
12.29
2.65
14.26
-2.27
-19.75
Cultivated cropland
-32.59
-17.06
-8.09
-4.34
4.14
8.99
Fallow cropland
32.80
8.40
6.08
0.62
-2.20
-0.65
SWC reservoir
0.17
1.09
0.04
0.12
1.78
16.01
Another reservoir
0.00
N/A
1.04
N/A
0.00
0.00
Rural settlement
0.00
0.00
0.01
0.02
0.23
1.52
Salt field
-1.21
-2.54
-1.73
-1.96
-1.68
-6.46
Note: N/A denotes that its value can’t be calculated because the denominator is zero.
Land cover change
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2011-2013
Area
1.68
12.61
-16.83
0.47
0.00
0.70
1.37

LUDD
24.25
23.24
-5.04
3.21
0.00
4.41
6.06

2000-2013
Area
2.90
-23.94
19.85
2.46
1.04
0.93
-3.25

LUDD
9.86
-2.89
1.17
3.55
N/A
0.94
-1.57
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TABLE 3 - The land use/land cover change and its dynamic degree of cropland in the Shuangwangcheng reservoir region from 2000 to 2013.
Cropland
2000-2003
Land use/land cover change (km2)
0.20
Land use dynamic degree (%)
0.03
Note: Croplands include cultivated croplands and fallow croplands.

2003-2009
-2.00
-0.17

Accordingly, the area of the rural settlement class increased continuously from 2003 to 2013, with the highest
rate (4.41%) between 2011 and 2013, and a mean LUDD
of 0.94% between 2000 and 2013. These results reflect
population migration resulting from the construction of the
SWC reservoir.
3.3 Accuracy assessment

LUCC detection accuracy fully depends on the accuracy
of the land use/land cover classification, with higher classification accuracy resulting in higher LUDD accuracy. Due
to the difficulty in acquiring historical land use/land cover
maps, 100 random samples from the multi-temporal Landsat
fused images were selected and used for manual verification
with the assistance of Google Maps. The results showed that
the proportion of corrected classifications was greater than
90%. In addition, the SWC reservoir was selected as the reference land cover type and the actual SWC reservoir area
and the evaluated area were compared. Based on information from the relevant department, the expanded SWC
reservoir is known to cover an area of 7.79 km2, while the
evaluated SWC reservoir area was also 7.79 km2; thus, the
results of this study showed 100% consistency.

4. CONCLUSIONS

2009-2011
1.94
0.50

2011-2013
-4.22
-1.09

2000-2013
-4.08
-0.16

or in the planning stage; therefore, it is important to
acknowledge the LUCC induced by plain reservoir construction. This study provides an example methodology
for characterizing patterns of LUCC in plain reservoir areas. Remote sensing datasets and technology are available
for advanced, yet cost effective LUCC monitoring. In particular, the image fusion and object-oriented image classification method can be utilized to achieve accurate LUCC
results. The processing flow developed in this study can
also be used for LUCC monitoring of urban expansion,
wetland reclamation, landslide hazard, soil erosion, etc.
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In this study, LUCC from 2000 to 2013 in the SWC
reservoir area of the SNWTP-Eastern Route, China, was
evaluated using the NSCT-GIHS image fusion method and
object-oriented image classification. Between 2000 and
2013, large changes occurred in the land use/land cover of
the SWC reservoir area. In particular, there was an increase
in the total area of reservoirs, including the SWC reservoir
and another reservoir class. In addition, there was an increase in rural settlements, with LUCC changing most
rapid immediately before and after the construction of the
SWC reservoir. The SWC reservoir area had the highest
land use dynamic rate (16.01%) between 2009 and 2011,
reflecting the SWC reservoir expansion in August 2010.
The area of the rural settlement class increased continuously from 2003 to 2013, reaching the highest LUDD
(4.41%) between 2011 and 2013, reflecting population migration resulting from the construction of the SWC reservoir. The results also showed an increase in canals, but a
decrease in salt fields from 2000 to 2013. During this time,
a number of canals were constructed as a part of water
transfer projects.
In Shandong Province alone, thousands of plain reservoirs along the SNWTP-Eastern Route are under-construction
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ABSTRACT
This study presents the water quality assessment of
Strymonas River, Northern of Greece. Strymonas River is
a transboundary river affected by various agricultural, industrial and urban activities. Moreover, in the basin of this
river there are sites which are included into the EU ‘Natura
2000’ network due to their ecological significance. Physicochemical parameters (T, pH, EC, DO, TDS), nutrients
(NO2-, NO3-, NH4+, PO4-3), major ions (Cl-, Na+, K+, Mg+2,
Ca+2) and metals (Fe, Cu, Zn, Mn), in total 24 parameters,
were determined monthly at sixteen monitoring sites along
the river and its main tributaries, as well as in wastewaters
from main point sources (sewage effluents, dairy industry)
discharged into the river. A full chemometric approach including Factor Analysis, Cluster Analysis and Discriminant Analysis combined with the Nemerow pollution index
were employed for an overall water quality assessment,
within the framework of European Water Directive
2000/60/EC. Information regarding temporal and spatial
variation of measured parameters, water quality status of
the river basin and main tributaries, most impacted sites,
possible pollution sources and crucial parameters that further have to be monitored, were extracted. Based on this, a
network of selected sites can be established for monitoring
of those parameters (DO, Na+, NO3-, PO4-3, NO2- and
NH4+ ) that can be better describe the water quality and variations in Strymonas River.

KEYWORDS: chemometrics, Nemerow index, nutrients, metals,
multivariate methods, Water Framework Directive

1. INTRODUCTION
The EU Water Framework Directive 2000/60/EC
(WFD) is nowadays the main European legislation on the
protection of water bodies [1]. The WFD aims at the prevention and reduction of pollution, the promotion of sustainable water use, the protection of the aquatic environment, the improvement of the aquatic ecosystems status
* Corresponding author

and the mitigation of effects from floods and droughts. This
directive extends over inland surface water, transitional
water, coastal water and groundwater.
The aquatic environment in Europe is affected by multiple pressures including water pollution, water scarcity
and floods/droughts. One of the main objectives of the
WFD is the integrated view on and the protection of aquatic
ecosystems using a holistic approach. Both WFD and nature directives aim at ensuring healthy aquatic ecosystems
while at the same time there is a balance between the protection of water/nature and the sustainable use of natural
resources [2]. The main pollution sources of surface waters
include agricultural practices, industrial activities, household impacts and transport sector [2]. According to the
WFD goals, the assessment of nitrogen levels and phosphorus inputs in aquatic systems from agricultural and
other anthropogenic activities is an important issue since
these elements are the main cause of eutrophication. In order to maintain and improve the essential functions of the
water systems, sufficient information on water quality status is needed as well as careful management measures.
In this study, the results of a monitoring survey in the
basin of Strymonas River, Northern Greece are presented.
Physicochemical parameters (T, pH, EC, DO, TDS), nutrients (NO2-, NO3-, NH4+, PO4-3), major ions (Cl-, Na+, K+,
Mg+2, Ca+2) and metals (Fe, Cu, Zn, Mn) were determined
monthly at sixteen monitoring sites along the river and its
main tributaries, as well as in wastewaters from main point
sources (sewage effluents, dairy industry) discharged into
the river. Monitoring the water quality of Strymonas River
is essential as the water is used for irrigation of an extensive agricultural area and it is considered as significant ecosystem [3-5]. Certain sites are included into the EU ‘Natura
2000’ network due to their ecological importance. It is also
a transboundary river in the Balkan Peninsula (runs
through Bulgaria, Serbia, Fyrom and Greece) and is exposed to the impacts from agricultural, industrial and urban
activities. To our knowledge analytical and chemometric
published data for the study area are limited and concern
monitoring results 15 years ago [6-7]. This study presents
update information of the water quality along the river and
its main tributaries and makes several noteworthy contributions to the existing knowledge on the spatial variations
of surface water quality.
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Analytical data combined with chemometrics (Factor
Analysis, Cluster Analysis and Discriminant Analysis) and
with nemerow pollution index could be a useful tool for the
evaluation of water quality and identification of the major
variables for water quality variations [8-9]. Our methodology has been a precursor for implementation of WFD [1]
which set up environmental objectives to achieve “good
water status” for all European waters by 2015. According
to WFD, metals and nutrients that have an unfavorable influence on the oxygen balance must be considered. Moreover, operational monitoring must use parameters relevant
to the assessment of the effects of the pressures placing the
water body at risk. The monitoring and assessment system
must reflect the degrees of organic pollution and at the
same time a comparison is needed with the appropriate reference and temporal conditions, specifically during summer time when the flow rate of river is low and during autumn time when the intensity of rainfall is high (irrigation
falling on dry soil). Furthermore, a preparatory evaluation
of water quality could be served as a baseline data for
2000/60/EC implementation.

2. MATERIALS AND METHODS
2.1 Study area and sampling sites

Strymonas is a transboundary river in the Balkan Peninsula. It springs from Mount Vitossa, crosses northwestern
Bulgaria, continues its course through Hellenic-Bulgarian

T1
Strymonas
river T6
T16

T12

Lake Kerkini
T13

borders into the plain of Serres Prefecture [10], and finally
flows into Strymonic Gulf, Northern Aegean Sea. It forms
a drainage basin of approximately 17,152 km2, basically in
southwestern Bulgaria (8,435 km2, 49%), south-eastern
FYROM and southeastern Serbia (2,365 km2, 14%), and
finally in northeastern Greece (6,355 km2, 37%). In Greek
territory (Fig.1), Strymonas River inflows into northeastern part of Kerkini lake where a significant wetland has
been formulated throughout the years. It provides a wide
variety of habitats for birds and animals and supports important fauna. The water outflows at the southeastern part
of the lake through lock-gates to the artificial riverbed of
Strymonas, and to its estuary in Strymonic Gulf, which is
another protected area in Serres Prefecture. Due to the ecological importance, these systems are included in the EU
‘Natura 2000’ network [11] and are protected through various Conventions and Regulations [2, 5].
The mean annual discharge of Strymonas River at the
entrance of Greek territory is 83 m3/s, the mean annual runoff is approximately 2,200-2,600 * 106 m3, and the mean
annual sediment yield (YA) is equal to 0.9-1.2 m3/year [12].
The upper part of Stymonas shows a low to moderate seasonal discharge variation, whereas the lower part shows
high seasonal hydrological variation and it is prone to
floods [13]. The rainfall in the area was significantly reduced during summer months, ranged from 50 mm in summer up to 85 mm in winter period (data for the period 20062010). The temperature ranged between 4.12 ºC in January
to 26.7 ºC in July.

Krousovitis
river

Belitsa
tributary

T7

T14

 SERRES

T15

T8
Strymonas T9
T10
river
T11
T2

PERFECTURE
OF SERRES
Aggitis
river

T3
T4

T5
Strymona's estuaries

Strymonikos Gulf

FIGURE 1 - Map of the study area. Sampling sites are illustrated (filled circle T1-T13 surface waters, gray circle T14-T16 wastewaters).
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Αgriculture, urban and industrial activities are the main
sources of environmental pressures in the area. Irrigated
crops, mainly cotton, maize, lucerne, sugar beet, tomato, tobacco, olive, grape and rice, are cultivated in the area. Winter
cereals, mainly wheat are cultivated in non-irrigated areas
[3, 14]. Agricultural policy measures in combination with
the development of environmental-friendly farming practices must be employed in order to protect the quality of soil,
surface and ground water, as well as biodiversity of the
ecosystem [15-17]. Industrial activity in the area includes
mainly processing products plants of the primary sector
(milk, meat, sugar and olive). Treated and untreated urban
sewage effluents are also discharged in the surface waters.
The present work focuses on the data collected in the
period May - December 2010 through a monitoring survey
conducted at Serres Prefecture. The spatial sampling strategy was designed to cover a wide range of parameters at
key sites that accurately represent the quality of water. A
network of sixteen monitoring sites was selected in order
to provide information along the river as well as possible
impacts through point and non-point sources. The monitoring sites cover a) the main route of Strymonas River (Sampling Sites T1-T5), b) Belitsa tributary that discharges into
the river providing information regarding the impact of human activities (e.g. agricultural and urban activities) of the
Prefecture (Sampling Sites T6-T11), c) small Streams
close to Kerkini lake also discharged into the river (Sampling Sites T12-T13), d) effluents from the Waste Water
Treatment Plant of Serres city (Sampling Sites T14-T15),
and e) effluents from a Dairy Industry (Sampling Site T16).
2.2 Sample collection and analytical methods

Sampling, preservation and analytical protocols were
conducted according to standard methods for surface water
[18]. Samples collected every month from sixteen sampling sites. Water samples were collected from well mixed
areas, in the middle of the river route, away from point pollution sources, by the water sampler (dipping bottle, BUB5365-4, Buerkle). Samples were stored in precleaned
brown glass vessels and kept cool during their transportation to the laboratory to minimize deterioration prior to
chemical analysis.
Field measurements of temperature (T), electrical conductivity (EC), dissolved oxygen (DO), total dissolved solids (TDS) and pH were conducted by using HQ 40D of
Hach Lange series instruments. Samples were transport to
the laboratory for further analysis within few hours. Upon
their arrival at the laboratory samples were filtered through
0.45 μm membrane filters for separation of Total Suspended Solids (TSS) and kept in the refrigerator at 4oC.
Water samples were analyzed for Cl-, NO3-, NO2-,
NH4+, PO4-3 by employing photometric methods by Spectroquant NOVA 60 Photometer of Merck. Analyses of major cations (Na+, K+, Mg+2, Ca+2) and heavy metals (Cu, Fe,
Mn, Zn) were conducted with the use of AA-7000 Series,
Atomic Absorption Spectrophotometer of Shimadzu. The

instruments used for analyses were checked and appropriately calibrated according to the respective manufacturer’s
instructions. Ready for use standard solutions and analytical grade chemicals were used throughout the study. Field
and procedural blanks were also checked.
Soluble Sodium Percentage (SSP), Sodium Absorption Ratio (SAR), Hardness (HAR) were also calculated
from the raw results, according to following equations:
SSP  100 

SA R 

Na
Na  Ca  Mg

Na
Ca  Mg
2

H A R  50   Ca  M g 

where Na, Ca and Mg expressed at meq/L.
2.3 Nemerow Pollution Index

In the current study, the Nemerow pollution index has
been used in order to assess the quality of Strymonas River.
This index express the water quality in an integrate view,
taking into account various parameters, and shows the relative pollution degree in each sampling site. Therefore facilitates comprehensive decisions by policy makers [19-23].
The Nemerow pollution index, combines data on average values of physicochemical parameters (pH, EC, DO,
TDS, T), major anions and cations (Cl-, Na+, Ca+2, Mg+2),
nutrients (NO3-, NO2-, NH4+, PO4-3), metals (Fe, Zn, Mn)
and quality indices (SSP, SAR, HAR) with data of maximum/ or minimum values respectively, according to the
equation [24-25] :
2

Ij 


 C   1 m C 
 M ax  i      i 
2
2


I jmax  Ij
 Sij    m i 1 Sij 
 
2
2

2

Where Ij is j-kinds of water uses under the Water Quality Index Nemerow; Ijmax is the largest single factor in evaluating index; Ij is average value of single factor index that
involved in the evaluation; Ci is the measured value of i
physicochemical parameters, major anions and cations, nutrients and metals; Sij is the quality standard of i physicochemical parameters, major anions and cations, nutrients
and metals.
2.4 Statistical analysis

The SPSS software (IBM SPSS, version 20) was used
for statistical analysis of data. Spatial and temporal differences were investigated by the non parametric Mann-Whitney U test. Correlations among parameters were investigated by calculating Spearman correlation coefficients and
regression analysis. Statistical significant relationships at
least at the 95% are discussed in the text.
Chemometrics including Principal Component Analysis, Cluster Analysis, and Discriminant Analysis of raw
data were also employed. Principal Component Analysis
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(PCA) is often employed in environmental datasets in order to understand the distribution modes of contaminants,
to find out similarities/dissimilarities between parameters
and samples and to elucidate possible sources. The objective of PCA is to derive a reduced number of new variables
as linear combinations of the original variables. This provides a description of the structure of the data with the minimum loss of information [7-8, 26-28]. PCA was performed
on normalized physicochemical data for surface waters, to
compensate for strongly skewed distribution and/or to avoid
that high concentration dominates the mathematical model.
Factor analysis with Varimax rotation was performed. Kaiser and Bartlett’s tests of sphericity were applied additionally for assessing adequacy of the data. Cluster Analysis
(CA) is a technique in which, a large data set is compressed
and grouped into manageable, meaningful groups. The agglo-

merative hierarchical cluster analysis according to Ward
using squared Euclidian distance was used. This method
yields clearly structured and relatively stable clusters [26,
29-30]. Finally, Discriminant Analysis (DA) was applied
to determine whether groups differ with regards to the
mean of variable, and to use that variable to predict group
membership.

3. RESULTS AND DISCUSSION
3.1 Water quality in the Strymonas basin

Mean concentration, standard deviation and range of
physicochemical parameters, major anions, cations, nutrients
and metals in different water types are shown in Table 1.

TABLE 1 - Mean concentration, standard deviation and range of physicochemical parameters, major ions, nutrients, metals and indices in
surface waters and wastewaters in the basin of Srymonas River, Northern Greece.

pH
EC
(μS/cm)
DO
(%)
TDS
(mg/L)
T
(ºC)
K+
(mg/L)
Na+
(mg/L)
Ca+2
(mg/L)
Mg+2
(mg/L)
Cl(mg/L)
NO3(mg/L)
NO2(mg/L)
NH4+
(mg/L)
PO4+3
(mg/L)
Fe
(mg/L)
Zn
(mg/L)
Mn
(μg/L)
SSP
(%)
SAR
HAR
(mg/L)
Na/K
Na/Cl
Mg/Ca
(Ca+Mg)/
(K+Na)

Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range
Mean ± SD
Range

Strymonas
(T1-T5)
(n=28)
7.78 ± 0.19
7.40-8.18
317 ± 42
231-399
85.3 ± 10.8
60.5-106.4
155 ± 20.8
110-192
20.98 ± 4.36
13.40-29.00
5.96 ± 4.16
1.83-22.82
26.3 ± 30.6
2.52-163
35.7 ± 12.3
2.45-57
9.14 ± 2.25
1.58-12.00
5.76 ± 2.66
3.00-16.80
4.74 ± 2.42
0.8-11.4
0.10 ± 0.03
0.04-0.36
0.06 ± 0.13
0.00-0.59
0.29 ± 0.27
0.02-1.50
0.044 ± 0.05
0.00-0.13
0.13 ± 0.12
0.08-0.72
1.3 ± 0.00
nd-10
27.1 ± 15.5
4.8-67
1.00 ± 1.02
0.10-5.31
127 ± 36
13-179
7.74 ± 4.62
0.61-16.32
7.52 ± 9.7
0.97-52.39
0.46 ± 0.2
0.25-1.03
3.27 ± 2.41
0.46-9.63

SURFACE WATERS
Belitsa
(T6-T11)
(n=23)
7.66 ± 0.15
7.42-8.15
484 ± 109
297-633
74.3 ± 10.1
57.6-102.5
240 ± 56.0
143-305
20.09 ± 3.33
15.0-27.0
7.55 ± 3.12
2.38-16.99
34.4 ± 21.0
2.82-81
55 ± 14.7
35-97
11.65 ± 2.03
4.38-14.14
11.76 ± 7.43
4.00-30.40
5.16 ± 1.97
2.6-10.00
0.08 ± 0.03
0.04-0.15
0.08 ± 0.1
0.00-0.46
0.56 ± 0.20
0.15-0.9
0.045 ± 0.05
0.00-0.13
0.11 ± 0.02
0.08-0.17
16.8 ± 0.16
nd-340
26.5 ± 13.3
5.1-48
1.10 ± 0.69
0.12-2.29
185 ± 40
114-294
8.51 ± 5.63
1.15-17.38
5.28 ± 4.17
1.09-15.19
0.36 ± 0.09
0.18-0.51
3.22 ± 2.17
1.00-9.87
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Streams
(T12, T13)
(n=8)
7.67 ± 0.23
7.46-8.25
462 ±114
274-678
48.7 ± 23.6
28.1-107.7
230 ± 63.6
131-332
21.01 ± 2.41
18.4-26.0
11.43 ± 3.57
4.24-16.14
32.7 ± 22.7
1.80-66
48 ± 9.3
30-62
11.56 ± 1.82
7.43-13.63
9.58 ± 3.53
3.40-16.00
6.13 ± 3.69
2.3-13.9
0.25 ± 0.18
0.04-0.56
0.40 ± 0.26
0.08-0.80
0.83 ± 0.29
0.18-1.14
0.017 ± 0.01
0.001-0.05
0.11 ± 0.01
0.1-0.13
211 ± 0.21
nd-660
26.4 ± 15.4
3.6-46
1.09 ± 0.78
0.08-2.22
168 ± 28
105-205
4.99 ± 4.11
0.72-12.53
5.51 ± 4.72
0.82-13.42
0.39 ± 0.06
0.30-0.51
3.51 ± 3.18
1.05-11.14

WASTEWATERS
WWTP effluents
Dairy Industry effluents
(T14, T15)
(T16)
(n=7)
(n=4)
7.59 ± 0.08
8.08 ± 0.09
7.46-7.72
7.94-8.16
853 ± 9
1326 ±152
837-863
1130-1554
68.5 ± 23.1
20.2 ± 13.3
33.0-91.30
3.4-39.3
414 ± 8.2
692 ± 58.5
398-422
640-774
24.32 ± 1.71
24.10 ± 2.84
22.00-27.00
21.30-28.00
31.65 ± 3.97
26.62 ± 8.81
26.44-38.89
19.43-41.41
93 ± 25.3
152 ± 90
63-133
13.0-235
68 ± 9.1
56 ± 44
57-86
16.2-131
12.47 ± 0.91
7.06 ± 0.64
11.21-13.94
6.27-7.74
58.43 ± 7.44
30.73 ± 10.89
48.00-68.00
12.70-41.00
13.34 ± 9.15
2.20 ± 1.36
2.30-25.40
0.50-3.90
0.35 ± 0.22
0.07 ± 0.04
0.07-0.64
0.04-0.13
1.42 ± 1.58
4.39 ± 1.48
0.09-4.82
2.48-6.48
6.39 ± 4.68
15.73 ± 3.21
2.05-15.39
11.50-19.32
0.040 ± 0.04
0.021 ± 0.03
0.001-0.12
0.001-0.07
0.35 ± 0.09
0.12 ± 0.01
0.23-0.54
0.1-0.14
nd
nd
46.9 ± 7.3
38-56
2.72 ± 0.76
1.86-3.86
222 ± 24
196-273
5.04 ± 1.4
3.22-6.99
2.54 ± 0.92
1.47-4.02
0.30 ± 0.05
0.25-0.37
0.96 ± 0.23
0.67-1.24

58.9 ± 26.4
17-87
5.77 ± 3.97
0.47-11.68
169 ± 110
72-353
9.94 ± 6.94
1.08-20.55
6.73 ± 3.65
1.58-11.36
0.36 ± 0.25
0.08-0.76
0.93 ± 0.98
0.13-2.60
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TABLE 2 - Proposed limit values of physicochemical parameters, major ions, nutrients and metals.

pHa
EC (μS/cm)a
DO (%)a
TDS (mg/L)b
T (ºC)a

Physico-chemical parameters
6.5-8.4
< 1000
75-120
< 450
28

Cl- (mg/L)a
K+ (mg/L)b
Na+ (mg/L)a
Ca+2 (mg/L)b
Mg+2 (mg/L)b
SSP (%)a
SARa
HAR (mg/L) b

Nutrients
NO3- (mg/L)b
< 50
Fe (mg/L)b
NO2- (mg/L)b
< 0.5
Zn (mg/L)b
b
+
NH4 (mg/L)
< 1.0
Mn (mg/L)b
PO4+3 (mg/L)b
< 1.5
Cu (mg/L)b
a
Guidelines proposed from the Prefecture of Serres for irrigation waters [31].
b
Guidelines proposed for surface waters [32].

The guidelines or limits usually proposed for surface
waters are related to specific geomorphological and hydrological conditions as well as possible uses of water. In the
studied system, the decision from the Prefecture of Serres
is implemented, which embodies legislation concerning the
possible uses of water (irrigation, aquaculture etc except
from drinking and bathing) [31]. Moreover, it sets limit
values for selected parameters (pH, EC, DO, T, Cl-, Na+,
SSP, SAR) for irrigation waters as well as for wastewaters
discharged in river basin (Table 2).
The pH values in surface waters ranged from 7.40 to
8.25, within the proposed limit (6.5-8.4) [31-32]. pH values
did not exhibit significant temporal or spatial variation in
the studied system. DO is an important parameter that characterize the quality of surface waters, responsible for selfpurification processes and the maintenance of aquatic organisms [33]. DO showed great variability ranging from
28.1 to 107.7 %. The main route of river exhibited high
values, being in general within the proposed guidelines
(45-120 %). However, there is a reduction of DO levels
from entrance (98%) to the exit (88%), suggesting possible
impacts from agriculture and urban activities taking place
in the river basin. Belitsa tributary and small streams
showed lower DO concentrations, particularly during summer time. This could be attributed to the higher consumption of DO due to high growth rate of algae in the presence
of high organic/nutrient content in these systems as well as
to the low flow rate.
The concentrations of PO 4 -3 ranged from 0.02 to
1.5 mg/L. Belitsa tributary and streams showed higher concentrations (0.83 and 0.50 mg/L, respectively) than Strymonas
(0.29 mg/L) due to their impact from treated/or untreated
wastewaters and agricultural runoff. Strymonas River showed
a gradient increase of phosphate concentrations from the entrance (0.18 mg/L) to the exit (0.31 mg/L) that occasionally
exceed the limit [32]. The concentrations of NO3- ranged
from 0.8-13.9 mg/L. The higher values were measured in
Streams and Belitsa tributary. In the entrance of Strymonas
River to the Greek territory relatively high concentrations
of nitrate were determined whereas there is a reduction

Anions, Cations & Indices
< 120
< 70
< 120
< 35
< 60
< 10
< 400
Metals
<5
<2
< 0.2
< 0.2

along the river route. However, an increase of nitrates in
the exit was found probably due to impact activities in the
lower part of the basin (Fig. 2). This behavior has been previously reported by other investigators [34-37]. Nitrate exhibited significant higher concentrations during summer
suggesting impact of agriculture runoff. The concentrations of NO2- ranged from 0.04 to 0.56 mg/L. The higher
concentrations, occasionally exceeded the proposed limit
(<0.5 mg/L), have been measured in Streams. The concentrations of Na+ ranged from 1.80 to 163 mg/L. Concentrations which exceeded the proposed limit (70 mg/L) were
determined only in two sampling sites: T3 in Strymonas
River during June and T7 in Belitsa tributary during August. The concentrations of Mn in Strymonas River and Belitsa tributary were relatively low. Higher Mn levels were
determined in Streams that could be attributed to the presence of Fe/Mn deposits at metamorphic rocks in the area
[38-39]. Statistical significant differences (p<0.05) between Summer and Autumn period were observed for T,
EC, TDS, NO3-, Cl-, and Fe. The spatial and seasonal variation of NO3-, Cl-, and Fe in Strymonas River and Belitsa
tributary are shown in Fig. 2.
Treated sewage effluents and diary wastewaters showed
increased values of conductivity, chloride, sodium, potassium, calcium, ammonium, nitrite, nitrates and phosphates
whereas exhibited lower DO levels. These point sources
are expected to influence the quality of surface waters, particularly close to the discharge points.
The correlation coefficients for the examined parameters in surface water are shown in Table 3. Only the values
that are significant at 99% and 95% confidence level are
shown. Most parameters exhibited significant correlations
suggesting their common origin and/or behavior. DO showed
high positive correlation with pH and negative correlation
with phosphate, nitrate and ammonium. This could be attributed to possible impact of pollution sources that result
in consumption of dissolved oxygen. Nitrites and ammonium also exhibited high correlation suggesting the present
of common sources and/or conditions that enhance their
occurrence in surface waters.
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3.2 Assessment of Nemerow Pollution Index

In the current study, the Nemerow pollution index has
been used in order to assess the quality of Strymonas River.
Τhe Nemerow indices of each sampling site as well as the
relative classification according to pollution degree during
two seasons, Summer and Autumn, are shown in Table 4.
Streams (sampling sites T12 and T13) can be characterized
as the most polluted systems, followed by the tributary of
Belitsa. The spatial and temporal variation of Nemerow index along Strymonas River and Belitsa tributary is illustrated in Fig. 3. The first sampling site T6 in Belitsa pre-

sents the best water quality whereas there is a deteriorating
trend downstream (sites T7-T11). Particularly, the sites
T10 and T11 before the discharge into Strymonas River
showed relatively higher values, especially during autumn.
The Nemerow indices showed seasonal differences i.e. the
site T7 during autumn was relatively clear whereas during
summer it was classified as the most polluted site in Belitsa, indicating occasional pollution impact. The spatial
variation of Nemerow index in Strymonas River (Fig. 3)
showed that there are not great differences in water quality
along the river, however the peak values at sites T3 and T4

FIGURE 2 - Concentrations of nitrate, chloride and iron in Strymonas River and Belitsa tributary.
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TABLE 3 - Correlation matrix of physicοchemical parameters, major ions, nutrients and metals at surface waters (Sampling Sites T1-T13,
n=59). Statistically significant values are only shown.
pH

pH
EC
DO
TDS
T
K
Na
Ca
Mg
Cl
SSP
SAR
HAR
NO3NO2NH4+
PO4-3
Fe
Zn
Mn

EC

DO
TDS
T
K
Na
0.653**
-0.342**
**
**
*
**
-0.446
0.993
-0.291 0.351
0.332*
-0.469**
-0.467**
0.653** -0.446**
0.993** -0.469**
0.548** 0.481**
-0.291*
0.316*
0.478**
-0.342** 0.351** -0.467** 0.548**
0.332*
0.481** 0.316* 0.478**
0.719** -0.289* 0.763** -0.374** 0.298*
*
**
**
-0.329 0.655 -0.396
0.673**
0.301* 0.400**
0.751** -0.296* 0.787** -0.344** 0.352** 0.261*
0.486** 0.272* 0.846**
0.318* 0.408** 0.429** 0.984**
0.764** -0.336** 0.809** -0.308* 0.322* 0.298*
0.315* -0.257*
*
-0.300
-0.543**
0.286*
**
**
*
-0.385
-0.574
0.302
0.434**
-0.450** 0.522** -0.676** 0.541**
0.433**
-0.668**
0.326* -0.529**

0.357*

0.416**

Ca

Mg
Cl
SSP
-0.329*
**
**
**
0.719
0.655
0.751
-0.289* -0.396** -0.296*
**
**
0.763
0.673
0.787**
-0.374**
-0.344** 0.486**
0.298* 0.301* 0.352** 0.272*
0.400** 0.261* 0.846**
0.555** 0.552**
**
0.555
0.538** 0.262*
0.552** 0.538**
0.262*
0.333**
0.906**
0.983** 0.698** 0.593**
-0.441**

SAR

HAR

NO3-

0.764**
-0.336**
0.318* 0.809**
0.408** -0.308*
0.429** 0.322* 0.315*
0.984** 0.298* -0.257*
0.983**
0.333** 0.698**
0.593**
0.906**
-0.441**
-0.304*

NO2NH4+
PO4-3
-0.300* -0.385** -0.450**
0.522**
-0.543** -0.574** -0.676**
0.302* 0.541**

Fe

Zn

0.326*
-0.529**
0.357*
-0.668**

0.286* 0.434** 0.433**

0.416**

0.299*

0.335**

0.346** 0.604**
0.341** 0.400**

0.390**
-0.304*

0.368**
0.368**

0.346**
0.299* 0.604** 0.341**
0.400**

-0.299*
0.641**

0.474**

0.641**
0.542**
0.474** 0.542**

0.390**

Mn

0.441**

0.339**
0.304*
0.543**
0.597**
0.373**

-0.299*

0.335**

0.339**

0.441**
0.304* 0.543** 0.597** 0.373**

**

p<0.01, *p<0.05

TABLE 4 - Nemerow pollution indices and relative classification of sampling sites according to pollution degree.
Sampling Site
Summer
Nemerow index
Classification
Autumn
Nemerow index
Classification

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11

T12

T13

T14

T15

T16

5.08
15

5.27
14

7.39
7

5.89
12

5.67
13

3.29
16

10.50
5

6.58
10

6.39
11

6.85
9

6.90
8

14.26
4

9.45
6

31.23
1

19.97
3

20.74
2

4.79
15

5.82
12

5.38
13

6.63
11

5.21
14

2.60
16

6.74
10

7.57
8

7.41
9

7.68
7

7.70
6

15.79
2

8.79
5

26.38
1

10.79
4

11.81
3

FIGURE 3 - Nemerow Pollution Index in Strymonas River and Belitsa tributary.

showed pollution impacts. T3 is influenced by discharges
from Belitsa system whereas T4 from Aggitis River which
receives mainly agricultural drainage.
3.3 Multivariate statistical methods

Datasets from environmental studies usually contain a
large number of samples analyzed for many parameters.
Multivariate approaches are considered as valuable tools
for the interpretation of these complex data matrices [7,
33]. In this study, available data is consisted of 24 water
quality variables and 70 samples (data matrix: 24 x 70).

