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TROPHIC STATUS OF TRIBUTARY BAY AGGREGATE AND
THEIR RELATIONSHIPS WITH BASIN CHARACTERISTICS IN
A LARGE, SUBTROPICAL DENDRITIC RESERVOIR, CHINA
Lu Tan1,2, Qinghua Cai1,*, Hongye Zhang1,2, Henglun Shen1,2 and Lin Ye1
1

State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, P.R. China
2
University of Chinese Academy of Sciences, Beijing 100049, P.R. China

ABSTRACT

1. INTRODUCTION

We surveyed the trophic status and its limiting factors
of the Three-Gorges Reservoir (TGR) in China, including
153 sites in the mainstream of Yangtze River and 17 tributary bays quarterly for one year after the first full-capacity
impoundment (175 m above sea level.) in 2010. Carlsontype trophic state indexes (TSI), including the trophic index
of total phosphorus (TSITP), total nitrogen (TSITN), chlorophyll a (TSICHL), and Secchi depth (TSISD), were used to
assess trophic status of TGR. Based on TSICHL, trophic
status of the mainstream was oligotrophic in the four seasons; however most of tributary bays were in eutrophic status
in spring and summer and oligotrophic states in autumn and
winter. Judging from TSISD, the mainstream and tributary
bays were in the status of mesotrophication in winter, but
hypertrophication or eutrophication in the other seasons,
TSITP showed that the mainstream was in the eutrophic or
hypertrophic status; the tributary bays were in the eutrophic status in spring and summer, but in the mesotrophic
status in autumn and winter. TSITN revealed that mainstream and tributary bays were characterized as eutrophic
status in the four seasons. Using Carlson’s two-dimensional
graphical approach, the deviations of TSISD, TSITP and TSITN
from TSICHL indicated that algal growth in the mainstream of
TGR was limited by light other than nutrient in all year.
For the tributary bays of TGR, light might be the factor
limiting algal growth in autumn and winter. However, in
spring and summer, nutrient and grazing became the limiting factors in some tributary bays. In addition, Basin
characteristic had a significant influence on the trophic
status and limiting factors in TGR. Our research provided
fundamental information trophic status of the whole TGR
water body and is helpfulness for water quality management of the reservoir.

KEYWORDS: Three-Gorges Reservoir; tributary bays; trophic
status; basin characteristics; limiting factors

* Corresponding author

Water eutrophication is one of the most serious environmental problems in the world [1, 2]. Eutrophication will
stimulate the primary productivity in aquatic ecosystem
[3, 4], and pose serious risks for human health, fishery
economy, and the water resources sustainability [5, 6].
Although the mechanisms of eutrophication are not fully
discovered, the excessive nutrient (e.g. nitrogen, phosphorus) loading into the aquatic ecosystem has been long considered as the main reason causing eutrophication [7, 8].
The natural process of eutrophication is very slow, which
need several centuries for a deep and oligotrophic lake shift
to a shallow and eutrophic one [9]. However, in recent
decades, the nutrient concentration of most water bodies has
been increased dramatically, and eutrophication has become
a worldwide environmental problem [10, 11].
The assessment of trophic status of water body and
determining its limiting factors are key steps in pollution
control and eutrophication management. In the past decades, limnologists have developed many methods to assess
the trophic status, including the character method [12], parameter method, the biotic indices method [13], the phosphorus budget model method [14], and the trophic state index
method [15-17]. Among these developed methods, Carlson’s trophic state index (TSI) is one of the most widely
accepted methods in evaluating the trophic status because
that Carlson’s TSI is a continuous number in assessing the
trophic status, which can provide a more precise assessment of the trophic status than other conventional methods (e.g. parameter method), which only provide a rough
typological trophic information [13, 15]. In addition, Carlson’s TSI is easy to be implemented and analyzed the limiting factors of the trophic status [15, 18].
Since the impoundment of Three-Gorges Reservoir
(TGR) in June 2003, the reduced water velocity and increased nutrient residence time have caused a serious
eutrophication problem in TGR. Currently, ecological and
environmental researches in TGR are main focusing on
the phytoplankton blooms [19-22]. Trophic status and its
limiting factors in the whole TGR area are still seldom
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addressed. Xu et al. [19] reported the trophic status and
regulating factors of a small fraction of mainstream near
the dam of TGR (about 50 of 600 km). Zhang et al. [23]
compared trophic status before and after impoundment in
Daning tributary of TGR. The previous eutrophication
assessment emphasized the water body itself, but omitted
the watershed and landscape factors (e.g. catchment area,
hydrology etc.), which are also considered as important
factors affect the eutrophication based on the published
literatures [9, 24-26]. Therefore, the aims of this study are
focusing on i) performing a systematic assessment of the
trophic status of the whole TGR (including mainstream
and tributaries); ii) identifying the potential limiting factors of eutrophication in the mainstream and tributary bays
of TGR; iii) understanding trophic status and its relationships with basin characteristics. Our research can provide
fundamental information in understanding the eutrophication of TGR water body and is helpfulness for carrying out
specific environmental protection practices in the TGR.
2. MATERIALS AND METHODS
2.1. Design of sampling

TGR, located at 29°16’-31°25’N, 106°-111°10’E, is
one of the largest reservoirs in the world, with a water
area of 1080 km2 and a capacity of 3.93 × 1010 m3 at the
water level of 175 m above sea level (a.s.l.) [27]. The impoundment of TGR was carried out with three different

stages: the first impoundment stage was started in June
2003, with the water level of 135 m as the flood control
water level and 139 m as the normal water level; the second impoundment stage was started in October 2006, the
flood control and normal water level was increased into
145 and 156 m respectively; the final impoundment stage
was started in October 2010, reaching a normal and flood
control water level of 175 and 145 m [27, 28]. TGR is
operated the way of ‘storing clear and releasing muddy’
every year. In other word, in flood seasons (summer and
early autumn), the water level is maintained at the flood
control limited level (145 m) accounts for releasing muddy
water; while in dry seasons (autumn, winter and spring),
the water level reaches to the maximum (175 m) in order
to meet the demand for hydroelectric power generation
accounts for storing clear water [27, 29].
We surveyed quarterly for one year in TGR after the
first 175 m a.s.l. full-capacity impoundment in 2010. Along
the 484 km-length (the flooded area at the water level of
156 m above sea level) mainstream of TGR, 14 transects
(CJ01 ~ CJ02 and CJ04 ~ CJ15, thereinto CJ06, CJ11,
CJ13 and CJ15 were only sampled in spring) were set up
from the dam of TGR (CJ01) to its upstream (CJ15), and
17 main tributary bays of TGR were also surveyed to get
a systematic understanding of the trophic status of the whole
TGR (Fig. 1). In each tributary bay, several sampling sites
were set up from the mouth to the end of backwater. In
summary, a total of 47 sites in the mainstream of TGR
and 106 sites in its tributary bays were sampled in this study.

FIGURE 1 - Location of sampling sites in Three-Gorges Reservoir.
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Sampling methods were referred to the Protocols for Standard Observation and Measurement of the Chinese Ecosystem Research Network (CERN) [30].
2.2. Sample collection and measurements

We measured the transparency (SD), the concentrations of total nitrogen (TN), total phosphorus (TP), and
chlorophyll a (Chl. a) at each site. The transparency was
in situ measured with a 20-cm Secchi disc. Water samples
were collected at a depth of 0.5 m beneath the water surface using a 5-L Van Dorn sampler. Samples for TN and
TP measurements were acidified with H2SO4 to pH < 2,
and stored in a 500-mL plastic bottle for laboratory analysis. Phytoplankton cells were concentrated by filtering 1-L
water through a microfilter (1.2 µm) for Chl. a determination. Water samples and filters were immediately placed in
a dark cooler with ice until the laboratory analysis. The concentrations of TN and TP were analyzed according to the
user manual of Skalar on a segmented flow analyzer (Skalar
SAN++, The Netherlands). The Chl. a concentration was
measured on a spectrophotometer (Shimadzu UV-1800,
Japan) according to the standard methods of APHA [30, 31].
2.3. Data analysis

By following the methods described by Carlson [15]
and Kratzer and Brezonik [32], the concentrations of Chl.
a, SD, TP and TN were transformed to a continuous TSI
value ranging from 0 to 100 with the below equations:
TSICHL = 10×(6 - (2.04 - 0.68 ln (Chl.a, ìg/L))/ln2) (1)
TSISD = 10×(6 - ln(SD, m)/ln2)
(2)
TSITP = 10×(6 – ln(48/(TP, mg/L))/ln2)
(3)
TSITN = 10×(6 – ln(1.47/(TN, mg/L))/ln2)
(4)
With the calculated TSI values, the trophic status could
be classified to oligotrophic (TSI < 40), mesotrophic (40 =
TSI < 50), eutrophic (50 = TSI < 70), and hypertrophic
(TSI = 70) according the TSI values [32].
Carlson’s two-dimensional graphical approach was used
to determine the limiting factors [18, 33]. In this approach,
it was expected that a specific variable-based index would
not correlate well with chlorophyll a in situations where the
variable was not limiting algal growth; therefore, the deviations of the Chlorophyll a TSI (TSICHL) from the specific
variable-based index (e.g. TSITP) could indicate this kind

of situations [18]. Thus, based on deviations of TSICHL from
TSITP(TN) and TSISD, we could identify the possible limiting
factors of algal growth with the two-dimensional graphical approach (TSICHL-TSISD as x-coordinate, and TSICHLTSITP(TN) as y-coordinate) proposed by Carlson [18]. Deviations located in the first quadrant and the second quadrant, in which TSICHL-TSITP(TN) > 0, were inferred to be
phosphorus (nitrogen) limited algal growth. If TSICHL-TSITP
and TSICHL-TSITN both greater than 0, indicated phosphorus
and nitrogen co-limitation (N + P co-limitation). Deviations located in the third quadrant, in which TSICHL-TSISD
< 0 and TSICHL-TSITP(TN) < 0, indicated that non-algal
particles, color, water column stability [34] etc dominated light attenuation and limited algal growth. Deviations located in the fourth quadrant, in which TSICHLTSISD > 0 and TSICHL-TSITP(TN) < 0, indicated that algal
growth was controlled by grazing [18, 33, 35].
In addition, the correlations between basin characteristics (data of catchment area, river length and discharge
data from Huang et al. [27]) and TSICHL, TSISD, TSITP,
TSITN, as well as their deviations from TSICHL were analyzed
with linear regression models. Before fitting the models, the
values of basin characteristics were log10 transformed to fit
the requirement of normal distribution in linear model. The
fitting of linear regression model was performed in the
software of SPSS 16.0.
3. RESULTS AND DISCUSSION
3.1. Trophic status of Three-Gorges Reservoir

The statistical summaries of spatiotemporal variations
of TSI in the mainstream and tributary bays of TGR are
presented in Table 1. We found that there was a clear
seasonal pattern of the trophic status in TGR (Table 1 and
Fig. 2). Based on TSICHL, trophic status of the mainstream
was oligotrophic in the four seasons; however most of
tributary bays were characterized as eutrophic status in
spring and summer and oligotrophic status in autumn and
winter. Judging from TSISD, the mainstream was in the
status of hypertrophication in summer, eutrophication in
autumn and spring, and mesotrophication in winter; the
trophic status of tributary bays was mesotrophic in winter,
and eutrophic in the other seasons. The high TSISD value
in the mainstream in summer is because that there is a large

TABLE 1 - Summary of TSICHL, TSISD, TSITP and TSITN in mainstream and tributary bays (SD presents standard deviation).
Variable

Area

TSICHL Mainstream
Tributary bay
TSISD Mainstream
Tributary bay
TSITP Mainstream
Tributary bay
TSITN Mainstream
Tributary bay

Autumn (Oct.)
Mean±SD
Range
29.59±8.47 19.03-48.67
34.20±6.56 26.31-45.57
50.98±4.11 47.20-61.52
56.38±2.67 50.92-58.48
65.88±3.26 62.53-70.73
48.26±3.43 42.58-51.80
57.67±2.03 52.03-59.18
62.73±4.13 55.31-69.66

Winter (Jan.)
Mean±SD
Range
26.99±7.33 18.61-43.15
37.41±11.82 22.91-55.98
44.38±2.01 41.15-47.94
46.04±5.99 39.49-55.73
73.82±3.09 66.98-78.60
46.23±3.53 41.43-53.67
60.11±2.75 53.66-63.08
68.31±3.15 64.60-75.41

Spring (Apr.)
Mean±SD
Range
39.67±10.49 20.06-53.76
52.43±10.78 26.27-67.79
52.40±7.76 43.90-69.11
55.86±5.85 45.22-64.67
81.85±2.55 74.51-85.71
55.15±5.63 46.26-64.60
63.64±0.95 62.29-65.23
67.87±10.70 55.06-96.92
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Summer (Jul.)
Mean±SD
Range
33.72±12.70 17.38-53.98
56.55±9.65 37.56-67.61
78.45±6.09 72.13-93.18
59.16±4.44 51.62-65.80
70.11±6.44 62.49-83.18
66.74±7.06 59..96-82.67
60.17±2.57 55.89-63.08
58.72±4.62 44.82-62.94

Inter-annual
Mean±SD
Range
33.15±10.91 17.38-53.98
46.02±13.47 22.91-67.79
56.17±13.75 41.15-93.18
51.81±8.00 39.36-65.80
73.73±7.33 62.49-85.71
54.22±9.12 41.34-82.67
60.69±3.03 52.03-65.23
57.58±3.74 48.68-65.56
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FIGURE 2 - Spatial and temporal pattern of TSICHL (a), TSISD (b), TSITP (c) and TSITN (d) in the Three Gorges Reservoir. The dashed lines
represent the threshold of hypertrophic (70), eutrophic (50) and mesotrophic (40) status. (XX, TZ, YS, QG, BL, SN, DN, DX, CT, MX, MD,
TX, XJ, HJ, DXH, LH and WJ are the abbreviation of Xiangxi Bay, Tongzhuang Bay, Yuanshui Bay, Qinggan Bay, Baolong Bay, Shennv
Bay, Daning Bay, Daxi Bay, Caotang Bay, Meixi Bay, Modao Bay, Tangxi Bay, Xiaojiang Bay, Hangjin Bay, Dongxi Bay, Longhe Bay and
Wujiang Bay respectively)
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amount of sediments bring from the upstream of Yangtze
into the reservoir in the floods seasons [19, 27, 29]. TSITP
showed that the mainstream was in the eutrophic or hypertrophic status; the tributary bays were in eutrophic
status in spring and summer, but in mesotrophic status in
autumn and winter. Based on TSITN, the mainstream and
tributary bays were characterized as eutrophic status in
the four seasons. According to the seasonal dynamic of
tropic status in TGR (Fig. 2), TSICHL values in spring and
summer were greater than that in autumn and winter in
mainstream and most of tributary bays. Highest TSISD
value was observed in summer, and the lowest value was in
the autumn and winter, while moderate value of TSISD
was observed in spring. TSITN and TSITP had no significant seasonal patterns.
According to a previous study, the chlorophyll a concentration in the mainstream of TGR was very low after the
impoundment of TGR [36]; however algal blooms were
frequently observed in the tributary bays of TGR in spring
and summer [19-22]. In this study, judging from TSICHL,
trophic status in the mainstream of TGR was oligotrophic
in the four seasons; most of tributary bays were characterized as oligotrophic status in autumn and winter, and
eutrophic status in spring and summer. These results are
coincident with the previous studies. Based on TSITP and
TSITN, mainstream and most of tributary bays were in
eutrophic status for the studied seasons, which suggests
that the concentration of phosphorus and nitrogen are far
exceeded the need for algal growth in TGR, which is in

accordance with the former study carried out in the mainstream of TGR [19].
3.2. The limiting factor of trophic status

Based on Carlson’s two-dimensional graphical approach [18], the deviations between TSICHL, TSITP(TN) and
TSISD of TGR in all seasons are presented in Figure 3 - 6.
In autumn (Fig.3a, 3b), the plots of deviations indicated
that light limited the algal growth for the whole mainstream and tributary bays of TGR. In winter (Fig.4a, 4b),
the whole mainstream and most tributary bays were light
limited except three nitrogen or grazing limited tributary
bays (MD, XJ and HJ). In spring (Fig.5a, 5b), the limitation of algal growth in TGR showed a high diversity among
mainstream and tributary bays. Most sites in the mainstream of TGR were light limited, excepted two grazing
limited transects (CJ07 and CJ10). However for the tributary bays, the deviations between TSICHL, TSITP and TSISD
of tributary bays showed light limitation in 9 tributary
bays, grazing limitation in 6 tributary bays, and phosphorus limitation in 2 tributary bays (CT and MX) (Fig. 5a).
In Fig. 5b, the deviations between TSICHL, TSITN and TSISD
of tributary bays showed light limitation in 8 tributary bays,
grazing limitation in 3 tributary bays and nitrogen limitation in 6 tributary bays. This phenomenon implied that
grazing and nutrient might limit the algal growth in TGR
with the increasing of algal biomass in the spring, and some
tributary bays (e.g. CT Bay and MX Bay) might N + P colimited. In summer (Fig.6a, 6b), all sites in the mainstream

FIGURE 3 - The deviations between TSICHL, TSITP TSITN and TSISD in autumn—phosphorus limitation (a) and nitrogen limitation (b).

FIGURE 4 - The deviations between TSICHL, TSITP TSITN and TSISD in winter—phosphorus limitation (a) and nitrogen limitation (b).
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FIGURE 5 - The deviations between TSICHL, TSITP TSITN and TSISD in spring—phosphorus limitation (a) and nitrogen limitation (b).

FIGURE 6 - The deviations between TSICHL, TSITP TSITN and TSISD in summer—phosphorus limitation (a) and nitrogen limitation (b).

of TGR were light limited; however most sites in tributary
bays were nutrient limited. The deviations between TSICHL,
TSITP and TSISD of tributary bays showed phosphorus
limitation in most of tributary bays, and light limitation in
3 tributary bays (XJ, LH and MX) (Fig. 6a). The deviations
between TSICHL, TSITN and TSISD of tributary bays showed
light limitation in 6 tributary bays, and nitrogen limitation
in 5 tributary bays (Fig. 6b). The deviations between
TSICHL, TSITN(TP) and TSISD of tributary bays showed N + P
co-limitation in 5 tributary bays (Fig.6a, 6b).
Since the biology of the lake is of prime interest to
the limnologists, managers, and user alike, the TSICHL has
been considered as the most important index in assessing
the trophic status [18]. And the potential limiting factors
for TSICHL could be identifying by two-dimensional
graphical approach [18], which has many successful applications in the previous studies [19, 33, 35]. For example, Xu et al. [19] studied on the mainstream of TGR, and
found that algal growth (TSICHL) was limited by light
attenuation causing by non-algal turbidity. Since our
research sites have a wide geographic distribution in TGR
(Fig. 1), the different hydrological conditions and watershed characteristics may cause different trophic status and
limiting factors in the TGR. Even in the same tributary
bay, trophic status and limiting factors may vary among
different seasons because of the seasonal variations of
light, heat, hydrological condition etc [19, 22]. Our study
found that mainstream of TGR was characterized as light
other than nitrogen or phosphorus limitation, which is in

accordance with the reported study in the stage of low
water level [19]. In most tributary bays the growths of
phytoplankton was light limited in autumn and winter, but
nutrient limited in spring and summer. The previous study
in tributary bay of TGR showed that algal blooms in
spring and summer were associated with the rapid decrease in mixing depth [37], and the rapid growth of algae
will consume large amount of nutrient and the depletion of
nutrients was observed [38], therefore, nutrient limitation
might be observed in some sites in the tributary bays in
spring and summer. Algal growth limited by zooplankton
grazing had been seen in some bays (data supplied by
Xiangxi River Ecosystem station, Chinese Academy of
Sciences). Large zooplankton predation may result in lake
appearing “clear water phase” in the spring [39].
3.3. The relationships between trophic status and basin
characteristics

The linear regression analysis showed that averaged
annual TSICHL, TSISD, TSITN, TSITP and the deviations of
TSI had no significant correlation with basin characteristics including discharge, catchment area and river length
(Table 2). Further analysis at the seasonal scales found
some significant relationships between TSI, TSI deviations
and basin characteristics (Table 2). TSICHL was negatively
related to catchment area in summer (p < 0.05). TSISD
was negatively related to discharge in spring and autumn
(p < 0.05). TSICHL-SD was positively related to discharge
and river length in autumn (p < 0.05) and catchment area
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TABLE 2 - The linear regression relationships (y=ax+b) between TSI, TSI deviations and basin characteristics (log10 transformed)
log10(Catchment area)
Variable