3.3.1. Principal Component Analysis

Principal Component Analysis (PCA) was performed
on normalized physicochemical data for surface waters, to
compensate for strongly skewed distribution and/or to avoid
that high concentration dominates the mathematical model.
The results of the PCA after Varimax rotation are shown in
Table 5. Five factors were found to explain 78.07% of the
total variance. The first factor (PC1) accounted for 35.87%
and exhibited high loadings with EC, TDS, Cl-, Ca+2, Mg+2,
Na+ and K+, possibly associated with natural physicochemical variation of waters. The second factor (PC2) accounted
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TABLE 5 - Factor analysis results for surface waters a,b.
PC1
PC2
PC3
PC4
0.678
pH
0.907
EC
-0.374
-0.564
0.544
DO
0.904
TDS
-0.913
T
0.544
0.591
K
0.680
-0.436
-0.386
Na
0.805
0.346
Ca
0.783
Mg
0.837
Cl
0.767
NO3
0.529
NO2
0.865
NH4
0.495
0.378
PO4
0.875
Fe
Zn
0.822
Mn
35.87
15.95
10.57
7.93
Variance
(%)
a
Extraction method: Principal Component Analysis; Rotation
Varimax with Kaiser Normalization.
b
Factor loadings <0.300 are not reported.

tively with Fe which represents probably ‘soil leaching’
processes. The fourth factor (PC4) accounted for 7.93%
of the variance, was associated with NO3-, pH and DO.
The distribution of the samples between the first two factors is shown in Fig. 4. Three groups are illustrated: a)
sampling sites in Strymonas River, b) Belitsa tributary
and c) Streams. Strymonas River presents low scores for
both factors representing better water quality. Streams are
differentiating from Belitsa tributary regarding Factor II.
Streams exhibited higher scores for Factor II showing
higher impact from wastewaters and the geothermal field.

PC5

0.312

3.3.2. Cluster Anlysis

0.654
0.915
7.75
method;

for 15.95% of the variance, was associated positively with
NH4+, Mn, K+, NO2- and PO4-3. This factor possibly represents impacts from wastewaters / reducing conditions
and geological formations. The third factor (PC3) accounted for 10.57% of the variance, was associated posi-

Cluster Analysis (CA) is a technique in which, a large
data set is compressed and grouped into manageable,
meaningful groups. In this study, CA was used to extract
sampling sites with similar characteristics in the river basin. The dendrogram of the 16 sampling sites showed a discriminate objective distinction of three clusters (Fig. 5):
The first cluster represents sites from Strymonas River.
The second include two sub groups: wastes and surface waters from Belitsa tributary – Streams. These groups include
sampling sites with similar characteristics features and natural background that were affected by sources of similar
type/strength. Streams and Belitsa tributary have similar
characteristics with wastes showing that these systems are
highly affected by these pollution sources.

Stream

Belitsa

Strymonas

FIGURE 4 - PCA scores for the main two factors extracted from the dataset of surface waters.
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Strymonas

0
5
10
15
20
25
+---------+---------+---------+---------+---------+

Cluster 1

Wastes

C A S E
Label
Num
T8
38
T9
44
T10
47
T12
58
T13
62
T316
T3
18
T1
3
T8
37
T9
43
T3
17
T1
4
T7
31
T12
57
T7
34
T7
35
T1
6
T2
12
T3 61
T2
9
T2 10
T2
8
T4 22
T4
24
T2
11
T3 14
T4
23
T5
28
T4
21
T5 27
T3 15
T1
5
T5
26
T6
29
T4
20
T1
2
T16
54
T16 55
T14
67
T15
70
T14
65
T14 66
T15 69
T8 39
T10 48
T9 45
T8 40
T7 32
T13 63
T8 41
T10 50
T11 49
T7 33
T12 59
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Cluster 2

Belitsa & Streams

Sampling Site
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Cluster 3

FIGURE 5 - Ward’s Hierarchical Cluster Analysis with Squared Euclidean Distance.
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3.3.3. Discriminant Analysis

4. CONCLUSIONS

Discriminant Analysis (DA) determines the variables
that discriminate between two or more naturally occurring
groups/clusters. In this study, DA was applied to determine
whether groups differ with regards to the mean of variable,
and to use that variable to predict group membership. DA was
performed between upper and lower part of the river basin
(Table 6). The upper part of the river basin (sampling sites
T1, T2, T6, T7 and T8) presented better water quality,
whereas the lower part (sampling sites T3, T4, T5, T9, T10
and T11) showed higher pollution impact. According to the
results of DA the parameters DO and PO4-3 showed significant differences between upper and lower river basin (Fig. 6).
DO levels exhibited a decreasing trend downstream. Phosphates showed an increasing trend with higher concentrations
in the lower part of basin. Logistic regression analysis with
entrance/exit as dependent variable, indicated DO (Exp(B)=
0.945, p<0.05) and PO4-3 (Exp(B)=30.220, p<0.05), as statistically significant predictors.
TABLE 6 - Mean values of statistically significant parameters after
the discriminant analysis in upper and lower river basin.
Upper basin

Lower basin

DO (%)*

83.6

70.8

PO4-3 (mg/l)*

0.36

0.55

This study aims to evaluate the water quality of the
transboundary Strymonas River and its tributaries (Belitsa
and small Streams) located in northern Greece. For this
purpose, analytical data for 24 physicochemical parameters
were determined at 16 sampling sites on monthly sampling
campaigns during the period May-December 2010. The
Nemerow index was used to assess the water quality. Multivariate statistical methods such as Principal Component
Analysis, Cluster Analysis and Discriminant Analysis were
employed to extract more information about this system.
Methodology and statistical approach, demonstrated
three main water systems which referred to different pollution pressures in the studied area. Strymonas River exhibited better water quality, although there are differences in
water quality along its route. The tributary of Belitsa and
Streams are highly influenced by agricultural, sewage effluents and dairy effluents. Furthermore, the entrance of
Strymonas River to the Greek territory and the lower river
basin have to be monitored as well as Aggitis River and
tributaries before their discharges into Strymonas River.
Moreover, the parameters DO, Na+, NO3-, PO4-3, NO2- and
NH4+ should be also regularly measured since they exhibited significant spatial and temporal variation.

*

p<0.05
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ABSTRACT
The removal of dissolved organic matter (DOM) from
the Pearl River raw water was investigated by enhanced
coagulation process with diatomite in this study. The effect
of coagulant category, additional doses of diatomite and
pH on coagulation efficiency was investigated and DOM
was fractioned and characterized by ultra-filtration and
resin adsorption techniques. The results showed that enhanced coagulation can improve the removal of turbidity
and DOM. The smaller molecules (< 4 kDa) and larger
ones (> 30 kDa) were found to be the dominant fractions.
The hydrophobic acids (HoA) and the hydrophilic matter
(HiM) were more abundant than hydrophobic base (HoB),
hydrophobic neutral (HoN) and weak hydrophobic acid
(WHoA). The results showed that the enhanced coagulation process could provide certain reduction for each molecular weight (MW) organics, WHoA, HoN and HoA
fractions. It can be concluded that the MW distribution and
component fraction of DOM were related to the enhanced
coagulation performance.

KEYWORDS: Dissolved organic matter; Enhanced coagulation;
Molecular weight; Fractionation; Removal.

1. INTRODUCTION
As the second largest river in China, the Pearl River is
the most important water source for about 80 million people. Recently, a steady increase of dissolved organic matter
(DOM) in the Pearl River has been observed due to surface
runoff, discharge of industrial wastewater and domestic
sewage, etc. The presence of DOM in the source water has
a significant impact on water quality, such as adverse odor,
* Corresponding author

taste and color [1, 2], formation of disinfection by-products
(DBPs) [3-6]. Therefore, the assessment of characteristics
and treatability of DOM in the Pearl River raw water is urgently needed.
It is generally known that DOM is a complex mixture
of organic substances. In recent years, many researchers
focused not only on the removal quantity of DOM, but also
on their molecular weight (MW) distribution and molecular polarity. [7-12] Moreover, the previous studies have
found that the physicochemical characteristics of DOM are
related to its treatability. [13] In addition, enhanced coagulation was identified as one of the best available technologies for removing DOM in raw water. [14, 15]
Diatomite (SiO2·nH2O about 80%), which is highly porous with its structure containing up to 80_90% voids and
density 1.9_2.3 g/cm3, is a siliceous rock available in large
deposits around the world. [16, 17] It has a unique combination of physical and chemical properties, which make it applicable as adsorbent and coagulant aid for pollutants encountered in wastewater. [18, 19] However, the coagulation
process combining polyaluminium chloride (PAC) with diatomite, as a coagulant aid and an adsorbent, has received
little prior attention for the MW distribution and the polarity
of removal DOM in drinking water treatment.
Accordingly, the main objectives in this study are intended to: (1) optimize the chief operating parameters in
coagulation process. (2) identify and evaluate the MW distribution and chemical fractions of the removal DOM of
the Pearl River raw water by the enhanced coagulation
treatment with diatomite.

2. MATERIALS AND METHODS
2.1. Test water

The raw water samples were collected from the Pearl
River. The raw water samples had the following quality parameters: T, 20 ± 2Ԩ, pH, 7.35 ± 0.05, turbidity, 30 ± 5 NTU,
CODMn, 9.25 mg/L, and DOC, 3.95 ± 0.5 mg/L.
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2.2. Reagents

PAC product was provided by a local factory in the
form of liquid containing 29% of Al2O3, stock solution
with 1200 mg/L Al2O3. Aluminum sulfate hydrate (Al2
(SO4)3·18H2O, analytic reagent) was purchased from the
Fuchen Chemical Reagent Factory of Tianjin province,
China. These reagents were kept in refrigerator at 4Ԩ and
renewed every two weeks. Diatomite was obtained from the
Ningbo Daily Chemical Factory of Zhejiang province, China.
2.3. Jar-test experiments

A variable speed six-paddle stirrer (ZR4-6, CHN) was
used. Each 1.0 L water sample was dosed with a predetermined concentration of diatomite and coagulant (aluminum sulfate hydrate or PAC) stock solution. Each sample
was slow mixed for 5 min at 50 rpm, and then rapidly
mixed for 2 min at 200 rpm, followed by a slow mixing for
10 min at 50 rpm, and at last a quiet settling of 30 min.
Diatomite was added before the first mixing step, and PAC
was added when the rapid mixing began. At the end of the
settling period, the supernatant was taken at 3 cm below the
water surface using a 20 mL wide bore pipette for further
analysis and characterization.

A flow schematic of the DOM physical fractionation procedure is shown in Figure 1. The initial volume was 200 mL.
The water samples were filtered through a pre-washed
 0.45 μm filter to remove particles, and then the samples
were filtered sequentially through the membranes in series
from 30 kDa, 10 kDa to 4 kDa. Each time a measured volume of 50 mL was retained for further analytical measurement, while the other volume was passed through the next
membrane. The MW distribution of DOM was divided into
five groups: < 4 kDa, 4-10 kDa, 10-30 kDa and > 30 kDa. A
mass balance was used to calculate effective overall concentration within < 4kDa, 4-10 kDa, 10-30 kDa and > 30 kDa.
2.4.2. Chemical fractionation of DOM

The most common approach for distinguishing between
hydrophobic and hydrophilic DOM is to define them as organic matters that can be adsorbed or cannot be adsorbed to
Amberlite XAD resins [4]. The classification of hydrophobic and hydrophilic fractions was done by using XAD-8
resin (Supelco, U.S.A.) according to the procedure proposed
by Matilainen et al. [21].

2.4. Characterization of DOM
2.4.1. Physical fractionation of DOM

The dissolved organic compounds were fractionated
using molecular sieves. Fractionation with ultra-filtration
membranes allows separation of organics based on a nominal molecular weight. Membranes were pre-washed with
Milli-Q water. High purity nitrogen (99.99%) was used to
pressurize the filtration process (0~0.3 MPa). A single stirred
cell apparatus (SCM-300) equipped with ultra-filtration membrane sizes of 30 kDa, 10 kDa and 4 kDa was used. The
method used was described by Dwyer et al. [20]

FIGURE 2 - Schematic diagram of the procedure for DOM chemical
fractionation

FIGURE 1 - Schematic diagram of the procedure for DOM physical
distribution

A flow schematic of the DOM fractionation procedure
is shown in Figure 2 in this study. The steps were as follows: (1) filter the water samples through  0.45 μm membrane to remove particles and pass 200ml of the filtrate
through the XAD-8 Column I directly; the hydrophobic base
(HoB) and hydrophobic neutral (HoN) fractions would be
absorbed by the resin; (2) elute the resin of Column I with
0.1 mol/L HCl to acquire the HoB fraction; (3) adjust the
Column I effluent pH to 2 with 0.1 mol/L HCl before introducing into Column I again; the group that can be adsorbed was hydrophobic acid (HoA); (4) pump the effluent
from the XAD-8 Column I through the XAD-4 resin Column II, the fraction weak hydrophobic acid (WHoA)
would be absorbed by the XAD-4 resin Column II; (5) collect the XAD-4 resin Column II effluent, the part cannot be
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adsorbed onto any column was classified as hydrophilic
matter (HiM). The fractionation of DOM was done in duplicate for each sample. The DOM in water samples was
divided into five classes: HoB, HoN, HoA, WHoA, and
HiM according to the procedure of Figure 2.
2.5. Analytical methods

Raw water samples were analyzed for turbidity, pH,
dissolved organic carbon (DOC) and zeta potential. The
samples were filtered through a pre-washed  0.45 μm filter to remove turbidity, which can interfere with the measurement, and a blank with distilled ultrafiltered water was
run before sample analysis.
Turbidity was measured in a 2100P TURBIDIMETER
(USA). pH values were measured at 25Ԩ using a PHS-3C
meter (CHN).The content of DOM was assessed by DOC.
DOC was analyzed by a total organic carbon (TOC) Analyzer (Liqui TOC, GER) after filtration through a  0.45 μm
membrane, and the filtration was carried out immediately after sampling. The zeta potential measurement utilized a zeta
meter (Zetasizer Nano ZS90, Malvern Instruments, UK).

was investigated. The effect of diatomite on coagulation
efficiency is shown in Figure 4. It can be seen that the percentage of the DOC removal increased with increasing the
dose of added diatomite. The combined effect of PAC and
1.5 g/L diatomite, 37.5% removal was achieved compared
to 22.53% achieved with PAC only. The results may be
contributed to the presence of diatomite. The unique characteristics of high porosity, great specific surface area and
high chemical stability made diatomite applicable for adsorption of organic pollutants. And the crystal structure of
diatomite contained some ion-exchangeable cations, which
could be exchanged with organic and inorganic cations
[17]. Yang et al. [24] have reported that diatomite addition
into membrane bioreactor was proven to be very effective
in improving DOM removal.

3. RESULTS AND DISCUSSION
3.1. Effect of category and dose of coagulant

Coagulation experiments were performed in the coagulant dose range of 10-60 mg/L to determine the kind of optimum coagulants and dosage of PAC and Al2(SO4)3.18H2O for
DOM removal. Figure 3 shows the changes of the DOM removal efficiency and the residual turbidity with increasing coagulant dose. It can be seen from Figure 3 that the percentage of DOC removal increased with increasing coagulant
dose. The residual turbidity decreased greatly with increasing coagulant dose in the range of 0-10 mg/L; the residual
turbidity achieved below 1.0 NTU when coagulant was at
30 mg/L. Compared with Al2(SO4)3.18H2O, PAC performed
more effective in DOC removal at low dose. The removal of
DOC was 22.55% with PAC at the dose of 30 mg/L while
20.54% with Al2(SO4)3.18H2O at the same dose. That could
be attributed to the PAC as a pre-polymerized inorganic coagulant contains high positive charge. Moreover, strong
charge-neutralization and electro-patch coagulation are
thought to be the dominant mechanisms for PAC, which explained the better performance of PAC achieved. [22]. When
the doses of coagulants were above 30 mg/L, the DOC removal efficiency increased slowly and the residual turbidity reached the plateaus. Considering the cost of coagulants
and the amount of sludge, the dosage of PAC was fixed at
30 mg/L for the subsequent experiments in this study.
3.2. Effect of diatomite dose

Diatomite can be embedded in the flocs to improve the
structure of flocs, condense the flocs and raise the floc density. Moreover, diatomite can absorb organic matter. [23]
In this study, enhanced coagulation process with PAC,
combining diatomite as a coagulant aid and an adsorbent

FIGURE 3 - DOM removal with PAC and Al2(SO4)3.18H2O

FIGURE 4 - Effect of diatomite on coagulation efficiency (PAC dose
is 30mg/L)

It can also be observed from Figure 4 that increasing
diatomite from 0.5 g/L to 1.5 g/L, the zeta potential decreased from –2.7 mV to –3.50 mV, which gave rise to the
increase of residual turbidity from 0.50 NTU to 0.63 NTU.
Zeta potential is an important parameter, which is involved
in the stability of colloids and particles. Previous study has
demonstrated that a link between zeta potential and coagulation performance whereby residual turbidity were both
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low and stable when the zeta potential values were maintained between –10 mV and +3 mV. [25] This is because
when the zeta potential was closed to isoelectric point,
flocs of greater density, size and strength will produce and
thus residual turbidity will decrease. It has been evidenced
that the surfaces of diatomite are negatively charged in the
wide pH range of 2–12. [26] When the dose of PAC was
fixed and the dose of diatomite was increasingly added into
water, the charges of suspended matter in the water system
may not be neutralized completely and the zeta potential
would be far away from an isoelectric point. Under this
condition, the flocs may restabilize and the turbidity residual may be high. In addition, the increase of diatomite
would increase the product of sludge. Therefore, diatomite
dose should be controlled in an optimum dosage range.

3.4. Removal of DOM in different MW by enhanced coagulation

Figure 6 shows the DOC concentration of each MW
fraction in raw water and the water samples with two coagulation methods. It can be seen that the MW fractions of
< 4 kDa, 4-10 kDa, 10-30 kDa and > 30 kDa in raw water
were about 0.88 mg/L, 0.50 mg/L, 0.61 mg/L, and 1.95 mg/L,
respectively. It is obvious that the organic compounds presented in the Pearl River mainly consisted of smaller molecules (< 4 kDa) and larger ones (> 30 kDa).

3.3. Effect of pH

One of the most influential parameters that affect coagulation is pH. In order to get more insight into the effect
of pH on coagulation, jar tests with different pH control
were carried out. The pH was adjusted using diluted acid
and alkali. Coagulation experiments with 30 mg/L PAC
combined with 0.5 g/L diatomite were performed in the pH
value range of 5.0–8.0 to determine the optimum value of
pH for DOM removal. The effect of pH on DOC and turbidity removal is shown in Figure 5. It can be observed that
the DOC removal and the residual turbidity decreased
slightly in higher pH range (7.0–8.0) while they descended
dramatically with the decreasing of pH value from 7.0 to
5.0. Enhanced coagulation process combining PAC with
diatomite produced maximum reduction of DOC and turbidity at pH 5.0, with DOC removal of 38.92% and residual
turbidity of 0.32 NTU. Accordingly, lower pH was more
effective in DOM removal. This seems to be consistent
with the conclusions obtained by the previous researchers.
Bell-Ajy et al. [27] investigated conventional and enhanced coagulation for organic matter removal and found
that the optimal pH value of removal of organic matter was
5.5 to 6.5. Qin et al. [28] studied the impact of coagulation
pH on enhanced removal of natural organic matter in treatment of reservoir water and indicated that the maximum
removal of organic matter was obtained at pH 5.2.

FIGURE 6 - DOM removal in different MW by enhanced coagulation
(pH is 5.0, PAC dose is 30 mg/L and diatomite dose is 0.5 g/L)

It can also be seen from Figure 6 that the amount of the
DOC removal of each MW fraction was improved with the
enhanced coagulation combining PAC and diatomite. The
coagulation with PAC was able to remove larger MW fractions (> 30 kDa) and the DOC decreased from 0.88 mg/L to
0.33 mg/L, as compared to the MW fraction < 4 kDa, the
DOC decreased from 1.95 mg/L to 1.74 mg/L. For enhanced
coagulation with diatomite, additional 12.4% DOC for MW
fractions > 30 kDa could be removed and the DOC of MW
fractions of 4-10 kDa and 10-30 kDa were removed additional 15.1% and 10.9%, respectively. This showed that the
addition of diatomite could improve DOC removal for each
MW fractions. This was due to the coagulation process was
mainly to remove particulate matter in water. Most large
MW organics were hydrophobic, which could be removed
by chemical coagulants easily. [29] Though diatomite was
an adsorbent for removal of organics, many factors, such
as the physicochemical properties and the adsorption sites
of cavity surface on diatomite, the contact time of adsorption and the physicochemical properties of organic compounds in water would have great influence on the removal
efficiency of organics. Thus, the results suggested that there
is a relation between the MW distribution of the DOM and
the removal efficiency of DOC by enhanced coagulation
with diatomite.
3.5. Removal of DOM in different chemical fractions by enhanced coagulation

FIGURE 5 - Effect of pH on coagulation efficiency (PAC dose is
30 mg/L and Diatomite dose is 0.5 g/L)

Figure 7 shows the removal of different chemical
fractions of DOM in raw water by conventional and en-
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hanced coagulation processes. In the case of DOM from
raw water, the hydrophobic fractions included hydrophobic
base (HoB), hydrophobic neutral (HoN), hydrophobic acid
(HoA), and weak hydrophobic acid (WHoA), which existed
at about 0.34 mg/L, 0.77 mg/L, 1.21 mg/L and 0.49 mg/L,
respectively. The concentration of the hydrophilic fraction
with hydrophilic matter (HiM) was 1.12 mg/L. Thus, the
DOM in the Pearl River raw water was predominantly HiM
and HoA. The fraction of the lowest concentration was HoB.

PAC and diatomite, the removal performance of each MW
organic matter was improved; especially for larger MW
fractions (> 30 kDa).
(3) The HoA and HiM were primary components in the
DOM of the Pearl River raw water. The enhanced coagulation process could provide efficient reduction of HoA,
WHoA and HoN fractions. HiM and HoB decreased slightly.
(4) The MW distribution and component fractions of
DOM had effect on the treatability of enhanced coagulation. The findings of this research obtained could offer valuable suggestions for benefiting enhanced coagulation removal of DOM in drinking water treatment.
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ABSTRACT
In order to document the distribution of dinoflagellate
cyst assemblages, eight surface sediment samples were collected in surface sediments from southwestern Black Sea
and Çanakkale Strait. A total of 25 cyst types and 1 unknown
cyst type were identified. Samples displays low total cyst
concentrations with values ranging from 8 to 346 cyst g-1dry
weight sediment. Autotrophic dinoflagellates highly and
significantly contributes (p<0.01) to the total cyst concentration. Lingulodinium machaerophorum, cyst type of Alexandrium minutum and Spiniferites bulloideus were dominant at the sampling points. Higher cyst concentration and
diversity observed at stations in Black Sea could be linked
to the type of sediment. Small-sized sediment (sand-silt)
were mostly dominant at the Black Sea stations compare to
the more sandy type sediment of Çanakkale Strait. Present
study provides the first modern dinoflagellate cyst records
from surface sediments of southwestern Black Sea and Çanakkale Strait.

KEYWORDS: Dinoflagellate cyst, surface sediment, Çanakkale
Strait, Black Sea

1. INTRODUCTION
Dinoflagellates are one of the major group of phytoplankton. They are aquatic, ecologically diverse, eukaryotic organisms and include high number of Harmful Algal
Bloom (HAB) species. Several species of dinoflagellates
(about 15%) are known to produce a resistant dormant cyst
as a part of their life cycle [1, 2]. They represent a dormant
stage related to sexual reproduction that ensures the survival of dinoflagellates though unfavorable conditions [3].
Cyst may survive for decades and even centuries in sediments [4,5].
* Corresponding author

The seed bank in sediment can initiate blooms and has important influence on their composition and magnitude [6].
Dinoflagellate cysts (= dinocysts) are very popular and have
been an important topic for the last decades. Their study met
a number of objectives: (1) geographical distribution and assemblage of dinoflagellate species (2) early warning signal
(seeds bank) for HAB (3) as indicator of eutrophication and
industrial pollution in recent sediments (4) understanding of
present and past environmental conditions and climate
change [7-12].
Dinocysts distribution has been studied in many areas
from world oceans and these studies were reviewed in two
different Atlas by Marret and Zonneveld [13] and Zonneveld et al. [12]. Modern and fossil dinocysts studies from
Turkish Coastal waters (Black Sea, Marmara Sea and Aegean Sea) were previously reported by Mudie et al. [7, 14].
Furthermore, modern dinocysts from surface sediments
were recorded in Izmir Bay, Aegean coast of Turkey and
28 dinocysts taxa were reported with their morphological
details [15]. Aydin et al. [16] also studied dinocysts distribution and abundance in surface sediments from Izmir
Bay. Moreover, the abundance and distribution of some potentially toxic cyst were reported from recent sediment of Izmir Bay [17]. Dinocysts assemblages were studied in Homa
Lagoon northwest from Izmir Bay [18]. Dinocysts where
also reported in other Turkish coastal areas (Fethiye Bay and
Marmara Sea) [19, 20]. The objectives of this study are to
provide a first record of modern dinocysts distribution from
recent sediments with focus on the occurrence of potentially
toxic species of two different Turkish coastal areas: Çanakkale Strait and southwestern Black Sea coasts.

2. MATERIAL AND METHODS
2.1. Study area

The Black Sea is one of the largest land-locked marine
basin in the world and has limited exchange with the Mediterranean Sea through the Turkish strait systems, consisting of the shallow Bosphorus (length 35 km, minimum width
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TABLE 1 - Geographic coordinates of sampling points with water depth and sediment type.
Station
no
1
2
3
4
5
6
7
8

Area
Black Sea
Black Sea
Black Sea
Black Sea
Çanakkale Strait
Çanakkale Strait
Çanakkale Strait
Çanakkale Strait

Longitude
(E)
28˚ 06' 07"
28˚ 10̍' 17"
28˚ 36' 27"
29˚ 02'14"
27˚ 11' 49"
26˚ 41' 49"
26˚ 08' 56"
26˚ 21' 17"

0.7 km, average depth ~65 m), Çanakkale Strait (length
75 km, minimum width 1.3 km, average depth ~55 m) and
the Marmara Sea [21]. The Turkish straits system exhibits
a two-layer exchange flow: the surface layer, composed of
the excess of Black Sea Water flowing to the Mediterranean Sea, and deeper the saline Mediterranean Sea waters
flowing first to the Marmara Sea and then to the Black Sea
[22]. The surface layer reflects Black Sea characteristics,
modified by mixing and entrainment between the layers at
the straits and along the basin. The deeper waters are relatively uniform and show the influence of seasonal intrusions of Mediterranean Sea waters into the basin [23-24].
The Mediterranean Sea water entering the Çanakkale is
North Aegean water of Levantine origin, characterized by
relatively high salinity, above 38.90‰, and well oxygenated [21].
2.2. Sediment collection and preparation

Eight surface sediment samples have been collected using Van Veen Grab (Table 1). The top 2 cm of surface sediments has been sampled and used to document the modern
assemblages of dinocysts. The samples have been kept at
4 ˚C at dark until the samples were processed according to
palynological method [25]. Sediment samples have been
treated alternatively with ca.10% HCl (hydrochloric acid)
and ca.47% HF (hydrofluoric acid) then rinsed with distilled
water to remove the acid. The residue of each sample has
been sonicated for 30 sec then sieved through two different
size (125 and 20 µm) stainless steel meshes. The residue
above 20 µm has been then transferred into a plastic tube and
resuspended in 10 ml distilled water. The identification of
dinocysts has been carried out on a 1 ml aliquot of the samples. A Sedgewick-Rafter counting chamber has been used
to count dinocysts under an inverted microscope (Olympus
IX71 with DIC attachment) with a camera at x400 magnifications. Dinocyst concentration has been calculated for each
samples in cyst g-1 dry weight of sediment (dws). Dinocyst
taxa have been identified according to Head [2], Mudie et al.
[7] Matsuoka and Fukuyo [25], Ellegaard and Moestrop
[26], Radi et al. [27], Rochon et al. [28], Matsuoka et al. [29].
Palynological name of dinocyst taxa were used in the text
and their biological affinities have been given in Table 2.
Cyst of Alexandrium spp. was given also as type or complex

Latitude
(N)
41˚ 50' 07"
41˚ 39̍' 17"
41˚ 28' 27"
41˚ 18' 14"
40˚ 26' 49"
40˚ 22' 49"
39˚ 47' 56"
39˚ 28' 17"

Sediment
type
Silty Sand
Silty Sand
Silty Sand
Silty Sand
Sand
Sand
Sand
Sand

Depth
(m)
30
30
30
30
1
1
1
1

in the text because different species can produce identically
shaped cyst [17, 25, 30].
TABLE 2 - List of observed dinoflagellate cysts with palynological
name and their biological affinities in the study area.
Palynological name of cyst
Biological affinity
Autotrophic Group
Gonyaulacoid Group
Alexandrium affine type
Alexandrium catenella/tamarense
complex
Alexandrium minutum type
Lingulodinium machaerophoLingulodinium polyedrum
rum
Operculodinium centrocarpum
Protoceratium reticulatum
Operculodinium israelianum
Protoceratium reticulatum?
Spiniferites bentorii
Gonyaulax digitalis
Spiniferites bulloideus
Gonyaulax spinifera complex
Spiniferites cruciformis
Unknown
Spiniferites delicatus
Gonyaulax spp.
Spiniferites hyperacanthus
Gonyaulax spinifera complex
Spiniferites memranaceus
Gonyaulax spinifera complex
Spiniferites mirabilis
Gonyaulax sipinifera complex
Spiniferites ramosus
Gonyaulax spinifera complex
Polysphaeridinium zoharyi
Pyrodinium bahamense
Gymnodinoid Group
Gymnodinium nolleri
Calciodinelloid Group
Scrippsiella spp.
Heterotrophic Group
Gymnodinoid Group
Polykrikos kofoidii
Protoperidinoid Group
Islandinium sp.
Protoperidinium sp.
Protoperidinium sp.
Protoperidinium nudum
Quinquecuspis concreta
Protoperidinium leonis
Selenopemphix quanta
Protoperidinium conicum
Stelladinium stellatum
Protoperidinium stellatum
Votadinium spinosum
Protoperidinium claudicans
2.3. Statistical analysis

Spearman’s rank correlation coefficient has been used
to detect relationship between cyst concentration, numbers
and type of sediment structures [31]. Shannon-Weaver diversity index (H') for each station, and the group average
clustering from Bray-Curtis similarity index based on
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siella spp., Islandinium sp. and Votadinium spinosum have
been recorded only in Çanakkale Strait.

abundance data have been used in order to identify interrelationships among 25 cyst species at eight stations, for each
station with Primer v6 software [32].

The cluster analysis has separated the species in eleven
main groups (I-XI) at the cut-off level of 60% (Fig. 4).
Groups of II, V, VI, VII, VIII and X only consist of autotrophic species, while groups III, IX and XI consist exclusively of heterotrophic species. Group VII is mostly composed of species from stations 1, 2 and 3. Finally, groups
VIII, IX, X and XI are formed by single species which are
recorded at station 6, 7 and 8. The Shannon-Weaver diversity
index varies between 0 and 3.29. The diversity index of the
first four stations has been calculated between 2.75 and 3.29,
while it ranges between 1.04 and 2.19 at stations 5 to 8.

3. RESULTS
A total of 25 dinocyst types and one unknown cyst type
have been identified (Table 3). Many cyst types have been
observed as living and empty forms. We have recorded 17
autotrophic and 8 heterotrophic cyst types (Fig. 1). Cyst concentrations ranged between 8 and 346 cyst g-1 dws (Fig 2).
The lowest concentration has been recorded at station 5 in
Çanakkale Strait and the highest concentration at station 2 in
southwestern Black Sea. Concentrations of cysts from autotrophic dinoflagellates have been found higher than heterotrophic at each station (Fig. 3). Lingulodinium machaerophorum, Alexandrium minutum type and Spiniferites bulloideus
are dominant in the study area especially for southwestern
Black Sea stations. Operculodinium israelianum, Polysphaeridinium zoharyi and Spiniferites cruciformis have
been observed only at Black Sea stations, whereas Scripp-

The total concentration of cyst from autotrophic dinoflagellates highly and significantly contributes (p<0.01) to
the total cyst concentration in this study. There is a strongly
positive correlation (p<0.01) between cyst of autotrophic dinoflagellate and silty-sand sediment structure, and a negative one (p<0.01) with the sand structure. However, no significant (p>0.05) relationship between the number of heterotrophic cyst and sediment structures could be detected.

TABLE 3 - Dinoflagellate cyst concentrations (cyst g-1 dws) recorded in the recent sediments at each station.

Autotrophic Group
Alexandrium affine type
A. catenella/tamarense complex
A. minutum type
Lingulodinium machaerophorum
Operculodinium centrocarpum
O.israelianum
Spiniferites bentorii
S. bulloideus
S. cruciformis
S. delicatus
S. hyperacanthus
S.memranaceus
S. mirabilis
S.ramosus
Polysphaeridinium zoharyi
Gymnodinium nolleri
Scrippsiella spp.
Heterotrophic Group
Polykrikos kofoidii
Islandinium sp.
Protoperidinium sp.
P. nudum
Quinquecuspis concreta
Selenopemphix quanta
Stelladinium stellatum
Votadinium spinosum
Total autotrophic cyst concentration
Total heterotrophic cyst concentration
Total cyst concentration
Number of autotrophic cyst
Number of heterotrophic cyst
Total number of cyst

Stations
4
5

1

2

3

0
0
6
10
2
0
4
12
0
4
0
0
0
0
0
0
0

26
16
47
104
31
3
0
34
0
21
0
0
5
8
26
6
0

4
0
6
23
6
0
2
2
2
2
0
4
0
0
0
4
0

2
0
2
0
2
0
0
2
0
0
2
0
0
2
0
4
0

0
0
0
2
2
2
0
0
38
6
44
6
3
9

3
0
3
3
0
5
5
0
327
19
346
12
5
17

0
0
0
6
0
0
0
0
55
6
61
10
1
11

0
0
0
0
0
0
0
0
16
0
16
7
0
7
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6

7

8

0
0
0
8
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
3
0
3
0
0
0
0
0
0
0
0
0
0
0
19

8
5
3
0
0
0
0
0
0
0
0
0
0
0
0
0
3

0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
5

0
0
0
0
0
0
0
0
8
0
8
1
0
1

0
0
0
0
0
0
0
0
25
0
25
3
0
3

0
3
0
0
0
0
0
0
19
3
22
4
1
5

0
0
0
0
0
0
0
2
7
2
9
2
1
3
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FIGURE 1 - Dinoflagellate cysts recorded from recent sediments of sampling points: (a) Alexandrium affine type, (b) Alexandrium catenella/tamarense complex, (c) Alexandrium minutum type, (d) Lingulodinium machaerophorum, (e) Operculodinium centrocarpum, (f) Spiniferites
bulloideus, (g) Spiniferites cruciformis, (h) Spiniferites mirabilis, (i) Polysphaeridium zoharyi, (j) Cyst of Gymnodinium nolleri, (k) Scrippsiella
sp., (l) Islandinium sp., (m) Protoperidinium sp., (n) Votadinium spinosum, (o-p) Unknown cyst (Scale bar =20 µm).

FIGURE 2 - Distribution of total cyst concentration (cyst g-1dws) in the study area.
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FIGURE 3 - Relative abundance of autotrophic and heterotrophic cysts in the sampling points.

FIGURE 4. Dendrogram for clustering of the cyst species abundance based on Bray–Curtis similarities.

4. DISCUSSION AND CONCLUSIONS
Mudie et al. [7, 14, 33] studied dinocyst assemblages
with their paleontological significance from Black Sea,
Marmara Sea Aegean Sea and Mediterranean Sea. These
studies were focused on change of past environmental conditions related to dinocysts species distribution and abundance in the areas. Recently, modern dinocyst studies have
become an important topic for Turkish coastal waters due
to usage of cysts as indicatorand species diversity. Modern
dinocyst researches have been carried out at different locations such as Izmir Bay, Aliaga Bay, Gemlik Gulf from

Turkish Coastal waters to investigate assemblages, distribution and abundance of cysts, impact of pollution and link
cyst-vegetative form [15, 16, 20, 34]. This study presents
for the first time assemblages of dinocysts records in recent
sediments from Çanakkale Strait and southwestern Black
Sea. Cyst diversity and concentration have been compared
with the other study areas from Mediterranean Sea (Table
4) and have been found lower. Cyst diversity and concentration have been observed higher at stations in southwestern Black Sea, while cyst diversity and concentration were
lower at stations in Çanakkale Strait. Dinocysts size
ranges between 10 and 100 µm, allowing them to behave

4793

© by PSP Volume 24 – No 12c. 2015

Fresenius Environmental Bulletin

like fine silt particle in the natural environment [37, 38].
Sediment type is an important factor for cyst accumulation.
Fine grain sized sediments are characterized by higher cyst
concentration compare to sandy sediment [39, 40]. In the
present study, sandy sediment types have been observed in
Çanakkale Strait whereas smaller sized sediment (sandsilt) were mostly dominant at the Black Sea stations. Therefore sand grain sized sediment might not be suitable for accumulation of cysts into the sediment. Cysts deposition and
abundance might change depending on some hydrodynamic characteristics and local current. For example, Shin
et al. [41] reported correlation between cyst concentration
and local current pattern in Japan. Furthermore, FertounaBellakhal et al. [42] reported that horizontal distribution
and abundance of cyst were controlled by local currents
and fast moving water dynamic caused diminish cyst deposition in Bizerte Lagoon, Tunisia. Although sediment
transport processes, like turbidity currents, are reported
common phenomenon in Mediterranean, Elshanawayn et
al. [43] did not consider them as significant disturbance in
displacement of sediments in Mediterranean Sea. Çanakkale Strait has two main currents: a more saline bottom current, which comes from Aegean Sea and goes to Marmara
Sea, and a less saline current which flows down from Mar-

mara Sea to Aegean Sea [44]. In present study, cyst abundance was observed in very low amount in Çanakkale Strait
stations compare to Black Sea stations. Therefore water currents might be another reason affecting cyst abundance and
deposition in Çanakkale Strait.
Distribution and assemblages of dinocysts might also
change depending on the composition of the vegetative
cells. Dinocysts can help us to reconstruct the composition
of vegetative cells in the water column. Dinocysts belonging to the Gonyaulacoid group are dominant in southwestern Black Sea. However Calciodinelloid group dinocysts
can be found in great abundance at stations in Çanakkale
Strait (Fig. 5). In the southern Black Sea, Ediger et al. [45]
reported that 81% of identified phytoplankton species were
dinoflagellates. The contribution of this group to the total
biomass and abundance of phytoplankton in the water column varies between 89–98% and 15–63%. Exuviella cordata (=Prorocentrum cordatum), Gyrodinium fusiforme
and Gymnodinium splendens (=Akashiwo sanguinea) have
been reported to be the main dinoflagellate species [45].
Cyst producer genus such as Gonyaulax, Alexandrium and
Protoperidinium were also reported as bloom species in the
Black Sea [46].

TABLE 4 - Comparison of our data with other modern dinoflagellate cyst studies from the Mediterranean.
Area
Çanakkale Strait
Black Sea
İzmir Bay
İzmir Bay
Homa Lagoon
Thermaikos Gulf
Syracuse Bay

Total
number of cyst
7
17
28
36
12
36
34

Cyst concentration
Range (g-1dws)
8-25
16-346
41-3292
15-71
385-5718
43-828

References
This study
This study
Uzar et al. [15]
Aydın et al. [16]
Aydın et al. [18]
Giannakourou et al. [35]
Rubino et al. [36]

FIGURE 5 - Relative abundance of gonyaulacoid, calciodinelloid, gymnodinoid and protoperidinoid cyst group occured in the sampling points.
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Concentrations of chlorophyll-a ranged between 0.21 and
1.7 µl-1 in the surface layers. Phytoplankton succession in
the Çanakkale Strait region shows similarities to the Black
Sea [47- 49]. It is controlled by blooms of dinoflagellates
such as Ceratium spp. and Prorocentrum spp. [50 - 53].
The major contributors to the phytoplankton are dinoflagellates like Heterocapsa triquetra, Prorocentrum spp.
(Prorocentrum micans, Prorocentrum minimum, Prorocentrum scutellum, Prorocentrum triestinum), Ceratium
spp. (Ceratium furca, Ceratium fusus), Scrippsiella trochoidea, Protoperidinium spp., Protoperidinium longipes,
Podolampas elegans, Dinophysis spp. (Dinophysis caudata and Dinophysis acuminata) and Protoceratium reticulatum [44]. Researchers previously reported harmful and
toxic algal blooms, especially Dinophysis spp. and Gonyaulax spp., as a potential threat in the Çanakkale region
[50 - 53]. Although the largest contributors to total phytoplankton abundance are diatoms (Bacillariophyceae) during the winter season their contribution decreases. Contribution of Dinophyceae, Bacillariophyceae and other taxonomic groups to total phytoplankton in Çanakkale Strait
has varied between 6-76%, 0-89%, 0-83%, respectively.
Phytoplankton chlorophyll-a values varie between 0.48
and 2.60 μg L-1 in the surface waters of the Çanakkale
Strait, during the winter period. Chlorophyll-a is highly
correlated with Bacillariophyceae, more than Dinophyceae
and the other taxonomic groups. Additionally, contributions of dinoflagellates (31%) and diatoms (49%) to total
phytoplankton cell density in the Çanakkale Strait in the
winter period are similar to other eutrophic coastal ecosystems of Turkish seas such as the southern Black Sea [48,
54 - 56].
Some dinocyst species were similar to those found in
previous studies. For example, Lingulodinium machaerophorum, Operculodinium centrocarpum, Spiniferites bulloideus,
S. hyperacanthus, S. mirabilis were reported in studied
areas from different Turkish coastal waters [19]. However,
dinoflagellate cysts assemblages and distribution on the different sides of Turkish Coastal waters (Mediterranean, Aegean Sea and Marmara Sea) showed variety and differences
[7, 14, 19]. For example, Aydin and Uzar [19] reported S.
cruciformis, S. ramosus, Nematosphaeropsis sp., Tuberculodinium vancampoae, Selenopemphix nephroideus, Stelladinium abei, S. reidii, S. robustum, T capitatum only from
Marmara Sea whereas Scripsiella spp., Polykrikos schwartzii,
D. caperatum, V. calvum, were reported only from Aegean
Sea coasts by these authors. The present study shows that
dinocyst assemblages have changed at two locations where
water features are different. Spiniferites cruciformis was
only recorded at only Black Sea stations in the present
study. However, S. cruciformis can be found in brackish
waters or areas mainly affected by river discharges and is
also an endemic species of Black Sea, Caspian Sea and
Aral Sea [12]. Votadinium spinosum and Operculodinium
israelianum have been recorded in Çanakkale Strait. Marret and Zonneveld [13] have described the distribution of
these cysts as fully marine and in high salinity areas. Environmental conditions (temperature, salinity and nutrients),

as well as the current pattern, play an important role for
cyst assemblages and distribution. The Çanakkale Strait is
affected by the Mediterranean Sea water entering from
North Aegean Sea water of Levantine origin, characterized
by relatively high salinity (~39‰). Therefore, our results
also supported that dinocyst assemblages and distribution
can change and be variable due to impact of local environmental factors.
In this study, concentration of cysts from autotrophic
dinoflagellates have been found higher than concentration
of cysts from heterotrophic dinoflagellates. This is similar
with studies from Devillers and de Vernal [57], Riberio and
Amorim [58] and Mohamed et al. [59]. Whereas concentration of cysts from heterotrophic dinoflagellates were
recorded higher than autotrophic in some other areas [39,
60, 61]. The high dinocyst concentration together with the
Lingulodinium machaerophorum high abundance is an indicator of eutrophication [62]. The high abundance of this
species has been recorded in the Black Sea with higher total
concentration in the present study. Dinocyst diversity was
also found higher in the Black Sea. Dinocyst diversity has
also shown signs of eutrophication in some areas [9, 11].
Lack of modern environmental data in the present study
area make it difficult to analyses the relationship between
dinocysts and eutrophication in this study. Although other
studies were able to conclude on such a topic, each study
area possesses its own specific environmental conditions.
Therefore additional researches are necessary to understand the relationship between the distribution of dinocyst
in the Black Sea and Çanakkale Strait and the environmental conditions.
Alexandrium affine type, Alexandrium catenella/tamarense complex, Alexandrium minutum type, Lingulodinium
machaerophorum, Operculodinium centrocarpum are potentially toxic cyst species observed in the sampling areas.
These dinocyst types are in low concentrations compare to
other Turkish Seas [17, 19]. Alexandrium spp. is widely distributed in Mediterranean, Marmara and Black seas. However, distribution of these dinocysts have only been reported
in limited areas from Turkish coastal waters [17, 19]. O. centrocarpum is a cyst form of Protoceratium reticulatum
(=Gonyaulax grindleyi) and shows cosmopolite distribution in the world oceans [12]. Rochon et al. [63] reported
that O. centocarpum has very high tolerance to temperature
and salinity changes and it is known as indicator of cold
water. O. centrocarpum has been observed in study areas
with different salinity and temperature features. L.
machaerophorum has been found mostly in neritic areas
and is a known eutrophication indicator in the world ocean
[12]. Cyst of potentially toxic species Gonyaulax spinifera
(such as Spiniferites hyperacanthus) has also been found in
the study areas.
This study provides us dinoflagellate cyst composition, distribution and sediment types in the recent sediment
from southwestern Black Sea and Çanakkale Strait. We
also discussed different dinocyst taxa with regard to their
relation with sediment type, local current pattern and water
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mass features. Presence of vegetative cells and environmental variables are important factors for dinocyst distribution and assemblages for the study areas. Dinoflagellate
cysts as indicator of environmental conditions may vary in
different study areas. Therefore assemblages of dinocyst
should be searched in detail with environmental data and
phytoplankton composition in the water column. We also
suggest that further studies are needed to understand environmental conditions influencing dinocyst distribution for
Turkish Coastal waters.
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ABSTRACT
Lipophilic toxins were analysed in shellfish along eastern Adriatic coast during one-year period. Samples which
provided a positive mouse bioassay test (MBA) for lipophilic toxins were analysed by LC-MS/MS. Results of LCMS/MS analyses revealed okadaates (OAs), yessotoxins
(YTXs) and gymnodimine (GYM). YTXs were the most
common in all investigated areas, but only OAs were identified in concentration above regulatory limit. Slightly
higher toxin content was recorded in shellfish from northern Adriatic Sea in comparison with other investigated areas. Seven potentially toxic phytoplankton species known
as OAs producers were recorded: Dinophysis acuminata,
Dinophysis acuta, Dinophysis caudata, Dinophysis fortii,
Dinophysis sacculus, Dinophysis tripos and Phalacroma
rotundatum; as well as Lingulodinium polyedrum, Gonyaulax spinifera and Protoceratium reticulatum known as
causative organisms for YTXs. OAs content in shellfish
was associated with presence of D. caudata and D. sacculus
in seawater. Species L. polyedrum and G. spinifera were determined concurrently with YTXs in shellfish.
KEYWORDS: Lipophilic toxins, potentially toxic phytoplankton
species, LC-MS/MS, Adriatic Sea

1. INTRODUCTION
Since the first toxin analyses started in 1993 and particularly after the year 2000 when regular controls of shellfish resources began, a wide range of phycotoxins has been
determined along eastern Adriatic coast [1, 2]. The greatest
attention is paid to toxins belonging to the complex formerly
known as “Diarrhetic Shellfish Poisoning-DSP” complex,
most common in shellfish along eastern Adriatic coast. Phycotoxins previously included in the DSP complex are nowadays generally listed in the lipophilic toxin group, which
* Corresponding author

also encompasses azaspiracides (AZAs) and other un-regulated toxins in the EU, such as gymnodimines (GYM) and
spirolides (SPXs). Among the mentioned toxins, AZAs
have never been reported in the shellfish along the eastern
Adriatic Sea.
OAs, among other toxins, have been identified in high
concentration that could endanger human health according
to the regulatory limit established in the Regulation EC
853/2004 and subsequent amendments and additions [3].
High levels of OAs were reported only in shellfish from
northern Adriatic Sea in 2004, 2006 and 2007 [4-6].
Phytoplankton species belonging to the genus Dinophysis and Phalacroma, which produce OA, DTXs and
PTXs, as well as species Lingulodinium polyedrum, Gonyaulax spinifera and Protoceratium reticulatum, known
as YTXs producers commonly occur in coastal phytoplankton community of the eastern Adriatic Sea [4, 7, 8].
In general, the majority of potentially toxic dinoflagellates
are recorded in higher abundance in the northern part of the
Adriatic Sea. Exceptions are Dinophysis acuta, Dinophysis
tripos and Lingulodinium polyedrum which occurred in
higher abundance in the Krka River estuary (central Adriatic Sea) [4, 8, 9].
In accordance with the previous findings, this study was
conducted in order to define lipophilic phycotoxin profile in
shellfish collected in the main shellfish breeding areas in the
eastern Adriatic Sea and to appoint potentially toxic phytoplankton species as the possible source of phycotoxin.

2. MATERIAL AND METHODS
2.1 Study area and sampling methods

Sampling was conducted from January 2008 till December 2008 within the framework of Croatian monitoring
programme of shellfish resources. The research included
14 stations situated at major breeding and harvesting areas
along Croatian coast (Fig 1). Six stations are located in the
northern part, along the coast of the Istria peninsula (IP16), six in the southern part, in Mali Ston Bay (MSP1-6),
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FIGURE 1 - Study area with sampling stations in the northern, central and southern Adriatic Sea

while 2 stations are located in the Krka River estuary (SP1,
SP2), in the central Adriatic Sea (Fig. 1).
Phytoplankton and shellfish samples were collected
fortnightly throughout the year, while stations from the
northern part were sampled weekly during warmer period
of the year (April-October).
Mussels Mytilus galloprovincialis were sampled at all
stations, with the exception of IP6, the only harvesting area
where Mediterranean scallop, Pecten jacobaeus was collected. Mussels from the ropes were collected at three different depths and mixed in one sample for further toxin analysis.
2.2 Phytoplankton determination

Seawater samples for phytoplankton determination
were collected with vertical net hauls from near bottom to
surface (mesh size 20 μm) or with PVC tube sampler (0-5
m). Samples were immediately fixed with glutaraldehyde
to the final concentration of 0.5%. Subsamples of 5 mL for
net samples or 25 mL for PVC tube samples were placed
in counting chambers for 24 hours. Potentially toxic phytoplankton species were identified under inverted light microscope (Olympus IX 51) according to Utermöhl [10].
The results from net samples were expressed as number of
cells m-2 while those obtained from PVC tube samples
were expressed as number of cells L-1. In order to determine the presence of potentially toxic phytoplankton species, 221 seawater net samples and 164 PVC samples were
analysed.