TSICHL

Season

a

b

R2

Autumn

0.02

2.38

Winter

0.03

1.98

Spring

0

Summer

-0.04

Inter-annual

TSISD

0

1.62

-0.01

2.58

0.01

2.97

0

0.95

5.24

0.43

0.03

0.00

0.98

0.00

1.76

p

0.16

0.02

0.75

0.11

0.33

0.1

0.02

0.59

0.19

0.18

0.02

0.58

0.00

1.30

0.00

0.98

0.28

0.1
0.78

-0.03
-0.01

3.16
1.84

0.36
0.01

0.05
0.79
0.02

0.01

5.99

0.13

0.27

-0.03

3.47

0.28

0.1

-0.08

5.55

0.49

3.99

0.02

0.71

-0.01

2.28

0.02

0.71

-0.03

2.58

0.07

0.44

Spring

-0.04

5.23

0.19

0.09

-0.02

2.95

0.18

0.1

-0.04

3.73

0.26

0.05

Summer

0.03

0.82

0.17

0.2

0.01

1.09

0.19

0.17

0.67

-0.01

0.03
-0.03

-0.54
3.14

0.33
0.04

0.07
0.58
0.14

-0.03

4.81

0.02

2.56

0.02

0.68

Autumn

-0.05

6.43

0.15

0.24

-0.02

3.46

0.23

0.13

-0.05

4.45

0.22

Winter

-0.05

6.34

0.07

0.43

-0.02

3.39

0.1

0.33

-0.05

4.82

0.17

0.21

Spring

0

3.02

0

0.94

0

1.97

0

0.83

-0.01

1.97

0.03

0.55

Summer

0.02

2.2

0.03

0.61

0.01

1.56

0.05

0.53

-0.01

3.60

0.02
-0.02

0.55
2.57

0.10
0.02

0.34
0.64

0.00

0.87

-0.01

2.45

0.02

0.66

Autumn

0.07

-1.1

0.12

0.3

0.03

0.02

0.2

0.17

0.07

-2.59

0.21

0.15

Winter

-0.11

9.68

0.35

0.05

-0.03

3.9

0.24

0.13

-0.06

4.94

0.22

0.15

Spring

-0.05

5.58

0.11

0.21

-0.02

2.88

0.07

0.33

-0.03

3.01

0.06

0.38

Summer

-0.01

3.59

0

0.84

-0.01

2.68

0.07

0.44

-0.01
-0.04

2.28
3.75

0.01
0.04

0.77
0.58

-0.09

8.31

0.10

0.34

-0.03

3.44

0.06

0.46

Autumn

0.03

3.48

0.15

0.25

0.02

2.21

0.43

0.03

0.04

1.97

0.39

0.04

Winter

0.03

3.36

0.45

0.02

0.01

2.04

0.34

0.06

0.02

1.33

0.29

0.09

Spring

0.01

2.94

0.04

0.45

0.01

1.85

0.12

0.18

0.01

1.30

0.06

0.36

Summer

-0.03

2.8

0.42

0.03

-0.01

1.86

0.33

0.07

1.50
1.51

0.48
0.00

0.02
0.97
0.19

0.53

-0.02
0.00

Autumn

0.02

3.61

0.11

0.33

0.01

2.26

0.27

0.1

0.02

1.99

0.18

Winter

0.02

3.8

0.33

0.06

0.01

2.19

0.27

0.1

0.01

1.60

0.22

0.15

Spring

0

2.92

0

0.99

0

1.87

0.02

0.57

0.00

1.33

0.01

0.74

Summer

-0.03

3.1

0.35

0.06

-0.01

1.96

0.26

0.11

-0.02
0.00

1.73
1.53

0.39
0.00

0.04
0.93

Inter-annual

TSICHL-TN

0.27

0.01

0.05

R2

-0.02

Annual

TSICHL-TP

0.2

1.61

0.5

0.36

b

-0.06

Inter-annual

TSICHL-SD

1.46

0.05

a

Winter

Inter-annual

TSITN

p

b

3.11

log10(discharge)

R2

a

Autumn

Inter-annual

TSITP

0.00

log10(River length)
p

0.01

0.00

3.16

3.11

0.01

0.00

0.81

0.01

0.93

0.01

2.03

2.05

0.04

0.03

0.62

Autumn

0.01

3.3

0.01

0.76

0.01

2.21

0.1

0.34

0.01

1.74

0.03

0.63

Winter

0.03

3.58

0.39

0.04

0.01

2.11

0.29

0.09

0.01

1.44

0.21

0.16

Spring

0

2.93

0.01

0.72

0.01

1.85

0.05

0.39

0.00

1.29

0.01

0.78

Summer

-0.02

3.01

0.26

0.11

-0.01

1.93

0.11

0.31

-0.02
0.00

1.67
1.49

0.21
0.00

0.16
0.98

Inter-annual

0.01

3.18

0.01

0.77

0.01

in winter (p < 0.05), while negatively related to catchment
area and discharge in summer (p < 0.05). TSICHL-TP was
negatively related to catchment area and discharge in
summer (p < 0.05). TSICHL-TN was positively related to
catchment area in winter (p < 0.05).
Kosten et al. [25] sampled 83 shallow lakes along a
latitudinal gradient in South America and pointed out that
local characteristics (e.g. soil type and associated land use
in the catchment) and hydrology had a stronger influence
on nutrient limitation than climate. Nõges [26] sampled
1337 lakes in Europe, and found that the larger the catch-

2.01

0.03

0.64

ment area was with respect to lake depth, area and volume,
the lower was the water transparency and the higher were
the concentrations of the nutrients and chlorophyll a. Geographical location catchment area, precipitation and surface
runoff coefficient of tributaries of TGR were quite different,
trophic status had significantly spatial and temporal differences (Fig. 2). In this study, although TSITN and TSITP had
no significant correlation with basin characteristics, TSICHLTSITP(TN) was correlated significantly with basin characteristics in some season. TSICHL was inversely proportional to catchment area in summer, similar with the study
of Cai and Hu [40], who found that the smaller the catch-
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ment area and average annual discharge, the higher chlorophyll a concentrations in low water level (156 m). Previous research suggested that subtropical monsoon and
hydrological conditions etc have a significant impact on
the seasonal pattern of trophic status [19, 24, 41]. In this
study, we found that TSICHL-SD was positively related to
river length and discharge, which indicated that the
shorter river length and larger discharge, the weaker light
limitation in autumn, and a positive correlation between
TSICHL-SD and catchment area suggesting a larger catchment area has weaker light limitation in winter. In contrast, a negative correlation between TSICHL-SD and catchment area in summer was observed. This suggests that a
larger catchment area has stronger light limitation in
summer since larger catchment will receive higher sediment load in the rain season [42].
Finally, we should add a caveat that although Carlson’s TSI has been proved as one of the most worldwide
acceptable method for evaluating the eutrophication of
aquatic ecosystem [19 33, 35, 43-48], it still has some
limitations in determining the limiting factors of phytoplankton growth. Specifically, it uses the total nutrient,
and Secchi depth to estimate the availability of nutrients
or light for phytoplankton growth; therefore, the Carlson’s
TSI might bring some bias in determining the limiting
factors of phytoplankton growth, especially in the situation that total nutrient has no correlation with dissolved
nutrient, which phytoplankton could use. Fortunately, in
our case, we found that there is a significant correlation
between total nitrogen and dissolved inorganic nitrogen
(r = 0.962, p < 0.001), as well as total phosphorus and
dissolved phosphate (r = 0.973, p < 0.001). This suggests
that the limiting factors of phytoplankton growth identified by Carlson’s TSI in our study are reliable.
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EFFECT OF BIOCIDES ON DIFFERENT
SEROGROUPS OF LEGIONELLA PNEUMOPHILA
Ayten Kimiran-Erdem*, Nazmiye Ozlem Sanli Yurudu, Elif Ozlem Arslan-Aydogdu and Zuhal Zeybek
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ABSTRACT
Cooling towers are potential sources for the amplification and dissemination of legionellae. Public health risks
posed by legionellae may be eliminated via preventive
methods. Biocide application in cooling towers is the most
common and critical prevention strategy against legionellae. Successful results may be achieved by pre-determining
microbial inhibitory concentration and minimum contact
time for a given biocide. In the current study, efficacy of
various biocides was evaluated in terms of dosage and
contact time, against various Legionella pneumophila
strains, in vitro. Results indicated that quaternary ammonium compounds were effective at lower dosages than
those recommended by the manufacturer. K4 kloran, an
oxidizing agent, was the least effective biocide. It was
found that the efficacy of biocides was directly related to
applied dosages and the origin of the target strains (standard or environmental).

KEYWORDS: Legionella pneumophila, biocide, minimum inhibitory concentration, quaternary ammonium compounds (QACs),
oxidizing biocide, biocidal activity

biofilm formation. One of the key issues for controlling
legionellae in water systems is to apply correct biocide
concentration at the correct frequency [3]. Recommendations by the biocide manufacturers are usually not informative regarding the selection of appropriate concentrations, contact times and application conditions (pH, temperature, interactions with chemicals such as dispersant
and/or anti-scaling agents etc.). Besides, research results
do not always confirm the recommendations of manufacturers in terms of correct biocide application conditions.
Since biocide dosages and their application frequencies are often selected on an arbitrary basis, erroneous use
of biocides may occur, increase application costs and produce disastrous results. Thus, for a successful application,
biocides should be evaluated for minimum inhibitory concentrations (MIC) and correct contact times [3]. Therefore,
current study aims to: (1) determine the minimal inhibitory
concentrations (MIC) of various biocides against different
L. pneumophila serogroup strains, (2) determine the appropriate dosages of active ingredient and contact time required to control the bacteria, (3) provide a better understanding of the in vitro activity of biocides and (4) evaluate the activity of various biocides against legionellae in
order to help in selection of products for cooling tower
treatment.

1. INTRODUCTION
Legionnaires' disease outbreaks have been attributed
to various environmental/man-made water sources. Cooling towers are known to be one of the most potential sources
for harbouring, amplifying and disseminating legionellae.
Owing to ineffective control measures in cooling towers,
contaminated aerosols have frequently been trailed over a
distance of at least 6 km from the primary source [1]. In
order to minimize potential health hazards associated with
Legionella bacteria, a large variety of physical, thermal
and chemical disinfection methods were employed [2].
Most widely practiced approach to the prevention of legionellae in industrial water systems is chemical treatment
using oxidizing or non-oxidizing biocides. Although biocides reduce the amount of bacteria, they may not prevent
* Corresponding author

2. MATERIALS AND METHODS
2.1 Test organisms

All tests were performed with three different L. pneumophila strains confirmed by monoclonal antibody tests.
S1 and S2 strains were isolated from various cooling towers in the vicinity of Istanbul. Reference strain of L. pneumophila (SG 1 ATCC 33152) was obtained from Hertfordshire University Biodeterioration Centre. In a previous study,
strains had been studied by randomly amplified polymorphic DNA (RAPD) method and appeared to be genotypically different [4]. Cultures were grown on Buffered Charcoal Yeast Extract Agar (BCYEA, Oxoid) to late log phase,
cells were harvested and a cell suspension was prepared in
Cl2-free sterile tap water to a concentration of Mc Farland 1
standard. The suspension was diluted in 1/10 ratio and used
in the experiments.
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2.2 Biocides

Various concentrations of the biocides; Gemacide K4
kloran (A) (5000-50000 ppm), benzalkonium chloride (B)
(4.95-312.50 ppm), didecyldimethyl ammonium chloride
(C) (1.22-312.50 ppm), the mixture of benzisothiazol and
isothiazolin-ones (D) (10-1000 ppm) and 4-isothiazolin 3-one (E) (800-6000 ppm) were prepared in
sterile demineralized water. Concentrations used in the present study were determined by MIC tests.

All of the experiments were done in triplicates. The
activity of biocides was evaluated based on log CFU reductions. Biocide concentrations causing 4-log reduction in
CFU values was considered effective [9].
2.6 Statistical Analysis

Results were analysed statistically by student’s t-test.
Differences were considered significant when p <0.05.

2.3 Determination of MIC

3. RESULTS AND DISCUSSION

Macrodilution method was followed for the determination of MICs of biocides for L. pneumophila strains. Different concentrations of biocides were prepared in test tubes
and each tube was then inoculated with L. pneumophila
(to a final concentration of 105 CFU mL-1). The tubes were
incubated at 37°C for 4 days, and then examined for visual turbidity. The lowest concentration of the biocide that
inhibited growth (as indicated by lack of turbidity) was
accepted as the MIC. Samples of 10 µL were drawn from
each tube containing no visual growth and were inoculated
on BCYE plates to determine bactericidal concentration.
2.4 Neutralization of biocides

Sodium thiosulphate (0.4%) was used as a neutralizing agent for Gemacide K4 kloran, while sodium dodecyl
sulphate (0.4%) was used for didecyldimethyl ammonium
chloride and sodium thioglycolate (0.4%) was used for
benzalkonium chloride, 4-isothiazolin 3-one, benzisothiazol and isothiazolin-ones. All the neutralizing agents were
known to be nontoxic for the legionellae tested.
2.5 Determination of biocidal activity

In the current study, biocide susceptibility against L.
pneumophila was assessed using ASTM (1991) E 645–91
standard test method [5, 6].
Bactericidal activity of sub-MIC biocide concentrations was determined by adding bacterial suspensions into
sterile demineralised water containing various concentrations of the biocide. Following a gentle shaking, aliquots
of 1 mL were drawn at 0th, 3rd, 6th, 24th and 168th h of
incubation, and transferred into 9 mL appropriate neutralizer in sterile tap water.
An 10 mL aliquot of the neutralized sample was serially
diluted (1:10) with sterile tap water. Then, a 0.1 mL aliquot
from each of three suitable dilutions was inoculated on
BCYEA plates. Plates were then sealed in polyethylene
bags to prevent dehydration. Following a 7-day incubation
at 37 ºC, number of the surviving bacteria was determined
by counting the colonies (CFU/mL) using a Colony Counter
Device (åCOLyte Super Colony Counter, Synbiosis). Plates
on which colonies did not develop were incubated for an
additional 7 days before discarding. At the time points
stated above, biocide-bacteria suspensions were incubated at
37 ºC and aliquots were processed as described above. Control cultures consisted of Legionella bacteria in Cl2-free
sterile tap water containing no biocide [7, 8].

Aerosols contaminated with L. pneumophila were implicated as the source of infection in the outbreaks of Legionnaires’ disease [10]. Since the infective dose for humans
is assumed to be very low –even a single cell– [11-13] and
Legionella infections have frequently been traced to contaminated aerosols generated at distances over 6 km [14],
a potential health risk exists around common buildings
such as hospitals and hotels. Therefore, water systems contaminated with legionellae must be treated with biocides in
order to prevent adverse public health issues [2, 5]. Thus,
biocide application is a frequent practice for an effective
control of bacterial numbers in environmental/man-made
water sources. Although biocides are used to reduce bacterial counts, appropriate biocide selection and application
is not enough to reduce biofouling. Dosages recommended
by manufacturers may not be appropriate for every system
and target microorganism. In order to avoid development of
resistant strains, it is essential to apply the effective biocide
dosage at the correct frequency. Selection of the correct
biocide programme could be achieved by pre-determining
MIC and minimum contact time for different biocides [3].
Various oxidizing and non-oxidizing agents were investigated for legionellae decontamination in water systems [5, 7-9, 13, 15-19]. Generally, non-oxidizing biocides affect permeability of cell walls of the microorganisms. Common non-oxidizing biocides include organo-sulfur
compounds, quaternary ammonium salts, heterocyclic ketones, guanidines, chlorinated phenolics and heavy metal
compounds. Oxidizing biocides cause irreversible oxidation or hydrolysis of proteins and polysaccharide groups
and results in loss of normal enzyme activity and consequently, cell death. Oxidizing agents include chlorine, bromine, iodine, chlorine dioxide, chloramines, ozone and
hydrogen peroxide. In the current study, both oxidizing
(Gemacide K4 kloran) and non-oxidizing (didecyldimethyl ammonium chloride, benzalkonium chloride, 4-isothiazolin 3-one and the mixture of benzisothiazol and isothiazolin-ones) compounds were examined to evaluate bactericidal action against different serogroups of L. pneumophila strains.
MIC values for compound A were 50000 ppm for
strains SG1 and SG 2-14, and 20000 ppm for the reference strain. MIC values for compounds B and C ranged
from 4.88 ppm to 312.5 ppm. The values for D and E
were between 150 ppm -6000 ppm (Table 1).
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In common practice, 5000-10000 ppm concentrations
of compound A is recommended for closed systems and
coolers. In this study, 5000-10000 ppm compound A
achieved > 5 log reduction following 3 h of contact time
for standard strain and >6 log reduction after 6 h contact
time for SG 1 strain. When the recommended dosages
were exceeded (20000–40000 ppm), >5 log reduction was
achieved for the strain SG 2–14 (Figure 1).

TABLE 1 - Comparison of the MIC values
MIC (ppm)
Disinfectants
Gemacide K4 kloran (A)
Benzalkonium chloride (B)
Didecyldimethyl ammonium
chloride (C)
The mixture of benzisothiazol
and isothiazolin-ones (D)
4-isothiazolin 3-one (E)

SG1

SG 2-14

50000
312.5

50000
19.81

Standard
Strain
20000
39.625

312.5

4.88

312.5

150

1000

1000

6000

3000

2000

C3
7
ATCC 33152

5

C2

Stra in s

L o g R e d u c tio n s

6

4
SG 2-14

3
C1

2
1

SG 1

5000

10000

20000
Biocide Concentration (ppm)

30000

6 .h

1 6 8 .h

2 4 .h

3 .h

0 .h

1 6 8 .h

6 .h

2 4 .h

3 .h

0 .h

1 6 8 .h

6 .h

2 4 .h

3 .h

0 .h

1 6 8 .h

6 .h

2 4 .h

3 .h

0 .h

1 6 8 .h

6 .h

2 4 .h

3 .h

0 .h

0

40000

FIGURE 1 - Effect of K4 kloran (A) on different serogroups of L. pneumophila at various contact times

7

C3

5

C2

3

SG 2-14

2
C1

1

SG 1

4,88

9,76

19,53

39,62

78,12

24.h

168.h

6.h

3.h

0.h

168.h

6.h

24.h

3.h

0.h

168.h

6.h

24.h

3.h

0.h

168.h

24.h

6.h

3.h

0.h

168.h

24.h

6.h

3.h

0.h

168.h

24.h

6.h

3.h

0

156,25

Biocide Concentration (ppm)

FIGURE 2 - Effect of benzalkonium chloride (B) on different serogroups of L. pneumophila at various contact times
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Biocides B and C are QACs. Their recommended dosages for cooling towers are 50–100 ppm and 5000 ppm,
respectively. A ≥5 log reductions for SG 2-14 and the
standard strain were achieved following 3 h contact time
with compound B at concentrations of 19.81 ppm,

9.9 ppm or 4.95 ppm. The same biocide at 156.25 ppm,
78.12 ppm, 39.62 ppm or 19.81 ppm concentrations
achieved >6 log reduction for the strain SG 1 during the
same contact time (Figure 2).

6

C3

5

ATCC 33152

4

C2

3

SG 2-14

2

Strains

Log Reduction

7

C1

1

SG 1
0.h
3.h
6.h
24.h
168.h
0.h
3.h
6.h
24.h
168.h
0.h
3.h
6.h
24.h
168.h
0.h
3.h
6.h
24.h
168.h
0.h
3.h
6.h
24.h
168.h
0.h
3.h
6.h
24.h
168.h
0.h
3.h
6.h
24.h
168.h
0.h
3.h
6.h
24.h
168.h

0

1,22

2,44

4,88

9,76

19,53

39,62

78,12

156,25

Biocide Concentration (ppm)

FIGURE 3 - Effect of didecyl dimethyl ammonium chloride (C) on different serogroups of L. pneumophila at various contact times
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0.h

168.h

24.h

6.h

3.h

0.h

168.h

24.h

6.h

3.h

0.h

0

150

FIGURE 4 - Effect of the mixture of benzisothiazol and isothiazolin-ones (D) on different serogroups of L. pneumophila at various contact times
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FIGURE 5 - Effect of 4-isothiazolin 3-one (E) on different serogroups of L. pneumophila at various contact times

Following the 3-hr contact time, compound C at a concentration of 156.25 ppm caused > 6 log reduction in SG
1, while the same concentration achieved >5 log reduction
in the standard strain. However, for >5 log reduction in SG
2-14, 6 h of contact time was needed (Figure 3).
In terms of contact time and log reduction, it was
found that both of the QACs (B and C) were effective
against Legionella strains below the recommended dosages.
This is in agreement with the results of Kimiran-Erdem et
al. [7] and García and Pelaz [16], stating that QACs were
effective below recommended dosages against planktonic
populations of L. pneumophila.
Recommended dosage (10 ppm) of the biocide D
achieved ≥6 log reductions for standard strain and SG1,
following 6 h of contact time. As much as 99.9% of the
SG 2-14 bacteria were killed following 3 h of contact time
with ≥4 log reduction (Figure 4).
Although the manufacturer-recommended dosage of
compound E is 100–300 ppm for cooling tower treatments,
higher concentrations were required in our studies. For the
standard strain, a >5 log reduction was achieved using 1000
ppm with 3 h contact time, 900 and 800 ppm with 6 h contact time. For SG1, >6 log reduction was achieved using
5000 ppm dosage with 3 h contact time, or 900 ppm dosage with 24 h contact time. A >5 log reduction was obtained with 2000, 1000, 900, 800 ppm concentrations
following 3 h of contact time for SG 2–14. Although
compound E may be considered as an effective biocide in
view of log reduction, it should not be ignored that antibacterial effect could be achieved using concentrations
much higher than those recommended (Figure 5).
Isothiazoline compounds were reported to be effective
biocides to various extents [5, 19, 20]. McCoy et al. [20]