2.3 Mouse bioassay

Lipophilic toxins (okadaic acid (OA), dinophysistoxins
(DTXs), pectenotoxins (PTXs)) were analysed with mousebioassay (MBA) according to CRLMB Standard Operation
Procedure [11]. Using this protocol, other toxins such as yessotoxins (YTXs) and azaspiracids (AZAs) can be extracted,
although a secondary confirmatory technique is recommended to confirm their presence and concentration. Toxins
were extracted from 100 g of soft shellfish tissue with addition of 300 mL acetone and then evaporated. The same procedure was repeated twice. Evaporation was followed by liquid/liquid partition between dichloromethane and water. The
procedure was repeated three times and organic layers were
collected together and evaporated to dryness. The residue
was then resuspended in 4 mL of an aqueous solution of 1%
Tween 60. One mL of the extract was then intraperitoneally
injected to each of the three mice (SWISS CD1 strain),
weighting 18-22 g. The death of two out of three mice within
24 hours is interpreted as positive result indicating the presence of toxins at levels above those established in the Regulation (EC) 853/2004 [3]. During the sampling period, a total
of 407 shellfish samples were analysed with MBA. Among
these, 227 samples from the northern part of the Adriatic Sea
were analysed, 48 from the central and 132 from the southern part.
2.4 Liquid chromatography-mass spectrometry

Samples that resulted positive for lipophilic toxins
with MBA were further investigated with liquid chromato-
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graphy tandem mass spectrometry (LC-MS/MS). Shellfish
samples collected in period from January to the end of July
were analysed in European Reference Laboratory for Marine Biotoxins in Vigo, Spain (method 1). The samples collected from August till the end of December were analysed
in National Reference Laboratory for Marine Biotoxins,
Centro Ricerche Marine in Cesenatico, Italy (method 2).
Lipophilic toxins including free okadaic acid (OA), dinophysistoxins (DTXs: DTX-1 and DTX-2), pectenotoxins
(PTXs: PTX-1 and PTX-2), yessotoxins (YTXs: YTX, 45
OHYTX, homoYTX and 45 OH-homoYTX), azaspiracids
(AZAs: AZA-1, AZA-2 and AZA-3), gymnodimine (GYM)
and spirolides (SPX1) were extracted from homogenized
mussel tissues with methanol; extracts were then washed
with n-hexane and filtered before being injected into LC. In
order to detect and correctly quantify total okadaates (OA
and DTXs plus their ester forms) an aliquot of the extract
was hydrolysed with 2.5 M NaOH; the mixture was kept at
76° C for 40 min and cooled to room temperature. The extract was then acidified by adding of 2.5 M HCl.
Certified reference materials for OA, DTX-1, PTX-2,
YTX, AZA-1, GYM and SPX-1 were purchased from
CNRC (Halifax, Canada) and were used for identification
and quantification of toxins in mussel samples. Concerning
toxins for which no standard is available, identification was
carried out by comparing their retention time with that of
contaminated samples of known composition. Their quantification was carried out assuming they have the same response factor as quantitative toxins.
2.4.1 LC- MS/MS method 1

LC-MS/MS analyses were performed using a HPLC
Shimadzu system and 3200QTrap Applied Biosystems
with an electrospray ionization source. Toxins were separated in a BDS-Hypersil C8, 50 x 2.0 mm column, 3 μm particle size. The mobile phase A consisted of 100% water containing 2 mM ammonium formate and 50 mM formic acid.
The mobile phase B consisted of acetonitrile-water (95:5,
v/v) containing 2 mM ammonium formate and 50 mM formic acid. Flow rate was 200 μL min-1. A step gradient was
used: started with 30% B, increasing to 90% B for 8 min,
followed by a 3 min hold at 90% B, decreasing to 30% B
over 0.5 min and holding at 30% B for 6.5 min until next
run. The transitions with the highest intensity used for quantifications were: OA and DTX-2 (m/z 803.5>255.5 ES-);
DTX-1 (m/z 817.5>255.5 ES-); YTX (m/z 1141.6>1061.6
ES-); PTX-2 (m/z 876.5>823.5 ES+); AZA-1 (m/z
842.5>824.5 ES+); AZA-2 (m/z 856.5>838.5 ES+); AZA-3
(m/z 828.5>810.5 ES+); SPX-1 (m/z 692.5>674.4 ES+);
GYM (m/z 508.3/490.3 ES+).
Limits of detection (LODs) for the analysed toxins
were: 2 μg kg-1 (OA, DTX-1, DTX-2); 20 μg kg-1 (YTX,
homoYTX, 45-OHYTX, 45-OHhomoYTX); 10 μg kg-1
(PTX-2); 4.2 μg kg-1 (AZA-1, AZA-2, AZA-3); 1.5 μg kg-1
(SPX-1); 0.6 μg kg-1 (GYM). Limits of quantification
(LOQs) were 10 μg kg-1 (OA, DTX-1, DTX-2); 60 μg kg-1
(YTX, homoYTX, 45-OHYTX, 45-OHhomoYTX); 30 μg

kg-1 (PTX-2); 14 μg kg-1 (AZA-1, AZA-2, AZA-3); 4.2 μg
kg-1 (SPX-1); 2 μg kg-1 (GYM).
2.4.2 LC-MS/MS method 2

LC-MS/MS analyses were performed using a 1200L triple quadrupole mass spectrometer equipped with an electrospray ionization source (Varian Inc., Walnut Creek, CA,
USA). Chromatographic separation was performed using a
2.8 µm Pursuit XRs Ultra C18, 50 × 2.0 mm column (Varian
Inc., Walnut Creek, CA, USA) kept at 40° C. Mobile phase A
consisted of methanol:water (10:90, v/v) containing 50 mM
formic acid and 4 mM ammonium hydrate. Mobile phase B
consisted of methanol:water (95:5, v/v) containing 2 mM
formic acid and 5.2 mM ammonium hydrate. Flow rate was
300 µL min-1. A step gradient elution was used: 0% B for
4 min, 0-76% B in 6 min followed by a 5 min hold at 76%
B, 95% B was then operated between 15 and 18 min. Reequilibration time at the initial conditions started at 18 min
and was kept for 4 min. Multiple reaction monitoring
(MRM) experiments were carried out in positive/negative
switching ion mode in order to investigate the presence of
the following toxins: GYM (m/z 508 > 490 ES+); SPX-1
(m/z 692 > 444; m/z 692 > 164 ES+); OA and DTX-2 (m/z
827 > 723 ES+); DTX-1 (m/z 841 > 737 ES+); AZA-1 (m/z
842 > 828 ES+); AZA-2 (m/z 856 > 838 ES+); AZA-3 (m/z
828 > 810 ES+); PTX-2 (m/z 876 > 823 ES+); PTX-1 (m/z
892 > 839 ES+); PTX-2-SA (m/z 894 > 823 ES+); YTX
(m/z 1141 > 1061 ES-); homoYTX (m/z 1155 > 1075 ES-);
45-OHYTX (m/z 1157 > 1077 ES-); 45-OHhomoYTX (m/z
1171 > 1091 ES-).
LODs for the analysed toxins were: 7 μg kg-1 (OA, DTX1, DTX-2); 15 μg kg-1 (YTX, homoYTX, 45-OHYTX, 45OHhomoYTX); 4 μg kg-1 (PTX-1, PTX-2, PTX-2-SA); 3 μg
kg-1 (AZA-1, AZA-2, AZA-3); 4 μg kg-1 (SPX-1); 4 μg kg-1
(GYM). LOQs were: 20 μg kg-1 (OA, DTX-1, DTX-2); 50 μg
kg-1 (YTX, homoYTX, 45-OHYTX, 45-OHhomoYTX);
12 μg kg-1 (PTX-2); 10 μg kg-1 (AZA-1, AZA-2, AZA-3);
12 μg kg-1 (SPX-1); 12 μg kg-1 (GYM).
3. RESULTS
During the sampling period, the highest percentage of
positive MBA shellfish samples was recorded in the northern Adriatic Sea (6.6%), followed by 5.3% in southern and
2% in central Adriatic Sea. LC-MS/MS analyses of positive
MBA samples confirmed the presence of OAs, YTXs and
GYM (Fig. 2). Toxins have been confirmed exclusively in
M. galloprovincialis samples. YTXs prevailed as they were
determined in most of analysed samples. The concentration
of YTXs was always below the regulatory limit and ranged
from 122 μg kg-1 determined in shellfish at MSP5 in July to
the highest 479 μg kg-1 at IP2 in June. OA toxins were determined in two samples. Above regulatory limit, OAs were
found in shellfish collected at IP4 when concentration was
291 μg OA eq. kg-1 of which OA esters were represented by
67%. At shellfish from MSP4 in March, OAs concentration
was 135 μg OA eq. kg-1 with 47% of OA esters.
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FIGURE 2 - Concentration of yessotoxins (YTXs) and okadaic acid toxins (OAs) determined with LC-MS/MS in shellfish samples that gave
positive MBA results, from the northern (NA), central (CA) and southern (SA) Adriatic Sea. In samples marked with (*) gymnodimine (GYM)
were determined

TABLE 1 - Abundance of potentially toxic phytoplankton species in seawater samples with concurrently determined toxins in shellfish samples.
According to the available literature the potentially toxic species that could be a source of the found toxins were marked with *
sampling station-month

toxins

NORTHERN ADRIATIC SEA
IP4-V
OA*, OA esters*
IP2-VI
YTX*
IP2-VI
YTX*
IP2-VII
IP2-IX
IP3-IX

YTX
YTX
YTX

CENTRAL ADRIATIC SEA
SP2-III
YTX*
SOUTHERN ADRIATIC SEA
MSP4-III
OA, OA esters
MSP1-V
YTX
MSP6-VI
YTX
MSP6-VII
YTX
MSP5-VII
YTX*
MSP5-VII
YTX*

potentially toxic phytoplankton species

abundance

D. sacculus*
L. polyedrum*
D.caudata
D. sacculus
L. polyedrum*
D. caudata
n.d.
D. fortii
D. sacculus

240 cells L-1
80 cells L-1
80 cells L-1
80 cells L-1
240 cells L-1
44000 cells m-2
/
80 cells L-1
80 cells L-1

D. caudata
L. polyedrum*

1100 cells m-2
1100 cells m-2

n.s.
D. caudata
P. rotundatum
n.d.
L. polyedrum*
D. caudata
G. spinifera*

/
2200 cells m-2
1100 cells m-2
/
1100 cells m-2
12100 cells m-2
2200 cells m-2

n.d.- not determined, n.s. not sampled

Beside YTXs and OAs, during June and July of 2008
low levels of GYMs, below LOQ (LOQ= 2 μg kg-1), were
determined in shellfish from the northern Adriatic Sea
(IP2) and in Mali Ston Bay (MSP5 and MSP6). Shellfish
samples in which GYM were found are marked with * at
Figure 2.

Comparing investigated areas, slightly higher toxin
concentration was determined in shellfish from the northern Adriatic Sea. In that area, toxins were confirmed in
shellfish in warmer period of the year (May-September),
while in the central and southern part of the Adriatic Sea
they were also found in March.
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FIGURE 3 - Dinophysis species determined during the investigation period: a) D. fortii and a pair of D. caudata; b) D. acuta; c) D. sacculus; d)
pair of D. tripos

In course of the investigated period, seven species that
are able to produce OAs and PTXs were found: Dinophysis
acuminata, Dinophysis acuta, Dinophysis caudata, Dinophysis fortii, Dinophysis sacculus, Dinophysis tripos and
Phalacroma rotundatum. Besides them, species Gonyaulax spinifera, Lingulodinium polyedrum and Protoceratium reticulatum, that could be a source of YTXs, were
determined. Some of the identified species are shown at
Figure 3. Majority of mentioned dinoflagellates were
found in all areas; exceptions are the species P. reticulatum
which have been found only in the northern Adriatic Sea
and D. acuta and D. tripos which haven’t been determined
in Mali Ston Bay. The most common was D. caudata
which was confirmed in more than 60% of analysed seawater net samples in all areas, followed by L. polyedrum in
the northern and central Adriatic and G. spinifera in the
southern Adriatic Sea.
Abundance of potentially toxic phytoplankton species
that have been determined from seawater samples concurrently with phycotoxins in shellfish are listed in Table 1.
The presence of yessotoxins in shellfish from the northern
and central Adriatic Sea coincided with the presence of L.
polyedrum, while in the southern Adriatic Sea, species L.
polyedrum and G. spinifera were found concurrently with
YTX in shellfish. At the same time when OAs were determined in shellfish samples from IP4 station D. sacculus
was found in seawater at abundance of 240 cells L-1. As
seawater sampling at the station MSP4 was not performed
in March when OAs was confirmed in shellfish, the com-

position of toxic phytoplankton species is unknown. Species D. caudata was found in seawater sampled before and
after this occurrence in abundance of 6050 cells m-2 and
78100 cells m-2, respectively. Precisely, this is the highest
abundance recorded during 2008 among Dinophysis species in all investigated areas.

4. DISCUSSION
Analyses of phycotoxins in shellfish in 2008 confirmed OAs, YTXs and GYM. YTXs were found in majority of analysed samples, while OAs were confirmed in two
samples, exceeding regulatory limit in the northern Adriatic Sea. These findings are in accordance with the previous studies conducted along eastern Adriatic coast. Up to
date, high levels of OAs have been reported exclusively in
shellfish from the northern Adriatic Sea [4-6].
OAs in shellfish from May 2008 coincided with a presence of D. sacculus in seawater but the causative species
might also be D. acuminata, which was recorded in abundance of 10240 cells L-1 in previous month. Extremely high
levels of OAs in shellfish associated with a high number of
D. acuminata were reported from Scottish waters [12]. Previous studies confirmed toxicity of the mentioned species
and production of OA, DTX-1, OA-D8 and PTX-2 for D.
acuminata [13, 14, 15] and OA, DTX-1 and PTX-2 for D.
sacculus [16, 17]. Cell toxicity of some Dinophysis species
can vary depending of population density and geographical
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origin; moreover Lindahl et al. [18] showed inverse relationship between the population density and cell toxin content of D. acuminata.
In Mali Ston Bay (the southern Adriatic Sea) at the
same time when OAs were found in shellfish, composition
of potentially toxic phytoplankton species was not determined due to the lack of seawater sample but D. caudata
was recorded in phytoplankton community before and after
toxic shellfish episode. The previous year (2007) at the
same station increased abundance of D. caudata in November coincided with OAs in shellfish [8]. Species D. caudata
has been confirmed as OA, DTX-1 and PTX-2 producer
[19, 20].
In previous years (2006 and 2007), high levels of OAs
in shellfish from IP3 station were associated with a proliferation of species D. fortii, at the end of September [5, 6].
However, during our study D. fortii was recorded in low
abundance in this area and OAs were not found in shellfish.
D. fortii was the first species identified as a causative organism of Diarrhetic Shellfish Poisoning [21]. In the Adriatic Sea the first toxic outbreak due to consumption of contaminated shellfish has been related to the presence of D.
fortii along coast of Emilia-Romagna [22] and in the following year (1990) mussel contamination has been observed after D. fortii exposure in the Gulf of Trieste [23].
Up to date, D. fortii has been confirmed as a OA, PTX-2
and DTX-1 producer [24-27].
In 2008, YTXs were found in majority of analysed
shellfish samples from all the investigated areas along
Adriatic coast, but its concentration did never exceed regulatory limit [3]. From 2004 onwards, in comparison with
the other phycotoxin groups, YTXs are the most frequently
determined toxins, but always in concentrations below the
regulatory limit [4, 6, 28-30]. YTXs in shellfish from the
northern Adriatic Sea was related to the presence of L. polyedrum [4, 6, this study] while in the central and southern
Adriatic Sea both species; L. polyedrum and G. spinifera
were found in seawater concurrently with YTXs in shellfish [28, 30, this study].
Toxin production for L. polyedrum and G. spinifera
isolated from the Adriatic Sea was confirmed by Draisci et
al. [31] and Riccardi et al. [32]. During our study in Krka
River estuary a proliferation of species L. polyedrum was
recorded in November, reaching the highest abundance of
4293850 cells m-2 at station SP2. Throughout November
shellfish toxicity was not recorded with MBA, indicating
that L. polyedrum might become toxic only under certain
environmental conditions as stated by Pistocchi et al. [33].

problem of so-called „false positive” MBA samples in which
has not been determined any analysed toxin are recorded
worldwide [34, 35, 36]. Also, in some periods when toxins
were confirmed in shellfish, potentially toxic species were
not observed probably they appeared shortly between seawater sampling and so they remained unrecorded.
In general, compared to the other areas worldwide,
such as Ireland [37], Portugal [38], Norway [35] and Scotland [12] where extremely high levels of OAs have been
reported, our results indicate that the problem of phycotoxins along eastern Adriatic Sea so far does not pose a serious
threat for human health. But, due to occasional toxic episodes reported [5, 6, 39] regular monitoring of phycotoxins
is necessary to prevent human intoxication.

5. CONCLUSION
In our study conducted in 2008, toxin analyses of shellfish samples collected along eastern Adriatic Sea confirmed presence of OAs, YTXs and GYM. Only the OAs
toxins were determined in concentration that could endanger human health in shellfish from the northern Adriatic
Sea. YTXs were the most often found toxins in all investigated areas, while traces of GYM were confirmed in shellfish from the northern and southern Adriatic Sea. This is
the first record of GYM in the area of Mali Ston Bay. Increased OAs content in shellfish from the northern and
southern Adriatic Sea might be associated with the presence of D. sacculus and D. caudata, respectively. Moreover, concurrently with YTXs in shellfish potentially toxic
species L. polyedrum and G. spinifera were determined in
seawater samples.
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Beside OAs and YTXs, in 2008, traces of GYM were
determined in shellfish from the northern and southern Adriatic Sea in June and July. This is the first record of GYM in
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Šibenik Bay [5] and in the area of Dubrovnik [29].
In course of our research, discrepancy was noticed between MBA positive samples and LC-MS/MS results. The
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ABSTRACT
The main objectives of this study were to assess the concentration, cancer risk and non-cancer risk of trihalomethanes (THMs) via multiple routes such as dermal absorption, oral ingestion, and inhalation exposure in drinking
water of Ahvaz, Iran. To implement the assays, five sampling sites were selected and 90 samples were collected
during the period of December to September 2012. The
cancer slope factors for each THM compounds are used
combined with exposure parameters, to estimate the cancer
and non-cancer risks (Hazard Index) with consideration of
different exposure routes. Total concentration of THMs varied from 17.35 to 174.75 microgram per liter andpredominant species of THMs are bromoform and chloro-dibro-momethane. Among the three different exposure routs studied,
inhalation then dermal routs has an important role in total
cancer risk. Total cancer risk were 8.5*10-5, 9.47*10-5,
9.08*10-5, 7.16*10-5 and 9.06*10-5 for Kian Abad, Chamran
University, FarhangShahr, Meli rah and Koroush station, respectively. Hazard Index (HI) levels which calculatedwere
below unity but non-cancer risk related with inhalation route
higher than oral and dermal pathways. Calculated HI was
0.132, 0.102, .097, 0.121 and 0.11 for mentioned sampling
sites respectively.

KEYWORDS: cancer risk, trihalomethane, Hazard Index, Ahvaz,
drinking water

1. INTRODUCTION
One of the most widely applied disinfectants in water
supply systems is chlorine [1,2]. Disinfecting the water
with chlorine may results in the formation of disinfection
byproducts if there are organic compounds in the water
[3,4]. The most common forms of these byproducts are
known as trihalomethanes (THMs) (Chloroform, Boromoform, Bromodichloromethane (BDCM), and Dibromochlo* Corresponding author

ro-methane (DBCM)), and halo acetic acids, haloacetonitriles, bromate, and chloral hydrate. The addition of chlorine
to water containing organic carbon, humic acid, and folic
acid is proved to be the way in which THMs form. It is
noteworthy that the presence of brome ion accelerates the
formation of THMs due mostly to its tendency to make complex with organic compounds. [5-7] The production of such
byproducts during chlorination of the water is the reason
upon which the managers and researchers are trying to apply
ozonation, chlor dioxide, UV, and chloramines instead of the
conventional way of disinfecting the water [8, 9]. In 1976,
the American national committee of cancer announced chloroform to be categorized in the class of carcinogenic compounds due to 18 known carcinogenic characteristics[10]. In
that time, the acceptable level of 100 micro-grams per liter
was determined for chloroform in the water, and then this
level was lowered to 80 micro-grams per liter in 1998. The
reason upon which trihalomethanes have been taken into
consideration is their dangerous and harmful characteristics. In fact, they are held responsible for developing cancer, pre-mature birth,stillbirths and retarding fetus growth
[11-14]. In addition, being exposed to these compounds
could result in developing skin problems, allergy, and
breathing difficulties if they are adsorbed from the lungs
[12, 15, 16]. Chloroform, as the index of the presence of trihalomethanes compounds in the environment, has specific
characteristics. This compound affects the central neural
system and can cause irregular heart bit. Epidemiological
studies on animals have shown that drinking water which
contains high concentration of trihalomethanes can result
in Hepatoma and also gastrointestinal tumors [17].
Considering the different ways with which water is being applied everyday (i. e. cooking, washing, bathing, swimming, and cleaning), trihalomethanes can also be adsorbed
via skin and lungs. These kinds of being exposed to such
compounds have been reported to have negative effects [18,
19].
The importance of assessing the ways of which these
compounds are being adsorbed has been stressed by previously conducted studies in this field [20-23]. Therefore, it
is essential to have particular models to be able to indicate
the various ways of exposure by trihalomethanes.
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Ahvaz, one of the most populated cities of Iran, is located at the south-west of the country. The water resource
of this city which is being used to provide drinking water
has been Karun River so far. Considering the fact that this
surface water as the main water resource for the city and
also the regular application of chlorination as the most
common way of disinfecting it, it is wise to expect the formation the trihalomethanes in the treated water. Furthermore, due to this fact that the river is also exposed to point
and non-point sources of pollution (i. e. The presence of
various industries as well as farm lands nearby the river),
the potential of trihalomethanes formation should be taken
highly possible. Therefore, the present study is aimed to
assess the carcinogenic and non-carcinogenic effects of trihalomethanes formed at Ahvaz water treatment plant's effluent.

1000000 in 2011 census. The drinking water of this city is
provided from Karun River. Two water treatment plants are
applied to treat the water before entering it into the water
supply. The water supply system was divided into five
sections, which the samples were taken from each one
from December to September 2012. The sampling frequency
was 15 days. After taking the needed samples, various parameters were analyzed, including temperature, pH, applied
dosage of chlorine, dissolved organic carbon (DOC), free
chlorine residue, ammonia, brome ion concentration, the UV
adsorption rate in 254 nanometer wavelengths and the concentration of the abovementioned four trihalomethanes. It
should be mentioned that the sampling stations were chosen
in a way that the samples could be accounted for the whole
system's related issue. Figure 1 shows the sampling stations.
2.2 Risk assessment of trihalomethanes exposure

2. MATERIAL AND METHODS
2.1 Sampling stations

Ahvaz with 582 square kilometer area is the capital city
of Khuzestan province and its population was more than

The assessment of the level of trihalomethanes exposure via drinking water, lungs (breathing), and skin was
conducted after measuring the concentration of them in the
taken samples. In order to do the assessment, other variables including time and frequency of trihalomethanes exposure as well as the average time of bathing were accounted

FIGURE 1 - Sampling sites on the map of Ahvaz
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essential. To indicate the risk of cancer resulted from trihalomethanes exposure, at first the CDI (Chronic Daily Intake) should be calculated. The following equation was
used to calculate the CDI from drinking water: [24-27]
CDIoral=Cw*IR*EF*ED*CF/ (BW*AT)
(1)
Also, the risk of cancer from trihalomethanes exposure
during bathing was assessed applying the following equation (2):
CDIinhalation=
Cair*VR*ET*EF*ED*CF*AE/
(BW*AT)
(2)
In order to measure the concentration of trihalomethanes in the air of Cair, the following equations were applied:[28]
Cair= (Yt +Yt0)/2
(3)
Yt= (1-exp (-bt))*(a/b)
(4)
a= (QlCw (1-exp (-N)))/Vs
(5)

b= ((Ql/H) (1-exp (-N)) +Qg)/Vs

(6)

N=KolA/Ql

(7)

Assessing the trihalomethanes exposure to skin was
conducted by calculating the level of adsorption dose. The
equation (8) was used to calculate the adsorption dose.
CDIdermal=CF*Cw*IR*EF*ED/ (BW*AT)

The applied parameters in the equations 1 to 8 are shown
in Table 1. After computing the rate of trihalomethanes exposure via skin, drinking and breathing, the total risk of cancer from exposure to these compounds were achieved through
multiplying the daily intake factor by cancer slope factor
(CSF). The following equation was used to calculate the
total cancer risk:
Total Cancer Risk= (CDIoral*CSForal) + (CDIdermal*CSFdermal) + (CDIinhalation*CSFinhalation) (9)
The CSF of each compound is indicated in Table 2.

TABLE 1 - Parameters definition and their values which were used in this study
Parameter
type
General

Inhalation

Skin adsorb

Oral
Hazard Index

(8)

Parameter

Abbreviation

Unit

Value

Reference

THMs concentration
in water
lifetime average

Cw

µgr/L

measured data

this study

AT

day

70*365

[29]

Body weight
Exposure time
Exposure frequency
Exposure duration
Conversion factor
Carcinogenic slope factor
(oral/dermal)

BW
ET
EF
ED
CF
CSF(oral/ dermal)

Kg
min day-1
days year-1
year
L cm3
mg kg-1 day-1

[29]
[25]
[29]
[29]
[29]
[24]

Carcinogenic slope
factor (inhalation)

CSF(inhalation)

mg kg-1 day-1

THM concentration in air
Bathroom volume
Water flow rate

Cair
Vs
Ql

mg L-1
m3
L min-1

70
35
365
30
0.001
0.031 (chloroform), 0.062
(BDCM), 0.084 (DBCM),
0.0079 (Boromoform)
8.05*10-5 (Chloroform),
0.13(BDCM), 0.095 (DBCM),
0.00385 (Boromoform)
little’s Model
10
5

[28]
[30]
[28]

Air flow rate
Water temperature

Qg
T

L min-1
ºC

50
40

[28]
[29]

Ventilation rate

VR

m3 h-1

0.83

[31]

Absorption efficiency

AE

%

50

[29]

Dimensionless Henry’s
law at 400C

H

[24]

Overall mass transfer
coefficient
shower duration
Area of skin surface
Fraction of skin in
contact with water
Permeability coefficient

KolA

L min-1

T
SA
F

min
m2
%

0.25 (Chloroform), 0.124
(BDCM), 0.0526 (DBCM),
0.0501 (Boromoform)
7.4 (chloroform), 5.9 (BDCM),
4.6 (DBCM), 3.7 (Boromoform
5-20
1.8
90

PC

cm h-1

Ingestion rate
Reference dose

IR
RfD

L day-1
mg kg-1 day-1
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0.00683 (Chloroform), 0.00402
(BDCM), 0.00289 (DBCM),
0.0026 (Boromoform)
2
0.01 (chloroform), 0.02
(BDCM), 0.02 (DBCM), 0.02
(Boromoform)

[24]

[28]
[22]
[31]
[29]
[25]
[31]
[32]
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TABLE 1 - Cancer Slope Factor of trihalomethanes for cancer risk estimation [24, 32]

CF
BDCM
CDBM
BF

CSF (Dermal/Oral) [mg kg-1
day-1]
0.031
0.062
0.084
0.079

CSF (Inhalation) [mg kg-1
day-1]
8.05E-05
1.30E-01
9.50E-02
3.85E-03

To measure the Hazard Index or non-cancer hazard index, the non-cancer hazard quotient (NHQ) should be calculated at first which is the ratio of daily adsorption rate of
a pollutant to its standard dose. The following equation can
be used to calculate NHQ:
Non-cancer Hazard Quotient = E/RfD

(10)

In which, E stands for the CDI and RfD represents the
Reference Dose Which can be find in table 2. NHQ was
calculated for each parameter and then the non-cancer hazard index of each of them was achieved by applying the
following equation:
Hazard Index = NHQ1+NHQ2+…..+NHQi

(11)

3. RESULTS AND DISCUSSION
3.1 Concentrations of trihalomethanes in drinking water

The average of total concentration of trihalomethanes,
based on the results, was from 32.1 to 60.57µg/L and the

Cancer group
B1
B2
C
B2

RfD
(mg kg-1 day-1)
0.01
0.02
0.02
0.02

minimum and maximum concentrations of these compounds
were 17.35 and 174.75µg/L in Kian Abad and Chamranstation respectively. The results showed that Boromoform,
among the other compounds of trihalomethanes, has the highest concentration which is ranged from 12.32 to 25.54µg/L.
The season related concentrations of trihalomethanes can be
seen in Figure 2. As it is shown in the figure, the concentrations of trihalomethanes were higher at summer, in comparison with other seasons. This is in fact related to the temperature of water which is expected to be higher at summer.
In other words, high temperature accelerates the reactions
which could contribute to the formation of trihalomethanes
[33-35].
In the present study, it was found that the concentration
of brominates compounds was higher than the chlorines'.
According to the results of the previously conducted studies,
chloroform is the most common form of trihalomethanes in
the environment. However, Boromoform was found in the
present study to have the highest concentration in the taken
samples [27, 36]. This can be seen in Figure 3. There are

200
180

Concentration (µgr L‐1)

160
140
120
100

Meli Rah
Koroush
Kian Abad
Chamran University
Farhang Shahr

80
60
40
20
0

sampling Date
FIGURE 2 - Time related concentrations of trihalomethanes at all sampling stations
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70
Kian Abad

60

Chamran University

value µgr L‐1

50

Farhang Shahr

40

Meli Rah

30

Koroush

20
10
0
CF

BDCM

CDBM

BF

TTHMs

Chemicals
FIGURE 3 - Concentration of each compound and total THMs measured at different locations

high concentrations of bromide ions and also hydrophilic
organic compounds in Karun River. The organic compounds are not efficiently removed from the water which
finds their way into the drinking water supply. This is
proven that such compounds have higher affinity to bromide ions than chlorine. That is why the results show that
brominates compounds' concentrations are higher, in comparison with chlorines' compounds [36-38]. In Figure 3, the
concentrations of trihalomethanes based on the individual
compound as well as total concentration of these compounds at different sampling stations are shown. Based on
the results, the concentrations of THMs at the second and
fifth sampling stations were higher than the other stations.
These sampling stations are located at the farthest points to
the water treatment plant. Hence, the necessary compounds
for the formation of THMs have higher time to form and
concentrate [39].
3.2 Risk assessment of trihalomethanes' carcinogenicity

In the present study, the carcinogenic risk of trihalomethanes exposure via bathing, skin and drinking is calcu-

lated based on individual compounds and total concentration of THMs. the total risk of developing cancer were
achieved through multiplying the daily intake by Cancer
Slop Factor.
Figure 4 shows the carcinogenic risk for each type of
THMs compound. Based on the results, brominates compounds, in comparison with chlorines', render higher risk
due mostly to their high concentrations in drinking water.
At the Kian Abad station, bromodichloromethane is found
to have higher risk with 3.71* 10-5 carcinogenic risks. After
that, dibromochloromethane has the highest risk of carcinogenicity. The lowest risk of carcinogenicity at Kian
Abad station is related to chloroform with 1.02*10-5.
Based on the result, chloroform has the lowest concentration in drinking water and also its cancer slop factor is also
lower than the other compounds.
The total carcinogenic risk of trihalomethanes compounds by routs is shown in Figure 5. THMs exposure via
gastrointestinal and inhaling (lungs) has higher carcinogenic
risks, in comparison with exposure to skin. The probability
of developing cancer from skin contact, gastrointestinal, and

TABLE 2 - Non-cancerriskvaluecalculated for different sampling site
Chloroform cancer risk (10-5)
location

Ing

Der

Inh

BDCM cancer risk (10-5)

Total

Ing

Der

Inh

Kian Abad 0.40 0.05 3.26

3.71

1.42

0.12

Chamran
University
FarhangShahr
Meli Rah

0.63 0.07 2.37

3.07

2.35

0.48 0.05 2.86

3.39

0.39 0.04 2.81

Koroush

0.56 0.06 2.50

Total

DBCM cancer risk (10-5)

Boromoform cancer risk (10-5)

Ing

Der

Inh

Total

Ing

1.34 2.88

1.65

0.12

0.04

1.81

3.56 0.30 4.65

8.50

0.19

1.03 3.57

2.47

0.18

0.03

2.69

5.58 0.47 3.43

9.47

1.71

0.14

1.67 3.53

1.85

0.14

0.07

2.05

4.13 0.35 4.60

9.08

3.24

1.16

0.09

1.28 2.54

1.12

0.08

0.06

1.27

2.76 0.24 4.16

7.16

3.12

2.01

0.16

1.08 3.26

2.34

0.17

0.03

2.54

5.02 0.42 3.61

9.06
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4,00E‐05
3,50E‐05

Value

3,00E‐05
2,50E‐05
2,00E‐05

CF

1,50E‐05

BDCM

1,00E‐05

CDBM

5,00E‐06

BF

0,00E+00
Kian Abad Chamran Farhang
University Shahr

Meli Rah

Koroush

location
FIGURE 4 - Carcinogenic risk for each type of THMs compound

1,00E‐04

value

8,00E‐05
6,00E‐05

Ingestion

4,00E‐05

Dermal

2,00E‐05

Inhalation

0,00E+00

Total
1

2

3

4

5

Location
FIGURE 5 - Total carcinogenic risk of trihalomethanes compounds by different routes

inhaling (breathing/lungs) with such compounds is respectively from 4.7 * 10-6 to 2.39*10-6, 2.76*10-5 to 5.58*10-5,
and 3.43*10-5 to 5.58*10-5. One of the reasons of which the
risk of developing cancer via lung is that the THMs compounds are highly volatile. Besides, the temperature of
bathing water is almost near the boiling point of these compounds which increases the level of THMs in the air while
one is bathing.
3.3 Risk assessment of non-cancer exposure to THMs

The calculated NHQ for chloroform, chlorodibromomethane, bromodichloromethane, boromoformand total
THMs compounds are shown in Figure 6. These findings
are related to the exposure to these compounds via the gastrointestinal tract, skin and inhaling (breathing). As it can
be seen in the figure, the NHQ of gastrointestinal way of
absorption is higher than through the other ways. Chloro-

form has the highest NHQ which is in the range of 0.0405
to 0.828. It can be speculated that the main way of chloroform exposure is from inhaling air contained with this compound. The NHQ of trihalomethanes exposure via air is
found to be higher than the other ones. The calculated quotient for exposure via air (inhaling/bathing) in the regions
Kian Abad, Chamran University, Farhangshahr, Meli rah
and Koroush sampling station were 79.5, 58.8, 67.7, 81.9,
and 65.4, respectively. Comparing with the results of previously conducted researches [40, 41], the calculated NHQ
in the present study is lower which can be due to the low
concentration of THMs compounds in drinking water of
the region. Non-cancer risk of trihalomethanes exposure
includes the affection on central nervous system, developing negative psychological and behavioral conducts, like
jaundice and hepatosplenomegaly [42].
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FIGURE 6 - Calculated NHQ for each of the chemicals A. by ingestion route B. by dermal route C. by inhalation route and D. Total HI for all
exposure routes
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CONCENTRATIONS OF SOME HEAVY METALS IN
FIR FOLIAGE IN SOILS OVERLYING LIMESTONES RICH IN
BAUXITE AND THE EFFECT OF SOIL pH ON METAL UPTAKE
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ABSTRACT
Foliage needle analyses of Abies cephalonica, Loud
(Greek fir) from Ghiona, Erimanthos, Kallidromo and Parnassos forests in Greece, are presented and evaluated in relation to the bauxite soil conditions in an attempt to investigate the observed chlorosis phenomenon. It was been
found that the Fe levels in the foliage needles suggested
low probability for Fe lack in the trees. On the other hand,
the strong association of Fe -Ni- Cr found in the Greek fir
foliage suggested a distinct influence of the bauxite constituents on the chemical composition of foliage needles. It
is known that Fe,Ni, Cr are usual constituents of bauxites
deposits encountered in the area studied. pH measurements
of the soil samples showed that the soils varied from moderately acid (pH 5.82) to slightly alkaline (pH 7.55). Interestingly Fe, Ni and Cr in the Greek fir foliage of Ghiona
forest showed negative correlation with soil pH, demonstrating the influence of pH conditions in the uptake of Fe,
Ni, and Cr by the trees. The Parnassos – Ghiona bauxite
deposits contain higher amounts of Ni compared to most
Greek bauxite ores. However Ni in the Greek fir foliage
remained at low levels. Cr showed a similar behavior with
Ni, exhibiting high concentrations in samples directly related to Fe oxide rich soils.
KEYWORDS: Abies cephalonica Loud, foliage needles, Fe, Ni, Cr,
bauxitic limestone substrate.

1. INTRODUCTION
It has been observed that in certain mountain Greek regions, where the forest consists purely of Abies cephalonica Loud (Greek fir), the trees have had the phenomenon
of chrolosis [1]. In some of these regions, like Ghiona
Mountains, the limestone substrate is rich in bauxites.
Therefore the soil substrate supporting the nutrition of the
* Corresponding author

trees is rich in trace metals related to bauxites. This may
cause plant toxicity causing the chlorosis. Bussotti and Ferretti, [2] in a work describing the forest conditions in Europe reported a characteristic decline of the Greek fir forest
at Parnitha National Park Greece, which was attributed to
the presence of metals encountered in the Athens area. On
the other hand Brofas and Economidou [3] have the opinion that this is a result of the existing meteorological conditions, such as summer droughts and low temperatures
during winters.
The aim of this work was to investigate the influence
of metals such us Fe, Cr and Ni, being usually enriched in
bauxites on the Greek fir forest. Considering the fact that
Fe, Ni and Cr are important chemical constituents of bauxites, foliage samples from a variety of localities with bauxitic soils (such as Ghiona, Parnassos, Kallidromo) were analyzed in this work for these metals. Additional samples
were obtained from Erimanthos, where no bauxites occur,
for comparison purposes. The data were evaluated in relation to soil pH conditions.

2. MATERIALS AND METHODS
2.1 The Parnassos - Ghiona bauxites

The major Greek bauxite deposits are located and
formed within the Parnassos-Ghiona Mountain; they belong to the Mediterranean karst type bauxite deposits and
are hosted within carbonate rocks of the Mesozoic age [4].
The Parnassos and Ghiona Mountains range is the most famous Greek bauxite rich area, both in terms of extent and
degree of exploitation. The geological and tectonic setting
of the Parnassos - Ghiona area is described in detail by
Mettos et al. [5].
The Parnassos carbonate platform forms a neretic sequence between, Triasic and upper Cretaceous, which is
interrupted by three bauxite horizons: the lower, the intermediate and the upper horizon. Within these zones the most
important Greek bauxite deposits occur. Mainly the bauxites of the intermediate and upper horizons are being ex-
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ploited. Generally their mineralogical composition is variable. In the intermediate horizon, the baemitic bauxite type
prevails while in the upper horizon, the main bauxite type is
the diaspore type. The area of the forest Erymanthos belongs
to the main Greek geotectonic zone Olonos-Pindos, being of
Cretaceous age reaching the Eocene period. Limestone in
this zone is readily disintegrated, underlain shale [6].

2.2 Field and laboratory investigation

The soil samples used for this study were collected from
a variety of sub environments of the area investigated (see
Table 1, Fig. 1). Special effort was made to collect samples,
in the vicinity of the sampled tree, from the subsurface and
near the roots of the trees. A number of criteria were used
for the selection of the soil samples such as: the geological

FIGURE 1 - Parnassos, Kallidromo, Erimanthos and Ghiona sampling sites.
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TABLE 1 - Coordinates of the sampling sites.

Sampling code

x (HGRS87)*
GΖ
357983.430
GD
360656.990
G1
358661.310
G2
358659.920
G3
358581.560
G4
360255.710
G5
360255.710
G6
360985.380
G7
359334.410
G8
358129.900
G9
358098.430
G10
358014.760
G11
358173.520
G12
358429.340
KL13
365111.050
KL14
365092.910
KL16
364954.048
PS1
369622.173
PS2
369187.860
PS3
369240.578
PS5
370166.560
PS4
369392.710
PS6
369305.680
ΕR1
318114.650
ER2
318103.810
ER3
317649.580
*According to the Hellenic Geodetic Reference System 87

y (HGRS87)
4277042.700
4267459.200
4274356.700
4274360.430
4274361.810
4280757,800
4280757.800
4280136.440
4277547.440
4277200.400
4277198.800
4277213.000
4277055.309
4276613.610
4291341.840
4291311.000
4291137.900
4269970.448
4271771.920
4271745.865
4269533.740
4270335.530
4270329.708
4207903.830
4207899.760
4208114.350

substrate, the geomorphology, the degree of physical and
chemical weathering of the soils, the morphological characteristics of the tree, (i.e. distinct discoloration of Greek fir),
the bush coverage of the sub environment, etc.
The very coarse fraction of the soil (i.e. rocks, rock
fragments, large part of roots) was removed. A macroscopic description of the samples followed, including the
color of the soils, the texture, and the presence of organic
fragments. In Table 2, a description of the sites investigated
is given in terms of petrological and soil conditions as well
as the tree morphology. For the aim of this work, soil samples were collected from a depth of 0-20 cm, including the
F and H organic horizons.
Then sieved soil through a 2mm sieve was used for the
determination of pH in a ratio of 1:2.5 soil to water ratio
(per weight). A pH meter was used for the pH measurements. The sampled needles (second year) were taken from
the upper third of the crown. The quantity of fresh needles
was 20-30 gr. The selection was made during the dormant
period for the Greek fir. Needles were put in perforated
polyethylene bags to avoid contamination and stored in a
dry place. Needle samples (Table 1) of known mass (3 gr)
were dried to constant weight in an oven at 105oC, the mass
at constant weight was recorded and subsequently ground.
A 15 cm3 aliquot of concentrated nitric acid was added to
the needles which were allowed to stand in a fume cupboard overnight to aid digestion. A 5cm3 aliquot of concentrated perchloric acid was added the following day and the
extract allowed to digest at 100oC for 24 hours until a yellow-clear solution was obtained. The extracts were filtered,

Altitude (m)
919
393
774
776
780
700
712
714
821
971
971
967
910
874
667
659
626
1280
1153
1171
1293
1258
1274
850
807
828

made up to 25 cm3 with deionised water and were analyzed
with ICP for total metals.
The Spearman’s correlation coefficients among the
metals investigated were calculated using the statistical
computing program SPSS V.22.
For the map production the software ARC GIS 10.1
(evaluation free trial) was used.
To determine the bioclimate of the study areas the Emberger classes [7] was used along with the climatic chart of
Emberger-Sauvage. The wider region of Parnassos and
Ghiona belongs to the Mediterranean semi-dry class with a
mild winter (Q2=118.27). The Erymanthos area belongs to the
humid Mediterranean floor with cold winter (Q2= 240.97).
For the forest of Erymanthos, the coldest month is January,
while the hottest months are July and August, with average
monthly temperatures ranging between 4.08 0C to 22.1 0C. In
the forest of Parnassos average monthly temperatures range
between 4.4 0C to 23.70C. The coldest month, in that area
is in February, while the hottest months are July and August. On the other hand in Kalidromo and Ghiona areas the
coldest month of the year is January and the warmest
months are July and August. Average monthly temperatures range from 5.54 0C to 26 0C. The average annual rainfall height for the Erymanthos mountain is 568 mm and for
the other forests it reaches 381 mm. All study areas belong
to the Fagetalia forest vegetation zone according to Ntafis
[8] and more specifically to the subzone of Abietion cephalonicae. The average age of the trees in Ghiona forest is
80 years and the understorey comprises Kermes oak (Quercus coccifera) or broadleaf evergreen trees in irregular
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TABLE 2 - Macroscopic description of the sampling sites.
AREA

Sample
ID
G1 :
G2-G3:

GHIONA

G4:
G5:
G6:
G7:
GD:
G11:
G12:
GZ:

ΚL13:

KALLIDROMO

ΚL14:

ΚL16:
PS1:
PS2:
PARNASSOS
PS4:
PS5:

Sample site description
The substrate of the soil is shale. Soil rich in organic matter. The site shows intensive chemical weathering and
removal of the fine material from the soil. In the vicinity of the sample site a limestone mass occurs. The chlorosis of
the trees is very intensive. In addition, completely dry members of Greek fir were also observed.
The substrate of the soil is red shale. The sample site is in contact with the limestone. Mature soil, morphology of the
substrate better than at sample G1. The main difference between sample G1 and G2 is that the later is in contact with
limestone.
The substrate of the soil is limestone underlain by shale, covered by Kermes oak in very good condition.
The substrate is limestone with Greek fir in very good condition without chlorosis
Grey shale showing chemical weathering phenomenon, is the substrate of the soil
Bauxite soil in contact with limestone.
Limestone substrate in the vicinity of bauxites deposits.
Thin layered broken limestones prevail in the area which forms the substrate of the soil. A large number of Greek fir
show the chlorosis phenomenon.
Massif limestone substrate. Soil rich in organic matter derived mainly from the leaves of the bushes, being present in
large numbers, in the tree environment.
Bauxite material influences the soil sample. The general geomorphology and geological setting is similar to that of
G11.Thick limestone substrate. It is seen, that in this environment the degree of tree coverage is low. A line of dry
trees all showing high degree of chlorosis is observed. It is obvious, that there is a specific orientation of the dry trees.
Characteristic clump.The feature of this region is the important thickness of the soil. The soil is also characterized by
a high concentration of iron oxides, with intense brown to red color and with a large amount of organic material. It is
obvious that the conditions are favorable for soil formation. The soil substrate consisting of gray magnesium rich
limestone or dolomite.
The site is located at a lower altitude than the previous sample site. It is characterized by more organic rich material
than iron oxides. Thicker weathering products unlike KL13 are encountered close to compact limestone. Area of
channels of KL13 and KL14 observed that the most dense trees collected in the range of solid rock rather than in the
remaining area. The sample is rich in organic products and has a dark brown color.
At this site limestone is in contact with shale. On the limestone the thickness of the Fe-oxide rich soil is small, while
the limestone weathering products reach almost the ground surface. Generally the soil thickness here is smaller relative to KL13/KL14 site.
The soil has a characteristic red color with very little organic products. Generally in the region, the trees are in a
healthy condition and grow on eroded limestone with pebbles. The foliage samples has a yellow color
The soil has a pale brown color, containing remnants of foliage needles and roots. The soil constituents are characteristically coarse.
The soil here is of fine texture, brownish in color, containing a sufficient amount of organic products (humus). It is a
ferruginous soil.
The trees here are well developed, green in color, growing on limestones with breccia. No indications of chlorosis
were observed.

mixing. In Parnassos forest, the flora comprises species of
Western prickly juniper (Juniperus oxycedrus), Kermes
oak (Quercus coccifera), and hawthorn (Crataegus sp.)
and the average age of Greek fir trees is over 50 years. In
Erymanthos and Kallidromo forests the understorey of fir
consists of Kermes oak and broadleaf evergreen trees in diluted positions. The mean age of the trees is 50-60 years.

TABLE 3 - pH Variability in Ghiona, Kallidromo and Parnassos soils.
Characterization of the soils based on Robarge and Johnson [11].
Sampling code
G1
G2
G3
G4
G5
G6
G7
G11
G12
GD
GZ
KL13
KL14
KL15
KL16
PS1
PS2
PS4

3. RESULTS AND DISCUSSION
3.1 pH variability in soils

Soil pH plays an important role in the nutrition process
of the trees. Changes in soil pH influence the uptake of nutrients by affecting their availability. The environmental alkalization and nutrient imbalances in soil were found to be
significantly related with pine needle photosynthetic efficiency and anatomical structure [9].
pH measurements were carried out on the soil samples
collected from the area studied. The soils have been classified on the basis of pH values, using the Robarge and Johnson (1992) classification system, [10-13], (see Table 3).

pH
6.8
5.82
6.54
7.28
7.1
6.79
7.24
7.15
7.58
7.53
6.73
6.63
7.01
7.55
7.5
6.55
6.65
7.21

Soil characterization
Slightly acid to neutral
Moderately acid
Slightly acid to neutral
Slightly acid to neutral
Slightly acid to neutral
Slightly acid to neutral
Slightly acid to neutral
Slightly acid to neutral
Slightly alkaline
Slightly alkaline
Slightly acid to neutral
Slightly acid to neutral
Slightly acid to neutral
Slightly alkaline
Slightly alkaline
Slightly acid to neutral
Slightly acid to neutral
Slightly acid to neutral

The soils in Kallidromo mountain were generally more
alkaline compared to Ghiona mountain. Field observations
showed that in Parnassos forest soils are generally charac-
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FIGURE 2 - Correlation between pH and Fe in foliage needles in Ghiona forest.

terized by distinct presence of Fe oxides and organic material resulted from dense vegetation, in contrast to the
Ghiona soils which appear to be poorer in organic material.
3.2 Foliage analyses

Several factors such as geological and climatic conditions as well as biological activity control the processes of
element mobility and availability in soils [14]. Metal concentrations levels in the fir foliage in the four areas investigated varied as follows: In the Ghiona forest Fe concentrations were found in a range 73 and 301 mg kg-1. In the
Erimanthos forest, they were between 70 and 138 mg kg-1,
in the Parnassos forest between 163 and 311 and in the
Kallidromo region between 164 and 208 mg kg-1 (Table 4).
Interestingly, there was a negative correlation between Fe
concentrations in the Greek fir foliage of Ghiona and the
soil pH (Fig.2).
Considering the criteria for determining the forest nutrient status it is demonstrated that: in the Ghiona forest, Cr
concentration in foliage of Greek fir is characterized as
normal (Table 5) [15,15a]. Chromium concentration levels
were generally low, varying between 0.1 and 1.5 mg kg-1.
The highest concentration for Cr was found in sample
G6 with grey shale substrate. Relatively high concentrations
are also found in samples G3 and G2. Therefore, it is demonstrated that the highest values of Cr are related to shale substrates. In the remaining samples, Cr remains below 0.9 mg
kg-1, being related to limestone substrates (Table 5).
In the Ghiona Mountain, Ni and Fe in fir foliage generally showed similar geochemical behavior. Their highest
concentrations were determined in trees with shale soil substrate (i.e. samples G6 and G2). The remaining samples had
low Ni concentration. Similarly, the geochemical behavior
of Ni is similar to that of Cr. In Erimanthos forest the con-

centrations of Ni were found below the detection limit,
except for sample ER2 at which Ni reaches the value of
3.3 mg kg-1. In Kallidromo forest the levels of Ni were
below 1.13 mg kg-1 (Table 5). In Parnassos forest the Ni levels
varied between 0.66 mg kg-1 (PS1) and 1.76 mg kg-1 (PS2).
TABLE 4 - Variability of Fe in needles of Greek fir in the areas investigated: (the characterization is based on Carter [15,15a]).
Abies Cephalonica (mg kg-1)
Sampling code
Fe
Characterization*
GHIONA
G1
105
Low probability of Fe lack
G2
258
»
G3
186
»
G5
124
»
G6
301
»
G7
164
»
G8
73
»
G9
145
»
G10
187
»
G11
159
»
G12
103
»
ERIMANTHOS
ER1
138.37
Low probability of Fe lack
ER2
104.49
»
ER3
70.44
»
PARNASSOS
PS1
311.69
Low probability of Fe lack
PS2
176.51
»
PS5
268.03
»
KALLIDROMO
KL13
164.94
Low probability of Fe lack
KL14
178.87
»
KL16
208.51
»
*Deficiency likely
<25 mg kg-1
*Possible deficiency 25-50 mg kg-1
*Low probability of deficiency > 50 mg kg-1 {Carter R., [15], Ballard, T.
and Carter, R.E. [15a]}
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TABLE 5 - Variability of Ni & Cr in foliage needles of Abies cephalonica in the areas investigated: (the characterization is based on
Kabata-Pendias and Pendias [16]).
Sampling Code

Greek fir (mg kg-1)
Ni*

Greek fir (mg kg-1)
Cr**

GHIONA
G1
0.7
0.1
G2
1
0.9
G3
0.6
1.1
G5
0.4
0.4
G6
1.5
1.5
G7
0.5
0.6
G8
<0.1
<0.1
G9
0.3
0.2
G10
0.4
0.4
G11
0.5
0.4
G12
0.3
0.2
ERIMANTHOS
ER1
<0.621
0.54
ER2
3.3
0.55
ER3
<0.621
0.23
PARNASSOS
PS1
0.66
0.85
PS2
1.76
1.89
PS5
1.19
0.95
KALLIDROMO
KL13
1.13
0.77
KL14
2.06
0.68
KL16
1.89
2.19
* Normal 0.1-5 (mg kg-1), excessive or toxic 10-100 (mg kg-1)
** Normal 0.1-0.5 (mg kg-1), excessive or toxic 5-30 (mg kg-1), ( KabataPendias and Pendias [16]).

The environmental behavior of metals along with varying geochemical and soil processes control their environmental hazard [17]. The presence of bauxite ores in the
Ghiona Greek fir forest leads to the formation of soils being
compositionally influenced by the chemistry of bauxites.
One important issue in this work was to answer the
question whether the metal uptake by trees influenced their
normal physiological function. A comparison of the metal
concentrations levels found in the foliage needles of the
Greek fir forest studied with their levels in the foliage needles of trees of the same family showed that: except for a

few trees, the Fe levels in the foliage needles of the forests
investigated (Ghiona, Erimanthos, Kallidromo and Parnassos) generally suggest low probability for Fe lack in the
trees (Table 6).
It is therefore concluded that generally, the Greek fir forests investigated in this work do not suffer from Fe deficiency. However, in some trees (samples G8, G1 & G12, see
Table 4) Fe concentrations in the foliage needles were well
low. This may be related to the low values of Fe in the bauxitic soil derived from rocks rich in bauxites. Although more
than 70% volume of the Parnassos - Ghiona bauxite deposits
belongs to the red-coloured type, there is a significant proportion of yellow and grey to whitish bauxites. These bauxite types differ in their mineralogical and chemical composition; being enriched in Al and depleted in Fe [17].
It was interesting to note that the tree showing very low
Fe value in the foliage needles (sample G8, 73 mg kg-1)
showed distinctly the phenomenon of chlorosis. It was
therefore concluded that chlorosis in this sample could be
attributed to the lack of Fe.
Trees having elevated concentrations of Ni in foliage
needles, (as happens for sample G2) are related to soils enriched in Fe oxides. This is very obvious in the case of sample G2, the soil of which shows a distinct red color. Nickel
values in bauxites deposits from Parnassos-Ghiona geological zone were reported to reach values up to 900 mg kg-1
[18], while Laskou [19], for the same deposits gave an average Ni value of 690 mg kg-1. In any case it has been
demonstrated that the Parnassos – Ghiona bauxite deposits
contain higher amounts of Ni compared to most Greek
bauxite ores.
Nickel concentrations between 10 mg kg-1 to 100 mg
kg are considered critical for the appearance of toxic phenomenon in trees [16]. The fact that in all forests investigated here, Ni concentrations did not exceed 3.3 mg kg-1
(Table 6) suggested that Ni levels (sample ER2, Table 5)
did not influence negatively the function of the trees. An
investigation of the Ni variability in Greek limestones
-1

TABLE 6 - Ni,Cr,Fe variability in foliage needles of A. cephalonica Loud. in the four areas investigated.
THIS STUDY
GHIONA

ERIMANTHOS

PARNASSOS

KALLIDROMO

Fe (mg kg-1)
Min-Max
Average
std. dev
n
Min-Max
Average
std. dev
n
Min-Max
Average
std. dev
n
Min-Max
Average
std. dev
n

73-301
164.09
67.88
11
70.44 -138.87
104.43
33.96
3
163.75 - 311.69
230
71.57
3
164.94 - 208.51
184.11
22.25
3
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Ni (mg kg-1)
0.3-1
0.62
0.37
11
3.3
3.3
3
0.66 - 1.76
1.26
0.46
3
1.13 -2.06
1.69
0.49
3

Cr (mg kg-1)
0.2-1.5
0.62
0.45
11
0.23 - 0.54
0.44
0.18
3
0.85 -1.89
1.30
0.45
3
0.68-2.19
1.21
0.84
3
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showed that its values in these rocks are very low [20].
Nickel concentrations levels in Ghiona forest foliage were
very low (under 0.1 mg kg-1), even lower than the values
found in Erimanthos, Kallidromo and Parnassos forests.
Generally, Ni concentration levels in Greek fir foliage needles studied in this work differ from those found in the needles of Pinus sylvestris L. from other European forests,
which ranged from 1.22 to 1.62 mg kg-1 [21]. It was reported [21] that the concentrations of Ni decrease during
the first year of the needle growth in Pinus sylvestris L.,
while in its remaining life it remains constant. The trees
investigated here are matured so it is considered that the
levels of metals in the foliage needles reach a more or less
stable level.
The Cr concentration levels in Greek fir foliage needles studied here (Table 5) were markedly higher compared

with the Cr concentration levels in Pinus sylvestris L. foliage needles reported in Central and Northern Europe,
which had an average value of 0.4 mg kg-1 [21]. More specifically, in Lithuania, in Picea abies foliage needles Cr
concentrations varied between 0.12 and 0.45 mg kg-1, being much lower compared to the Cr values in the tree needles in this work. It is highly probable that the source of Cr
is directly related to its uptake from the soil. It should be
noted here that Cr is enriched in bauxite ores, which are
disseminated to a large extent in the Parnassos, Ghiona forest region. It is therefore suggested that the main source of
Cr in the trees investigated was the bauxite ores. On the
other hand, bauxites of red type are rich in Fe and Cr. Sample G6 which showed significantly higher values of Fe and
Cr in fir needles, compared to all other samples, should be
related to this type of bauxites.
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0,4
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FIGURE 3 - Correlation between Fe and Cr in foliage in Ghiona forest.
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FIGURE 4 - Correlation between Fe and Ni in foliage in Ghiona forest.
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FIGURE 5 - Correlation between pH in soil and Ni in foliage in Ghiona forest.

Chromium showed a similar behavior with Ni, exhibiting high concentrations in samples directly related to Fe
oxide rich soils. This is supported by the fact that the sample G6 had a Cr value of 1.5 mg kg-1. This value was found
above the range of Cr in the remaining Ghiona samples. It
should be noted that the soil of this tree is characterized by
red color as a result of the presence of Fe oxides.
The association of trace metals such as Ni and Cr with
Fe in the Greek fir foliage (see Figs. 3, 4) is the result of
their adsorption on Fe hydroxides during chemical weathering of rocks/mineral under oxidizing conditions in a pH
range of 5 to 8 [22]. Among other factors the soil pH is an
important one for trace metal uptake [23-26].
The needle/soil transfer ratio values used by Gandois
[26] showed that in a forest with high soil pH values the
uptake of Fe by Abies alba Mill., was very limited. In the
area studied, as it is shown in Table 3, pH in soils varied
between 5.82- 7.55. Therefore, the soil types identified
vary from moderately acid to slightly alkaline. It was observed that the soil sample G6 having the lowest pH value
(slightly acid to neutral) consisted of shale constituents.
Similarly soil sample G2 with pH 5.82 (moderately acid)
was a carbonate rich soil strongly influenced by bauxitic
constituents.
Therefore, it is concluded that the presence of bauxitic
constituents in Ghiona soils plays an important role in the
bioavailability of trace metals. Interestingly, the foliage
needles of these samples are characterized by markedly
higher Fe, Ni and Cr concentrations relatively to the other
samples.
This indicates the pH effect on the uptake of Fe, Ni and
Cr by the trees. Additionally, this is demonstrated by the
strong negative correlation found between pH values and
Ni concentration in the foliage needles (see Fig. 5).
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4. CONCLUSIONS
1.

Field observations in the Parnassos-Ghiona and
Kallidromo Mountains forest showed that the chlorosis phenomenon in the Greek fir foliage was obvious at a considerable number of sites.

2.

Soil pH measurements showed that the soils in the
areas studied vary from moderately acid (pH 5.82)
to slightly alkaline (pH 7.55).

3.

There was a negative correlation between Fe concentrations in the Greek fir foliage of Ghiona and the
soil pH, showing the influence of pH conditions on
the uptake of Fe by the trees.

4.

The Parnassos – Ghiona bauxite deposits contain
higher amounts of Ni compared to most Greek bauxite ores. However Ni concentrations in the Greek fir
foliage remained at low levels.

5.