found that less than 0.35 ppm methylchloroisothiazolin
achieved >5 log reduction in L. pneumophila in filtered
cooling water samples inoculated with the bacterium.
Thomas et al. [19] reported that the mixture of isothiazoline
compounds (Kathon) at the concentrations of 5 mg/L and
20 mg/L were effective on planktonic Legionella in 96 h
and 24 h contact times, respectively. Skaliy et al. [5] also
found that 20 mg/L concentration of Kathon caused >5
log reduction in 60 h contact time, while 120 mg/L
Kathon caused >6 log reduction in 24 h contact time.
Although, in several papers, isothiazoline compounds
were shown to be highly effective against legionellae, in
the current study 4-isothiazolin 3-one did not appear to be
as effective. However, compound E was found to be more
effective than reported.
A modified qualitative suspension test method by
Skaliy et al. [5] was utilized in biocide efficacy tests for
planktonic populations of L. pneumophila strains. This
test was based on ASTM E 645-91 standard test, and employed in cooling systems. Elsmore [9] stated that there is
no standard method for the evaluation of biocides against
legionellae, however, certain criteria must be taken into
consideration, i.e., contact time of the biocide, number of
bacteria in the initial inoculum and the validity and expression of results. However, in the prEN 13623 standard
method, it was suggested that an ideal water treatment biocide must at least provide a 4 log reduction after at least 1
h or 24 h contact time at 30 °C [21].
It is generally acknowledged that a good biocide meets
the following criteria: (a) safe and non-toxic to humans and
the environment, (b) relatively inexpensive, (c) provides
fast killing rates (d) broad-spectrum efficacy with minimum effect on product quality (e) useful in wide pH ranges,
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(f) non-corrosive to metals (g) compatible with other formulation components, (h) effective against representative
target organisms (i) no inactivation by organic contaminants
or nitrogen compounds in the water recirculating system [22].
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Among oxidizing agents, chlorine is the most widely
used disinfectant around the world. While chlorine was reported to be highly effective against legionellae [15, 17,
19], it was found in the current study that applied dosages
must be higher than those recommended by the manufacturer, to be effective. There are three main issues associated
with chlorination: (1) long half life; (2) corrosiveness; and
(3) chlorination by-products and chlorine toxicity [23-25].
These disadvantages together with the results of the current study suggest that Gemacide K4 kloran (A) is not
suitable for legionellae treatment in cooling towers.
It was found that QACs were effective at lower dosages than those recommended by the manufacturer. Isothiazolin mixtures benzisothiazol, isothiazolin-ones and 4-isothiazolin 3-one were less effective against legionellae than
QACs. In terms of reducing bacterial counts, although 4isothiazolin 3-one has been accepted as an effective biocide according to the prEN 13623 standard test method
and Elsmore’s criteria, it should be noted that this effect was
obtained only using higher dosages than recommended.
Although oxidizing biocides were previously reported to be
more effective against legionellae than non-oxidizing ones,
K4 kloran, an oxidizing agent, appeared to be the least
effective biocide in the current study.
It was observed that the tested biocides showed different inhibitory activities against all the strains. The efficacy of biocides depended on dosages and the origin of the
strains (standard or environmental). When the susceptibility of L. pneumophila strains was compared based on MIC
estimations, it was found that SG 1 was generally the most
resistant strain. Besides, it is known that among the serogroups, most commonly encountered and frequently associated with infections in humans is serogroup 1 [26]. The
susceptibility of standard and SG 2-14 strains was similar
against the tested biocides. To control and prevent Legionella in water systems, selection of effective biocides for
various water systems must be based on the target strains.
In cooling towers water is lost through evaporation
and must be replaced with makeup water. In order to avoid
excessive concentrations of certain constituents, part of the
recirculating water is discarded as blowdown. The blowdown waste stream contains residual concentrations of biocides, potential process contaminants, and any other chemicals added for corrosion or deposit control. Because of the
potential detrimental impact of biocides, regulatory controls should be scheduled for environmental protection.
Sooner or later, environmental contamination with biocides
is inevitable; therefore, to minimize the amounts of applied
biocides, in vitro assays should be applied to determine
MIC values against different strains and put to practice.
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ABSTRACT
Land use/cover data are significant and useful information source for the planners. Remote Sensing (RS) and
Geographic Information Systems (GIS) are commonly
used for obtaining this type of information. In this study,
aerial photographs for the years 1973 and 2005 and Landsat
TM/ETM+ satellite images for the years 1987 and 2002
have been used to determine land use/land cover variations
for the city of Sivas and environs. Digitization processing
with visual interpretation has been carried out based on the
land cover boundaries on mosaicked aerial photographs.
Concurrently supervised classification has been applied to
the Landsat TM satellite images with the help of the maximum likelihood algorithm, and comparisons following advanced classification were used for the satellite images
from both years. Four land use/cover classes, namely settlements, non-agricultural land, agricultural land and surface waters, have been recognized with the help of visualinterpretation-derived aerial photographs. Satellite images
also have been grouped into eight different categories for
land use planning: surface waters, natural vegetation, bare
soil, settlement, agricultural land, forest land, rockies1,
and rockies2. Land use/land cover variations of the study
area have been determined for the years 1973, 1987, 2002
and 2005 with the help of RS and GIS techniques, and the
development of settlements has been monitored.
When land use/cover variations were analysed, it was
determined that the city of Sivas has been developing mainly
towards the north-east, south and south-west via encroachment upon agricultural land. Considering the settlements that
are developing towards the Kızılırmak River with increasing
population, it is concluded that this situation might constitute a threat to the Kızılırmak River and have a negative
impact on natural resources. Information regarding these
changes has contributed to a better understanding of spatiotemporal influences on the growth of Sivas.

* Corresponding author

1. INTRODUCTION
Some changes in land cover, such as long-term changes,
are due to natural causes, human activity increasingly plays
an important role in changing the land cover and land use
throughout the world. The importance of characterizing,
quantifying, and monitoring these changes through remotely
sensed and geospatial data as a key component of the land
change science has been widely recognized by global and
environmental change studies [1]. Understanding the role
of land use in global environmental change and the longterm human–environment nexus requires historical reconstruction of past land use and land cover conversions. The
information on land use changes in most developing countries are usually missing, out dated or inconsistent [2].
With the invention of remote sensing and GIS techniques land use/cover mapping is a useful and detailed way
to improve the selection of areas designed to agricultural,
urban and/or industrial areas of a region [3]. Application of
remotely sensed data made possible to study the changes in
land cover in less time, at low cost and with better accuracy
in association with GIS that provides suitable platform for
data analysis, update and retrieval. Digital change detection
techniques based on multi-temporal and multi-spectral
remotely sensed data have demonstrated a great potential as
a means to understanding landscape dynamics-detect, identify, map, and monitor differences in land use/cover patterns over time, irrespective of the causal factors [4].
Stress on natural resources has been increasing daily
due to steady population increase. In particular, misuse of
lands constitutes a significant potential threat. Effective
planning strategies have been developed in order to reduce
stress on productive agricultural lands.
Satellite images and aerial photographs have long been
useful in the assessment of land use and land cover variations in quantitative terms, especially through visual in-
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terpretation of variations in natural resources in terms of
time and space [5].
The development of RS methodology may be perceived
through monitoring of land use and land cover variations [6].
RS methodology provides a convenient means of detailed
spatial monitoring of land use and land cover, and is also
the hinge upon which turn the assessment of city growth
and land use variations. Towards the goal of gaining the
maximum benefit for problem-solving, RS methodology
has been used together with global positioning (GPS) and
geographic information systems (GIS) in recent years [7].
Satellite images together with geographic information
systems are important data resources for use in regional
planning studies [8]. Urban land use models can be easily
developed using GIS and RS data. These models prove that
arranging and managing urban growth on the basis of environmental carrying capacities may be practically useful
through definition of fundamental urban growth vectors
and general land use tendencies which will ultimately pave
the way to application for appropriate regional planning
authorization [9]. The two most significant characteristics
of this technology is their having been applied to existing
challenges of physical and human geography. Furthermore,
these technologies have often been used by the executives
and planners at both regional and national levels. These
techniques constitute strong applications of current land use
planning and environmental management methods [10].
A land use/cover database is of strategic importance
for any country and can supply required spatial information
of national and regional scope because it provides a basis
for national information systems. Updated and systematic
information together with dated sources of reference are
required for coordination of land use planning, making of
policy decisions, and monitoring. Monitoring of land use
variations utilising updated data, pre-configuration of future settlement areas, and estimating amounts of change and
development by means of forward-looking strategies are important for urban planners [11]. Temporal Landsat images
are widely used data sources for analysing and mapping
land cover variations, land planning administration and
policy decision-making [12].
Many studies focused on determination of land use/
cover variations have been carried out. Sangavongse [13]
produced land cover maps by establishing 15 different categories and by using (2,3,4) and (3,4,5) RGB composites
from Landsat TM images from two different dates. That
researcher compared these maps in order to produce a
land use/cover variation map. An increase of agricultural
lands and urban development areas together with a decrease of forest lands was established in that study. Pellikka et al. [14] prepared land cover variation maps by
using aerial photographs and digitised topographical maps,
and SPOT XS satellite images from the years 1987, 1992,
1999, 2002 and 2003 in order to study land cover variations
in the Tata-Hills region of Kenya. Kaya and Curran [15]
presented land cover and urban growth variation maps by
using Landsat TM satellite images for the years 1987,

1992, 1997 and 2001. Urban areas have increased by 1000
ha annually according to the results of this study. Wu et al.
[16] determined land use/cover variations for the city of
Beijing using Landsat TM images from the years 1991,
1996 and 2001, and stressed the significance of integrated
usage and study of RS and GIS whilst determining land use
variations. Başkent and Kadıoğulları [17] have produced
land cover type maps for the İnegöl area on the Aegean
coastline of Turkey by using forest cover maps, contour
maps at standard scale (1/25000), and Landsat TM and
ETM+ images from the years 1987 and 2001.
The aim of the present study was the determination of
land use/cover variations and reactionary development,
which creates stress on natural resources, through use
of temporal Landsat satellite data from the years 1987 and
2002 and aerial photographs from the years 1973 and
2005 utilising RS and GIS methodologies. The effects of
land use/cover variation were studied via combined assessment of land use/land cover variation information from the
aforementioned years.
2. MATERIALS AND METHODS
2.1. Study area

The study area is within the limits of the city of Sivas
(UTM coordinates 4415000-319000, 4415000-339000,
4389000-319000, and 4389000-339000, datum ED50, zone
number 37N). 1/25000-scale quadrangles i37-b3, i38-a4,
i37-c2 and i38-d1 covering the Sivas city centre and environs were thoroughly examined in this study (Figure 1).
Sivas is located in the upper reaches of the Kızılırmak
River within the central Anatolian region. In Turkey, the
province of Sivas is ranked second in terms of surface area
(28,488 km2) after the province of Konya, and is located
between 36˚ and 39˚E longitude and 38˚ and 41˚N latitude. Its topography is generally rugged with elevations
1200-1500 m above sea level. In accordance with the topographic structure of Turkey, Siva generally increases in
elevation from west to east, and most of its eastern parts are
of higher elevation. The province has the general appearance of a plateau that, in fact, has been shaped by valleys
along mountain ranges, or comprises individual mountains
and plains in graben and terrace areas. The city centre of
Sivas as a settlement area descends from north to south,
and this descending slope generally does not exceed 5%.
Sivas is the coldest city of the central Anatolian region;
its temperature may reach 40˚C in summer and can drop
to -33˚C in winter. The mean annual precipitation is
420 mm, comprising precipitation of 22% in autumn, 36 %
in spring, 32 % in winter, and 10% in summer.
The population of the city of Sivas began to increase
significantly in the late 1930s, especially when state investments began, and as a result the level of employment
increased. This population increase continued until 1970
with an average percentage increase of 50%, and later with
an average percentage increase of 30% until 1990. How-
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FIGURE 1 - a) City of Sivas in Turkey’s map, b) City borders of Sivas, c) Landsat TM satellite image of the city center of Sivas, d) 1/25.000
scaled layout index of the study area

TABLE 1 - Data types and technical properties of the aerial photographs and satellite images used in this study.
Data Type
Aerial photographs
Year 1973
Year 2005
Source
GCM
GCM
Production Ambiance
Photograph
Digital
Scale
1/35000
1/5000
Year Produced
1973
2005
Number of Photographs
35
70
Projection
NUTM37
Datum
WGS84
Note: GCM - General Command of Mapping of Turkey
Technical Properties

Technical Properties
Source
Spatial Resolution
Radiometric Resolution
Year Produced
Projection
Datum
-

Data Type
Landsat TM satellite images
Year 1987
Year 2002
USGS
USGS
28.5 m
28.5 m
8 bit
8 bit
1987
2002
NUTM37
NUTM37
WGS84
WGS84
-

ever, the year 2000 census indicated that the city’s population had increased 10% from the population of 1990 [18].

The types of data (below) used in this study served as
reference data to determine the land use/cover variation,
aided by the use of satellite images:

2.2. Method

a) topographic maps at the scale of 1/25000;

Aerial photographs for the years 1973 and 2005, Landsat TM images dated 08.10.1987 (-path 175, row 032-), and
Landsat ETM+ images dated 18.10.2002 (-path 174, row
032-) have been used to determine land use/cover variations for the city of Sivas and environs over a particular
time period (Table 1).

b) aerial photographs at the scale of 1/35000 from the
year 1973 and aerial photographs at the scale 1/5000
from the year 2005; and
c) point reference data obtained by GPS during field
work.
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In this study, aerial photographs, ArcGIS 9.3.1 and Er
Mapper 7.0 software are used to determine the land use/
cover variations. Field type hand-held GPS were also used
to identify ground control points.
Firstly, aerial photographs from the years 1973 and
2005 were used in order to determine land use/land cover
variation in the study area over that period. Accordingly,
orthophoto maps in digitised form, comprising 70 aerial
photographs (scaled 1/5000) that cover the area from the
year 2005, were supplied by the General Command of
Mapping.
The projections of the orthophoto maps have been modified by correcting them as UTM and their data as ED 50.
Subsequently, approximately 50 aerial photographs (scale
1/35000) covering the study area from the year 1973 were
corrected geometrically using Er Mapper 7.0 in order to
compare them with the orthophoto maps from the year 2005.
Raster data formatted as TIFF images or, in other words,
defined according to a particular coordinate system, has
been mosaicked by using the Er Mapper 7.0 software such
that one single mosaic image belonging to the year 1973
was produced.
Mosaicked aerial photographs from the years 1973
and 2005 have been digitised by visual interpretation based
on land cover boundaries with the goal of determining land
use/cover variations in the study area; assessments have
been made using ArcGIS 9.3.1 software.
Secondly, stages indicated below have been followed
up by using the satellite images of the study area from the
years 1987 and 2002, and the land use/cover variations in
the study area have been ascertained.
2.2.1. Image processing

Each image has been supplied as a whole frame and in
the form of seven bands; each Landsat TM image has rectifying image characteristics and each Landsat ETM+ image
has orthorectifying image characteristics. Radiometric rectification has not been applied insofar as radiometric rectification was done previously. Satellite images from both years
have been developed by using all bands of each image and
with the help of the Er Mapper 7.0 software. A study area
covering approximately 420 km2 has been extracted as a
subset from the Landsat ETM+ whole-frame images dated
2002, and Landsat TM images dated 1987, covering an
area of 185 km x 185 km.
2.2.2. Image enhancement and visual interpretation

Visual interpretation can give an idea concerning land
cover variation over a particular time period [19]. The goal
of image enhancement is the refinement of image interpretability via increasing differentiability among objects. The
image interpretation process that is, images whose quality
has been enhanced digitally is the best way to benefit from
the complementary capabilities of the human mind and
computer technology.

2.2.3. Image classification

Remote-sensing data may be analysed in order to obtain needed thematic information. One of the most useful
methods for obtaining this information is image classification. Image classification is the conversion process that is
applied to converting raw image data to thematic information. This information is gathered by identifying and measuring certain intervals of the electromagnetic energy spectrum spreading or reflecting from the earth’s surface, and
by saving these measurements into spectral bands [20].
Initially, an unsupervised classification process for both
images was followed in order to obtain preliminary information regarding the land use/land cover for the study area.
A classification process for 10 types of land class was then
applied by using the ISODATA algorithm in an unsupervised classification process. Data from the training areas
have been gathered from the field. Subsequently, with the
resultant map in hand, supervised classification was carried
out using aerial photographs (with closely spaced dates),
auxiliary reference data (topographic maps, zoning sheets,
etc.), and data gathered in the field. A supervised classification process involving eight land classes has been applied
with the help of the Maximum Likelihood Algorithm, using
all the spectral bands except the 6th spectrum (band), which
has thermal characteristics. Kernel filter 3x3 was employed
in order to decrease the number of faulty pixels in the classified images, and land use/cover variations for the study
area were established by comparing classified images.
3. RESULTS
3.1. Land use/cover variations using aerial photographs

Aerial photographs have been used to establish land
use/land cover variations in the specified time period. Inlaid
mosaic orthophoto maps, which involve 70 1/5000-scale
aerial photographs from the year 2005 -supplied in digital
format by the General Command of Mapping- were used
as reference data for the rectification of the aerial photographs from the year 1973. A single image was developed
as a result of the rectification of these aerial photographs
at 1/35000 scale and from the year 1973; the final product
involved 50 total pieces and mosaic inlaying following
rectification of the pieces. It has been ascertained that 35
aerial photographs from the year 1973 take in the study
area when the mosaic inlaid aerial image from the year
1973 and the orthophoto mosaic image obtained from aerial
photographs from the year 2005 were assessed together.
Land use variations have been determined through visual interpretation of mosaic inlaid photographs from the
years 1973 and 2005. With the help of a digitisation process performed using ArcGIS 9.3.1 software, land use maps
designating four categories – settlement areas, agricultural
lands, non-agricultural land and surface waters – have been
assembled (Figure 2). When the land use categories map
from 1973 is consulted (Figure 2A), the city centre is seen
to be approximately 3 km north of the Kızılırmak River. It
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A) 1973
Sivas City
Cement
Factory

4 Eylül
Dam
Airport

Housing
and OIR

B) 2005
Cement
Factory

Karşıyaka and
Esenyurt Districts

Sivas City
Kızılırmak
River

Cumhuriyet
University

FIGURE 2 - Distribution of land use categories derived from 1973 and 2005 mosaicked aerial photographs.
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has been determined that the land designated as settlement
area in the western part of the study area was the Sivas
Cement Factory, commissioned on 6 June 1943 and with
an approximate area of 1 km2. The availability of surface
water has been established in the north-western part of the
study area in the vicinity of the Tavra Valley. It has been
determined that the amount of agricultural land was increasing mainly around the Kızılırmak River and in the
north-eastern part of the study area. In addition to the
agricultural activity between the area along the Kızılırmak
River and the city centre of Sivas, it is also seen from the
mosaic (Figure 2B) showing land use categories from the
year 2005 that the city centre of Sivas was located approximately 2 km north of the Kızılırmak River. Moreover,
settlement areas (the Karşıyaka section of the city and
university campus area) south of the Kızılırmak River
have been established. It has been determined that the area
(1.75 km2) ascertained to be surface water in the northeastern part of the study area was the 4 Eylül Dam site,
which supplies potable and service water to the city of
Sivas. It can be seen that, in general, agricultural land was
distributed in a scattered fashion around the settlement area
of the city of Sivas and the Kızılırmak River.
Areal distribution ratios for the land use areas shown
in Figure 2 are given in Table 2. When the land use distributions for the year 1973 are considered, non-agricultural
lands in the study area –such as grass and pasture, rocky
places, forest, etc.– have an area of 277.17 km2, whilst the
highest ratio settlement areas have an area of only 6.78 km2
(Table 2). When the land use distributions for the year 2005
are examined, it is seen that non-agricultural lands in the
study area had the highest areal extent (235.32 km2), whilst
settlement areas had an area of only 38.95 km2.
When land use variations for the period 1973-2005 are
assessed together (Table 2), a 7.66% increase in settlement
area range (distribution) is observed. Population increase,
together with rural-urban migration in that period, constitutes the main reasons for this change in distribution. It
has been determined that the city of Sivas was mainly
developing towards the north-east, south-west and south
when the land use values for the year 2005 are considered.
While the developing areas in the southern part of the city
such as the Karşıyaka and Esenyurt quarters, the university campus, Organized Industrial Zone and settlements are
the main reasons for development in the north-eastern part

of the city. While the settlement areas in the city of Sivas
in the period 1973-2005 developed towards the south, the
agricultural lands have been encroached upon and nearly
1 km towards the Kızılırmak River. Concomitant increase
in settlement area and population in that period is obvious
(Table 2). A 2.02% increase in agricultural area has been
observed although a decrease was expected as a result of
encroachment upon settlement areas within agricultural
areas. Settlement areas have expanded with increasing
population. Economic needs have increased along with
housing and construction, and a tendency towards agriculture as the means of meeting economic needs have been the
main factor of this increase. It has been determined that a
0.29 % increase occurred with respect to surface water
variations in the study area. When the land use categories
for the year 1973 were consulted, surface water was recognised at the north-western side of the study area. There is
no surface water available in the north-western part of the
study area (in terms of land use categories for the year
2005), and it has been noted that there is agricultural activity in this area. The main reason for the disappearance of
surface water in the north-western part of the study area in
the period 1973-2005 is the decrease in water resources due
to drought together with the effects of global warming and
the drilling of wells to meet regional demand for both
potable and service water. It has been determined that the
main reason for the 0.29 % increase in surface water was
the 4 Eylül Dam, which supplies potable and service water
to the city of Sivas (Figure 2).
3.2. Land use / land cover variations via satellite images

Band combination analysis and determination of correlation coefficients between bands have been applied to
images from the years 1987 and 2002 using the Er Mapper
7.0 software in order to assess and interpret land use in the
study area (Table 3). Bands with minimum correlation for
both years have been determined to be 7, 4 and 1 (Table 3).
Resulting 3-band false colour RGB images have been obtained by choosing the bands with minimum correlation
(Figure 3).
A 10-class unsupervised classification algorithm has
been applied using all of the bands except the thermal
band in the Landsat ETM+ satellite images from the year
2002 and the Landsat 5 TM images from the year 1987.
Two hundred and sixty three training data elements gathered from the area from the year 1987, existing land use

TABLE 2 - Aerial photograph land use/land cover image interpretations for the years 1973 and 2005.

Categories
settlements
agricultural land
non-agricultural land
water surfaces

1973
land use / land cover
km2
(%)
6.78
1.61
133.63
31.79
277.17
65.94
2.75
0.65

2005
land use / land cover
km2
(%)
38.95
9.27
142.12
33.81
235.32
55.98
3.94
0.94
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TABLE 3 - Satellite image correlation coefficients for the 1987 Landsat 5 TM images and the 2002 Landsat ETM+ images.
Year 1987
Correlation
Coefficient
Band 1
Band 2
Band 3
Band 4
Band 5
Band 7

Band 1
1.000
0.963
0.893
0.771
0.705
0.741

Year 2002
Band 2
0.963
1.000
0.964
0.841
0.785
0.816

Band 3
0.893
0.964
1.000
0.871
0.831
0.858

Band 4
0.771
0.841
0.871
1.000
0.864
0.783

Band 5
0.705
0.785
0.831
0.864
1.000
0.929

Band 7
0.741
0.816
0.858
0.783
0.929
1.000

Band 1
1.000
0.955
0.888
0.778
0.706
0.702

Band 2
0.955
1.000
0.957
0.849
0.769
0.769

Band 3
0.888
0.957
1.000
0.841
0.790
0.812

Band 4
0.778
0.849
0.841
1.000
0.799
0.725

Band 5
0.706
0.769
0.790
0.799
1.000
0.939

Band 7
0.702
0.769
0.812
0.725
0.939
1.000

·
A)

B)

FIGURE 3 - Landsat TM and ETM + (741) images for the years 1987 and 2002.

categories on Urban Planning Drawings from the year 1982
(used as reference data because of their dates being closest
to those of the images from the year 1987), unsupervised
classification results map from the year 1987, and 741 RGB
false-colour images have been assessed collectively and
their training scopes determined. In the same manner, 263
training data elements gathered from the area in the year
2002, orthophoto aerial photographs from the year 2005
(used as reference data because of having the date closest
to the year 2002), unsupervised classification results map
from the year 2002, and 741 RGB false-colour images were
assessed collectively and their training scopes determined
for the same year.
Training data which were gathered from the area have
been taken into consideration via a supervised classification process for the years 1987 and 2002, and land use/cover
variations have been determined (Figure 4) and recorded
(Table 5) as eight land use categories with corresponding
definitions (Table 4).