The strong associations of Fe – Ni - Cr found in the
Greek fir foliage suggest an influence of the bauxite
constituents on the foliage constituents as Fe -Ni- Cr
are usual constituents of bauxites deposits encountered in the area studied.

6.

It was found that foliage needles analyzed from trees
in the vicinity of bauxitic limestone substrate
showed an enrichment factor of 7.5 for Ni and Cr and
3.67 for Fe relative to samples obtained a long way
from bauxitic limestones.

7.

Generally, the Greek fir forests investigated in this
work were not found to suffer from Fe deficiency.
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ABSTRACT

1. INTRODUCTION

Aerobic granular sludge process is known as a potential upgrading technology for wastewater treatment. However, start-up of aerobic granular sludge reactor is timeconsuming, and frequently leads to deterioration treating
low-strength wastewater. A novel sludge discharge strategy was proposed to enhance the granulation treating lowstrength wastewater by sludge retention time (SRT) control
strategy. After a short settling period, a variable discharge
volume of effluent containing slow-settling flocs, which
was predetermined by SRT, was withdrawn. The remainder of effluent was withdrawn after a long setting period.
SRT in novel reactor (R1) was regulated and controlled at
12 days, while no specific SRT control strategy was applied
in control group (R2). Results showed that granulation was
achieved in R1 on day 50, while R2 failed to granulation.
MLSS and SRT of R1 were stabilized at 11.6±0.24 g/L and
12±1.5 days, respectively, while in R2 they were 4.5±0.9 g/L
and 4.2±0.5 days. Calcium carbonate particles with excellent
settling ability were observed in R1. Bacteria then attached
and grew on these particles to form mature granular structure. Results revealed that long SRT facilitated the growth
of dense biomass with a slow growth rate, which enhanced
biomass retention and aggregation in R1. High biomass
concentration had accumulative effect on both carbon dioxide and calcium, which then formed calcium carbonate
particles under alkaline condition in R1. Study stated that
calcium carbonate nucleation enhanced biomass attachment, which were able to resist the detachment force and
achieve complete granulation under unflavored condition.

KEYWORDS: Aerobic granular sludge; low-strength wastewater;
SRT; calcium carbonate nucleation
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Due to its dense structure and fast settling velocity,
aerobic granular sludge has advantages of high biomass retention and pollutants loading rate compared to activated
sludge flocs [1-4]. At the same time, the selector, anaerobic
tank, and clarifier are not needed for biological wastewater
treatment with its application, which saves the footprint and
energy cost up to 75% and 50%, respectively. Most studies
developed aerobic granular sludge process in high or middle-strength organic wastewaters with organic loading rate
(OLR) between 2.5 to 15 kgCOD/m3·d [5-10]. Studies found
that a low influent organic concentration can greatly increase
the start-up time, and frequently cause overgrowth of loose
flocs, which lead to the deterioration of bioreactor [11-17].
Previous studies showed cell hydrophobicities, extracellular
polymeric substances (EPS) and biomass growth rate decreased with influent concentration [18]. As a result, microbial aggregates loosely attach to each other, which were easily disintegrated by the collisions and fluid drag force, and
failed to granulate while treating low-strength wastewater
[16]. Unfortunately, the influent organic concentration at
most of domestic wastewater treatment plants (WWTP) is
relatively low, which became the bottleneck of engineering
application of aerobic granular sludge process [19, 20].
Many strategies, including addition of bacteria, inorganic substance, and divalent metal ion in reactor have been
adopted to promote granulation. Granulation was achieved
after 80 days treating municipal wastewater with the OLR of
1 kgCOD/m3·d by adding crushed granules [21]. The same
strategy was applied treating slaughterhouse wastewater
with the OLR of 2.0 kgCOD/m3·d, which took 133 days to
granulate [22]. Crushed granules performed as nuclei for
floccular particle attachment, which accelerated granule formation [23]. With the addition of granular activated carbon
(GAC), full granulation was achieved after 30 days treating
low-strength wastewater with OLR of 0.8 kgCOD/m3·d
[14]. When added with zero-valent iron (ZVI), granulation
was achieved after 43 days, while in the reactor without
ZVI it took 64 days treating slaughterhouse wastewater
(with the OLR of 2.0 kgCOD/m3·d) [24]. Resemblance to

4825

© by PSP Volume 24 – No 12c. 2015

Fresenius Environmental Bulletin

crushed granules, inorganic substance served as nuclei to
promote microbial immobilization and initial sludge granulation [25]. By adding Mg2+ in reactor, granulation time
decreased from 32 days to 18 days through the strong effect
of the ions on the self-immobilization of microbial biomass, while adding Ca2+ facilitated granulation by affecting the physical characteristics of granules [26]. Although
these strategies could speed up the process of aerobic granulation, they are complex and expensive for actual industrial application.
It has been known that SRT have remarkable effect on
bioflocculation in aerobic granule process. Long SRT favored the growth of dense biomass with a slow growth rate,
which enhanced the microbial aggregation and further enriched the biomass concentration [1,13]. However, short
SRT frequently occurred in aerobic granule process treating low-strength wastewater. Previous studies showed low
influent organic concentration can greatly increase the outgrowth of flocculent biomass, causing the decrease of
sludge settling ability in bioreactors. Selective discharge
volume in conventional operation is mainly controlled by
sludge settling velocity and settling time, which often resulted in excessive sludge discharge, short SRT and deterioration of bioreactor when sludge settling ability decreased
[10,11]. Short SRT then suppressed the growth of dense
biomass with a slow growth rate, which decreased microbial aggregation and settling ability, while low mixed liquid suspended solids (MLSS) led to poor pollutants removal performance [1,13]. However, related strategy to
maintain long SRT in aerobic granular sludge reactor treating low-strength wastewater is yet unknown.
A novel sludge discharge strategy was proposed to enhance the granulation of aerobic granular sludge process
treating low-strength wastewater (with the organic load
rate of 1.5 kgCOD/m3·d) by controlling SRT. After a short
settling period, a variable discharge volume of effluent containing slow-settling flocs, which was predetermined by
SRT, was withdrawn. Where after the remainder of effluent
was withdrawn after a long setting period for long SRT retention. The objectives of this sludge discharge strategy
were to enhance the microbial aggregation and improve the
stability of aerobic granular sludge reactor under relative
long SRT.

NH4Cl, 120.18; KH2PO4, 27.17; K2HPO4, 34.72; yeast,
125; peptone, 187.5; CaCl2, 80; MgSO4, 30; and a trace element solution comprised of the following components:
H3BO3, 0.05; CuSO4·5H2O, 0.05; ZuSO4·7H2O, 0.05; AlCl3,
0.09; CoCl2, 0.05; MnSO4·H2O, 0.05; (NH4)2Mo7O24, 0.05;
NiCl2·6 H2O, 0.09; and FeSO4·7H2O, 0.05. The temperature
was maintained at 25 ± 2℃.
2.2 Sludge discharge strategy

R1 (novel reactor) was operated on a 4h cycle consisting of: influent (10 min), aerobic (180 min), sludge settling
(40 min) and effluent (10 min). The sludge discharge and
effluent withdrawn were divided into two parts: after 5 min
of short term settling, a variable discharge volume of effluent withdrawn containing slow-settling flocs (Vd), which
was predetermined by SRT, was discharged from the height
of 2L in reactor, and then after 35 min of long term settling,
the remainder of effluent withdrawn (Veff) was discharged
from the same place (shown in Fig. 1).

FIGURE 1 - Schematic diagram of selective sludge discharge strategy

The variable volume of effluent withdrawn (Vd) after 5
min of short term settling was calculated by the following
equations:

2. MATERIALS AND METHODS

VSS r * Vr
* Veff  VSS d * Vd )

(1)

VSS eff * Veff
VSS r * V r

6 * SRT * VSS d
VSS d

(2)

SRT 

2.1 SBR reactor and synthetic wastewater composition

Two identical plexiglas sequencing batch bioreactor
(SBR) with working volumes of 4 L were used in this study.
The reactors had an internal diameter of 9.0 cm and a ratio of
height to diameter (H/D) of 8:1. Air was introduced through a
fine bubble air diffuser from the bottom of the reactor, and the
superficial upflow air velocity was kept at 1.0 cm/s. The influent COD was 500 mg/L, giving an organic loading rate of
1.5 kgCOD/m3·d. The composition of synthetic wastewater
was as follows (mg/L): sodium acetate, 628; sucrose, 46.3;

Vd 

6 (VSS eff

Vr, Vd , Veff ---- Volumes of reactor, variable discharge
and remainder of effluent
VSSr, VSSd, VSSeff ---- Biomass concentrations of reactor, variable discharge and remainder of effluent
The values of VSSr, VSSd and VSSeff during operation resulted from previous day. SRT was predetermined at 12 days.
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Cycle length of control reactor (R2) with conventional operation was 4 h with 10 min of feeding, 215 min of aeration,
5 min of settling and 10 min of withdrawn.
The seed sludge was collected from an aerobic tank at
Qi ge Municipal Wastewater Treatment Plant in Hangzhou,
China. The sludge volume index (SVI30) of seed sludge was
about 120 mL/g, and biomass concentration was 4 g/L. Seed
sludge had a fluffy, irregular, and loose morphology.

from the CCD camera were transferred through GigE network and recorded on PC. The background and the granular particles were divided in dynamic threshold module by
using image processing (Chemical & Photoshop).
The gas holdup (  g ) was calculated as follows:
g 

2.3 Analytical methods

The sludge morphology was analyzed using an optical
microscope (DME, Leica, Germany) equipped with a digital camera (MD300, Celestron, China). For scanning electron microscopy (SEM), sludge samples were first fixed
with 2.5% glutaraldehyde in phosphate buffer (pH7.0) for
more than 4 hours; washed three times in the phosphate
buffer; then postfixed with 1% OsO4 in phosphate buffer
(pH 7.0) for 1 hour and washed three times in the phosphate
buffer. For dehydration, the sludge samples were first dehydrated by a graded series of ethanol (50%, 70%, 80%,
95%,and 100%) for about 15 to 20 minutes at each step,
transferred to the mixture of alcohol and iso-amyl acetate(v: v= 1: 1) for about 30 minutes, and then transferred to
pure iso-amyl acetate for about 1hour. Finally, the sludge
samples were dehydrated in Hitachi Model HCP-2 critical
point dryer with liquid CO2 (Hitachi, Model HCP-2, Japan),
and the dehydrated samples were coated with gold-palladium for SEM observation (Hitachi, Model TM-1000, Japan).
The samples used for XRD analysis were pre-heated in
an oven at 500Ԩ for 2 h in order to remove the organic
fraction. XRD analysis was performed with a diffractometer (Shimadzu, XRD-6000, Japan), with a cobalt tube scattering from 10° to 80°in 2è [27].
To determine the effect of MLSS on the absorption of
Ca2+, certain amount of granular sludge was taken and
washed three times with ultrapure water. Various amounts
of biomass (2, 4, 6, 8 and 10g SS/L) were inoculated under
Ca2+ concentration of 100mg/L in 500ml flasks at room temperature. Ca2+ concentrations were analyzed by atomic absorption spectrophotometry after being filtered with 0.45μm
pore-size acetate filters (Thermo, MKILM6, USA).
To determine the effect of MLSS on gas holdup, an
identical plexiglas cylinder tube as bioreactor was set up.
Various amounts of biomass (2, 4, 6, 8 and 10 g/L) were
inoculated in SBR under superficial upflow air velocity of
1 cm/s. Superficial upflow air velocity was set and hold
until stable for 10 min. In order to avoid light refraction
effects in cylinder tube, the device was immersed in a rectangular plexiglas tank filled with water. LED supplementary lighting was situated ahead of the plexiglas tank. A
high-speed CCD camera (Vieworks, VH-2MG2-M42A0,
Korea) with 42 frames per second (42fps) was installed on a
lifting platform horizontally controlled by stepper motor in
front of reactor. The images with a size of 1600× 1200 pixels
were taken by TV lens. The images of granular particles

V gas

(3)

V ip

V gas  V ap  V ip

(4)

V ip * S ap

(5)

V ap 

S ip

Where:
åg ---- Gas holdup (%)
Vgas ---- Gas volume (m3)
Vip ---- Working volume of idle period (m3)
Vap ---- Working volume of aeration period (m3)
Sip ---- Image area of idle period (m2)
Sap ---- Image area of aeration period (m2)
Working volume of idle period (Vip) and image area of
idle period (Sip) were acquired directly. However, image
area of aeration period (Sap) was hard to determine due to
disturbance of bubbles from aeration. In this study, working volume of aeration period (Vap) was determined as area
overlaid by highest position of granules reached. The image area of aeration period (Sap) was obtained by area integral of highest positions granules reached in 50 interval images.
The pH, dissolved oxygen (DO), chemical oxygen demand (CODCr), MLSS and SVI were measured according
to the APHA standard methods. The granules size distribution and flocs (diameter<40 μm) volume ratio were measured by a laser particle size analysis system (Sympatec,
QICPIC, Germany).

3. RESULTS
3.1 Variation of granular sludge performance

The index of SVI30 and SVI30/SVI5 ratio were used to
characterize the aerobic granulation. After 10 days of operation, the SVI30 in R1 rapidly decreased from 120±12 mL/g to
50±6 mL/g, and stabilized at 25±0.6 mL/g (Fig. 2b). The
SVI30/SVI5 ratio increased and stabilized at 0.81±0.12 in
R1, which suggested the emergence of granulation. However, SVI30 in conventional reactor (R2) rapidly increased
due to the overgrowth of loose flocs under low influent organic concentration. The SVI30 in R2 rapidly increased to
153±5.5 mL/g after 10 days, and no obvious increase in
SVI30/SVI5 ratio occurred in R2.
MLSS in R1 increased rapidly, it reached 8.32±0.11 g/L
after 10 days of operation, and then stabilized at 11.6±0.24 g/L
(Fig. 2a). However, MLSS in R2 decreased due to significant
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sludge wash out during start-up period, and failed to recover till it stabilized at 4.5±0.9 g/L. By using the novel
sludge selection strategy, excessive sludge discharge was
prevented. SRT in R1 was well controlled, and stabilized
at 12 ±1.5 days, which facilitated the granulation. SRT in
R2 fluctuated from 0.91±0.09 days to 4.2±0.5 days due to
the instability of granulation process, which was believed
to suppress the bioflocculation and microbial aggregation.

high MLSS, while in R2 was stabilized around 0.31± 0.03
g COD/g SS d. Due to relative low F/M ratio, excessive
sludge production in R1 was much lower than R2. Sludge
yield in R1 maintained around 0.35 ± 0.032 g MLSS/g
COD, while in R2 was stabilized around 0.76 ± 0.065 g
MLSS/g COD (Fig. 2c).
The removal efficiency of COD in two reactors increased with MLSS. The removal efficiency of COD in R1
and R2 was stabilized at 96.3±1.6 % and 90.1±2.1 %, respectively (Fig. 3). The removal efficiency of NH4+-N in R1

FIGURE 2 - Variation during aerobic sludge granulation of (a) MLSS
& SRT (b) SVI30 & SVI30/SVI5 ratio (c) F/M & sludge yield ratio

At the same time, F/M (food-to-microorganism) ratio
in R1 maintained around 0.15± 0.02 g COD/g SS d due to

FIGURE 3 - Pollutants removal performance during aerobic sludge
granulation of (a) COD (b) NH4+-N (c) TN
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and R2 maintained at 95.2±1.1 % and 89.6±1.7 %, respectively (Fig. 3). Notable differences were observed in TN
removal efficiencies of two reactors. In R1 it increased
gradually, and finally stabilized at 65.4±4.3 %. While in
R2, the removal efficiency changed slightly with time, and
the value was kept at 48±3.1 % (Fig. 3).
3.2 Characteristics of granular sludge

After 10 days, MLSS in R1 reached 8.32±0.11 g/L,
while most of sludge remained in the form of flocs, with
mean diameter of 128 ±11 μm, and flocs (diameter<40 μm)
volume frequency was around 61±2.1 %. Particles with the
diameter around 100 μm were observed in R1 after 10 days,
and the amount was about 0.41 g/L, which was 4.9 % in the
total biomass. These particles showed excellent settling ability with the settling velocity of 89 ±19 m/h. After 23 days,
flocs volume frequency in R1 decreased to 53±3.2 % and the
amount of particles was about 1.12 g/L, which was 10.3 %
in the total biomass. Flocs volume frequency further decreased to 15±0.6 % after 50 days, while particles amount
was 2.71 g/L, which was around 24.6 % in total biomass.
Meanwhile, the mean diameter of sludge reached 210±18 μm
after 50 days, indicating complete granulation was achieved
in R1. After 73 days, the mean diameter of granules reached
301±23 μm. Reactor was dominated by granules. Flocs volume frequency further decreased to 9±0.9 %. The amount
of particles was about 3.38 g/L, which was around 28.2 %
in total biomass (Fig. 4). No obvious increase of granule
size was observed in R2, and floc volume ratio decreased
slightly. Mean diameter reached to 121±13 ìm, while floc
volume ratio stabilized at 40.7±7.1 % after 73 days, and no
obvious granulation was achieved in R2.

FIGURE 4 - Profiles of MLSS, particles volume ratio and mean diameter in R1 during aerobic sludge granulation

On day 23, a few flocs in R1 were observed to attach
and grow to these particles, and then formed mature granular
structure. Images of granules in R1 showed sharp demarcation between cores (particles) and surface (biofilm) (Fig. 5a),
while sludge in R2 was mainly in flocs form, and no obvious
granulation was achieved during operation (Fig. 5b).
SEM images of granules in R1 illustrated the microbial
structure and morphologies development of granules with
particles as the cores in this study. The surface of particles
was full of ravines and peaks similar to coral. The appearance of particles structure became regular along with the

FIGURE 5 - Photographs of sludge during operation: (a) R1 (with novel sludge discharge strategy) (b) R2 (with conventional operation) (1
unit= 20 μm)
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FIGURE 6 - SEM photographs of granules in R1 (with novel sludge discharge strategy) during operation

growth of biofilm after 32 days (Fig. 6). The dominance of
coccus and rod bacteria was cross-linked between each
other to form a compact structure on the surface of calcium
carbonate particles. The coccus and rod bacteria covered
the surface of particles, and the biofilm became dense and
compact after 50 days.

cles, thus were analyzed in both reactors for further understanding the formation of calcium carbonate particles.

These particles bubbled and dissolved after dripping
HCl, which implied the existence of carbonate. Particles
were then taken for XRD tests. The diffractogram showed
that most of the stronger peaks coincide with calcium carbonate (CaCO3) after being compared with the portable
document format standard card (Fig. 7), which is to a great
extant agree with pervious studied [28,29].

FIGURE 8 - pH profiles of two reactors in a typical cycle after 12 days

FIGURE 7 - XRD diffractogram of particles compared to calcium
carbonate pattern
3.3 Formation of calcium carbonate particles

The pH, CO2 and Ca2+ dissolved in water were believed
to affect the constitution of initial calcium carbonate parti-

Suspension pH in R1 increased rapidly from around
neutral to 9.38±0.06 in first 30 min, and then gradually decreased to 8.43±0.07. The pH in R2 also increased from
around neutral to 8.49±0.05 in first 30 min, and then reduced rapidly and stabilized around 8.14±0.1, which is
lower than R1 (Fig 8). CO2 concentration in reactors was
hard to measure due to the disturbance of aeration, therefore, CO2 concentration was characterized by gas holdup
in this study. The higher gas holdup suggested a longer retention time for CO2 to retain in reactor. To determine the
effect of MLSS on gas holdup, various amounts of biomass
(2, 4, 6, 8 and 10 g SS/L) were inoculated in SBR under
superficial upflow air velocity of 1 cm/s. Results showed
that gas holdup of reactors increased from 1.68±0.12 % to
4.52±0.17 % when MLSS increased from 2 to 10 g SS/L,
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and gas holdup in R1 was 2.04 times higher than R2 (Fig
9a). The higher MLSS led to a higher gas holdup, which
suggested a longer retention time for CO2. At the same
time, experiments were carried out with different MLSS to
study the effect of aerobic granular concentration on Ca2+
adsorption. Results showed that Ca2+ removal efficiency
increased from 33.33±2.17 % to 77.11±2.33 % when
MLSS increased from 2 to 10 g/L, and Ca2+ removal efficiency in R1 was 1.63 times higher than R2 (Fig. 9b).

FIGURE 9 - Effect of sludge concentration on (a) Gas holdup (b) Ca2+
adsorption

For the precipitation of calcium and carbonate, suspension pH was believed to be the key factor [30]. The highly
increased suspension pH of each cycle in R1 possibly leads
to alkaline condition, under which calcium precipitate with
carbonate [27]. Moreover, high biomass concentration had
accumulative effects on CO2 and Ca2+ concentration,
which further enhanced the precipitation of calcium carbonate particles. Calcium carbonate particles performed as
the cores for flocs to attach and grow with secretion of EPS,
then formed mature granular structure (Fig. 10).
FIGURE 10 - Nucleation mechanism of aerobic granules based on
calcium carbonate particles
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4. DISCUSSION
4.1 Performance of novel sludge selection strategy

Studies stated that low-strength influent can greatly
decrease granulation and sludge settling ability due to it
suppressed cell hydrophobicities, EPS and biomass growth
rate [14,16,17]. Although selection pressure is commonly
agreed as the key determining factor in aerobic sludge
granulation, conventional discharge modes frequently
caused a significant washout of sludge, and led to the deterioration of bioreactor when sludge settling ability decreased [10,11,31]. In this study, no obvious granule structure was observed by conventional operation in R2. In contrast, by novel sludge selection strategy, calcium carbonate
particles observed in R1 performed as primary nucleus,
which facilitated the aggregation of biomass under lowstrength wastewater, and formed mature granular structure
after 50 days.
The novel variable sludge discharge (predetermined by
SRT) of slow-settling flocs prevented excessive sludge discharge treating low-strength wastewater, which maintained
long SRT and high biomass concentration in R1. In this
study, MLSS and SRT in R1 were successfully stabilized
at 11.6±0.24 g/L and 12±1.5 days, respectively. While in
R2, MLSS and SRT decreased to 2.53±0.13 g/L and
0.91±0.09 days due to significant washout of sludge, and
then stabilized at 4.5±0.9 g/L and 4.2±0.5 days, respectively. High MLSS in R1 led to high pollutants removal
performance, while long SRT favored the growth of dense
biomass with a slow growth rate, which enhanced the microbial aggregation and further enriched the biomass concentration [1,13].
Calcium carbonate particles with dense structure and
excellent settling ability were observed in R1 after 10 days.
Bioflocs firmly attached on calcium carbonate particles surface, which were able to resist the detachment force and
achieve complete granulation under low-strength wastewater. Previous studies had proved that adding particles would
facilitate the retention and growth of bacteria, leading to
complete granulation [14,23,29,31]. According to that, the
presence of calcium carbonate particles was proved to promote the biomass enrichment and sludge granulation.

Suspension pH of each cycle increased due to the hydroxyl ions produced form degradation of COD, which
leads to alkaline condition [32]. High MLSS in R1 lead to
relative low F/M ratio (0.15± 0.02 g COD/g SS d) compared to R2 (0.31± 0.03 g COD/g SS d), which decreased
the excessive sludge production by promoting the catabolism process. Sludge yield in R1 was 46.08 % of that in R2,
which intensified the endogenous respiration rate. Assimilation was restricted and organic substances were degraded
thoroughly in R1 [9], which led to high hydroxyl ions production and alkaline condition under low-strength influent.

5. CONCLUSIONS
The start-up of aerobic granule process treating lowstrength wastewater could be greatly enhanced by novel
sludge discharge strategy, which involved adjusting some
operational conditions only. SRT was successfully controlled and stabilized at 12±1.5 days, which enhanced the
growth of dense biomass with a slow growth rate. Microbial aggregation and settling ability then increased due to
the enrichment of slow growing biomass. High biomass retention was then achieved, which created stronger alkaline
condition, and had accumulative effects on both carbon dioxide and calcium. Calcium carbonate particles then
formed and performed as primary nucleus, which enhanced
the biomass attachment under low-strength wastewater,
and then achieved complete granulation.
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ABSTRACT
Hexavalent chromium (Cr(VI)) contamination has become an increasing problem globally and causes a serious
environmental concern. The present research was designed
to evaluate the global scientific outputs by employing bibliometric analysis in the ISI subject category of “Cr(VI) removal” for the past 38 years, based on the online version
of the Science Citation Index Expanded, Web of Science,
from 1975 to 2012. Results indicated that Journal of Hazardous Materials published the most articles. The subject
category “environmental sciences” had the greatest number of output and the most rapid growth since 1994. The
USA had a dominant position in Cr(VI) removal research
by contributing the most total articles, single-country articles, internationally collaborative articles. “Chinese Academy of Sciences” was the most productive institution. Analysis of the most cited articles revealed that Cr(VI) removal
distributed in various fields while the adsorption was the
main method. A new bibliometric method-“word cluster
analysis” was performed and the results showed that researchers paid most attention to “water” and “soil” in the removal field. “Adsorption” and “reduction” also possessed
the largest percentage among the removal methods, indicating that physical-chemical means dominated Cr(VI) removal. This study is to serve as an alternative and innovative
way of revealing the research trends in Cr(VI) removal.
KEYWORDS: Bibliometric; Research trend; Hexavalent chromium
removal; Word cluster analysis

1. INTRODUCTION
Chromium contamination has become a major issue primarily due to its high concentration in the soil and water resulting from various industrial and agricultural activities [1,
* Corresponding author

2]. Hexavalent chromium (Cr(VI)) species are released into
the environment from a wide range of industries such as
electroplating, cement plants, steel production works, manufacture of dyes, paints and pigments, leather and wood
preservation, metal finishing and metal plating, timber processing, pulp and paper production and oxidative dyeing, tobacco smoke, and upon leaching from improper sanitary
landfills [3]. Among various valence states, trivalent chromium (Cr(III)) and Cr(VI) are the most stable forms [4].
Cr(VI) is more toxic than Cr(III) due to high solubility and
high oxidizing potential [5]. Cr(VI) is carcinogenic and classified as Group A, known human carcinogen [6]. And it has
a long residence time in surface and groundwater [5].
Chemical reduction is the most common method to
lower Cr(VI) concentrations generally involving the aqueous reduction of Cr(VI) to Cr(III) using various chemical reagents, with the subsequent adjustment of the solution pH to
near-neutral conditions, for the precipitation of the produced
Cr(III) ions [7]. The forming precipitate can be separated
from water by sedimentation or filtration. Treated water is
then decanted and appropriately discharged or reused [5].
Reduction followed by precipitation is an effective and by
far the most widely used process in industry because it is
relatively simple and inexpensive to operate. Other physical-chemical methods such as ion exchange [8], electrochemical precipitation [9], solvent extraction [10], membrane separation [11], adsorption [12], foam separation
[13] and electrodialysis [14] are also involved in Cr(VI) removals. Moreover, biological methods represent promising
prospects of remediation for Cr(VI) contamination and
earn more and more concerns nowadays [15, 16].
In this research, a bibliometric analysis of language,
source country, institution and the most cited papers was
performed to describe research status in the aspect of
Cr(VI) removal during the period 1975-2012. In addition,
the distributions of words in the title, author keywords, and
Key Words Plus were also analyzed to study the research
trends. These investigations are helpful for researchers to
realize the research advancements and clarify the future research direction for Cr(VI) removals.
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2. DATA SOURCES AND METHODOLOGY
Documents used in this study were based on the online
database of the Science Citation Index (SCI), retrieved
from the ISI Web of Science, Philadelphia, USA. According to Journal Citation Reports (JCR), it indexed 8411 major journals with citation references across 186 scientific
disciplines in 2013. Three search terms, including “chromium”, “Cr”, and “chrome” were employed as the keywords
to search titles, abstracts, and keywords from 1975 to 2012.
Articles originating from England, Scotland, Northern Ireland and Wales were reclassified as being one country. Articles from Hong Kong were not included in China. Besides,
the reported impact factor (IF) of each journal was obtained
from the 2013 JCR. Collaboration type was determined by
the addresses of the authors, where the term “single country
publication” was assigned if the researchers’ addresses were
from the same country. The term “internationally collaborative publication” was designated to those articles that were
coauthored by researchers from multiple countries. The term
“single institute publication” was assigned if the researchers’
addresses were from the same institute. The term “inter-institutionally collaborative publication” was assigned if authors were from different institutes.
The words in titles were separated, and then conjunctions and prepositions such as “and”, “with”, “of”, “by”,
“in”, and “on” were discarded, as they were meaningless
for further analysis. To study the recent tendency intensively, all keywords, both those reported by authors and
those assigned by ISI, as well as words in the title in the
just past 22 years were identified and separated into 5 spans
(1991-1995, 1996-2000, 2001-2005, 2006-2010, and 20112012, respectively), then their ranks and frequencies were
calculated, and different words with identical meaning and
misspelled keywords were grouped and considered as a
single keyword.

3. RESULTS AND DISCUSSION
3.1. Characteristics of publication outputs

From this research, 13 document types were found
among the total 12324 publications during the 38-year
study period, and the most frequent document type was articles (11083), which were responsible for 89.9% of the total publications. Proceeding papers (878; 7.1%), reviews
(188; 1.5%) also comprised a significant portion of the total. The others were less significant, including meeting abstracts (58), letters (35), editorial material (28), note (20),
corrections (17), discussion (6), news items (5), book chapter (3), book review (2) and reprints (1). Further analysis
was conducted for the journal articles, which were dominant in the document types. As for the publishing language,
12277 or 99.6% of the 12324 journal articles were written
in English, followed by German (15), French (11), Polish
(11), Spanish (8) and Lithuanian(2), which were minor
publication languages in Cr(VI) removal research.

Number of the SCI articles was analyzed and displayed
in Fig. 1 to see the research trend during the last 38 years.
Along with the development of SCI, Cr(VI) removal research grew continually in this long period, started to go up
significantly from the year of 1990. Especially from 2005,
the publications increased more rapidly except a slight decline in 2009 to 2010. This tendency of publications suggested a clear research focus on Cr(VI) removal, due to the
gradually increased understanding the harm of Cr(VI).

FIGURE 1 - World SCI-EXPANDED journal publications with chromium or (Cr) or (chrome) in titles during 1975-2012.

Based on the of subject categories in JCR, the publication output data of Cr(VI) removal research was distributed
in 10 SCI subject categories during the past 38 years. The
five most common categories were environmental sciences
(11794 articles; accounting for 95.70% of the total), engineering environmental (3973; 32.24%), water resources
(1577; 12.80%), engineering civil (1352; 10.97%) and toxicology (1206; 9.79%), respectively. Other major subject categories in Cr(VI) removal research included public environmental occupational health, meteorology atmospheric sciences, engineering chemical, chemistry physical and marine
freshwater biology. The number of scientific articles in environmental sciences was obviously larger than that in
other subject categories and exhibited sustaining growth
during the period covered, except in the year 2010 (Fig. 2),
suggesting that the environmental impact of Cr(VI) has always been the focus. The number of scientific articles in engineering environmental had a similar increasing tendency
with those in the environmental sciences. Worth to mention,
the number of articles without a significant change in water
resources and toxicology, indicating that concerns in these
aspects for Cr(VI) removal kept stable.
Articles were published in a wide range of 194 journals,
and the top 20 most productive journals were displayed in
Table 1, along with impact factor of each journal in 2013,
number of papers that the corresponding journals published, the number of citations that each journal received
for these articles and the number of cited reference, respectively. In this particular research field, Journal of Hazardous Materials published the most articles (1219; 9.89%),

4835

© by PSP Volume 24 – No 12c. 2015

Fresenius Environmental Bulletin

in this research field was also showed by the average cited
reference numbers per article. Their rank was also roughly
accordant with that of journal IF.
3.2. Distribution of Country/territory articles

FIGURE 2 - Comparison of the growth trends of the top five productive subject categories.

while Science of the Total Environment ranked second
with 697, Environmental Monitoring and Assessment
ranked third with 553, Environmental Science & Technology ranked fourth with 540, and Chemosphere ranked fifth
with 532. All of these were famous journals publishing environmental researches including heavy metals such as
Cr(VI) studies. The top 20 most productive journals had
published 7631 or 61.92% of the total 12324 articles. The
average citation rate of journals in Cr(VI) removal most directly indicated the impacts of journals: the higher the citation rate was, the greater the journal’s impact was to this
field. In addition, the importance of each articles published

The contribution of different countries/territories was
estimated by the location of the affiliation of at least one
author of each published papers. Of all the 11433 articles
with author addresses, 9556 (83.58%) were single country
articles and 1877 (16.42%) were internationally collaborative articles. The 20 most productive countries/territories
were displayed in Table 2, along with the number of total
articles and total citations for single country articles and
internationally collaborative articles, respectively. Among
the top 20 productive countries/territories were three North
American countries, one South American country, ten European countries, five Asian countries and Australia. The
USA published the most total articles (2005, 22.54%), single-country articles (1508, 24.05%), internationally collaborative articles (497, 18.04%), followed by China (1255,
11.0%; 1003, 11.25%; 252, 25.72%), India (1160, 10.1%;
1016, 14.71; 144, 24.42%), Turkey (675, 5.9%; 616, 14.82%;
59, 17.08%), Spain (627, 5.5%; 456, 19.29%; 171, 18.27%).
As was consistent with other bibliometric analyses [17, 18],
the academic outputs were correlated with economic developments: the seven industrialized countries (G7 group: the
USA, Germany, Japan, France, the UK, Canada, and Italy,)
and four major developing countries (‘‘BRIC’’: China, India, Brazil, and Russia) were all among the top list of twenty
countries. Among the top 20 most productive countries/territories, Germany possessed the highest percentages of inter-

TABLE 1 - Top 20 most productive journals based on total number of articles
Journal
TP
TP(%)
IF
TC
TC/TP
NR
NR/TP
18502
26.81
Journal of Hazardous Materials
1219
9.89
3.925
25660
21
19551
42.41
Science of The Total Environment
697
5.66
3.258
16541
24
16800
37.50
Environmental Monitoring and Assessment
553
4.49
1.592
4443
8
16564
38.43
Environmental Science & Technology
540
4.38
5.257
19598
36
15331
37.21
Chemosphere
532
4.32
3.137
12568
24
13299
38.00
Water Air and Soil Pollution
467
3.79
1.748
6741
14
8023
26.65
Environmental Pollution
355
2.88
3.73
11512
32
14435
49.78
Fresenius Environmental Bulletin
325
2.64
0.641
1083
3
9475
35.75
Applied Catalysis A-General
323
2.62
3.41
7225
22
6918
28.35
Chemical Engineering Journal
304
2.47
3.473
4589
15
7634
31.55
Bulletin of Environmental Contamination and Toxicology
294
2.39
1.105
2310
8
14972
63.17
Water Science and Technology
288
2.34
1.102
3178
11
6604
29.88
Water Research
276
2.24
4.655
13692
50
6625
30.11
Radiation Protection Dosimetry
248
2.01
0.909
1428
6
10884
50.16
Atmospheric Environment
219
1.78
3.11
5345
24
3601
18.28
Marine Pollution Bulletin
211
1.71
2.531
4305
20
4674
23.85
Environmental Technology
207
1.68
1.606
2156
10
6880
35.83
Journal of Environmental Science and Health Part A
201
1.63
1.252
1605
8
9784
52.04
Archives of Environmental Contamination and Toxicology
193
1.57
2.012
3325
17
4945
26.88
Waste Management
179
1.45
2.458
3777
21
TP: total number of articles, IF 2010 ISI Impact factor, TC total citation count, NR, cited reference count, TC/TP average of citations in a paper, NR/TP,
the average cited reference count per article.
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TABLE 2 - Top 20 most productive Country / territory based on total number of articles.
Country

TP
SP

Single-country
SP(%)
TC

TC/SP

CP

Internationally-callaborated
CP(%)
TC

USA
2005
1508
75.21
36263
24.05
497
24.79
China
1255
1003
79.92
11279
11.25
252
20.08
India
1160
1016
87.59
14947
14.71
144
12.41
Turkey
675
616
91.26
9130
14.82
59
8.74
Spain
627
456
72.73
8798
19.29
171
27.27
Italy
573
425
74.17
7623
17.94
148
25.83
UK
437
236
54.00
5025
21.29
201
46.00
Poland
430
327
76.05
3186
9.74
103
23.95
France
411
205
49.88
4250
20.73
206
50.12
Japan
385
249
64.68
4261
17.11
136
35.32
Germany
330
150
45.45
2405
16.03
180
54.55
Canada
330
205
62.12
3610
17.61
125
37.88
Taiwan
318
260
81.76
3937
15.14
58
18.24
Brazil
285
218
76.49
2375
10.89
67
23.51
South Korea
264
165
62.50
2927
17.74
99
37.50
Greece
223
177
79.37
2859
16.15
46
20.63
Portugal
199
131
65.83
1881
14.36
68
34.17
Mexico
198
145
73.23
1146
7.90
53
26.77
Australia
194
114
58.76
1687
14.80
80
41.24
Sweden
191
121
63.35
2115
17.48
70
36.65
TP: total number of articles, SP: single country articles, CP: internationally collaborative articles, TC: total citation count

nationally collaborative articles (54.55%), while the lower
were France (50.12%) and UK (46.00%). Another observation on the academic exchange would be that internationally collaborative articles generally drew more citations
than those produced by individual countries.

FIGURE 3 - Comparison of the growth trends of the top five productive countries.

A comparison of the publication trends of the top five
countries which included at least 600 articles was shown in
Fig. 3. The USA maintained a stable trend during 1975 to
1990, and the number grew fast after 1990, with a slight
decline in 2005. China ranked the second with the relatively faster increasing trend from 2005 to 2012. India also
had a similar growth rate in number of articles, which was
lower than China. The other two countries Turkey and
Spain increased more slowly in articles. This phenomenon

8968
6481
3516
1008
3124
2682
5064
1897
3773
1984
3666
2665
859
1265
1727
504
974
1041
1255
1116

TC/CP
18.04
25.72
24.42
17.08
18.27
18.12
25.19
18.42
18.32
14.59
20.37
21.32
14.81
18.88
17.44
10.96
14.32
19.64
15.69
15.94

had a relationship with all of them were developed industrial countries and non-agricultural countries with less polluting enterprise and more maturing technology.
3.3. Distribution of institute analysis

The contributions of different institutes were estimated
by the affiliation of at least one author. Of all articles with
author addresses, 4739 (41.5%) were single institute articles and 6694 (58.5%) were inter-institutionally collaborative articles, indicating that Cr(VI) removal research called
for teamwork among institutes. Among the top 20 institutes
(Table 3), 5 were in the USA, 5 in China, 2 each in Spain
and India and one each in Turkey, Italy, Mexico, Poland,
Brazil and Portugal, respectively. The Chinese Academy of
Sciences had the most total articles (286), independent articles (31), inter-institutionally collaborative articles (255),
followed by CSIC of Spain (121), Indian Institute of Technology in India (99), Erciyes University in Turkey (87), Rutgers State University in USA (83) and US EPA (83). The
result of institutes' output should be interpreted in the context
of bias. The Chinese Academy of Sciences had over 100
branches in different cities. While we cannot ignore that the
situation of Cr contamination in China is serious, which is
also an important reason why institutes in China focused
on the Cr(VI) removal research. Due to the development of
industries and the anthropogenic activities, the contamination of heavy metals in aquatic environment in China happened [19], so as the soil environment [20, 21]. The higher
the citation rate was, the greater the institute’s posited in
the field. Another observation in Table 3 would be that the
percentage of collaborative articles was generally higher than
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TABLE 3 - Top 20 most productive institutes based on total number of articles.
Institute

TP

Single-Institute
SP
SP(%)

TC

TC/SP

inter-institutionally collaborative
CP
CP(%)
TC
TC/CP

Chinese Acad Sci, China
286
31
11
950
31
255
89
CSIC, Spain
121
22
18
752
34
99
82
Indian Inst Technol, India
99
50
51
1209
24
49
49
Erciyes Univ, Turkey
87
21
24
360
17
66
76
Rutgers State Univ, USA
83
19
23
213
11
64
77
US EPA, USA
83
23
28
854
37
60
72
Natl Bot Res Inst, India
82
50
61
988
20
32
39
Univ Florida, USA
77
12
16
264
22
65
84
CNR, Italy
73
21
29
433
21
52
71
Zhejiang Univ, China
64
26
41
389
15
38
59
Hong Kong Univ Sci & Technol, China
63
30
48
1079
36
33
52
US Geol Survey, USA
61
17
28
481
28
44
72
Natl Taiwan Univ, Taiwan
60
13
22
140
11
47
78
Univ Nacl Autonoma Mexico, Mexico
56
16
29
129
8
40
71
Univ Med & Dent New Jersey, USA
54
4
7
87
22
50
93
Polish Acad Sci, Poland
53
16
30
250
16
37
70
Univ Sao Paulo, Brazil
52
12
23
168
14
40
77
Univ Aveiro, Portugal
51
10
20
77
8
41
80
Natl Chung Hsing Univ, Taiwan
51
14
27
235
17
37
73
Univ Barcelona, Spain
51
8
16
184
23
43
84
TP: total number of articles, SP: single institute articles, CP: inter-institutionally collaborative articles, TC: total citation count

those individual institutes, which proofed that the academic communities of Cr(VI) research were more collaborated once again.
3.4. Hot issues

The title, keywords and KeyWords Plus of an article
always included the information that the author would most
like to express to the readers. In order to analyze the historical development of the science more completely and
precisely, and to discover new research trends more importantly, a new method named “word cluster analysis”
was employed, which combined the paper titles, author
keywords and KeyWords Plus (Table 4). This method had
been applied to the analysis of research trends in global climate change [22], risk assessment [23] and upflow anaerobic sludge blanket (UASB) research [24].
The 12324 articles had 29777 unique keywords, which
appeared 132803 times. However, 20184 or 67.78% out of
these 29777 keywords appeared in one paper, and 128
(0.43%) keywords appeared in more than 100 papers. We
presented the more than 300 times frequently used keywords within each of the 5 intervals during 1991-2012 in
Table 4 for intensive study of the recent trends in Cr(VI)
removal research. The frequency of keywords and their
ranks followed the power-law distribution: there was a
small group of keywords that were widely-used, whereas
most keywords were not employed frequently. This powerlaw distribution had also been discovered in other bibliometric studies [25].
Research trends in Cr(VI) removal were separated into
three categories-removal field, removal methods and prod-

3260
1734
1204
1530
1276
2043
468
1092
669
414
695
731
905
728
1259
529
422
378
397
1187

13
18
25
23
20
34
15
17
13
11
21
17
19
18
25
14
11
9
11
28

uct. Referring to the removal field in Cr(VI) removal research, “soil”, “sediments” and “water” had distinctly
higher ranks (the sixth, seventh and sixteenth) over the last
decades, indicating the main removal fields. It was worth
mentioning that there were some different in the percentage of “water”, with the rank of thirteenth in 1991-1995
rising to eleventh in 2011-2012. While the percentage of
“soil” and “sediments” had remained stable year by year.
This showed that more attention was paid to the research
on “water” in recent years. Moreover, it should be noted
that the rank or percentage of “wastewater” from 37 (1.7%)
in 1991-1995 increased to 20 (6.9%) in 2006-2010, which
demonstrated that the “wastewater” was the main research
field in water research. The methods of Cr(VI) removal
were mentioned in table 4 and mainly were adsorption, reduction, biosorption, sorption and oxidation. The leading
was the “adsorption” (1258), which had a large disparity
with the others, and whose quantity was more than double
that of the “reduction” (582). The higher rank of “adsorption” and “reduction” proved that researchers' concentration on the physical-chemical means to remove Cr(VI). It
should be noted that the rank and percentage of “sorption”
increased steeply from 37 (1.7%) during 1991-1995 to 25
(5.9%) during 2006-2010, while “adsorption” became the
hot issue (rank: 6) and continued to rise, from 12 (5.7%)
during 1991-1995 to 4 (12.8%) during 2006-2010, indicating researchers' increasing concentration on the adsorption
method for Cr(VI) removal during last twenty years. Existing chemical treatment processes for lowering Cr(VI) concentrations generally involved the aqueous reduction of
Cr(VI) to Cr(III) using various chemical reagents, with the
subsequent adjustment of the solution pH to near-neutral
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TABLE 4 - Top 35 most frequent keywords used during 1991 to 2012 and in 5 periods.
Keyword

TP

91-10
R(%)
1(34.4)

91-95
R(%)
1(19.7)

96-00
R(%)
1(29.5)

Heavy Metals
4235
Hexavalent Chro1829
2(14.8)
13(5.3)
12(6.5)
mium or Cr（ VI）
Chromium
1789
3(14.5)
2(13.6)
2(15.4)
Cadmium
1448
4(11.7)
3(12.4)
3(13.4)
Soils
1259
5(10.2)
8(6.9)
6(9.8)
Adsorption
1258
6(10.2)
12(5.7)
14(6.5)
Lead
1207
7(9.8)
4(8.7)
4(11)
Metals
1190
8(9.7)
7(7.4)
9(8)
Copper
1168
9(9.5)
4(8.7)
5(10.5)
Sediments
1156
10(9.4)
6(7.6)
8(8.7)
Removal
1031
11(8.4)
24(2.8)
19(4.3)
Trace Metals
973
12(7.9)
9(6.2)
9(8)
Pollution
893
13(7.2)
16(4.1)
12(6.5)
Zinc
886
14(7.2)
10(6)
7(8.8)
Water
877
15(7.1)
13(5.3)
11(7)
Trace Elements
831
16(6.7)
10(6)
15(5.7)
Speciation
775
17(6.3)
22(3.5)
16(5.3)
Aqueous Solutions
729
18(5.9)
90(0.8)
68(1.1)
Accumulation
720
19(5.8)
15(4.5)
16(5.3)
Contamination
681
20(5.5)
42(1.6)
20(3.9)
Toxicity
643
21(5.2)
18(3.9)
18(5)
Waste Water
596
22(4.8)
37(1.7)
56(1.3)
Reduction
582
23(4.7)
20(3.8)
25(3.3)
Kinetics
579
24(4.7)
27(2.2)
27(2.7)
Biosorption
576
25(4.7)
164(0.5)
45(1.6)
Sorption
538
26(4.4)
37(1.7)
32(2.3)
Sewage Sludge
415
27(3.4)
27(2.2)
22(3.4)
Elements
382
28(3.1)
32(1.9)
24(3.3)
Mercury
370
29(3)
16(4.1)
20(3.9)
Fly Ash
333
30(2.7)
33(1.8)
36(2.1)
Plants
324
31(2.6)
45(1.4)
42(1.7)
Activated Carbon
323
32(2.6)
75(0.9)
102(0.8)
Exposure
316
33(2.6)
33(1.8)
38(2)
Oxidation
315
34(2.6)
21(3.6)
26(2.9)
Bioaccumulation
312
35(2.5)
37(1.7)
39(1.9)
TP: total number of keywords, R (%): rank and percentage of keywords in total articles

conditions, for the precipitation of the Cr(III) ions produced. The forming precipitate could be separated from
water by sedimentation or filtration [26]. Moreover, numerous products were formed during Cr(VI) removal,
among which “trivalent chromium sediments” was the
most predominant. Although the “oxidation” was not the
method of removing Cr(VI), the higher rank was due to the
transformation from Cr(III) to Cr(VI), which was also related to Cr(VI) removal and its rank dropped a lot as the
less toxicity of Cr(III).
3.5. Most cited articles

The time-dependence of citations might be informative
for tracking the impact of an article. Analysis of the most
cited articles can provide the impacts of the relating authors
and institutes, besides giving information about research

01-05
R(%)
1(34.2)

06-10
R(%)
1(40)

11-12
R(%)
1(39.9)

4(11.7)

2(19.3)

2(21.7)

2(17.3)
3(13.5)
7(10.5)
12(7.8)
5(10.6)
11(8.1)
6(10.6)
9(9.4)
15(6.4)
8(10.1)
13(6.9)
10(8.5)
20(5.1)
16(6.3)
14(6.6)
37(2.2)
18(5.7)
23(4)
17(6.1)
39(2.1)
19(5.3)
21(4.6)
33(2.7)
22(4.2)
26(3.3)
25(3.4)
24(3.8)
39(2.1)
31(2.7)
74(3)
35(2.4)
29(2.9)
41(2.1)

3(16.4)
5(12.2)
6(11.3)
4(12.8)
9(10.4)
11(9)
8(10.6)
10(10.2)
7(11)
14(8.2)
15(8.1)
17(7.3)
13(8.3)
19(7.1)
16(7.4)
12(8.4)
22(6.5)
21(6.6)
24(5.9)
20(6.9)
26(5.4)
23(6)
18(7.1)
25(5.9)
27(4.2)
31(3.1)
36(2.8)
29(3.7)
30(3.2)
28(3.8)
35(2.9)
40(2.7)
32(3)

4(13.3)
9(9.8)
6(11.6)
3(14)
8(9.8)
15(8.5)
16(8.1)
7(11)
5(11.8)
18(7.5)
12(9.2)
21(6.7)
11(9.3)
12(9.2)
20(6.9)
10(9.5)
19(7.1)
14(8.9)
26(4.7)
17(8.1)
24(5.2)
23(5.5)
22(6.5)
25(4.9)
34(3.1)
28(3.8)
55(2.3)
40(2.7)
36(3)
27(3.9)
32(3.3)
62(2.1)
31(3.4)

trends. Table 5 showed the top 20 most frequently cited articles of Cr(VI) removal in each year since publication.
And all of them were published in environment field.
Among the most frequently cited articles each year, eight
articles of the authors were from the USA, seven from England, four from Nertherlands and one from Switzerland.
Among the 20 most cited articles, 8 were related to adsorption and 2 were about biosorption, which proved the
main removal methods. From 1991 to 2012, the most frequently cited article was “Arsenate and chromate retention
mechanisms on Goethite .1. surface structure”, which was
published in Environmental Science & Technology by
Fendorf et al. [27] from USA in 1997 and had been cited
482 times by 2012. This indicated again the focus of Cr(VI)
removal research on the adsorption method and consistent
with previous results.
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TABLE 5 - Most frequently cited articles during 1975-2012.
Year

TC

TC/Y

1979

312

9

Article/Journal

Country

Behavior of chromium in soils. 3. Oxidation/ Journal of Environmental
Quality
1993
242
12
Removal of hexavalent chromium using sphagnum moss peat/ Water Research
1995
241
14
Coupled iron corrosion and chromate reduction - Mechanisms for subsurface remediation/ Environmental Science & Technology
1997
482
32
Arsenate and chromate retention mechanisms on goethite .1. Surface structure/ Environmental Science & Technology
1997
260
17
In-situ remediation of Cr(VI)-contaminated groundwater using permeable
reactive walls: Laboratory Studies/ Environmental Science & Technology
1998
216
15
Removal of trivalent and hexavalent chromium by seaweed biosorbent/
Environmental Science & Technology
1998
215
15
Batch Cr(VI) removal by polyacrylamide-grafted sawdust: Kinetics and
thermodynamics/ Water Research
1999
216
16
Chelant extraction of heavy metals from contaminated soils/ Journal of
Hazardous Materials
2000
349
29
Remediation of Cr(VI) and Pb(II) aqueous solutions using supported, nanoscale zero -valent iron/ Environmental Science & Technology
2000
221
18
Treatment of inorganic contaminants using permeable reactive barriers/
Journal of Contaminant Hydrology
2000
221
18
Catalytic steam reforming of bio-oils for the production of hydrogen: Effects of catalyst composition/ Applied Catalysis A - General
2000
213
17
Removal of toxic cations and Cr(VI) from aqueous solution by hazelnut
shell/ Water Research
2001
276
25
Process development for the removal of lead and chromium from aqueous
solutions using red mud - An aluminium industry waste/ Water Research
2001
255
23
Adsorption kinetics for the removal of chromium(VI) from aqueous solution by adsorbents derived from used tyres and sawdust/ Chemical Engineering Journal
2001
246
22
Multivariate statistical and GIS-based approach to identify heavy metal
sources in soils/ Environmental Pollution
2001
236
21
Biosorption of chromium(VI) from aqueous solutions by green algae spirogyra species/ Water Research
2002
245
24
Heavy metals in urban soils: A case study from the city of Palermo (Sicily),
Italy/ Science of the Total Environment
2002
241
24
Kinetics of nitrate, nitrite, and Cr(VI) reduction by iron metal/ Environmental Science & Technology
2003
244
27
Generic NICA-Donnan model parameters for metal-ion binding by humic
substances/ Environmental Science & Technology
2003
225
25
The relationships between heavy metal (Cd, Cr, Cu, Fe, Pb, Zn) levels and
the size of six Mediterranean fish species/ Environmental Pollution
TC: total citations of articles from publication to 2010; C/Y: number of citations/year.

USA
England
USA
USA
USA
USA
England
Netherlands
USA
Netherlands
Netherlands
England
England
Switzerland
England
England
Netherlands
USA
USA
England
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ABSTRACT
The premise of this research note is that current research
on metallic iron (Fe0) for environmental remediation and
water treatment has started on a biased basis. Before expecting experienced researchers to correct flawed approaches
compromising the future of the technology, the attention of
new researchers should be drawn on the prevailing flawed
conceptual models. There are guides on how to select good
research topics, to perform good literature review, to select
good mentors, and to write good scientific papers. But critically reviewing the published material is part of the competence of any new researcher in a given field of research. This
research note summarizes the most critical issues of research
on Fe0 for water treatment and asks some key questions
which would help research beginners to find their way.
KEYWORDS: Environmental remediation, Literature review, Peer
review system, Water treatment, Zero-valent iron.