TABLE 4 - Land use categories and their definitions.
Land Use Categories
Surface Waters
Natural Vegetation
Bare Soil
Settlements
Agricultural Land
Forest Land
Rockies1
Rockies2

Definition
rivers, lakes
steppe, weed, etc.
badlands
buildings, roads, industrial centers
arable rich soil land
Trees
stone, rock
limestone

When areal distribution values (Table 5) for land cover
use for the year 1987 are examined, it is seen that agricultural lands of the study area occupy the greatest area.
When the land use categories map for the year 1987 (Figure 4A) is examined, it is observed that agricultural land
is haphazardly distributed. Natural vegetation within the
study area is located mainly in the north-western part of the
area. Moreover, there is infertile land with no agricultural
activity which we term bare soil, mainly to the west and
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·
A) 1987
SİVAS CITY

Land Use Classes
Water Surfaces
Natural Vegetation
Bare Soil
Residential Areas
Agricultural Areas
Forest Areas
Rocky1
Rocky2

SİVAS CITY

B) 2002

FIGURE 4 - Supervised classifications of land use/cover maps for the years 1987 (A) and 2002 (B).
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TABLE 5 - Classification results of the land use/cover for the years 1987 and 2002.

Categories
Settlements
Agricultural Land
Natural Vegetation
Surface Waters
Forest Land
Bare Soil
Rocky Place 1
Rocky Place 2

1987
Land Use /Land Cover
km2
(%)
27.15
6.45
186.93
44.44
156.93
37.30
1.97
0.47
4.85
1.15
31.77
7.55
8.14
1.93
2.94
0.70

2002
Land Use / Land Cover
km2
(%)
33.02
7.87
152.95
36.46
184.51
43.99
7.22
1.72
6.50
1.55
29.29
6.98
3.44
0.82
2.55
0.61

north-east of the city centre. These lands, which we describe as Rockies 2, are the areas which have high slopes
and where limestone is abundant. This type of land is
mainly seen in the Tavra Valley, which is in the northern
part of the study area, and is also present in the western part
of the study area. Stony areas and rocky fields, with higher
elevations, are defined by us as Rockies 1 and are mainly
present in the south-eastern part of the study area. Forest
lands cover little ground in the study area and are close to
the city centre; forests are located in the southern, northern
and north-eastern parts of the city. Settlement areas are
located north of the Kızılırmak River and cover an area of
27.15 km2. Attention is drawn to the availability of settlement areas south of the Kızılırmak River (Figure 4A).
Surface water is present in the north-eastern part of the
study area and agricultural land is located mainly along the
Kızılırmak River (Figure 4B). Moreover, settlement areas
are mainly in the north-eastern part of the study area.
Seven hundred and forty one (RGB) images obtained
for the years 1987 and 2002 (Figure 3A and 3B) are a great
aid in imagery interpretation of the land use categories
within the study area and constitute an important source of
reference data in the preparation of supervised classification images (Figure 4). The main difference between the
741 RGB images (Figure 3) from the Landsat TM and
ETM+ satellite images from the years 1987 and 2002 is
that the former gives preliminary image information about
land use categories in the study area. Preliminary information regarding land use in the study area has been obtained
via unsupervised classification, which is done prior to supervised classification. However, there has been some confusion in categories which give similar reflections. Consequently, it is seen that most accurate information regarding
land use is obtained via supervised classification. Field
study, auxiliary reference data and the use of imagery interpretation (which aid in the understanding of false-colour
images) are, taken together, important in the supervised
classification process for the acquisition of accurate information regarding land use/land cover. The relative increase
in settlement areas in the period 1973-2005 has been greater
than the increase settlement areas in the period 1987-2002.
There also has been an increase in agricultural area in the
period 1973-2005, but a decrease in agricultural land in the
period 1987-2002; this is due to the fact that most of the

1987-2002
Areal Variation
(km2)
+5.87
-33.98
+27.58
+5.25
+1.65
-2.48
-4.70
-0.39

fertile agricultural land has been opened for settlement
without attention to planning.
It is observed that there has been a 1.42% increase in
settlement area when land use over the period 1987-2002
is assessed (Table 5); the agricultural area between the
southern part of the city and the Kızılırmak River was encroached upon by settlement in that 15-year period. In the
north-eastern part of the study area, settlement on agricultural land has occurred. The main reason for this increase
has been the conversion of infertile land – described as
bare soil (as determined from land use categories for the
year 1987) in the northern, western and north-western parts
of the study area. There has been a 7.98 % decrease in agricultural land in the period 1987-2002, the main reasons
being 1) encroachment upon agricultural land by settlement and 2) the impact of drought. The Kızılırmak River
comprises most of the surface water available in the study
area. There has been a 1.25% increase in surface water in
the period 1987-2002; this increase is attributed to new
surface-water resources in the north-eastern part of the
study area and city. It is clear that there has not been a great
amount of change in the amount of forested land in the
study area. As a result of encroachment upon settlement
areas by infertile lands (described as bare soil), a 0.57%
decrease in this land use category has been recognised. An
increase in natural vegetation, especially in the northern
part of the study area, has also been recognised. The primary factor influencing this increase is that the lands used
for agriculture in the year 1987 did not continue to be
used for agricultural purposes in 2002; moreover, some of
these lands underwent conversion from the agricultural to
the natural-vegetation land use category (Table 5). Of
particular note are the areas in the south-eastern part of
the study area that are indicated as surface water in the
year 1987; it is seen that when the changes for the period
1987-2002 were taken into consideration the areas indicated as surface water had been converted to forest.
4. DISCUSSION AND CONCLUSION
Recognition and mapping of land use/cover are important in resource management and planning studies. Current
information about land cover and use, and their variation
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over specific periods, are helpful in avoiding the wrong
utilisation of land, in accurate strategy development aimed
at conservation, and in planned development. Changes in
agricultural land use and their spatial distribution have
dramatic effects on the structure and function of ecosystems, e.g. on biodiversity, on geomorphological processes
and soil erosion, on biogeochemical cycles and on the
contamination of the soil surface and groundwater [21].
Monitoring of urban sprawl and the conversion of fertile
land for different uses is possible through studies that ascertain and effectively track variation. By determining changes
in the amounts of rural countryside and urban areas caused
by migration, urban managers and planners can predict the
potential growth vector(s) of a city and thus make informed
decisions about urban planning and encourage the wellbalanced development of fertile agricultural lands in concert
with urban development in a way that responsibly protects
them and also facilitates the monitoring of at-risk land.
It has been determined by the General Directorate of
Mineral Research of Turkey that the areas of Sivas most
appropriate for housing construction in the near future are
Çayboyu, İşhanı, Esenyurt, and Atakent. The areas in question are sufficiently large that they should meet the requirements of Sivas until the year 2010-2020. One suitable
construction area for the Sivas Organised Industrial Zone
(SOIZ) is around Haliminhanı in the western part of
Sivas, and two other suitable areas in the eastern part of
Sivas have been proposed for the SOIZ [22]. It has been
observed that there was a 7.66% increase in settlement
area in the period 1973-2005, and that the city showed a
tendency to develop mainly towards the north-east, southwest and south in the same period. A fundamental resource
that paves the way for development of settlement areas in
the north-eastern part of the city is the Organised Industrial
Zone, which was established in the 1970s and has undergone rapid growth since the 1990s; construction of housing areas is currently under way. Development of the Organised Industrial Zone and settlement areas in the period
1973-2005 has occurred at the sites proposed by the GDMR
(1997) for settlement and in the Organised Industrial Zone.
When land use maps for both years are assessed (Figure 2), it
is clear that the Organised Industrial Zone was mainly established on agricultural land. Developing settlement areas
south and south-west of the city are mainly in the Esenyurt-Karşıyaka quarters and in the area of the university
campus (Figure 2). On the basis of land use maps derived
from mosaicked aerial photographs from 1973 and 2005, it
has been determined that settlement areas mainly encroached upon agricultural land (Figure 2). Development of
settlement areas has also occurred on some non-agricultural
land.
It should not be overlooked that there was a possibility of confusion of some categories during the supervised
classification process carried out on satellite images from
the years 1987 and 2002. Insofar as reinforced concrete
structures in settlement areas and rocky parts of mountainous areas have similar spectral reflections, such settlement

and rocky areas possess similar characteristics and may
cause confusion during classification. The same situation
has been valid for rocky areas and the Kızılırmak River.
Reflection values for the Kızılırmak River and rocky areas
have similar properties, considering that the Kızılırmak
River may be quite muddy in October. Moreover, the existence of more than one land use category within agricultural lands (newly plowed or worked land = brown; newly
cultivated land =green; newly harvested land =yellow)
creates a similar situation. This type of confusion among
categories results in inaccurate results. In order to avoid
such confusion, the assignment of categories through field
work and the importance of accurate satellite-image interpretation have been stressed. Settlement areas have increased 1.42% and agricultural land has been encroached
upon as is clear through examination of land use change
in the period 1987-2002. Through study of variations in
land use in the periods 1973-2005 and 1987-2002, it has
been determined that settlement areas have encroached
upon agricultural land to the south and south-west of the
city, and might constitute a threat to the Kızılırmak River.
When land use changes ascertained from both aerial
photographs and satellite images are assessed together, it
is seen that the greatest increase (300%) in settlement area
occurred in the period 1973-1987. The greatest increase
(12.65%) in agricultural land occurred in the period 19731987 in line with the increase in settlement areas in the
same period. Although the increase in settlement areas
among the years 1987, 2002 and 2005 was at low levels, a
decrease in agricultural areas was observed for the same
period (Table 5).
This study stresses the importance of RS and GIS
techniques in determining changes in land use/cover and,
in particular, how this information may be utilised in
order to understand changes in land use/land cover within
and near the city of Sivas over a 30-year period. Significant benefits in terms of time and cost have been obtained
via RS and GIS analyses carried out for the city of Sivas
and environs. A database has been established that may be
used for all types of scientific analysis of the Sivas city
centre and environs.
The following conclusions were reached following application of RS and GIS techniques within the study area:
• Expansion of the settlement areas over the period in
question has been monitored by using aerial and satellite images, and it has been established that the city of
Sivas has grown mainly towards the north-east, south
and south-west. The acquired data concerning variation
in land use/cover have contributed to a better understanding of time and space considerations in the development of the city of Sivas.
• When increasing development of settlement areas towards the Kızılırmak River is taken into consideration,
it is been deemed that this situation might present a
threat to the river.
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• From the standpoint of environmental conservation, it
has been determined that organised industrial zone
planning close to the river and within the city centre
would be disadvantageous for both settlements and water resources.
• Development for settlement, including the SOIZ, is
generally occurring through construction on agricultural land. It has been ascertained that construction activity in the vicinity of settlement areas occurred south
and south-west of the city and in the north-eastern part
of the study area, mainly on agricultural land. Planning studies should be carried out, carefully taking
into consideration the natural capacities of the land in
order to prevent its misuse.
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ABSTRACT
Four natural ponds, a non-plant pond, a submerged
plant pond, an emerging plant pond, and an emergingsubmerged complex plant pond, in Lingang New city of
Shanghai were chosen to study the purification effects and
mechanisms on summer rainfall runoff pollution. A total
of 3343.9 g TN, 169.5 g TP and 338891.6 g CODCr were
intercepted by these four different types of natural ponds
during the three selected representative rainfall runoff
events. The results showed that the emerging plant pond
exhibited the highest purification efficiency, and the
emerging-submerged complex plant pond exhibited the
lowest. The emerging plant pond and the emergingsubmerged complex plant pond performed a relative high
removal rate of TP, which was 57.6% and 57.4%, respectively. Additionally, the emerging plant pond exhibited a
relative high total removal rate of TN and CODCr, which
was 46.4% and 47.3%, respectively. At the same time,
planktonic algae density of most samples had decreased
over time, which indicated a purification effect by different natural ponds in the experimental period. Besides, it
was found that substrate sludge absorption and plant assimilation of rainfall runoff pollutions might be the two
important mechanisms in purifying rainfall runoff pollutants using natural ponds.

KEYWORDS:
natural ponds; rainfall runoff pollution; purification mechanism

water runoff could pose serious risks to exposed humans,
animals or plants, and contribute to excessive algal growth
[4], subsurface drainage systems contamination and ecosystems degradation [5].
In response to concerns over these depressing consequences, constructed storm water management ponds have
become commonly used [6-8]. However, these constructed
ponds are often land intensive with high economical costs
[9], especially for urban areas in developing countries.
Natural pond, common in urban wetlands, is one of the
important natural components in urban ecosystems. With
modest land consumptions, low operation costs, simple
management, and easy integration into the surrounding
landscape, natural ponds were extensively used in storm
water management in many countries [10-13].
However, especially in big urban cities of China, little
attention has been paid to how natural ponds can reduce
urban storm water runoff pollution, in particular, understanding natural ponds’ mechanism on reducing pollution
in urban storm water runoff by identifying natural ponds’
measures and relevant factors.
In this study, four different types of natural ponds in
Shanghai Lingang New City was chosen to investigate
natural ponds’ purification effects and mechanisms on
rainfall runoff in summer. Such study could provide guidance to the rainfall management and treatment construction and rainfall runoff pollution control, thus fill the
knowledge gap by investigating the purification effects
and mechanisms of natural ponds on summer rainfall
runoff pollution in China.

1. INTRODUCTION
Impervious surfaces in urban cities have multiplied in
recent decades [1], which has led to a series of adverse
hydrologic consequences, including changes in the magnitude and frequency of storm water flow events and decrease in runoff quality [2, 3]. Storm water pollution ranks
only second to agriculture pollution in the world. During
rainfall events, especially in summer, pollutants from storm
* Corresponding author

2. MATERIALS AND METHODS
2.1 Study Site

Lingang New City of Shanghai, constructed to be a
garden city starting from 2003 on the site where big portion is reclaimed from the sea, is designed to serve as an
international shipping hub. Dishui Lake, the biggest
manmade lake in China, is located in the center of Lingang New City. Even though Lingang New City is newly
developed, many studies showed that Dishui Lake, cur-
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rently, is meso-eutrophic, with a tendency to become
moderate to serious eutrophic [14, 15]. Most of the rainfall runoff in Lingang New City was directly discharged
to nearby rivers without any treatment, which attributes to
the pollution of Dishui Lake, especially when it rains
heavily in summer.
Four different types of selected natural ponds are located in Huchenghuan Road, Lingang New City. These
four natural ponds were a submerged plant pond (wet pond,
noted as pond 1), a non-plant pond (wet pond, noted as
pond 2), an emerging plant pond (dry pond, noted as pond
3), and an emerging-submerged complex plant pond (wet
pond, noted as pond 4) (Fig. 1). Cynodon dactylon (Linn.)
Pers. was the most abundant type on side slope, and
Phragmites australis, Typha orientalis Presl. and watermifoil were existed in the ponds. These were all preference and representative plants that were chosen in the
natural wetlands. These four ponds used natural rainfall as
complementary water source, and affected by rainfall
runoff pollution. The ponds had no effluent exit.
The area and volume of these four ponds were calculated at the normal water level. The overall situation of
these four different types of natural ponds was shown in
Table 1.

2.3. Methods of different experiments

Three sampling sites were chosen in every pond,
which are center and both ends of the pond. Samples were
taken 50 cm below the water surface. If water depth was
less than 50 cm, it was sampled at the half of the water
depth. A total of 1000 mL samples were collected from
these four ponds every two or three days.
2.3.1. Determination of water quality

Samples were determined for water quality in the laboratory immediately after they were collected. Methods used
for water quality assessment were USEPA [10]. Average
concentrations of water quality index in the four type
natural ponds during the experimental period are shown in
Table 3. TP showed a relative low concentration in the
experimental period, which indicated that TN and CODCr
were the main contents in the rainfall runoff pollutants.
Water quality was analyzed by two different methods.
Water quality index was analyzed before and after every
rainfall event to determine the interception effect of rainfall runoff by different ponds. Water quality index was
also compared for every rainfall intervals to detect the
purification effect of rainfall runoff by different ponds.

2.2 .Weather condition during the experiment period

2.3.2. Determination of planktonic algae density and community structure

Experiments were carried out from July 29th to September 1st, 2010, during which more than 25 days with
daily temperature above 35℃. The highest temperature
was more than 40℃ that appeared on the 13th of August.
Five rainfall events, including three light rainfall events
(below 10 mm during 24 h on August 7th, 16th, and 27th,
2010), one middle rainfall event (10-24.9 mm during 24h
on August 3rd, 2010) and one heavy rainfall event (2549.9 mm during 24 h on August 30th, 2010) were recorded
(See details in Table 2).

Samples were collected on July 29th, August 8th, August 19th, and August 29th, 2010. Planktonic algae were
contained in water bottle and collector, and 15 mL Lugol’
solution was used to fix and reserve every 1L water sample. Three sampling sites, both ends and the center of the
pond, were selected in every pond. The density of planktonic algae used was the average of these three samples.
Planktonic algae density and community structure assessment method used was developed by Jin [16], where N
stands for the number of plankton in 1L sample.

Pond 4

Pond 3

Pond 2

Pond 1

FIGURE 1 – Picture s of the four different natural ponds

TABLE 1 - Overall situation of four type natural ponds
No.
Name
Area (m2)
Average Water Depth (m)
Volume (m3)
Sorts of Plants
Coverage of plants (%)

Pond1
submerged plant pond
450
1.2
540
watermifoil
70

Pond 2
non-plant pond
240
1.0
240
no plants
0
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Pond 3
emerging plant pond
105
0.2
20
Phragmites australis
95

Pond 4
emerging-submerged complex plant pond
75
0.8
60
Typha orientalis Presl. watermifoil
90
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TABLE 2 - Rainfall events from July 25th to September 1st, 2010 in the experiment area
Date
Rainfall Volume (mm)
Rainfall Intensity
Number of days without
precipitation before the rainfall event (d)

3rd, Aug.
19.6
Middle Rain

7th, Aug.
2.0
Light Rain

16th, Aug.
1.0
Light Rain

27th, Aug.
0.8
Light Rain

30th, Aug.
30.4
Heavy Rain

1st, Sep.
5.4
Light Rain

6

4

9

11

3

/

TABLE 3 - Average concentration of water quality index in the four type natural ponds during experimental period

Date
7.29
7.31
8.2
8.4
8.6
8.8
8.11
8.13
8.15
8.17
8.19
8.21
8.23
8.26
8.29

Pond 1
TP
(mg/L)
0.07
0.03
0.03
0.06
0.04
0.05
0.03
0.05
0.03
0.05
0.04
0.04
0.04
0.02
0.02

TN
(mg/L)
1.44
0.97
0.85
1.91
1.43
1.64
1.46
1.30
1.28
1.70
1.47
1.34
1.39
1.539
1.50

CODCr
(mg/L)
36.30
19.57
20.82
146.30
115.04
96.75
88.62
136.95
163.52
296.64
216.98
183.83
184.89
184.52
195.94

Pond 2
TP
(mg/L)
0.06
0.16
0.13
0.14
0.13
0.23
0.19
0.16
0.13
0.11
0.11
0.11
0.11
0.12
0.12

TN
(mg/L)
2.95
1.85
1.80
2.12
1.39
3.30
1.96
2.43
2.43
2.32
1.68
1.91
2.46
2.43
2.14

Pond 3
TP
(mg/L)
0.26
0.31
0.18
0.15
0.12
0.18
0.20
0.16
/
/
/
/
/
/
/

CODCr
(mg/L)
206.11
196.41
121.59
102.99
113.82
369.64
192.28
213.08
215.95
349.78
294.27
302.50
390.18
219.97
194.08

2.3.3. Determination of plants and substrate sludge

Samples of plants and substrate sludge were collected
on July 29th and August 29th, 2010, before and after the
experiment period, respectively. Three sampling sites
were chosen in every pond except for pond 2 (because
there were no plants in pond 2), which were both ends and
the center of the pond. Biomass live weight, total nitrogen, and phosphorus content of plants, and content of soil
organic matter, total nitrogen and phosphorus of substrate
sludge of each sample were measured immediately after
transporting samples to the laboratory. Methods of these
determinations followed Bao [17].
3. RESULTS and DISCUSSION
3.1. Interception effect of summer rainfall runoff pollution
using natural ponds

Three typical rainfall events were selected as objective,
including one middle rain (August 3rd, 2010 noted as
event 1), one light rain (August 16th, 2010 noted as event 2)

TN
(mg/L)
1.94
2.38
2.39
1.90
1.86
3.39
2.15
2.75
/
/
/
/
/
/
/

CODCr
(mg/L)
152.58
98.41
65.52
116.60
80.08
124.59
133.33
312.89
/
/
/
/
/
/
/

Pond 4
TP
(mg/L)
0.09
0.06
0.02
0.09
0.07
0.12
0.09
0.06
0.02
0.06
0.06
0.07
0.05
0.05
0.12

TN
(mg/L)
2.80
2.26
2.20
2.91
1.94
3.78
2.55
3.30
3.29
3.70
2.63
2.58
2.54
2.89
2.14

and one heavy rain (August 30th, 2010 noted as event 3),
aiming to compare the interception effect of summer
rainfall runoff pollution using different types of natural
ponds. No outflow was occurred in any of the rainfall
events, and all the pollutants were dammed by ponds.
Total interception effect of summer rainfall runoff pollution in three rainfall runoff events was shown in Table 4.
These natural ponds through interception effect took a
large amount of pollutants. During the three rainfall runoff events, these four natural ponds intercepted a total of
3343.9 g TN, 169.5 g TP and 338891.6 g CODCr. Pond 1,
which was the largest pond of all, showed the strongest
interception effects of these pollutants among them. Pond 3,
which was the smallest pond, showed the lowest interception effects. These results indicated that there was a positive correlation between the interception effects and the
volumes of ponds.
Interception effect of per volume of summer rainfall
runoff pollution in three rainfall events by different ponds
was shown in Fig 2. More than 80% of the interception
amounts in three rainfall events were positive, which indi-

TABLE 4 - Total interception effect of summer rainfall runoff pollution in three rainfall runoff events
No.
Pond 1
Pond 2
Pond 3
Pond 4
Total

Total TN interception (g)
1962.9
732.7
33.5
614.8
3343.9

CODCr
(mg/L)
107.34
82.17
74.95
82.59
47.15
87.08
170.07
301.10
261.34
218.57
173.56
110.67
53.44
104.47
151.47

Total TP interception (g)
74.7
45.9
2.5
46.4
169.5
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Total CODCr interception (g)
241469.0
80661.6
3577.3
13183.7
338891.6
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CODCr (g/m3)

TP (g/m3)

TN (g/m3)
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FIGURE 2 - Interception effect per volume of summer rainfall runoff pollution by different ponds

which indicated that there was a positive correlation between interception effect and rainfall intensity. The result
was consistent with that of Luo et al. [18].

cated that most of the pollutants were taken by these natural ponds through interception effect. Nevertheless, for
the interception effect per volume, it did not show a positive correlation with the volume of ponds. In general,
pond 4 expressed the strongest interception effect per
volume of TP and TN, and pond 2 expressed the strongest
interception effect per volume of CODCr. These results
indicated that the interception efficiency of many ponds
was not exerted to an extent perfectly in the same source
and concentration of rainfall runoff pollution. Thus, in
order to maximize the interception effect of natural ponds,
we should optimize design of area, volume, depth, structure and overflow of these natural ponds according to
their catchment area, source of pollutants, pollutants concentration, purification effects and costs. Besides, it was
shown that the heavy rain (event 3) exhibited a relative
more interception amounts and high interception efficiency, while the light rain (event 2) exhibited a relative
less interception amounts and low interception efficiency,

3.2. Purification effect of summer rainfall runoff pollution
using natural ponds

Four typical rainfall runoff intervals were selected,
including interval 1 (five days, from July 29th to August
2nd, 2010), interval 2 (three days, from August 4th to 6th,
2010), interval 3 (eight days, from August 8th to 15th,
2010) and interval 4 (10 days, from August 17th to 26th,
2010), aiming to compare the purification effect of summer rainfall runoff pollution using different types of natural ponds. No outflow was occurred in any of the rainfall
events, and ponds dammed all of the pollutants.
Table 5 showed the total removal rate of water quality concentration index of summer rainfall runoff pollution in four different typical rainfall runoff intervals.
More than 90% percent of removal rates in four rainfall

TABLE 5 - Total removal rate of water quality concentration index by natural ponds in different rainfall intervals

Interval 1
(5 days)
Interval 2
(2 days)
Interval 3
(7 days)
Interval 4
(9 days)
Average

Pond 1
TP
TN
(%)
(%)

CODCr
(%)

Pond 2
TP
(%)

TN
(%)

CODCr
(%)

Pond 3
TP
TN
(%)
(%)

CODCr
(%)

Pond 4
TP
TN
(%)
(%)

CODCr
(%)

59.1

45.4

46.8

-79.0

47.0

48.8

63.3

35.8

77.1

77.0

30.3

37.9

41.1

28.9

25.0

11.6

39.8

-1.7

41.4

31.6

51.9

32.1

37.7

46.8

55.7

34.0

-43.6

56.3

45.3

56.6

68.2

71.8

13.0

83.0

26.1

-154.5

29.6

30.5

58.1

29.6

30.5

58.1

0

0

0

37.3

13.6

52.6

46.4

34.7

21.6

4.6

40.7

40.5

57.6

46.4

47.3

57.4

26.9

-4.3
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FIGURE 3 - Average daily removal rate of water quality concentration index by natural ponds in different rainfall intervals

intervals were positive, which indicated that there was a
favorable purification effect of rainfall runoff pollutants
by these natural ponds. Most of the negative removal rate
in these intervals was CODCr in the interval 2 and the
interval 3, which might be caused by the relative high temperature, shallow water depth, and large amounts of evaporation in these intervals. Shen et al. [19] showed that the
longer residence time of pollutants, the higher total removal rate of water quality concentration index. However,
during our experiment, no significant relationship between
total removal rate of water quality concentration index and
residence time of pollutants was observed. This might be
due to the relatively short residence time of pollutants in
all natural ponds. The complex correlations in the ecosystem of these natural ponds might be another reason.
In terms of the average total removal rate of water quality concentration index in these four rainfall runoff intervals,
ponds 3 and 4 exhibited a relative high total removal rate of
TP, which was 57.6% and 57.4%, respectively. In addition, pond 3 exhibited a relative high total removal rate of
TN and CODCr, which was 46.4% and 47.3%, respectively.
It might be related to the large amounts of biomass, substrate
sludge in the ecosystem of pond 3. In general, the purification efficiencies of these four ponds were as pond 3
(emerging plant pond) having the highest purification
efficiency, pond 2 (non-plant pond) having the second
highest purification efficiency, pond 1 (submerged plant
pond) having the third highest, and pond 4 (emergingsubmerged complex plant pond) the lowest. Even though
the emerging plant pond exhibited the highest composite
purification effect of rainfall runoff, the interception effect was limited because of its shallow water depth.

Average daily removal rate of water quality concentration index of summer rainfall runoff pollution in four different typical rainfall runoff intervals was shown in Fig 3.
There was a significant relationship between average daily
removal rate of water quality concentration index and residence time of pollutants. It can be seen from Fig 3 that
interval 2 basically exhibited the highest average daily
removal rate of water quality concentration index, while
interval 4 exhibited the lowest average daily removal rate
of water quality concentration index. The longer interval
time of rainfall runoff brought more amounts of rainfall
runoff pollutants, which made relative lower average daily
removal rate of water quality concentration index. Moreover, a middle rainfall event on August 3rd, 2010 occurring before interval 2, the higher rainfall intensity, made a
stronger fluviraption effect by rainfall runoff, which could
reduce the pollutants in a short time.
3.3. Mechanism of summer rainfall runoff pollution using
natural ponds
3.3.1. Purification effect of summer rainfall runoff pollution
using planktonic algae as an indicator

Planktonic algae are the basic link of the primary producer and food chain in water environment, which play an
important part in circulation of materials and transformation of energy. Community structure variation of planktonic algae is an important indicator of water quality, and
was used by many researchers to evaluate water pollution
and water nutrition level [20].
Planktonic algae density in different natural ponds
was shown in Table 6. Planktonic algae in pond 4 on the
August 29th, 2010 exhibited the highest density that was
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8.42×106 ind/L. Planktonic algae density has been decreased except in pond 4, which indicated a purification
effect by different natural ponds in the experimental period. As for each pond, the planktonic algae density was
almost at the same level.
TABLE 6 - Planktonic algae density in different natural ponds
Date
July 29th, 2010
August 8th, 2010
August 19th, 2010
August 29th, 2010

planktonic algae density（×106 ind/L）
Pond 1
Pond 2
Pond 3
Pond 4
2.01
2.67
3.61
1.23
2.96
3.00
2.23
1.20
1.51
2.83
1.21
1.49
1.33
1.84
/
8.42

Community structure of planktonic algae density in
different natural ponds was shown in Fig 4. The quantity
of Chlorophyta and Cyanobacteria had been reduced in
most of the ponds, which indicated there was a purification effect of rainfall runoff pollutants by natural ponds.
In addition, pond 3 exhibited a larger proportion of Bacillariophyta than other ponds, an indicator in meso-eutrophication water. This result was consistent with the purification effect showed in different natural ponds, which also indicated that pond 3 has a better purification effect of rainfall runoff than other natural ponds.

(a)

3.3.2. Purification effect of summer rainfall runoff pollution
using substrate sludge

Organic matters, total nitrogen, and phosphorus in
substrate sludge of different natural ponds were shown in
Figs. 5, 6 and 7, respectively. During the experimental
period, both of organic matters and total nitrogen increased except for pond 4, which indicated that substrate
sludge absorbed rainfall runoff pollutions. The organic
matters and total nitrogen in emerging-submerged complex plant pond (pond 4) were decreased because of the
complicated component and circumstance (plants, plankton
and microorganisms) in the pond. However, total phosphorus in substrate sludge from different natural ponds did not
display any correlation with time, might be due to the fact
that there was no excess phosphorus pollution existing in
ponds.
3.3.3. Purification effect of summer rainfall runoff pollution
by plants

Table 7 showed that dry weight of plants increase in
different natural ponds. Except for pond 2 (there was no
plant in pond 2), dry weight of plants in all other three
ponds increased. Dry weight of plants in pond 4 exhibited
the most increase, which was 59.6 g heavier on August
29th, 2010 than that of a month before.

July 29th

(b) August 8th

(d) August 29th

(c) August 19th

FIGURE 4 - Community structure of planktonic algae in different natural ponds
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Total nitrogen (mg/g)

Total nitrogen
(mg/g)

FIGURE 5 - Organic matters in substrate sludge of different natural
ponds

crease, which indicated that plants assimilation might be
an important mechanism of rainfall runoff pollutants
purification using natural ponds. In contrast, both of total
nitrogen and phosphorus in plants of pond 1 were reduced
as there was not enough ability of submerged plant to
assimilate these pollutants. Moreover, Cheng et al. [21]
showed that the mechanism of purification of rainfall runoff pollution using sunken green space was changed from
mechanical filtration and physical adsorption to microbial
degradation and plant assimilation as the residence time
extended. To understand each contribution among physical adsorption, microbial degradation and plant assimilation to these pollutants, further research is highly desired.

FIGURE 6 - Total nitrogen in substrate sludge of different natural
ponds

Total phosphorus
(mg/g)

Total phosphorus (mg/g)

FIGURE 8 - Total nitrogen in plants of different natural ponds

FIGURE 7 - Total phosphorus in substrate sludge of different natural ponds

FIGURE 9 - Total phosphorus in plants of different natural ponds

TABLE 7 - Dry weight increase of plants in different natural ponds
No.
Pond 1
Pond 2
Pond 3
Pond 4

Dry weight of plants (g)
July 29th, 2010
August 29th, 2010
31.3
32.9
0
0
187.4
211.1
194.1
253.7

Increase
weight (g)
1.6
0
23.7
59.6

of

Total nitrogen and phosphorus in plants biomass of
different natural ponds are shown in Figs. 8 and 9, respectively. Ponds 3 and 4 exhibited a positive assimilation of
nitrogen and phosphorus by plants. It was found that the
total nitrogen that was assimilated by plants of pond 4
was 1.05 mg/g during one month, and total phosphorus
assimilated by plants of pond 4 was 0.43 mg/g during one
month. All of the dry weight of plants, total nitrogen and
phosphorus in ponds 3 and 4 exhibited a significant in-

4. CONCLUSIONS
The main rainfall runoff pollutants in the research area were TN and CODCr, while TP showed a relative low
concentration in the experimental period. These four
natural ponds in three selected typical rainfall runoff
events intercepted a total of 3343.9 g TN, 169.5 g TP and
338891.6 g CODCr. Pond 3 (emerging plant pond) exhibited a relative high overall removal rate of TN and CODCr
among the four different types of ponds, which was
46.4% and 47.3%, respectively. Meanwhile, planktonic
algae density had been decreased during the experiment
period, and community structure of planktonic algae had
been changed, which consistent with the results of water
index purification by different natural ponds.
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Both of organic matters and total nitrogen had been
increased except for pond 4 during the experiment period,
provided evidence that substrate sludge absorption of rainfall runoff pollutions might be an important effect of purifying rainfall runoff pollutants using natural ponds. Furthermore, all of the dry weight of plants, total nitrogen and
phosphorus in ponds 3 and 4 exhibited a significant increase, which indicated that plants assimilation might be
another important effect of purifying rainfall runoff pollutants using natural ponds.
In case of high temperature, short of rainfall, and low
water level, natural ponds should been optimized in design,
in order to establish a stable ecosystem and keep their selfrenew, to consummate their comprehensive ecological value
of rainwater storage, and storm runoff pollution control.
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ABSTRACT

1. INTRODUCTION

Miscanthus floridulus is a metallophyte suitable for
the phytoremediation of mine wastes due to high biomass
and tolerant to multiple metals. The physio-biochemical
response of M. floridulus to copper stress was studied by
pot experiments. Our results suggested that M. floridulus
could grow in soils containing high level of copper (Cu),
i.e. 200 mg. kg-1. Cu concentrations below 100 mg. kg-1
did not cause any visible injury to the leaves of M. floridulus, and 200 mg. kg-1 of Cu only caused slight foliar
chlorosis. Cu concentrations below 200 mg. kg-1 decreased soluble sugar content in M. floridulus but higher
Cu concentrations (> 500 mg. kg-1) had the contrary effect. Both MDA content and O2• − generation rate in M.
floridulus leaves remained unchanged when Cu concentrations were below 200 mgk. kg-1. The activities of
antioxidant enzymes including superoxidase (SOD),
catalase (CAT) and peroxidase (POD) increased when Cu
concentration was 100 mg. kg-1, but they were decreased
to the levels similar to those of control groups when Cu
concentration was approaching to 200 mg. kg-1. At high
Cu concentration, i.e. above 500 mg. kg-1, lipid peroxidation was enhanced, O2• − generation was accelerated and
the antioxidative system of M. floridulus was damaged. In
summary, M. floridulus is tolerant to Cu stress and has a
potential for the phytoremediation of Cu-contaminated
soils. M. floridulus synthesize more soluble sugar to enhance the lignification/suberization of cell wall so as to
inhibit the entry of heavy metals into the endoplast, and
the antioxidant enzyme system was also enhanced to
quench the resulting oxidative stress.
KEYWORDS:
Oxidative stress, reactive oxygen species, antioxidative defense
mechanism, Miscanthus floridulus, phytoremediation
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Miscanthus floridulus (Lab) is a perennial herbaceous
plant species, widely distributed in Taiwan, Hongkong
and other subtropical areas in China, including south
Anhui Province [1]. The well-developed root system, high
biomass, fast growth rate, and resistance to abiotic stress
make M. floridulus an ideal bio-energy plant [2-3]. In addition, M. floridulus can absorb and accumulate much Cu,
Pb, Mn, Ni, As, Zn and Cd [4-6], and some metalresistant ecotypes have been found in mining areas [7].
Although M. floridulus is not a hyperaccumulator plant, it
is probably a hyper-tolerant plant to many heavy metals
[8] according to an inclusion criteria suggested by Boularbah et al. [9]. In addition, Wang et al. [10] suggested
M. floridulus is a pioneer plant for the rehabilitation of
heavy metal-contaminated soils.
M. floridulus stores cadmium (Cd) in cell walls, confines it in vacuoles of root cells and converts Cd to less
active forms [11], thereby keeping heavy metals away
from photosynthetically active tissues [12]. It has been
reported that the antioxidant mechanism of the tolerant
ecotype of M. floridulus is stronger than the intolerant
ecotype, and the former is more tolerant to exogenous Pb
and Cd [7, 9]. Wang et al. [13] found that M. floridulus
promoted the growth and improved the activity of
rhizobacteria, and reduced the heavy metal content in
the rhizosphere. Similarly, Zhang et al. [14] found that
the colonization of M. floridulus in Pb/Zn tailings pool
increased the biomass, total phosphorous, nitrogen and
carbon content of soil biota, and increased the activities of ten soil enzymes including urease, cellulose, sucrase, phosphastase, and nitrate reductase. The observations above suggested that M. floridulus has a great potential in the rehabilitation of metal-contaminated soils. However, little is known about the tolerance of M. floridulus to
copper (Cu), an essential trace element. The present study
investigated the physio-biochemical response of M. floridulus to Cu in terms of apparent foliar injury, lipid
membrane peroxidation, generation of O2• −, and the induction of antioxidative enzymatic system. We tried to
find out whether this plant species is suitable for the
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phytoremediation of copper tailings that are wide spread in
Tongling, Anhui Province, China.

4°C. The supernatant then was used for the determination of
O2•− generation that was expressed as µmol.min-1. g-1. FW.
2.6 Determination of total soluble sugar

2. MATERIALS AND METHODS
2.1 Test soil and test plant

Top soil (0~20 cm) collected from Zheshan hill was
used in the present study. The basic physiochemical property is listed in Table 1. Seedlings of Miscanthus floridulus
were collected from Shizishan mining area (30°56’42”N,
117°43’28”E), Tongling, Anhui province, China. Plantlets
of similar size were selected and acclimated in a greenhouse for two weeks before used in the experiment.
2.2 Experimental design

The test soil was air dried and passed through a 5-mm
sieve. 2.0 kg soil was filled in plastic pots. 100, 200, 500
and 1,000 mg. kg-1 CuSO4 solutions were added to the
pots in one time. After incubation for one month, M. floridulus seedlings of similar size were transplanted to the
pots. One plantlet was grown in every pot. Sixty days later,
apparent injury and other physio-biochemical characteristics of these transplants were recorded. All treatments including control were replicated three times.
2.3 Observation of apparent injury

The degree of apparent injury was classified into four
levels, i.e. no visible injury; slight injury indicated as chlorosis at the center of leaves; moderate injury indicated as
various degree of chlorosis in the pericenter of leaf blades,
and severe injury indicated as stunted growth and severe
chlorosis.
2.4 Determination of membrane lipid peroxidation

The level of lipid peroxidation was measured by estimating malonyldialdehyde (MDA) content using thiobarbituric acid (TBA) as a substrate following the method
of Heath and Packer with [15] slight modification. The
absorbance of resulting MDA was read at 532 nm and
corrected for non-specific absorbance at 600 nm. MDA
content was calculated using an extinction coefficient of
155 mM−1 cm−1 and expressed as µmol. g−1 FW.
•−

2.5 O2

Total amount of soluble sugar was estimated by anthrone reagent [17]. Absorbance was read at 625 nm and
the content of soluble sugar was calculated from a standard curve. The content of total soluble sugar was expressed as mg. g-1 FW.
2.7 Measurement of enzyme activities

Enzyme extracts were prepared following Yang et
al. [18] with slight modification. Fresh tissues (0.3 g)
were homogenized in 1.5 of mL ice-cold potassium PBS
(50 mM, pH 7.8) containing 1.0 mM EDTA and 1.5% (w/v)
polyvinylpyrrolidone. The homogenate was centrifuged at
12,000 g for 20 min at 4°C. The supernatant was used as
crude extract for enzyme assay.
Superoxide dismutase (SOD) activity was assayed
by measuring the inhibition of photochemical reduction of
NBT [19]. One unit of SOD was defined as the enzyme
activity that inhibited the photoreduction of nitroblue tetrazolium to blue formazan by 50%. SOD activity was expressed as △OD560·g-1·FW·min-1. Catalase (CAT) activity was determined titrimetrically according to Guan [20].
500 µL enzyme extract was used for the determination of
CAT activity that was defined as the amount of KMnO4
consumed during tiltration. CAT activity was expressed as
mL (KMnO4). mg-1 FW. Peroxidase (POD) activity was
measured by following the increase of absorbance at 470
nm owing to the guaiacol oxidation [21]. One unit of
POD activity was defined as the amount of enzyme required to convert 1µmol of H2O2 to H2O and O2. POD
activity was expressed as OD470·g-1· min-1. FW.
2.8 Statistic analysis

Data presented in this paper were the mean value of
four replicates. One-way analysis of variance (ANOVA)
was used to test the effects of Cu on the physio-biochemical response of M. floridulus, followed by Tukey’s
HSD multiple comparison (SPSS 15.0). P < 0.05 was considered as statistically significant.

quantification

3. RESULTS

•−

The rate of O2 generation was determined following
Elstner and Heupel with slight modification [16]. 0.5 g
fresh leaves was homogenized with 4 mL of 65 mM potassium PBS (pH 7.8) and centrifuged at 10,000 g for 15 min at

3.1 Apparent injury

Apparent injury of M. floridulus leaves correlated
positively with Cu concentrations in soil (Table 2). No

TABLE 1 - Basic physiochemical property of test soil
pH
value

Organic matter
(g·kg-1)

Total N
(g·kg-1)

Total P
(g·kg-1)

EC
(µs·cm-1)

Total K
(g·kg-1)

6.85
13.8
0.238
1.55
1.37
7.81
Note: N, nitrogen; P, phosphorous; K, potassium; Cu, copper; EC, electric conductivity
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Available K
(mg·kg-1)

Total Cu
(mg·kg-1)

192

25.46
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visible injury was observed when Cu concentration is below 100 mg. kg-1, but slight to severe injury was observed
with increasing Cu concentrations in the soil. 200 mg. kg-1
of Cu caused slight chlorosis in the center of leaf blades,
while 500 mg.kg-1 and 1,000 mg.kg-1 of Cu caused moderate to severe chlorosis in M. floridulusleaves, respectively.

Lower Cu concentrations below 200 mg.kg-1 in soil had
insignificant effects on MDA content of M. floridulus
leaves, but higher Cu concentrations had significant effects
compared with control (P < 0.01, Fig. 2). At 500 mg.kg-1
and 1,000 mg.kg-1 of Cu concentrations in soil, MDA content in M. floridulus leaves were about 1.47- and 2.50-fold
higher than those of control, respectively.

TABLE 2 - Effects of Copper on apparent injury of M. floridulus
leaves

2.4 O2 − generation rate

Copper concentration
(mg·kg-1)
0
100
200
500
1,000

Apparent injury
of M. floridulus leaves
No visible injury
No visible injury
Slight injury
Moderate injury
Severe injury

3.2 Total soluble sugar content

Soil copper had significant effects on soluble sugar
content of M. floridulus leaves (P < 0.01; Figure 1). Cu
concentration below 200 mg. kg-1 caused a reduction of
soluble sugar content in M. floridulus leaves. Interestingly, 500 and 1,000 mg.kg-1 of Cu induced the production of soluble sugar, and the contents at both concentrations were significantly higher than those at control, 100
and 200 mg. kg-1 of Cu (P < 0.01, Figure 1).
2.3 MDA content

The product of lipid peroxidation, MDA, tended to increase with increasing Cu concentrations in soil (Figure 2).