1. INTRODUCTION
There is evidence that environmental sciences are not
in a golden age. A severe imbalance exists between money
available for research and the growing scientific community worldwide [1]. Such imbalance has created the need
for prioritization of research issues. The prioritization has
created, in turn, a high competitive atmosphere in which
scientific productivity is reduced. The reasons are numerous of which three can be named: (i) it is not likely that the
few research groups receiving funding will produce good
results, (ii) the reasons to disregard a research issue might
not be objective and (iii) there is diminished time for scientists to think and perform productive work. These facts
make it easy to acknowledge that the current system contains systemic flaws that are threatening its future.
* Corresponding author

Research on metallic iron (Fe0) for environmental remediation and water treatment started some 25 years ago
[2-9] and has attracted the attention of the global research
community. The golden age of research on ‘Fe0 for the remediation industry’ (remediation Fe0) is probably over as always limited funding is available for related research [10].
There is a general dramatic decline in success rates for grant
applicants both at national and international levels [1, 10].
However, there is evidence that the whole research performed during the golden age of remediation Fe0 was probably biased by a wrong premise. Actually, this research is
documented in some 2,466 scientific publications (SCOPUS
search with “zero-valent iron” in “titles, abstracts and key
words” on January 26th 2015). Meaning that a research beginner on remediation Fe0 should virtually read some hundreds of papers to have an overview on the state-of-the-art
knowledge.
The objective of this research note is to assist any research beginner in evaluating the available literature and
fine-tune the aspect he wants to investigate. The presentation
will start with the main features of the Fe0/H2O system, followed with the popular state-of-the-art knowledge within the
remediation Fe0 community, then an alternative view will be
given. The presentation will end with tools facilitating the
choice of the research beginner for the better concept.
2. THE Fe0/H2O SYSTEM
When a reactive Fe0 particle is introduced in water, Fe0
undergoes oxidative dissolution and generates FeII species
(Eq. 1, Tab. 1). At pH > 4.5, FeII species are hydrated and
tend to polymerize and precipitate as hydroxides (Fe(OH)2)
and oxides (Fe3O4) on the metal surface (or at its vicinity).
The low solubility of FeII species at neutral pH values
drives precipitation [11]. When FeII is oxidized to FeIII (Eq.
2), iron precipitation is even more favorable because FeIII
species are less soluble than FeII ones. In essence, aqueous
iron corrosion is an electrochemical process. The two main
features are the electrical conduction of the two phases: (i)
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electronic conduction in the non corroded metal (Fe0 - electrode) and ionic conduction in the aqueous phase (electrolyte). In the course of iron corrosion, charge transfer occurs
at the metal/electrolyte interface.
Fe0 oxidation releases electrons (Eq. 1) which must be
consumed to ensure electrical neutrality. Accordingly, at
least one reduction reaction (cathodic reaction) of a relevant chemical species present in the aqueous phase must
happens simultaneously at the Fe0/H2O interface (mostly
H2O and O2 – Eq. 3 and Eq. 4). In other words, relevant
cathodic reactions involve species that are able to (quantitatively) reach the Fe0 surface. Because the Fe0 surface is
permanently shielded with an oxide scale (a physical barrier), the most common cathodic reaction is the reduction
of water (H3O+ ions) (Eq. 3) [12]. Clearly, the frequently
cited Eq. 4 is only indirectly favored as iron corrosion is
accelerated when Fe2+ species (Eq. 1) are consumed (LeChatelier Principle) [13,14]. Further processes responsible for
contaminant removal in Fe0/H2O systems are described in
Table 1.
The last important feature of the Fe0/H2O system is related to the omnipresence of the oxide scale (Eq. 11) at the
surface of Fe0. In essence, there is no Fe0/H2O interface
(inexistent in Pourbaix diagrams), but at least two interfaces: Fe0/Fe-oxides and Fe-oxides/H2O. In other words,
the (quantitative) transfer of electrons from Fe0 to dissolved species is only possible if the oxide scale is electronically conductive. Such conductive oxide scales have
not been reported, even under anoxic conditions [15,16].
On the other hand, the primary iron corrosion products (FeII
and H2/H) are reducing agents whose reductive capacity is
increased by the catalytic effects of the surface of oxides
(secondary corrosion products) [17]. Clearly, although Fe0
corrosion under environmental conditions is an electrochemical reaction, the reduction of dissolved species (including O2) is not (necessarily) the simultaneous cathodic
reaction [18]. These dissolved species are likely transformed by a chemical reaction with primary corrosion

products (FeII and H2/H) and secondary and tertiary corrosion products like Fe3O4 or green rusts.
3. THE PREVAILING VIEW
OF THE Fe0/H2O SYSTEM
The popular state-of-the-art knowledge can be read in
several recent overview publications [9,19-22]. The research community on remediation Fe0 widely randomly interchanges ‘reduction in the presence of Fe0’ and ‘reduction by Fe0’ [23]. As recalled in § 2, this is not acceptable
as ‘reduction by Fe0’ supposes that reducing electrons
come from the metal body (direct reduction, electrochemical reaction). On the contrary, ‘reduction in the presence of
Fe0’ is correct because Fe0 is the parent of FeII, H2/H and
all other abiotic reducing species present in the Fe0/H2O
system. Regarding Fe0 as own reducing agent has mediated
many discrepancies in the literature [24-27].
The most obvious discrepancy is perhaps that Fe0 is a
better environmental remediation agent than Al0 and Zn0.
The standard electrode potentials (E0 values) for the systems are: FeII/Fe0: -0.44 V, ZnII/Zn0: -0.76 V and AlIII/Al0:
-1.66 V, suggesting that Fe0 is the least powerful reducing
agent. If Fe0 was an own reducing agent, this observation
would have challenged founded knowledge from General
and Analytical Chemistry using Zn0 where Fe0 has failed
to yield satisfactorily reducing results (E0 values). The reason for the better efficiency of Fe0 has been identified as
the fact that no protective oxide scale is formed at the surface of Fe0 unlike on the surface of Al0 and Zn0 [28].
Another sloppy argumentation concerns ways to improved Fe0 efficiency. The presentation in § 2 suggests that
improving Fe0 corrosion can be achieved in two major ways:
(i) increasing the electronic conductivity of the metal body
(e.g. using bimetallic systems), (ii) increasing the ionic conduction in the aqueous phase (e.g. addition of NaCl). Actually, the Fe 0 literature is full of examples considering

TABLE 1 - Some relevant reactions involved in contaminant removal in the Fe0/H2O system. Ox is the oxidized contaminant and Red its
corresponding non or less toxic/mobile reduced form. x is the number of electrons exchanged in the redox couple Ox/Red. It can be seen that
Fe0 and its secondary (Fe2+, H/H2) and ternary (FeOOH, Fe3O4, Fe2O3) reaction products are involved in the process of Ox removal.
Reaction equation
Fe0 (s)
Fe2+(s or aq)
Fe0 (s) + 2 H2O
2 Fe0 (s) + O2 + 2 H2O
4 Fe2+ + O2 + 4 H+
x Fe0 + Ox(aq)
2 Fe0 (s) + 2 H2O + ½ O2
x H2 + 2 Ox(aq)
x Fe2+(s or aq) + Ox(aq) +
2 Fe2+ + ½ O2 + 5 H2O
Fe(OH)3
Fe2O3 + 6 H+ + 2 eFe2O3 + 2 H+ + 2 e8 FeOOH + Fe2+ + 2 e*
non stoichiometric
















Fe2+ (aq) + 2 eFe3+(s or aq) + eH2 + 2 OH- + Fe2+(aq)
4 OH- + 2 Fe2+(aq)
4 Fe3+ + 2 H2O
Red(s or aq) + x Fe2+(aq)
2 FeOOH
2 Red(s or aq) + 2.x H+
Red(s or aq) + x Fe3+
2 Fe(OH)3 + 4 H+
-, -FeOOH, Fe3O4, Fe2O3
 Fe2+ + 3 H2O
 Fe3O4 + H2O
3 Fe3O4 + 4 H2O
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(1)
(2)
(3)
(4)
(5)
(6) *
(7)
(8)
(9)
(10)
(11) *
(12)
(13)
(14)
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increased contaminant reduction by bimetallic systems, by
nano-scale materials or in the presence of certain co-solutes
as proofs for reduction by Fe0 [19-22]. However, as presented above (§ 2), all these improvements occur in the
presence of Fe0. This means that documented increased
contaminant reduction are more probably mediated by iron
corrosion products (indirect reduction).
Because designing a system in which contaminants are
reduced by Fe0 is necessarily different from designing a system in which contaminant are removed in the presence of Fe0,
there may be flaws in the design of existing systems for remediation Fe0. The most obvious example is that hybrid systems (e.g. Fe0/pumice or Fe0/sand) have been reported more
efficient than pure Fe0 systems (100 % Fe0) for the removal
of several contaminants [29-32]. If Fe0 was an own reducing
agent and reductive transformation the removal mechanism,
then the following rule of thumb will be valid “the more Fe0
is present, the larger the extent of contaminant removal”.

4. THE TRUE NATURE
OF THE Fe0/H2O SYSTEM
Some scientists promote dissemination of more accurate
and detailed information on the “operating mode of Fe0/H2O
systems” to encourage the design of better and sustainable
Fe0 systems for water treatment and environmental remediation [24-27, 33-41]. Preliminary results have provided much
greater detail on the functioning of Fe0/H2O systems [42-45]
than commonly accepted models [9, 19-22]. Moreover, the
long lasting discrepancy about the suitability of admixing Fe0
with inert aggregates has been determined [33, 34].
Fe0 research was erroneously introduced as a new field
of research. However, important work on aqueous iron corrosion under environmental conditions had been going on
for decades [15, 16, 24-27, 46-52]. Moreover, fundamental
knowledge on aqueous iron corrosion is available since the
1930s [23]. In particular, summarizing research efforts on the
1970s and 1980s, Stratmann and Müller [12] established that
under atmospheric conditions, Fe0 is oxidized by water (even
present as moisture) (Eq. 3 - Tab. 1) and molecular oxygen is
reduced by FeII (Eq. 5) (not by electrons from Fe0 - Eq. 4). In
other words, Stratmann and Müller [12] have clearly illustrated that the electrochemical nature of iron corrosion under
environmental conditions does not implies that Fe0 is the reducing agent for a molecule as small as O2. It is difficult under
such circumstances to understand why huge molecules like
azo dyes [53, 54] would diffuse where O2 has failed.
In 2009, Noubactep [35] published a short communication entitled “An analysis of the evolution of reactive species in Fe0/H2O systems”. This article demonstrated that
there is a myriad in-situ generated species in any Fe0/H2O
system which by their activities make the system a universal decontamination one. Removing mechanisms being adsorption, co-precipitation and (adsorptive) size-exclusion.
It is important to insist that reduction is not a stand-alone
removal mechanism, in particular in the context of safe

drinking water provision. In fact, in the environmental remediation context, reducing a species to a more biodegradable
one can be a true solution while in the drinking water context, even reduction products (metabolites) should be removed from the aqueous phase. This clarification definitively demonstrates that chemical reduction is not always the
solution, whereas removal is the common goal.

5. DISCUSSION
There is repeated evidence of selective (non) referencing of articles reporting on the research conducted on the
“true nature of the Fe0/H2O system” (§ 4). Two examples
for illustration: Giles et al. [55] have referenced six (6) papers co-authored by Noubactep in a review article entitled
‘Iron and aluminium based adsorption strategies for removing arsenic from water’, thus only partly dealing with
Fe0 materials. In the second example Fu et al. [19], Vodyanitskii [20, 21] and Colombo et al. [9] have not mentioned that the concepts they are reviewing have been challenged. These two examples may be regarded as a hint for
general carelessness in applying basic standards of sound
scientific procedures/standards. But this is also a chance
for a research beginner to demonstrate his ability to perform a critical literature review.
The reductive transformation model for remediation Fe0
has never been univocally established [56-59] and was severely questioned/refuted in the peer-reviewed literature in
2007 [18, 33, 34]. However, 8 years later, published articles
are still favouring the questioned model [9, 19-22, 60].
These publications are partly co-authored by leading scientists and are screened by reviewers and editors of international journals. On the other hand, many of the papers have
been examined by promotion committees of Master and PhD
students. Lastly, some habilitation thesis have been focused
on remediation Fe0 [18, 61, 62]. In other words, a PhD candidate (as research beginner) could have to challenge the
work that has made his supervisor, a professor.
The presentation herein suggests that there is currently a
crisis of confidence within the remediation Fe0 community
about the reliability of research findings [25]. Why does the
reductive transformation model for the Fe0/H2O system persist
in the scientific literature? Is it a function of insufficient crossdisciplinary approaches? Is the limited understanding of the
Fe0/H2O systems sustained by commercial interests? What biases are embedded in the language used to describe the
Fe0/H2O system in journal articles and technical reports?
There is nobody better than research beginners [54, 63, 64] in
the remediation Fe0 community to help resolving these questions and contribute to progress in knowledge.

6. CONCLUSION
The remediation Fe0 research community cannot continue to ignore the warning signs of a technology under

4844

© by PSP Volume 24 – No 12c. 2015

Fresenius Environmental Bulletin

stress and at risk of decline despite promising success stories. Larger budgets for remediation Fe0 are desirable, defensible and possible. In particular because Fe0 for decentralized safe drinking water provision has the potential to
warrant universal access to drinking water [24, 26]. All is
needed is a front against structural flaws and sloppy science: A front to correct identified vulnerabilities. The
changes need to begin immediately and widespread engagement with these changes is necessary, beginning with
research beginners, individual scientists, academic institutions, funding agencies, and all other entities involved in
scientific research.
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The immediate goal of this research note has been to
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ABSTRACT
Multivariate methods were utilized to simultaneously
investigate spatial variations of water quality, to seek latent
factors, to identify pollution sources and optimize sampling sites in Baitapuhe River in Shenyang City of northeast China. Thirty-six mixed water samples were collected
from the mainstream and tributaries along a human impact
gradient, i.e. rural, town and urban regions. No-multidimensional scaling anticipatorily clustered the sampling sites
into three groups, which indicated that the water quality level
of the river across the rural region was the highest, followed by the town and urban regions. In the rural region,
four latent factors (temperature, pH, COD and DO) were
detected using principal component analysis. It represented
natural pollution from temperature effect and soil erosion,
apart from livestock/poultry wastewater. In the town region, TN, NH4-N, TP and DO, were sought as the latent
factors, revealing that pollutants mainly originated from
domestic and industrial wastewater, except for the accumulation pollution from the rural region. In the urban region,
the latent factors included COD, TP, EC, NH4-N and DO.
It evidenced point pollution, and pollutants mainly derived
from treated/untreated domestic sewage and industrial
wastewater. Based on discriminant analysis, the sites M10
and M11 should be adjusted, and two or three sampling
sites added in the town region.

KEYWORDS: multivariate; water quality; latent factor; source identification; urbanized river

1. INTRODUCTION
A healthy urban river plays an important role not only
in water supply but also in flood control, biodiversity conservation, landscape for recreation, cultural heritage, and
economic develop [1, 2]. Hence its ecological, social and
economic functions in the modern cities are irreplaceable.
With increasing urbanization, the urban river is subjected
* Corresponding author

to external loadings of wastewater and storm water, flood
control channelization and culverting, and invasive species
[3, 4]. It results in a large quantity of nitrogen and phosphorus discharging into in the river, which leads to water
quality deterioration and the loss of ecological, social and
economic functions. The degradation of the urban river is
well documented, and has been referred to as “urban stream
syndrome” [5].
Water quality of the urban river is regarded as a key factor for influence on both ecosystem and human health [6, 7].
Water quality is considered as an issue of many interacting
processes, which is mainly dominated by anthropogenic activities and natural processes [5, 8]. Many monitoring programs have been done on anthropogenic contamination of
aquatic ecosystem, which is conducive to understand the
temporal and spatial variations in water quality [9]. Large
and complicated data sets with physic-chemical parameters
are obtained from the monitoring programs, which are difficult to explicitly explicate and to draw meaningful conclusions [9, 10]. It is therefore necessary to select a feasible and
reliable evaluation of water quality [2, 11]. Multivariate
methods, such as no-multidimensional Scaling (nMDS),
principal component analysis (PCA) and discriminate analysis (DA), are widely applied to analyze the complicated
data sets for an apparent interpretation of water quality and
trophic state of the study region [12-15]. These methods tend
to seek latent polluted factor, to identify pollution sources,
and provide a useful tool for dependable management of water quality and water quantity [16-18].
Baitapu River, a branch stream of Hunhe River, flows
across rural, town and urban regions of Hunnan District in
southern Shenyang City, China. Hunnan District was
founded in February 2010 with an area 292 km2 and population 300,000, where Baitapu River is the longest. With
increasing urbanization, a large quantity of untreated/treated
wastewater enters into Baitapuhe River, which leads to
river ecosystem degradation [19]. The annual average
concentrations of total phosphorus and ammonia nitrogen
are 1.54 mg L-1 and 16.4 mg L-1 in the river, indicating that
trophic level is becoming higher and water quality is becoming deteriorated. It is imperative to comprehensively
restore the river, and construct the new river systems.
Therefore the physic-chemical data sets were measured
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and subjected to multivariate analysis in this study, to mine
the latent factors, to identify pollution source and optimize
sampling sites. This can conduce to effective water monitoring plan, pollution control and ecological restoration.
The purpose of this study is to (a) investigate physicchemical parameters responsible for spatial variations in
Batapu River, (b) reveal similarities and dissimilarities between sampling sites and (c) seek latent factors to identify
pollution sources and to optimize sampling sites.
2. MATERIAL AND METHODS
2.1 Study area

Baitapuhe River, is located in southern Shenyang
(123°39´ E, 41°38´ N) of Liaoning Province, China (Fig.
1a). It flows from east to west through Hunnan District of
Shenyang City, entering Hunhe River in Caozhongtun village. It extends 48.51 km in the left bank of Hunhe River,
and its basin covers 182 km2. Fourteen tributary streams
exist in the upper reaches, and only one stream in the lower
reaches (Fig. 1b). The runoff volume is about 20.71 thousands m3 d-1 during the low-flow period, around 69.22 thousands m3 d-1 during the medium-flow period, and approximately 90.13 thousands m3 d-1 during the high-low period.
The basin experiences a temperate monsoon climate with an
average annual rainfall of 680.43 mm. Annual temperature
is approximately 8.11 °C, and average minimum temperatures (-11.64°C) exists in January and average maximum
temperatures (24.62 °C) in July. The dominant wind directions are south-east in summer and north-west in winter [19].
2.2 Sampling

Water samples were collected during August 13-14,
2012, and sampling sites were set along a gradient of human

impact, i.e. rural, town and urban regions. Seventeen sampling sites were arranged along the mainstream (Fig. 1b).
Sites M1 to M8 were located in the rural region, sites M12
to M17 in the urban region, and sites M9 to M11 in the town
region (Rural-to-city transitional zone). There were nineteen
sampling sites in the tributary streams, and only one sampling site was located in each tributary stream, except for
Shangshenghe Stream where five sampling sites were designed. In a given sampling site, three water samples were
collected from the river section (i.e. right, middle and left
positions), which were completely mixed with an equal
volume [19, 20]. Water sample collection was carried out
with a 5 L Van Dom water sampler, which was stored and
shipped to lab in a cooled container. In situ measurements
of temperature, pH, dissolved oxygen (DO) and electrical
conductivity (EC) of each water sample were performed
with an YSI 600 multi-probe. All sampling was carried out
between 08:00 and 16:00h, local time in order to reduce
daily basis fluctuations of chemical and physical parameters.
2.3 Laboratory analyses

In the laboratory, ammonia nitrogen (NH4-N), nitrate
(NO3-N) and dissolved organic carbon (DOC) are measured using filtered water samples (0.45 μm membrane),
while total nitrogen (TN) and total phosphorus (TP), chemical oxygen demand (COD) and 5-day biochemical oxygen
demand (BOD5) are measured using no-filtered samples
[21]. NH4-N is determined by Nessler's reagent method,
NO3-N by brucine method, TN by alkaline persulfate digestion method, and TP by ammonium molybdate method
[22]. COD is estimated by dichromate reflux method, and
BOD5 is estimated by Winkler azide method. DOC is
measured by a TOC analyzer (analytic jena multi N/C 3100
TOC, Germany), while chlorophyll a (Chl a) is detected by
acetone extract method [23].

FIGURE 1 - Location of the study area and sampling sites.
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2.4 Multivariate methods

nMDS is early applied for analysis of psychological
data to measure interstimulus similarity or confusability
[24]. The input of nMDS is a set of propinquity data that
characterize the similarity of objects and cluster each object [25]. The output is geometric configuration points, and
each point indicates an object. The dissimilarity or similarity between two objects is defined as squared Euclidean
distance. The Euclidean distance between the two objects
is smaller, and the similarity is larger [25, 26].
PCA is a dimension-reduction tool that can transform
a large set of correlated variables to a small set of uncorrelated variables (axes), defined as the principal components
(PCs) through VARIMAX rotation, which show linear correlations with the original variables [27]. The PCs can provide information on the most meaningful parameters that
describe a whole data set allowing data reduction and statistical summarization with minimum loss of original information [20].
DA is a common tool for classification which is a special case of canonical correlation used to perform a multivariate test of differences between two or more groups in
terms of the average discriminating variables [28]. It is carried on the original data without affecting the results and
comparability with other multivariate methods [15]. Based
on standard forward stepwise, it can construct the optative
discriminant functions to verify the groups determined by
nMDS.
nMDS is applied on chemical and physical parameters
to measure either the distinction or the similarity between
sampling sites and produce different groups. PCA is conducted on water quality data to expound the latent factors
and identify pollution sources. DA is performed on a set of
parameter data based on the standard mode to construct the
best discriminant functions to confirm the groups deter-

mined by nMDS, and to optimize the sampling sites. All
statistical analyses are performed using SSPS 16.0 and
OriginPro 8.0 for windows.
3. RESULTS AND DISCUSSION
3.1 Spatial distribution of parameters

The data of not sampling region could be obtained using a GIS-based kriging approach, and the spatial gradients
for all parameters were observed in the river (Fig. 2). The
mean temperature was the highest in the urban region
(15.82±0.45 °C), followed by the town (14.97±0.46 °C)
and rural region (13.53±1.47 °C) (Fig. 2a). This indicated
that a large amount of effluent from wastewater treatment
plants (average temperature 20 °C) entered into the river
across the urban and town regions. pH values were found
in the range of 7.66-9.07, and the river was alkaline. The
river across the town (8.26±0.25) and rural (8.20±0.38)
contained a slight higher mean pH than that across the urban (8.04±0.50) (Fig. 2b). The mean of EC values increased in the order of rural region (406.38±113.37 μS cm1
) < town region (581.78±141.86 μS cm-1) < urban region
(602.50±103.54 μS cm-1) (Fig. 2c), which was attributed to
more dissolved salt of anthropogenic inputs (domestic and
industrial wastewater discharge) in the town and urban than
that in the rural, apart from natural processes (weathering
and soil erosion) [29]. DO obviously differed among the
thirty-six sites with a maximum of 6.91 mg L-1 at the site
M1 to a low of 0.37 mg L-1 at the site M16. The mean DO
decreased in the order of rural region (4.92±1.3666 mg L-1)
> town region (3.62±1.46 mg L-1) > urban region
(2.86±1.86 mg L-1) (Fig. 2d), which indicated that the aerobic condition was gradually weakened from the headwater to the estuary, whereas the anaerobic condition was
gradually strengthened.
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FIGURE 2 - Spatial distribution of ten chemical and physical parameters in Baitapuhe River.

The mean COD exhibited lower in the rural region
(21.29±16.82 mg L-1) than those in the town (33.07±
1.42 mg L-1) and the urban (35.57±12.33 mg L-1) (Fig. 2e).
This indicated that the river received more pollutants from
the urban and town regions than that from the rural region,
apart from accumulated pollution from the upstream [20].
The mean NH4-N decreased in the order of rural region
(0.91±1.35 mg L-1) < town region (3.10±2.80 mg L-1) < urban region (4.26±1.87 mg L-1), while the variation of the
NH4-N concentrations was the highest in the rural, followed by the town and urban (Fig. 2f). The river contained
the mean TN of 3.27±1.32 mg L-1 across the rural region,
approximately 2.31 times less than that across the town region, and about 2.93 times less than that across the urban
(Fig. 2g). The mean TP was lower in the rural region
(0.09±0.04 mg L-1) than those in the town (0.24±0.09 mg
L-1) and urban region (0.41±0.21 mg L-1) (Fig. 2h). The
mean Chla was the lowest in the rural region (5.33±3.93
mg m-3), followed by the town (18.39±18.21 mg m-3) and
urban (59.02±13.32 mg m-3). The river across the rural region contained the higher mean DOC (13.65±3.42 mg L-1)
than the town (10.66±1.18 mg L-1) and urban (10.20±0.94
mg L-1). These results revealed that the water quality had
been deeply deteriorated in the town and urban, while the
river kept good water quality in the rural.

3.2 nMDS analysis

In order to reveal similarities and dissimilarities between 36 sampling sites, the nMDS analysis is used, which
can adequately demonstrate the whole informationdescribed
by the original variables into an n-dimensional space. The
nMDS produced a 2-dimensionnnal matrix with squared Euclidean distances (Stress = 0.16 and R2 = 0.95suggesting reliability of 2-dimensional representation) [12].
The nMDS map showed that the sampling sites in the
mainstream were clustered into three groups with 75% confidence level for each confidence ellipse, i.e. the rural,
town and urban regions. The confidence level is lower, the
confidence interval is narrower, and the evaluation accuracy is higher [20]. It indirectly proved that the order of the
water quality decreased the rural region > the town region
> the urban region. In the rural region, the chemical and
physical characteristics exhibited low variation, for most of
sampling sites close together, except for site M1 (headwater) where water quality was very good. In the urban region, the chemical and physical variations were so evident
that the sampling sites showed tow sub-groups, which indirectly demonstrated a spatial gradient for water quality
from the upper reaches to the lower reaches. The chemical
and physical characteristics in the town region varied between the rural and the urban.
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FIGURE 3 - nMDS map of the distribution of sampling sites in the mainstream (blank cycle: rural region, black triangle: town region, blank
square: urban region) according to its chemical and physical characteristics.

FIGURE 4 - nMDS map of the distribution of sampling sites in the tributary streams (blank cycle: rural region, black triangle: town region)
according to its chemical and physical characteristics.

The nMDS map of the distribution of sampling sites in
the tributary streams was presented in Fig.4, where an expected clustering was observed between the rural and the
town with 95% confidence level for each confidence ellipse. This indicated that the water quality of the tributary
streams across the rural region was different from the town
region. In the town region, separation of the sampling sites
T15 to T19 along the dimension 1 axis was mainly concerned with temperature, DO, COD, NH4-N and Chla,
which showed an apparently spatial gradient (Fig. 2). Site
T19 lay in the left extreme, indirectly proving that water
quality were deeply deteriorated. In the rural region, sampling sites were close together, except site T4, which indicated that the chemical and physical characteristics showed
a slight variation.

3.3 Principal component analysis

PCA was applied to water quality data sets to reveal
differences among the rural, town and urban regions and
seek the latent factors. PCA of the three data sets yielded
three PCs for three regions, explaining 87.75%, 87.30%
and 85.99% of the total variance in the respective water
quality data sets. Fig.5 summarized the PCA results comprising the loadings whose absolute value is more than 0.7
of the total variance was highlighted.
In rural region, PC1 describing 39.25% of the total variance had strong positive loadings on temperature, pH and
COD, and negative loadings on DO (Fig. 5a). It evidenced
natural pollution from temperature effect and soil weathering [30]. Temperature showed an inverse correlation with
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In the town region, PC1 (39.53% of the total variance)
exhibited better positive loadings on TN, NH4-N and TP,
and negative loadings on DO. It indicated that pollutants
mainly originated from domestic and industrial
wastewater, except for accumulation from upper reaches.
PC2 (26.44% of the total variance) showed positive loadings on temperature, EC, Chla and COD, which addressed
natural pollution. PC3 (21.34% of the total variance) was
involved in pH and DOC, which could represent organic
pollution.
In the urban region, PC1 (48.95% of the total variance)
had positive loadings on COD, TP, TN, EC and NH4-N,
and negative loadings on DO. It indicated non-point pollution, attributing in treated/untreated domestic sewage and
industrial wastewater entering the river. PC2 (21.05% of
the total variance) had loadings on temperature and Chla,
indicating eutrophication occurred in summer. There were
some rubber dams in the river which easily led to stagnant
water. PC3 (15.99% of the total variance) was similar to
PC3 in the town region.
Base on the comparison of the pollution characteristics, the river across the rural region was dominantly natural and non-point pollution, but the river across the urban
region was mainly point pollution. The pollution characteristics in the town region were between the rural and the urban.
3.4 Discriminant analyses

DA of the variation of water quality was performed by
the chemical and physical parameters, after clustering into
the three groups in the mainstream and two groups in the
tributaries obtained from nMDS. Chemical and physical
parameters were defined as the independent variables, and
sampling sites were referred as dependent variables.
Wilks’ lambda, Chi-square and p for the mainstream were
0.08, 35.62 and 0.0002 respectively, and they were 0.25,
21.43 and 0.0009 in the tributaries. It proved that DA was
very credible and effective. The standard DA mode generated sampling site statistics (Table 1) correctly assigning
82.40% of the sites in the mainstream and 94.70% in the
tributaries using the chemical and physical parameters.

FIGURE 5 - Scatter plot of loadings for the three PCs extracted
from the river across the rural region (a), town region (b) and urban region (c).

DO, which attributed in warm water easily being saturated with oxygen. PC2 (28.04% of the total variance) had
positive loadings on NH4-N and DOC, indicating that pollutants mainly derived from household appliances and livestock/poultry wastewater. PC3 (20.47% of the total variance) was concerned with TN, TP and Chla, which could
represent non-point source pollution.

For the mainstream, sites M10 and M11 in the town
region were predicted into the rural region, which could
clarified that the sites M10 and M11 approached to the ellipse of the site M8 in the nMDS map (Fig. 3). It indirectly
indicated that their water quality characteristics were close
to the rural region. For the tributaries, the site T13 was misclassified into the town region, which indicated that its
chemical and physical characteristics were similar to the
town region. Based on the results, locations of the sites
M10 and M11 should be adjusted, and two or three sampling sites increase in the town region. Moreover the sites
M3 and M4 should be removed to save corresponding
costs.
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TABLE 1 - Cross validation of the sampling site statistics by the functions derived from sampling sites in the mainstream and tributaries.
Mainstream

Tributary
Predicted
Group

P(D>d | G=g)

Sites

Actual
group

p

df

P(G=g
D=d)

M1

1

1

0.929

1

M2

1

1

0.790

1

M3

1

1

0.775

M4

1

1

0.741

M5

1

1

M6

1

M7

Actual
group

Predicted
Group

P(D>d | G=g)

Sites

p

df

P(G=g
D=d)

1.000

T1

1

1

0.530

1

1.000

1.000

T2

1

1

0.417

1

1.000

1

1.000

T3

1

1

0.396

1

1.000

1

1.000

T4

1

1

0.689

1

0.999

0.933

1

1.000

T5

1

1

0.819

1

0.999

1

0.905

1

1.000

T6

1

1

0.342

1

1.000

1

1

0.905

1

1.000

T7

1

1

0.434

1

1.000

M8

1

1

0.949

1

1.000

T8

1

1

0.647

1

0.991

M9

2

2

0.173

1

1.000

T9

1

1

0.687

1

0.992

M10

2

1**

0.529

1

1.000

T10

1

1

0.771

1

0.999

M11

2

1**

0.477

1

1.000

T11

1

1

0.134

1

0.830

M12

3

3

0.465

1

1.000

T12

1

1

0.856

1

0.996

M13

3

3

0.001

1

1.000

T13

1

2**

0.266

1

0.793

M14

3

3

0.315

1

1.000

T14

2

2

0.648

1

0.981

M15

3

3

0.010

1

1.000

T15

2

2

0.355

1

0.889

M16

3

3

0.006

1

1.000

T16

2

2

0.226

1

0.724

M17

3

3

0.929

1

1.000

T17

2

2

0.460

1

1.000

-

-

-

-

-

-

T18

2

2

0.213

1

1.000

**. Misclassified case

-

-

-

T19

2

2

0.542

1

1.000

|

|
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4. CONCLUSIONS
The management and control of urban rivers are very
meaning due to its high ecological, landscape, cultural,
economic functions. However, the urban rivers are usually
influenced by anthropogenic activities which can result in
water quality deterioration. With increasing urbanization,
the water quality level of Baitapuhe River was decreasing,
and there were obvious differences in the river across the
rural, town and urban regions. Water quality in the urban
region was the worst, followed by the town and the rural
regions. Natural conditions (temperature, pH and DO)
deeply influenced on water quality in the rural region, except for anthropogenic activities. In the town region, the
river was affected by domestic and industrial wastewater,
apart from accumulation from the rural region. The river
across the urban was dominated by no-point pollution,
which received treated/untreated domestic sewage and industrial wastewater. The sampling sites in the town region
should increase, while the sites in the rural region could be
reduced. Protective measures should be carried out to prevent soil erosion and treat nitrogenous nutrient/fecal pollution in the rural region. More special attention should be
paid to the treatment of point pollution in the town and urban regions.
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