•

Cu had a significant effect on the generation of O2• −
of M. floridulus leaves (P < 0.01, Figure 3). In general,
O2• − generation rate decreased initially when Cu concentration in soil was 100 mg.kg-1 but then increased to a level
similar to that of control when Cu concentration was above
200mg.kg-1 (Figure 3). When Cu concentration in soil was
increased further to 500 mg.kg-1 and 1,000 mg.kg-1, O2• −
generation rate of M. floridulus leaves increased significantly compared to that of control, 100 mg. kg-1 and
200 mg. kg-1. 1,000 mg.kg-1 of Cu had the most significant effect on the generation of O2• − of M. floridulus leaves.
2.5 Antioxidatant enzyme activities

Soil Cu had significant effect on all of these three antioxidant enzyme activities of M. floridulus leaves (P < 0.01,
Table 3). SOD activity of M. floridulus leaves increased
when Cu concentration in soil was 100 mg. kg-1, but the
activity decreased with increasing Cu concentrations
(Table 3). When Cu concentration in soil was increased to
200 mg. kg-1 SOD activity decreased to a level similar to
that of control. When Cu concentration was increased to

Sugar content
(mg.g-1. FW)

1

a

0.8

b

0.6
0.4
0.2

c

d

d

0

100

200

0
500

1000

-1

Cu concentration (mg. kg )

MDA content
(µmol.g−1 FW)

FIGURE 1 - Effects of Cu stress on soluble sugar content of M. floridulus leaves
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FIGURE 2 - Effects of Cu stress on lipid peroxidation of M. floridulus leaves
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FIGURE 3 - Effects of Cu on O2• − generation rate

TABLE 3 - Effects of soil Cu on antioxidative enzyme activities
SOD activity
POD activity
Cu concentration
(OD560.g-1.FW.min-1)
(OD470.g-1.min-1.FW)
mg.kg-1
0
508.3±16b
151.8±14a
100
874.3±32a
158.5±4.0a
200
461.1±85b
81.5±3.6b
500
401.3±23c
64.6±3.2c
1,000
268.2±46d
29.9±1.2d
Note: different lowercase letter in a same column represent significance at P < 0.05.

500 mg. kg-1 and 1,000 mg. kg-1 SOD activity decreased
significantly compared to control, 100 and 200 mg. kg-1
Cu concentrations (P < 0.01; Table 3). POD activity increased slightly when Cu concentration in soil was increased to 100 mg. kg-1 (P > 0.05). When Cu concentrations in soil were increased to levels above 200 mg. kg-1
POD activity of M. floridulus leaves decreased significantly compared with those of control and 100 mg. kg-1 (P
< 0.01, Table 3). CAT activity of M. floridulus leaves
showed a similar trend to that of SOD. CAT activity increased significantly when Cu concentration in soil was
increased to 100 mg. kg-1, but when Cu concentrations in
soil were increased further to 200 mg. kg-1 CAT activity
decreased to a level close to that of control again (P <
0.01, Table 3). When Cu concentrations in soil were increased to 500 mg. kg-1 and 1,000 mg. kg-1, CAT activities decreased significantly compared with those of control, 100 mg. kg-1 and 200 mg. kg-1 (Table 3).

4. DISCUSSION
Plants growing in Cu-contaminated environment may
have developed a variety of defense mechanisms against
the phytotoxicity of Cu. Cu-tolerant ecotypes/phenotypes
are able to protect them against homeostatic disturbance
and cellular damages by evoking the induction of antioxidant enzymes as a general response to toxic effects of
heavy metals [21, 22]. M. floridulus grows well in Pb/Zn
mine tailings and is tolerant to many heavy metals. It has
been reported that although M. floridulus is not a hyperaccumulator, it is a hyper-tolerant plant species that has a

CAT activity
[mL (KMnO4). mg-1 FW]
51.3±10b
82.5±8.1a
49.8±2.8b
29.6±1.2c
10.4±0.4d

potential for the rehabilitation of metal-contaminated
system [7]. In the present study, we investigated the
physio-biochemical response of M. floridulus to Cu stress
in terms of apparent foliar injury, the content of total carbonhydrate, the degree of membrane lipid peroxidation and
the antioxidant enzyme system.
4.1 Apparent injury

Cu is an essential element for plant growth. Lower Cu
concentration may promote the growth of Elsholtzia haichowensis, Sun., a copper-tolerant plant, but excessive
Cu will interfere with intracellular homeostasis [24]. It
was reported that Cu concentration above 50 µmol. L-1
reduced chlorophyll contents of E. haichowensis and
leaves turned chlorosis after sixty-day Cu exposure [24].
Excess Cu altered the ultrastructure of chloroplast and
reduced the green area of soybean leaves [25]. This chlorosis may be related to Cu-induced Fe deficiency [25-26].
Boojar et al. [23] had reported that toxic levels of Cu in
soils did not cause any obvious and conspicuous symptom
of Cu toxicity in plants naturally growing in mine wastes.
We found that M. floridulus grew well in soil containing
100 mg. kg-1 of Cu for sixty days, and foliar injury was
only observed at higher Cu concentrations, suggesting
that M. floridulus is tolerant to Cu. Previously, researchers suggested that M. floridulus is tolerant to Pb, Zn and
Cd [6-8] and that M. floridulus growth improves soil enzyme activities that are indicators of soil quality for plant
growth [13]. Therefore, our results suggested that M.
floridulus, similar to the metalophyte of E. haichowensis
[27], is tolerant to Cu stress and has adapted to multimetal contamination [8].
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4.2 Soluble sugar content

Soluble sugar is an important substrate for the synthesis of cellulose, pectin and lignin that are components of
cell wall. Also, soluble sugar is an important osmosisregulating material in response to environmental stress.
Deef reported that low concentration of Cu had increased
but high concentration of Cu decreased soluable sugar
content of Rosmarinus officinalis L. [28]. Qin et al. reported that soluble sugar content in the leaves of Kandelia
candel (L.) seedlings increased initially but attenuated
later with increasing Cd concentration [29]. In contrast,
we found that lower Cu concentrations inhibit and higher
Cu concentrations induce soluble sugar synthesis in the
present study. In other words, M. floridulus is tolerant, to
a certain degree, to Cu stress, and only high soil Cu concentration is toxic to the test plant. It has been suggested
that cell wall binding of heavy metals is a mechanism by
which plant prevents the entry of toxic element into plant
metabolism [30, 31]. It is probably that in response to Cu
stress M. floridulus accumulates more soluble sugar,
thereby thickening the cell wall that prevents the entry of
toxic elements into bioactive parts.
4.3 Oxidative stress

It has been suggested that copper can interact with a
wide range of physiological and biochemical process of
plants by increasing the production of reactive oxygen
species and free radicals [32,33], which can in turn damage cell membranes by binding to the sulphydryl groups
of membrane proteins or by increasing the peroxidation of
membrane lipid [34]. The membrane lipid of tolerant
plant however remains almost intact under lower metal
concentrations. Qin et al. [7] observed that M. floridulus
produced less MDA under Pb concentration below 3, 000
mg. kg-1. The MDA content of a copper tolerant plant, E.
haichowensis, almost remained stable when Cu concentration was increased up to 200 µmol. L-1 [35]. The increased MDA content of our finding indicated that high
Cu concentration, i.e. 500 and 1,000 mg. kg-1 had caused
severe oxidative stress by stimulating the generation of
ROS including O2• − (Figs. 2 and 3), which coincides with
the moderate to severe foliar apparent injury of M. floridulus under these two Cu concentrations (Table 2) as well
as the decreased antioxidative enzyme activities (Table 3).
Excess Cu promotes the production of H2O2 in another
metal-tolerant plant, E.haichowensis through the apoplastic
and symplastic CuZn-SOD [36], but the over-expression
of metallothionene 1 may enhance Cu tolerance and decrease the generation of H2O2 [37]. We found in the present
that lower Cu concentrations below 200 mg. kg-1 did not
induce significantly MDA content nor accelerate generation of O2• − , suggesting that M. floridulus is tolerant to
Cu stress. In addition, our results suggested a possible
adaptation to Cu stress below 200 mg. kg-1 since the generation rate of O2• − and MDA content were almost the
same as those of controls (Fig 2 and 3). Again, our results
were consistent with the conclusion that M. floridulus is a
tolerant plant to heavy metals [8]. It is probably that M.

floridulus also adopted this mechanism with which to
quench oxidative stress caused by excess Cu in soil (Fig 2
and 3, Table 3).
4.4 Antioxidant enzyme activity

Plants have evolved a well organized enzymatic antioxidative mechanism like SOD, POD and CAT to quench
the reactive oxygen species and to reduce lipid peroxidation so as to alleviate their damaging effects. Among these
three antioxidative enzymes, SOD is the first line of intracellular defense against oxidative stress, which converts
O2• − to H2O2 and O2 [38]. POD decomposes H2O2 in the
presence of co-substrate of antioxidants, whereas CAT
directly breaks H2O2 to H2O and O2 [39]. It has suggested
that Cu could initiate plant’s antioxidative defense mechanisms, thereby scavenging excessive H2O2 and O2• −, alleviating oxidative damage and preventing the production of more
harmful hydroxyl radicals [40]. Zhu et al. [32] found that
50~200 µg. L-1 Cu induced an enhancement of the antioxidative defense system of E. haichowensis. Similarly,
CAT, SOD and POD activities of Astragalus neo-mobayenii
were increased in response to Cu treatment, which helped
the plant to alleviate the phytotoxicity of Cu [41]. Cu
concentrations below 100 mM increased CAT, SOD and
POD activities of growing wheat (Triticum aestivum cv.
Hasaawi). Qin et al. [8] observed that the ecotype of M.
floridulus growing in mine wastes were more tolerant to Pb
stress; the SOD and POD activities were higher than those
of controls. Our results indicated that although lower Cu
concentration (< 100 mg.kg-1) had inhibited the antioxidant
enzyme activities of M. floridulus leaves, it may be an adaptive response of a tolerant plant species to adverse environment [43]. Higher Cu concentration (i.e. 200 mg. kg-1) had
primed the antioxidant defense mechanisms, and only much
high Cu concentrations (> 200mg. kg-1) damaged/ broken
down the defense of M. floridulus. Again, our results
suggested M. floridulus is a plant species tolerant to many
heavy metals including Cu.
SOD/POD and SOD/CAT ratios are good indictors of
ROS-scavenging capacity. Increased SOD/POD and SOD/
CAT ratios suggests that H2O2 resulting from O2•− dismutation by SOD may not be removed immediately, and the
accumulated H2O2 may then react with the undismutated
O2•− in the presence of Cu and produces hydroxyl radical,
a more oxidative species [44]. We calculated and analyzed statistically the SOD/POD and SOD/CAT ratios,
and found that such ratios did not increase when Cu concentration in soil was below 200 mg.kg-1 (P > 0.05), suggesting that the antioxidative system of M. floridulus can
scavenge effectively the ROS induced by Cu stress.
In conclusion, our results suggested that M. floridulus
is a tolerant plant to Cu concentration below 200 mg.kg-1
in terms of apparent injury, oxidative stress and antioxidative mechanisms. M. floridulus could tolerate Cd, Pb and
Cu, and grow well in metal-contaminated or metalenriched waste lands, and this plant species has a good
potential for the phytoremediation of mine wastes.
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ABSTRACT

1. INTRODUCTION

The objective of the study was to assess the physicochemical composition and process variations of the effluent from a brewery industry located in KwaZulu - Natal,
South Africa during the months of September 2011 to
May 2012. The parameters monitored for the quantitative
analysis of brewery wastewater include the total and soluble chemical oxygen demand (TCOD and SCOD), biological oxygen demand (BOD5), total solids (TS), volatile
solids (VS), total suspended solids (TSS), volatile suspended solids (TSS), pH, ammonia (NH3), total oxidized
nitrogen, nitrate, nitrite, phosphorus, electrical conductivity (EC), crude protein and alkalinity content. On the
average, the TCOD and SCOD concentrations of the
brewery effluent were 5340.97 and 3902.24 mg/L, respectively, with average pH values of 4.0 to 6.7. The BOD
and the solids content of the effluent from the brewery
industry were high indicating that the effluent is of biodegradable type. This suggests that the effluent is very rich
in organics, and its discharge into the water bodies or the
municipal treatment plant can cause environmental pollution or damage the treatment plant. In addition, there were
variations in the effluent composition throughout the
period of monitoring which might be due to the activities
that take place during the production process and the
effects of peak periods of beer production. Thus, there is a
need for an on-site effluent treatment plant in order to
reduce the high pollution of the effluent prior to its discharge to the municipal wastewater treatment plants.

KEYWORDS: Biodegradable, brewery wastewater, environmental pollution, organic content, physico-chemical composition
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Brewery industries produce million L of various
types of beers each year (global beer production in 2011
of 192.71 103 million L (50.9 billion gallons; Kirin [1])
corresponding to an average consumption of 23 L per
person per year [2]. The brewing process involves a series
of batch operations on raw materials to the final product.
The production process includes the blending and fermentation of maize, malt and sorghum grits using yeast,
which requires large volumes of water as the primary raw
material. Traditionally, the amount of water needed to brew
beer is several times the volume actually brewed. For instance, the average water consumption of 6 hectolitres is
required to produce 1 hectolitre of clear beer [3]. Large
volumes of water are being used by the industry in production of beer for two distinct purposes; the main ingredient of the beer itself and as part of the brewing process
for steam raising, cooling, and washing of floors, cleaning
of the brew house, packaging and cleaning after the completion of each batch operation, and also, the amount of
wastewater being discharged from the industry after the
production of beer. These wastewaters are very high in
organic content and highly polluting to the environment
[4-6]. Furthermore, it is a known fact that brewing of beer
in most countries is a big business, and very few breweries make attempts to treat their wastewater. Most industries
dispose their effluents without adequate characterization,
quantification and pre-treatment due to economic and technological constraints [7], which may have adverse effects
on the municipal treatment plant by reducing the efficiency
of the treatment plant and overloading the system.
Thus, in recent times, a considerable number of environmental pollution problems have emerged which had led
to monitoring and controlling of quality and quantity of
liquid effluents discharged into the natural water-bodies or
municipal treatment plants, especially by the industry [812]. The effects of water-body contamination include the
eutrophication of rivers and dams due to the high inorganic
and organic matter, namely, nitrogen and phosphorus compounds from industrial activities and organic matter, such
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as COD and BOD5. Some industries have been fined by
the national water authority and the municipal authority
for discharging poor quality effluents that do not meet the
discharge standards into the natural water-bodies as well
as the municipality water treatment plants [7, 13, 14].
Therefore, the aim of this study was to monitor, characterize and quantify the wastewater pollution load from a
beer making industry in one of the South African breweries, KwaZulu – Natal, and to assess the level of compliance to the local legislative guidelines for effluent disposal, and for generating data for both the industry and
the local authority.
2. MATERIALS AND METHODS

2.3 Analytical quality assurance and statistical analysis

Both reagent and sample blanks were used for all the
methods that required the use of the spectrophotometer
and Aquakem Gallery discrete autoanalyser. Standard solutions were prepared for the analysis of COD and protein
content. Before any measurement could be done, instruments were calibrated using standard solutions. The sample bottles were cleaned thoroughly using a detergent, 1:1
HCl, triple rinsed with distilled water, and a final triple
rinse with the sample as suggested by Fatoki and Mathabatha [17]. The data obtained were used to calculate means,
ranges, and standard deviations. Graphs and data analysis
using ANOVA (analysis of variance) and correlation were
done using GraphPad Prism v 5.0, software package.

2.1 Wastewater sample collection

A series of pre-screened wastewater (effluent) samples
from the combined effluent stream of the brewery industry
A, in KwaZulu - Natal, South Africa were collected in 1-L
sterile glass bottles and transported to the laboratory at
4°C for analysis. Physico-chemical analyses were done
within 48 h of collection, with necessary preservation techniques adapted from Standard Methods [15].
2.2 Wastewater characterization

The brewery wastewater samples were analyzed for
parameters, such as temperature, pH, oxidation-reduction
potential (ORP), alkalinity, total chemical oxygen demand
(TCOD), soluble chemical oxygen demand (SCOD), BOD5,
total dissolved solids (TDS), total suspended solids (TSS),
volatile suspended solids (VSS), total solids (TS), volatile
solids (VS), crude protein, sulphates, ortho-phosphate, ammonia, total oxidized nitrogen (TON), nitrite (NO2), and
nitrates (NO3) which were thought to be significant according to Standard Methods for Examination of Water and
Wastewater [15]. Samples were analyzed using appropriate
classical and instrumental methods [15]. TDS, conductivity
(µS/cm) and O/R potential were measured using a calibrated electrode (YSI 556MPS, Yellow Springs, USA).
The pH and temperature were measured using a pH-meter
(Beckman pH 211 Microprocessor, USA). The BOD5
measurement was done using the respirometric method for
5 days (OxiTop TS 606/2-i system). The COD concentration in the wastewater was determined according to standard method 5220D [15]. A microwave digester (Milestone Start D, Sorisole, Italy) was first used to digest the
samples at 150°C for 2 h in COD vials containing the
digestion solution (0–15,000 mg COD/L). Then, the concentration was measured using an Aquakem Gallery discrete autoanalyser (Thermo Scientific, UK). The protein
concentration was analyzed using a UV/VIS spectrophotometer (Merck, Spectroquant Pharo 300, Germany) according to the protocol of Lowry et al. [16]. TS and TSS
values were determined by drying well homogenized samples, respectively, at 103°C for 24 h. The VS and VSS
fractions were determined from the weight loss of the dried
samples after incineration at 550°C for 1 h [15].

3. RESULTS AND DISCUSSION
The data obtained from the physico-chemical analysis
and the summary of the statistical analysis of the brewery
wastewater composition investigated during the months of
September 2011 to May 2012 are shown in Table 1. The
effluents produced from the brewery industry do not meet
the discharge limit for wastewater disposal to water-bodies
according to the European Union (EU) discharge limits [18],
although the local effluent discharge standards do vary from
one location, region and country to another as shown in
Table 1 for the South Africa National Water Act, No 36
of 1998, wastewater discharge standards from the Department of Water Affairs (DWA) 2010 guidelines [19].
Furthermore, the discharge limits are less stringent when
the effluent is to be discharged to a municipal wastewater
treatment plant [20].
The results of the analysis indicated that the quality
of the brewery wastewater from the plant does not meet
the discharge standards in terms of total and soluble COD
content of wastewater as well as the BOD5. The trends
and variability of the values as well as large standard
deviations from the means show that the pollution level of
the wastewater is high. The average and standard deviation of the total and soluble (degradable) COD values
were 5340.97 ± 2265 mg/L and 3902.28 ± 1644 mg/L,
respectively. The trends of total and soluble COD during
the courses of the brewery wastewater composition monitoring are shown in Figs. 1 and 2. There were large fluctuations in the strength and composition of the brewery
wastewater with the range being between 1096.41 to
8926.08 mg/L for TCOD and 1178.64 to 5847.74 mg/L
for SCOD. The variations in the COD concentration for
each week might have been due to the variation in the
activities and housekeeping practices from the brewery
plant, which can cause serious environmental impact and
closure of the production plant by the municipal authority,
if not kept in check. The observed values are in agreement
with the values of some brewery wastewater plants reported by Inyang et al. [4], Ikhu-Omoregbe et al. [7],
Parawira et al. [13], and Rao et al. [21], as shown in Table 2.
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Figure 3 shows the variation in BOD5 and SCOD
contents of the brewery wastewater. The BOD5 values
range between 1609-3980 mg/L, with the mean value of
3215.27 mg/L and a standard deviation of ± 870.9 (Table 1).
Low COD: BOD5 ratios of 1.932 ± 0.543 obtained in this
study were in accord with past reports, which suggested

that the wastewater content is biodegradable [22, 23].
Effluent from the brewery plant is regarded as a biodegradable industrial wastewater, and the COD concentration of brewery effluent that is more than 800 mg/L has
been reported to be more suitable for treatment using
anaerobic digestion [7, 22].

TABLE 1 - Statistical summary of brewery wastewater composition from the brewery plant and the indicative discharge limits in EU and
South Africa (SA).
Parameters

Range

Average value

Standard deviation

SA discharge limits [19]

Temperature (°C)

24-30.5

27.9

± 2.23

< 44

EU discharge limits [18]
-

pH

4-6.7.3

6.0

± 1.44

5.0 - 9.5

125

Total COD (mg/L)

1096.41- 8926.08

5340.97

± 2265

75

Soluble COD (mg/L)

1178.64 - 5847.74

3902.28

± 1644

-

-

BOD5 (mg/L)

1609 – 3980

3215.27

± 870.9

25

TS (mg/L)

1289 – 12248

5698.11

± 2749.06

Determined by the treatment capacity of receiving
sewerage treatment plant
-

VS (mg/L)

1832 – 4634

3257.33

± 1074.34

-

-

TSS (mg/L)

530 – 3728

1826.74

± 972.46

25

35

VSS(mg/L)

804 -1278

1090.86

± 182.74

-

-

TDS (mg/L)

961-1483

1281.6

-

1000

-

61.67-754.42

273.47

± 233.63

-

-

7.51 -74.1

23.71

± 21.88

10

1-2

Crude protein (mg/L)
Phosphates (mg/L)
TON (mg/L)

-

0 - 5.36

1.81

± 1.66

-

-

NH3 (mg/L)
Nitrate (mg/L)

0.48 - 13.05
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FIGURE 1 - Concentration of total COD content of brewery effluent from the plant over a period of 8 months.
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FIGURE 2 - Concentration of total and soluble COD content of brewery effluent from the plant in different weeks.
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FIGURE 3 - Concentration of soluble COD and BOD5 of brewery plant effluent during the monitoring period.
TABLE 2 - Reported brewery wastewater characterization from the literature.
Parameter
pH
Temperature
COD
TSS
VSS
TS
NH4-N
TN
TP

Units
ºC
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

Parawira et al. [13]
3.30-6.30
25-35
8240 = 20000
2020-5940
5100-8750
0.0196-0.0336
16-124

Ahn et al. [28]
6.3-6.9
910-1900
140-320
90-180
1300-2000
2.2-7.0
17-36
8.4-17

Rao et al. [21]
3-12
18-40
2000-6000
2901-3000
5100-8750
-
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Diaz et al. [29]
7.2
4000
1300
15
15
-

Rüffer et al. [30]
1120-1500
10-60ml/l
30-100
10-30

Inyang et al. [4]
11.97
471
81
0.39
0.462
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The results in Table 1 show that the brewery wastewater is high in solids with low nutrient concentration.
There were variations in TSS, TS VSS and VS contents of
the characterized brewery wastewater throughout the period of the monitoring process as shown in Fig. 4. The
wastewater was more concentrated in TS which might
have contributed to the level of increase in other parameters, such as TSS, VS, COD and EC [7]. The crude protein content of the brewery wastewater was found to be
higher than the value of 24.34 ± 0.60 % reported by
Senthilkumar et al. [24]. The protein value was between
61.67-754.42 mg/L, with corresponding mean and standard deviation of 273.47±233.63 mg/L. The pH and temperature values are within the reported limits for brewery

wastewater (Fig. 5) [7, 13, 25, 26]. Figure 6 shows the
alkalinity level of the brewery wastewater. However, the
fluctuation in phosphorus and nitrogen values of wastewater shows the conditions of the brewery plant at each
week of analysis. Phosphorus level was between 7.5174.1 mg/L (mean value 23.71 ± 21.88 mg/L). Observed
nitrate, nitrite and total oxidized nitrogen values showed
that there were traces of these nutrients in the brewery
effluent (Figs. 7 and 8). Raw material and the amount of
yeast present determine the level of effluent nitrogen and
phosphorus [21, 27]. In addition, there was fluctuation of
the effluent sulphate content (Fig. 9); there were weeks when
sulphate concentration was very low and not even detected.

Solids concentrations (mg/l)

20000
VS (mg/l)

VSS (mg/l)

TSS (mg/l)

TS (mg/l)

15000

10000

5000

9/
11
27
/0
9/
11
03
/1
0/
11
18
/1
0/
11
25
/1
0/
11
01
/1
1/
11
15
/1
1/
11
06
/1
2/
11
06
/0
2/
12
20
/0
3/
12
04
/0
4/
12
15
/0
5/
12
29
/0
5/
12

19
/0

07
/

09
/1
1

0

Sample dates
FIGURE 4 - Concentration of TS, VS, TSS and VSS of effluent in different weeks during the brewery plant monitoring.
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FIGURE 5 - Values of pH and temperature of brewery plant effluent in different weeks.
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FIGURE 6 - Alkalinity concentration of the brewery effluent throughout the monitoring process.
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FIGURE 7 - Concentration of phosphorus of the brewery effluent throughout the monitoring process.
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Nitrogen concentration in the wastewater
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FIGURE 8 - Concentrations of ammonium, nitrate, nitrate and total oxidized nitrogen in the brewery effluent.
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FIGURE 9 - Sulphate concentration in the brewery effluent.

During the second week of wastewater characterization, the concentrations of ortho-phospates, sulphate,
ammonia, nitrite and pH increased from 7.61 to 11.24, 0
to 2214.2, 9.3 to 40.94, 0-11.6 and 6.45 to 6.70 mg/L,
respectively, while there was a reduction in the effluent
TCOD and total solids from 5219 to 1096 and 4458 to

1289 mg/L, respectively. The concentration of COD later
increased with no sulphate detection in the wastewater
from the brewery until the 6th week, when 45.1 mg/L of
sulphate was detected in the brewery wastewater with an
increase in ortho-phosphates, ammonia and nitrite of
51.46, 11.98 and 4.64 mg/L, respectively, but with a re-
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duction in pH of the brewery wastewater. Correlation test
was performed to determine the relationship between
ortho-phospates and sulphate concentrations measured in
this study. The relationship between the two parameters
was significant with a correlation coefficient of 0.4361 at
P <0.05. Two-way ANOVA was conducted to compare
the concentration of ortho-phosphates, sulphate and COD.
The result showed that there was a significant difference
between these 3 parameters measured with P value <0.05.
Likewise, the analysis of variance showed that there is a
relationship between ammonia, nitrite and total oxidized
nitrogen concentrations of the brewery effluent.
Furthermore, one-way ANOVA was conducted to
compare the concentration of ortho-phospates, sulphate,
ammonia, nitrite, total oxidized nitrogen, COD, sulphate
and pH of the effluent generated from the brewery plant.
There was a significant difference in the concentration of
the effluent variables measured at the P <0.05 level for
the parameters when repeated measured ANOVA was
used [F (6.13) = 44.86, P <0.0001, R2 = 0.7753]. Post test
comparison using the linear trend indicated that the parameters analyzed were significantly related, and concentrations of pollutants measured during the course of monitoring the brewery wastewater characterization suggest
that the level of activities during beer production does
affect the pollution load of the final effluent and the concentration of the pollutant.
4. CONCLUSIONS AND RECOMMENDATION
The nature of grains (sorghum, maize and barley)
used as raw material for beer production and the operational practices can be some of the contributing factors for
the differences in the observed brewery wastewater composition. Other factors that might have contributed to the
effluent variation could be equipment failure, the channel
or pipes that the effluent passes to the wastewater storage
tank. However, the results of this study showed that the
quality of effluent from this brewery plant is high in
COD, BOD, TSS, ammonia and protein content, and
does not meet the required effluent regulatory standards.
Therefore, there is a need to treat the brewery wastewater
in order to protect the environment and reduce the cost of
penalties that the industry may incur when it discharges
this effluent into the municipal wastewater treatment
plants. From the results, the COD: BOD ratio indicated
that the effluent is high in organic matter which is highly
biodegradable. This is the type of effluent that can be
treated by anaerobic digestion. On the basis of this, it can
be suggested that this plant needs an on-site effluent
treatment plant to reduce the high pollutant loads of the
effluent before it is discharged into the municipal wastewater treatment plants or water-bodies.
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EFFECT OF SOIL SLOPE ON PHOSPHORUS RUNOFF
FROM VEGETABLE FIELDS IN TAIHU WATERSHED, CHINA
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ABSTRACT
Soil slope primarily influences the effective soil mass
that interacts with rainfall and runoff waters by determining the flow depths and velocities. Therefore, soil slope
has a direct impact on soil phosphorus loss by runoff flux
and velocity. To better elaborate the effect, this study designs four slopes (0%, 3%, 7% and 14%) from field runoff
plots by artificial rainfall simulations. Results showed
that, with the increase of slopes, initial runoff-yielding
time evidently decreased and cumulative runoff volumes
increased obviously. There existed a power function correlation between overland cumulative volumes and slopes.
The changing trends of total phosphorus (TP) and particulate phosphorus (PP) followed the same trend for the same
slopes: 1) concentrations were higher at the early stage; 2)
then decreased rapidly with time, diminished gradually and
finally reached a comparative steady stage after 20 min
effective runoff. The changing trends of TP, PP and dissolved phosphorus ( DP ) indicated no obvious differences
except for 14% slope. The 14% slope had obvious effects
on soil phosphorus loss which showed steeper slope can
cause more loss of soil phosphorus. In a certain range of
slope, soil nutrient losses were highly sensitive to slope
gradient, and generally increased to different degrees with
increasing slope. The exponential function can be more
suitable for fitting the correlations between slopes and soil
nutrient losses for the slopes in this study.
KEYWORDS: slope, soil phosphorus, runoff, artificial simulations rainfall, phosphorus flow-weighted mean concentrations

1. INTRODUCTION
Phosphorus is one of the essential nutrients for agricultural crops. Excessive amounts of phosphorus are applied to agricultural soils in order to assure proper development of the plant, which leads to a build-up of phosphorus in soil and a great risk of impairment to surrounding surface waters [1]. This can contribute to eutrophica* Corresponding author

tion of surface waters when transported by runoff. Therefore, soil phosphorus loss becomes the hotspot in environmental and agricultural fields [2, 3]. Soil phosphorus
loss is a very complex process, and is affected by soil properties, slope, rainfall process, underlying surface, farming
practices and other comprehensive factors [4]. For example, slope can affect soil granule stability, erosion modes
and sediment carrying capacity of surface runoff by changing overland hydrodynamic conditions. Therefore, slope is
very important for evaluating the risk of nutrient loss on a
field by field basis.
Some previous studies have investigated the effects
of slope on surface runoff production, sediment transport
and nutrient loss, where surface runoff and soil phosphorus loss often increased with slope increased [5]. Many
researchers have shown that soil loss increases exponentially with the slope gradient [6]. Haggard et al. [7] have
found that surface runoff volume increased with the natural logarithm of slope. However, some other studies have
found there is a critical value of slope, above which, the
capability of runoff erosion stabilized or decreased as slope
increased [8]. Hudson [9] observed that erosion increases
exponentially with slope, but that runoff increases rapidly
at first (up to roughly 2% of slope) and then stabilizes. Lal
[10] observed that runoff stabilized above a certain gradient. Although a number of studies have validated the existence of gradient thresholds, different critical slopes had
been observed. Horton [11] observed that 57% was a gradient threshold in theory. Jia and Wei [12] showed that the
slope gradient between 20% and 25% was a critical degree ranger to exist. Ekwue and Harrilal [13] showed that
soil erosion and runoff increased with slope gradient (930%). Different views of gradient thresholds were declared due to different methods and regions.
Although a number of studies have been conducted
on the effect of slope by runoff, and most published papers have also considered sediment erosion in the arid soil
and soil and water conservation benefit comparison by
laboratory experiment. But the field soil and vegetation
characteristics in different slopes are different from laboratory simulation experiments. The specific objectives of
this study were to evaluate the effect of slope from field
runoff plots on soil phosphorus runoff loss, and to provide
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a scientific basis for agricultural rich phosphorus in soil
slope management and watershed non point source pollution control by adopting the method of artificial simulation of rainfall runoff plots.
2. MATERIALS AND METHODS

set up. Each treatment had three replicates of rectangular
1 × 2 m with a random block design. Vegetable coverage
density was uniform. Rates of inorganic N fertilizer (Carbamide), P fertilizer (superphosphate phosphate) and K
fertilizer (Potassium Chloride) were respectively 200 kg
N ha-1, 75 kg P ha-1 and 100 kg K ha-1 respectively. N, P
and K fertilizers were used as basal fertilizers by surface
broadcast.

2.1 Field site and experiment designs

Experiments of field runoff plots on 1 × 2 m were
conducted in vegetable fields of Hongsheng town near
Wuxi city, which was in the typical region of Taihu watershed (Fig. 1). Soil texture was mainly clay loam, and
basic physical and chemical properties are shown in Table 1.

2.2 Rainfall simulations

Rainfall was applied using the rainfall simulator at
1.67 mm min-1 (100 mm h-1). It lasted for 30-min after
effective runoff generation. Plots were isolated on the
upper three sides by PVC boards driven 15 cm into the
soil and extending 10 cm above the soil. At the lower end
of each plot, a gutter was inserted 5 cm into the soil with
the upper edge level with the soil surface. The gutter was
equipped with a canopy to exclude direct input of rainfall.
The portable artificial rainfall simulator of BX-1 type was
produced by Institute of Soil and Water Conservation,
Chinese Academy of Science. The instrument was composed
of nozzle, driver, dynamical and providing-water systems.
This rainfall simulator can be set to any pre-selected rainfall intensity, ranging from 10 to 332 mm h–1, by programming the aperture of the nozzles. It had a height of 6 m
above the soil surface and a coefficient of uniformity of >
80% within the 3 × 5 m area.
2.3 Sampling and laboratory analysis

FIGURE 1 - The location of experiment site in Taihu Watershed

The topography is high in the west and low in the
east. The slope gradients of farmland in Taihu watershed
are primarily distributed between 0 and 3%. Therefore, the
range of 0 to 14% can represent the slope of farmland in
Taihu Basin. Four slopes (treatments) 0, 3, 7 and 14% were

Each sample was collected on a 5-min interval for the
full 30-min of the runoff event. Runoff volumes were measured and then samples were stirred uniformity. 500 ml of
each sample was taken to measure concentration of different P forms. Runoff water samples were stored at 4 ℃ for
analyzing. During the simulated rainfall, rainwater was
collected as blank contrast.

TABLE 1 - The physical and chemical properties
Bulk gravity
(g cm-3)
1.23

Soil texture
Silt loam

5.85

A
- 0. 1109x

y = 17. 835e
2
R = 0. 9354

15

Cumul at i ve r unof f
vol ume ( L)

I ni t i al r unof f yi el di ng t i me ( mi n)

20

10
5
0
0

3

6

9

Total P
(g kg-1)
1.23

Organic matter
(g kg-1)
29.75

pH

12

40
35

B

0

3

Water content
(%)
13.30

7

14

30
25
20
15
10
5
0
5

15

Olsen-P
(mg kg-1)
174.47

10

15

20

Runof f t i me ( mi n)

Gr adi ent ( ° )

FIGURE 2 - The Initial runoff-yielding time and the cumulative runoff volume influenced by slope
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Three items, including total phosphorus (TP), dissolved phosphorus (DP) and dissolved inorganic phosphorus (DIP), were measured. TP was determined by ammonium persulfate and sulfuric acid digestion on aliquots of unfiltered runoff water. DP was filtered through a 0.45 µm
Millipore and determined with ascorbic acid method. DIP
was determined by molybdenum blue colorimetry. Particulate phosphorus (PP) was calculated by subtraction between TP and DP.
Soil samples included following items: pH (1:1 meter);
Total phosphorus (HClO4-H2SO4 digestion, molybdenum
blue colorimetry); Olsen-P (NaHCO3, molybdenum blue
colorimetry); Organic matter (K2CrO7-H2SO4, oxidation);
Bulk specific gravity (loop reamer); Soil containing water
content (drying method). Detailed methods are described in
the “Analytical Handbook of Soil Agricultural Chemistry”[14].

exponential function relationship existed between initial
runoff-yielding time and slope (y=17.84e-0.111x, r2=0.94).
Slope distinctly affected flow processes and cumulative runoff volume (Figure 3B). Other studies have also
shown similar responses to slope [5, 15]. With the increase
of slope, filtration flow reduced and surface runoff increased. The maximum volume of cumulative runoff was
measured at the maximum slope (14%). Cumulative runoff volume respectively increased by 2.06 times from 0 to
3%, 2.78 times from 0 to 7%, which showed the cumulative runoff volume was not significantly influenced when
the slope range was from 0 to 7%. However, when slopes
increased from 7% to 14%, Cumulative runoff volume
increased by 8.05 times, which showed the range of 7% to
14% had a significant effect on surface runoff. On a larger
perspective, a weak, but significant, relationship has been
observed between catchment slope and annual runoff [16].
The study observed a power function relationship between
the cumulative volume in surface runoff and slopes.

3. RESULTS AND DISCUSSION
3.2 Effects of slopes on P loss of different forms in surface
runoff

3.1 Effects of slopes on the rainfall-infiltration-runoff process

Slope is one of the important factors on overland flow.
Slope affects the infiltration, runoff and flow rate by changing hydrodynamic conditions of slope. From Figure 3A,
with the increase of the gradient, the initial runoff-yielding
time was obviously shortened and the time of flowyielding was brought forward. The time to surface runoff
was variable between treatments. When the slope gradient
increased from 0 to 14%, its initial runoff-yielding time
decreased from 15.45 to 3.33 min. When only slope gradients from 0 to 14% were used in curve regression, an
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The concentrations of TP, PP, DP, DIP and DOP in
runoff during the 30-min effective runoff event for four
slopes were presented in Figures 4A-4B. The changes of
TP and PP concentrations with the time in surface runoff
showed a similar trend at the same slope. The concentrations were greatest in the initial runoff, decreased gradually with time and finally reached a comparative steady
stage after 20-min effective runoff generation. Fu et al. [17]
revealed that the downslope splash loss increased with
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slopes and then decreased after a maximum value was
reached. However, the DP, DIP and DOP concentrations were 0.75~1.70 mg·L -1 , 0.54~1.30 mg·L -1 and
0.13~0.49 mg·L-1 respectively, and were not significantly
related to the steepness of slopes. In rainfall-runoff event,
majority loss of TP in runoff was particulate P (PP) which
accounted for 64%~77%, and the concentration of PP was
determined by the content of TP in surface soil and surface runoff volume. DP was related to Olsen-P in surface
soil and depth of surface soil-runoff interaction. Loss of
DIP in runoff accounted for 44%~91% of DP. This clearly
showed that DIP in runoff in all slopes was the dominant
carrier for DP loss.

from steeper slope was greater during early runoff event,
which caused more soil particles and DP release into the
runoff. The majority of P is transported attached to soil.
Therefore, loss of TP, DP and PP concentration was higher
in the initial runoff. Runoff flow increased significantly
with the extension of rainfall time. Soil nutrient had a
dilution effect, which made loss of TP, DP and PP concentration significantly decrease until the concentration
was similar to the other three slopes. Loss of TP, DP and
PP concentration has not shown significant difference at
0%, 3% and 7%. This may be that when the slope is gentle, runoff energy is too weak to carry relatively coarse
sandy particles very far.

3.2.2 Characteristics of P loss under different slope

PP

Mean concentration
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During the 30-min effective rainfall-runoff event, although dynamic changes of different P forms in surface
runoff under different slopes showed some differences,
general changes followed the specific trends (Figure 4).
The concentrations of different forms were greatest in the
initial runoff, decreased gradually with time and finally
reached a comparative steady stage after 25-min effective
runoff generation. When slope was 14 degree, TP, DP
and PP concentration were 2.98 ~5.92 mg L-1, 0.91~1.36
and 2.07~4.56 mg·L-1 respectively, which greatly exceeded the other three slopes. There are two factors affecting and causing these results. First, soil particle was
unstable and prone to erosion due to increased tangential
gravity on steeper slopes. Second, erosion resistance applied by the raindrops to soil surface and the runoff velocity increased with slopes [18]. When runoff-yielding occurred, the velocity and transport capacity of runoff flow
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3.3 P flow-weighted mean concentrations under different slopes

In order to analyze the differences of P mean concentration in surface runoff, P flow-weighted mean concentrations were put forward, which was for time integration
by the weight of runoff flow. The formula is as follows:

704

© by PSP Volume 23 – No 3. 2014

Fresenius Environmental Bulletin

 n −1 Q C + Qi +1C i +1
  n −1 Q + Qi +1

× ∆t  /  ∑ i
× ∆t 
C = ∑ i i
2
2
 i =1
  i =1


According to the formula, P flow-weighted mean
concentrations of different forms were calculated during
30-min effective rainfall-runoff process. As illustrated in
Figure 5, the current study observed that flow-weighted
mean concentration of DP, DIP and DOP had no significant difference for four slopes. This may be that runoff
flow obviously increased with rainfall process, which greatly
diluted concentration of DP, DIP and DOP. The effect of
dilution was greater than one of slope, so there was no
significant impact of slopes on flow-weighted mean concentration of DP, DIP and DOP. However, flow-weighted
mean concentration of PP basically increased with slope
gradient. Flow-weighted mean concentration of PP was
3.08 mg/L for 14%, which were 1.56, 1.28 and 1.10 times
higher than that of 0%, 3% and 7% respectively. The corresponding values of PP increased in the order 14%>7%>
3%>0. In general, TP flow-weighted mean concentration
increased with slopes.
3.4 P loss in surface runoff under different slopes

There is an important effect of slope on overland soil
nutrient loss. Slopes affected surface soil granule motion,
erosion mode and sediment carrying capacity by changing
flow velocity in runoff. P loss of different forms was calculated during the rainfall-runoff process according to the
runoff flow in different periods and phosphorus concentration in the same period under different slopes. As shown in
Figure 5, slopes had obvious effect on P loss of different
forms during 30 min effective rainfall-runoff process.
When the slope was from 0 to 3%, TP, DP, DIP, DOP and
PP loss respectively increased by 2.42 times, 2.22 times,
2.02 times, 2.77 times and 2.52 times. But when the slope
was from 3% to 7%, P loss of different forms had no
significant difference. When the slope was from 7% to
14% degrees, TP, DP, DIP, DOP and PP loss increased
respectively 5.16 times, 5.24 times, 7.11 times, 2.59 times
and 5.06 times. Therefore, there was a close relationship
between P loss and slope gradient.
Based on observational data in this study, an exponential curve was goodness of model fit for the relationship as illustrated in Figure 6. The models respectively
were as follows: yTP = 4.24e0.20x (n = 4, r2 = 0.98), yDP=
1.34e0.19x (n = 4, r2 = 0.97), yPP=2.91e0.21x (n=4,r2=0.98),
yDIP = 0.88e0.21x (n = 4, r2 = 0.96), yDOP = 0.88e0.21x (n= 4,
r2= 0.96).

P h o sp h o ru s lo ss in ru n o ff
-2
(m g ·m )

where, C is P flow-weighted mean concentrations of
different forms in runoff water, mg L-1; Qi, Qi+1 represents
runoff volume at i and i+1 time, mL min-1; Ci, Ci+1 represents P form concentration at i and i+1 time, mg L-1;∆t
represents time interval, min; n represents the amount of
samples. In the formula, the molecule and denominator
represent phosphorus output and runoff flow in certain
rainfall process respectively.
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4. CONCLUSIONS
In this study, we have observed that there exists a
significant effect of slope on initial runoff-yielding time
and surface runoff production, where surface cumulative
runoff increased with the power function of slopes. Overland water infiltration is mainly affected by the pressure
of atmosphere and water layer. With the increase of the
slope, the pressure of water layer along overland direction
will be increased, while the pressure along the vertical
direction will be decreased, which lead to decrease the
soil infiltration capacity and increase surface runoff. When
the slope was gentle (0, 3% and 7%), runoff energy is too
weak to carry relatively coarse sandy particles very far,
and TP, DP and PP concentration showed no significant
difference. When the slope was steep (14%), concentrations greatly exceeded the gentle slopes. Whether gentle
or steep slopes, changes of P concentrations with the time
followed a similar trend: the concentrations were greatest
in the initial runoff, decreased gradually with time and
finally reached a comparative steady stage after 20-min
effective runoff generation. This study observed that flowweighted mean concentration of DP, DIP and DOP had no
significant difference for four slopes. However, flowweighted mean concentration of PP basically increased with
slope gradient. Soil particles from 14% were particularly
vulnerable to erosion, resulting in significantly greater TP
concentrations in runoff. Therefore, there existed a significant effect of slope on P loss in surface runoff, which
displayed a significant exponential function relationship
between P loss of different forms and slopes. Further, possible future works are recommended in the effect of slopes
on P loss based on variations of antecedent soil moisture.
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ABSTRACT

1. INTRODUCTION

Streamflow prediction remains crucial to decisionmaking especially when it concerns planning and management of water resources systems. The prediction of
streamflow however, comes with various complexities
arising from non-linear and dynamic nature of the climatological and hydrological factors. Several modelling
studies relating to streamflow prediction have been carried
out using different approaches. However, considering the
non-linear and dynamic behaviour of hydro-climatological
processes, a significant amount of historical data is required in all these approaches in order to achieve accurate
and reliable results. Genetic Programming (GP), a computational intelligence approach based on evolutionary algorithm was employed in this study to predict the response
of streamflow to hydro-climatic variables in the upper
Mkomazi River in South Africa using limited amount of
datasets. Historical records for a period of nineteen years
(1994-2012) were used for the construction and selection
of input variables into the GP vector space. Individual
monthly models were employed for streamflow prediction
for each month of the year. The performances of the models were evaluated using three statistical measures of accuracy. Results obtained indicate a close agreement and highly
positive correlation between observed and predicted values
of streamflow during the training and validation phases for
all the twelve models developed. These results further confirm the efficacy of the GP approach in monthly streamflow
prediction despite the use of limited amount of datasets.

KEYWORDS:
Streamflow prediction, evolutionary algorithm, genetic programming (GP), modelling and simulation, upper Mkomazi River
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Streamflow remains a fundamental component of the
water cycle due to its role in the provision of freshwater
for humans and ecosystems [1]. Streamflow also serves as
a source of water supply for numerous sectors which
benefit from its availability. Examples of such sectors
include agricultural, energy and manufacturing sectors
just to mention a few. Thus, prediction of streamflow both
on short-term and long-term basis is critically important
as it forms the basis upon which water managers, consumers and other stakeholders put in place planning, control and adaptive strategies, thereby ensuring water availability and security. Short-term predictions are made to
provide signals about impending dangers of flood and
drought, while long-term predictions help in providing information for long-term water supply strategies [2]. Monthly
streamflow is of particular interest to water-use administrators and relevant stakeholders in the need to determine the
inflows into reservoirs, and also for optimization of reservoir operations [2-4]. Streamflow predictions also influence the making of financially-related decisions especially
when there is need to maximize returns on investments
made on available water resources [5]. Such investments
include the construction of bridges and the location of impoundment sites on a river. However, effective streamflow prediction cannot be carried out without an appraisal
of the fundamental factors that impact streamflow. In
river hydrology, streamflow variation remains a major consequence of the non-linear nature of hydro-meteorological
drivers within and around a river basin [6].
Owing to the importance of streamflow prediction,
several hydrologic models have been developed to provide a detailed representation and interpretation of the
complex and non-linear hydro-climatological processes.
These models can be categorized into physically-based
(process) models and data-driven models (DDMs). However, all these models require significant amount of data for
their respective calibration and validation [7]. The physically-based models are generally referred to as “knowledge-driven” models based on their ability to capture the
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hydrological processes in a river catchment and also incorporate laws based on the physics of water movement
in the catchment. They can be further sub-categorized into
lumped, semi-distributed and distributed models. These
models are deliberately configured to portray the behavioral characteristics of the catchment; thus, they are very
effective in exploring the impacts of climatic variables on
hydrological processes. However, difficulties in model
parameterization, complexities in model formulation and
huge training data requirements serve as major drawbacks
to the use of these models, especially in areas where large
hydrological datasets are often unavailable [8-11]. A vast
amount of studies have been conducted by using physically-based (process) models in predicting streamflow
response to climatic variations [12-20].
Data-driven models on the other hand define the relationships between the system state variables (input, internal and output variables). They describe the behavior of
the hydro-climatological processes by taking into account
only limited assumptions about the underlying physics of
the system being modeled. These models rely upon the
methods of computational intelligence and machine learning, and thus assume the presence of a considerable amount
of data describing the modeled system physics [21]. However, they can be very effective for the specific circumstance for which they were developed [22]. DDMs have
been widely applied in numerous hydrologic studies, and
significant number of successes has been recorded. The
popular methods include (i) the artificial neural networks
(ANN) [2,23-25]; (ii) fuzzy-rule based systems [26-28];
(iii) tree-based methods [29,30]; (iv) genetic programming [1,3,31-35] and (v) support vector machines (SVM)
[36-38]. These data-driven modelling techniques are now
being considered as an approach that will complement or
replace the “knowledge-driven” models [39].
This study employs the genetic programming (GP)
approach to predict monthly streamflow response to climate variables in the upper Mkomazi River in South Africa. GP is a data-driven modelling approach which uses
the principle of natural selection (survival of the fittest) to
evolve models that best give the representation of a system [40]. GP is a population-based search which evolves
models in form of computer programs. Unlike other predictive or modelling methods which only optimizes the
model parameters (e.g., ANN), GP is a unique method which
optimizes both the form of the model and its parameters. The
advantages of the GP method over other DDMs have been
widely reported by numerous studies. GP has been found to
have better forecasting ability even when the amount of
dataset is relatively small. Ni et al. [9] applied the GP
method in streamflow prediction in the West Malian River,
China using minimal datasets. The performance of the GP
method was compared to that of three other methods (including the multiple linear regression, grey theory and
multilayer perceptron network). Results showed that GP
provided predictions that were superior to those of the
other three models; in that the GP predictions agreed

more substantially with the observed data. Several other
studies also found the GP method better than other DDMs
when using small datasets [34,41]. Another advantage of
the GP method is its ability to assign functional relationships between different input parameters in a transparent
and well-structured form, unlike black-box models [42].
The GP method also has better prediction accuracy not
only in normal events, but also in extreme events [39]. A
comprehensive review of the applications of GP in the
field of hydrology is provided in [43].
This study focuses on the use of GP in predicting
monthly streamflow using limited hydro-climatic datasets
available for the study area. Twelve GP models were developed; one for each month of the year. The performance
of the GP evolved models were also evaluated and compared
with each other using three model performance evaluation
criteria namely mean squared error (MSE), mean absolute
percentage error (MAPE) and coefficient of determination
(R2). Each of the performance evaluation measures provides different information about the predictive ability of
the model. The mean squared error (MSE) measure is
based on the squares of the differences between observed
and predicted output values. An attribute of squared error
measures is that they tend to be dominated by high extreme values [44]. Alternatively, the mean absolute percentage error (MAPE) measure which is based on absolute differences between observed and predicted output
values is employed, to provide some insight into the degree of the model errors, while the coefficient of determination, R2, is also applied to describe the degree of collinearity between observed values and predicted values [44,
45]. Thus, information is provided with respect to the
proportion of variance in observed values as explained by
the developed models. GP was adopted as a suitable tool
for monthly streamflow prediction in this study because
of its advantages over other data-driven models especially
as it relates to the use of limited datasets.
2. MATERIALS AND METHODS
2.1 Description of study area

The upper Mkomazi River catchment is located in the
province of KwaZulu-Natal in South Africa. The Mkomazi River originates in the upper Drakensberg mountains, with elevations ranging from sea level to approximately 3300 m, and flows in a South-Easterly direction
into the Indian Ocean near the town Umkomass about
40km South-West of Durban (Fig. 1). The flow length is
about 160 km, draining an area of about 4400 km2. The
river has several large tributaries which include the
Loteni, Nzinga, Mkomanzana and Elands rivers. Major
water-related activities in the catchment include irrigation
and afforestation; thus, the river plays a crucial role in
catering for water needs in the catchment.
The climatic conditions in the semi-arid catchment
are characterized by high seasonality with dry winters and

708

© by PSP Volume 23 – No 3. 2014

Fresenius Environmental Bulletin

a summer rainfall season. The mean annual precipitation
(MAP) is higher in the upper altitudes of the catchment as
it varies between 1000 mm and 1200 mm in the upper
Drakensberg down to values of less than 700 mm in the
central areas, which are the most arid regions in the
catchment; thus, most of the catchment runoff is generated in the upper Mkomazi. The maximum rainfall occurs
in the summer months between January and February, and
minimum rainfall between June and July. The mean annual temperature varies between 15°C in the “High Berg”
area of the Drakensberg and 24°C in the central area of
the catchment. Frost can occur especially in the mountain
areas in the winter months of July to September.
The catchment is characterized by highly intra- and
inter-seasonal streamflows. The annual water yield in the
upper Mkomazi is estimated to be 568 million m3. The river
serves as a major tributary to the Umgeni River which
supplies the heavily populated and industrialized Pietermaritzburg and Durban regions, and currently plan is on
ground to transfer water from the Mkomazi Catchment to
augment the Umgeni. This development will have significant impacts on the natural streamflow of the Mkomazi.
Therefore, correct estimation of the streamflow fluctuations in the upper Mkomazi will help water managers understand its dynamics in this era of climate variations and
also in planning for adaptive water resource allocation to
meet future water demands.
2.2 Methodology

Genetic programming (GP) [40], is a relatively new domain-independent and systematic method that genetically

breeds a population of computer programs to solve problems. GP is a member of the evolutionary algorithm (EA)
family and an extension of Genetic Algorithm (GA).
However, unlike GA which optimizes parameters using
binary strings, GP evolves computer programs usually in
the form of parse trees. GP is a population based search
which begins by initializing randomly generated programs
and applies the Darwinian principle of natural selection
(survival of the fittest) to select the program that best solves
a problem. The randomly selected programs are evaluated
based on a “fitness function” which accounts for how
well they solve the given problem. The selected best programs are then transformed into a new generation of
computer programs using biologically inspired (genetic)
operators which involves applying slight changes in the
structure of the selected programs to achieve better solutions/programs. The following are the primary operators
employed in GP:
1. Selection: Parent programs are chosen randomly based
on their fitness values for the purpose of reproduction.
2. Crossover: A special tweak, which takes the parent
programs, swaps sections of them, and usually produces child programs.
3. Mutation: The creation of a new child program by
randomly altering a randomly chosen part of a selected parent program.
The GP representation consists of numerical constants and variables generally referred to as “terminals”,
T, and arithmetic, relational and trigonometric operations
which are internal nodes called “functions”, F. The selected

FIGURE 1 - Location of study area in the KwaZulu-Natal Province, South Africa Source: DWAF [46]
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terminals and functions constitute the primitive set of the
GP algorithm.
The five major preparatory steps that should be
adopted before running a GP algorithm according to [40]
are:
1. Selection of the set of terminals
2. Selection of the set of functions
3. Determining the fitness function
4. Determining the parameters for controlling the run, and
5. Defining the criterion for terminating the run.
A more in-depth discussion on GP can be found in
Koza [40]; Poli et al. [47] and [43].

2.3 Analysis of datasets

Historical monthly records of mean streamflow were
obtained from the Department of Water Affairs (DWA).
Streamflow data for a period of 19 years from gauging
station U1H005 (Mkomazi River @ Lot 93 1821) were
used in this study, as data from two other gauging stations
within the upper Mkomazi catchment were relatively
short. The South African Weather Service (SAWS) provided the corresponding climatic data from three independent weather data stations (Pietermaritzburg, Shaleburn and Giant Castle) located within the study area. All
data were used in the construction and selection of variables into the input vector space of the GP model.

FIGURE 2 - Plot of monthly rainfall of the three weather stations and average monthly streamflow measured at gauging station U1H005.

FIGURE 3 - Plot of average monthly temperature of the three weather stations and average monthly streamflow measured at gauging station
U1H005.
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FIGURE 4 - Plot of annual rainfall at the three weather stations versus total streamflow at gauging station U1H005 during the period under
study (1994-2012)

FIGURE 5 - Plot of average annual temperature at the three weather stations versus total streamflow at gauging station U1H005 during the
period under study (1994-2012)

Figures 2 and 3 show plots of monthly averages of
rainfall, temperature and streamflow data for the period
under study. The plots show that the rainfall and temperature data for the three stations seem to have the same
pattern, though with different values. It is also observed
that the streamflow pattern follows after the rainfall and
temperature distribution. An increase in streamflow in the
river occurs between the months of October to February
and starts to decline till it reaches the minimum between

the months of June to July; same as for rainfall and temperature. It can be reasoned out that rainfall and temperature both contribute to the magnitude of streamflow in the
river. Also, Figures 4 and 5 show plots of annual streamflow against values of annual rainfall and average annual
temperature respectively. A downward trend in annual
streamflow from year 2000, and series of fluctuations
thereafter can be observed from the plot.
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2.4 Selection of input variables

Several processes that influence streamflow generation in hydrology include precipitation, temperature, evaporation, soil moisture, vegetation cover, land use etc. [48,
49]. However, historical records of all these factors are
often unavailable or limited to certain areas, which therefore pose a challenge to achieving reliable predictions. More
recently, studies have shown the potential of GP in giving
good predictions using minimal datasets [9, 34, 41].
In this study, due to limitation of datasets, the construction of the input vector space for the GP algorithm was
done using the available datasets of rainfall and temperature. Streamflow values during the same month of previous
years were used alongside rainfall and temperature data
from three different weather stations within the area of
study. Sivapragasam et al. [3] established that the inclusion
of climatic information from surrounding areas when combining antecedent flow and climatological data in flow
forecasting do result to drastic improvement in forecast
accuracy. Thus, rainfall and temperature information from
three independent stations located within the upper Mkomazi were incorporated into the GP input vector space.
2.5 Model development

In this study, the approach in the prediction of
monthly streamflow is to employ a 1-year lead time, as
individual models were developed for streamflow prediction for each month of the year. The use of individual
monthly models in high lead time prediction have been
found to produce better predictions when compared to the
adoption of a single model, which often produce poor
predictions [3].
The parameters used for the purpose of model development are: Qt is streamflow for a given month in tth year,
Qt-1 is streamflow for the same month in the (t-1)th year,
Qt-2 is streamflow for the same month in the (t-2)th year,
Qt+1 is streamflow for the same month during the next
year, R1t is rainfall for a given month in tth year for
weather station 1, R2t is rainfall for a given month in tth
year for weather station 2, R3t is rainfall for a given
month in tth year for weather station 3, T1t is rainfall for a
given month in tth year for weather station 1, T2t is rainfall for a given month in tth year for weather station 2, T3t
is rainfall for a given month in tth year for weather station
3, Qo is observed value of streamflow, Qp is predicted
value of streamflow, n is number of data points, i is
counter from 1 to number of data points. Weather station
1 represents Pietermaritzburg (PMB), weather station 2
represents Shaleburn, and weather station 3 represents
Giant Castle.
Results of correlation analysis presented in Table 1
indicate high correlation between the values of streamflow for the past three years and that of the current year.
The results also revealed that streamflow variations had
close relationship with both rainfall and temperature from
the selected weather stations.

TABLE 1 - Correlation coefficients defining the relationship between
historical values input parameters and the target output (Qt+1)
Input Parameters
Qt
Qt-1
Qt-2
R1t
R2t
R3t
T1t
T2t
T3t

Target Output (Qt+1)
0.9983
0.9957
0.9966
0.7256
0.9203
0.8856
0.8605
0.8046
0.8072

The mathematical representation of the model can be
expressed as:
Qt+1 = f (Qt, Qt-1, Qt-2, R1t, R2t, R3t , T1t, T2t, T3t) (1)
The streamflow and climatic data prepared for each
month constituted 16 nodes and were split into two parts.
About two-third of the datasets was used for model training, while the remaining one-third was used for validation.
The training datasets were used for the purpose of model
development while the validation datasets were used to
check predictive capability of the models. The function set
of the GP was supplied with arithmetic, comparison and
trigonometric functions in order to capture details of the
relationship between the input variables and the target
output.
“Discipulus”, a GP software developed by Register
Machine Learning Technologies, Inc. [50], is used for
implementing GP. Discipulus is a linear genetic programming (LGP) software that evolves models in form of computer programs written in machine language. The machine
language programs however can be decompiled into other
computer languages such as Assembly, Delphi, C, C# and
Java. This enables the source files to be called and new
data sent to them. Discipulus evolves two categories of
computer programs as solution to the modelling problem
namely, a “program model” or a “team model”. A program
model is a single program that defines the relationship
between the input and output data. A team model is a combination of single program models that are combined to
produce a better result than any of the single program
models. The reader is referred to Francone [50] for comprehensive description of the features of Discipulus.
The objective function of the modelling problem is to
minimize the mean square error that can be obtained between the predicted and the observed values of streamflow. This can be expressed mathematically as:
 n (Qoi − Q pi ) 2 
F = Min∑

n
 i =1


(2)

Results from this study are from the best team models
that gave a better representation of the data compared to
that of the single program models. The GP algorithm for
each computation was run on an Intel Core i7 PC with
3.40GHz and 4GB RAM. These runs lasted for 6-11hrs,
with the total number of individual programs produced
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between 21 000 000 and 2 000 000 000. Summary of GP
simulation parameters used to control the run are given in
Table 2.
TABLE 2 - Summary of algorithm parameters used in this study
Parameters
Initial Program Size
Maximum Program Size
Crossover Rate
Block Mutation Rate
Instruction Mutation Rate
Instruction Data Mutation Rate
Population Size
Maximum Number of Run
Generations since Start of Run

Value
80
512
95%
30%
30%
40%
500
300
10 000

2.6 Model fitness and performance evaluation

The mean squared error function which measures the
fitness of evolved programs was calculated by taking the
average of the squared raw errors over the values in the
dataset. Also, the impact of each of the input variables in
making accurate prediction can be known by analyzing
their frequency of occurrence in the best thirty programs.
This contributes to the fitness of the program as GP exhibits a good ability to screen and prioritize the input
variables. The goodness of fit is measured using R-square
and F-score statistics against observed values of the training and validation datasets.
The need to evaluate the performances of evolved
models is of high importance, as it is a pointer to the potential of GP in providing reliable prediction. In essence,
a good model should offer the least differences between
the predicted and observed streamflows [1]. Three criteria
were used to evaluate the performances of the GP evolved
prediction models, and are described below:
1. The mean absolute percent error (MAPE): The
MAPE indicates a better model when its value approaches zero.
MAPE =

1 n Q p − Qo
∑ Q × 100
n i =1
o

(3)

2. Mean-square error (MSE): The MSE would indicate a
better model as the value approaches zero.
n

(Qoi − Q pi ) 2

i =1

n

MSE = ∑

(4)

3. Coefficient of determination, (R2): Measures the
goodness of fit between predicted values and the target output. R-squared indicates a better model as it
approaches 1.

using the three statistical parameters of accuracy described
above. The performance evaluation was conducted on the
twelve (12) monthly models for both the training and testing phases of the simulation.
Figures 6a and 6b show graphical representations of
predicted values of streamflow against observed values. It
can be seen from the plots that all models evolved show
high accuracy and excellent predictive performance of the
GP approach. The low, intermediate and high flows were
substantially reproduced, including the several spikes that
characterized the streamflows in some months. This implies that GP is capable of capturing rare occurrences of
extreme events, and also is a clear indication that the independent variables employed for model output prediction
have been accurately selected. Furthermore, the inclusion
of rainfall and temperature inputs from independent weather
stations within the river catchment has contributed to the
accuracy of the prediction.
It is observed that the MAPE and MSE in all the
evolved models were low on both the training and testing
datasets (MAPE = 0.59% - 11.15%, and MSE = 0.0007 –
2.24). The results also showed the brilliant performance
of GP on the validation datasets, as the predictive ability
of GP is a function of its performance on the validation
datasets. Seven (7) out of the twelve (12) monthly models
had their values of MAPE and RMSE relatively small
compared to the training phase. The estimated errors during
the validation phase range between 0.59% - 6.17% for the
MAPE; and 0.0007 – 1.9036 for the MSE. The models for
the months of June and July had the best performance with
the least MAPE (0.59% & 0.76%) and MSE (0.0011 &
0.0007) as shown in Table 4. However, it is pertinent to
note that the performance of the other five models was
also good as only slight increases in errors were noticed
during the validation phase relative to the training phase.
These slight differences are considered to be as a result of
minimal contrast in patterns between the training and validation datasets. However, the excellent prediction is a
pointer to the existence of a significant portion of similarities in their pattern.
Moreover, a consideration of the R-squared values for
each of the monthly models show a close correlation
between predicted values and observed values. All the
models had their R-squared values close to 1; showing
that predicted and observed values were highly and positively correlated (Table 4). It may also be observed that
scatter plots of observed and predicted streamflow when
plotted are closely fit to the line of equality. This signifies
that the GP models performed brilliantly in providing an
accurate estimate of the observed streamflow despite the
use of limited datasets.
3.1 Contribution of input variables to streamflow prediction

3. RESULTS AND DISCUSSION
The performances of the individual monthly models
developed using monthly observed values of streamflow,
rainfall and temperature were evaluated and compared

Upon successful completion of each GP run, Discipulus computes the contribution of the input variables to the
fitness of the best programs. This shows the impacts of
each of the input variables on the prediction made. These
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FIGURE 6a - Plots of observed and GP-predicted streamflows (January – June)
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FIGURE 6b - Plots of observed and GP-predicted streamflows (July – December)
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TABLE 4 - Comparison of MAPE, MSE and R2 values between observed and predicted streamflow
Training phase
MAPE
3.9401
0.9966
3.6570
5.6798
2.6864
1.1854
1.2691
4.2479
11.1474
3.1860
4.2854
6.0007
4.0235

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

MSE
2.2403
0.2474
1.5548
1.1470
0.0393
0.0037
0.0031
0.0110
0.0607
0.0612
0.2357
0.7468
0.5292

Validation phase
MAPE
3.4179
3.0490
4.3077
6.1725
1.8900
0.5932
0.7575
7.5730
5.1472
6.1092
2.1735
2.4802
3.6392

R2
0.9964
0.9994
0.9982
0.9891
0.9970
0.9986
0.9985
0.9972
0.9988
0.9994
0.9975
0.9972
0.9973

R2
0.9969
0.9923
0.9932
0.9741
0.9954
0.9990
0.9999
0.9881
0.9740
0.9905
0.9978
0.9978
0.9916

MSE
1.8319
1.0254
1.9036
1.4085
0.0155
0.0011
0.0007
0.1157
0.0393
0.0728
0.0852
0.2748
0.5645

TABLE 5 - Impacts of input variables in terms of their frequency of occurrence in the best team model for each month

Input
Qt
Qt-1
Qt-2
R1t
R2t
R3t
T1t
T2t
T3t

Jan
0.83
0.77
0.50
0.67
0.63
0.63
0.53
0.80
0.60

Feb
0.97
0.47
0.40
0.53
0.53
0.57
0.70
0.77
0.47

Mar
0.67
0.43
0.63
0.20
0.43
0.47
0.97
0.47
0.57

Apr
0.67
0.70
0.83
0.63
0.40
0.63
0.97
0.43
0.37

May
0.43
0.53
0.53
0.20
0.53
0.30
0.23
0.43
0.53

Frequency of Input Variables
Jun
Jul
Aug
0.53
0.50
0.77
0.53
0.63
0.60
0.50
0.90
1.00
0.37
0.83
0.83
0.73
0.97
0.20
0.33
0.40
0.60
0.30
0.50
0.30
0.73
0.63
0.70
0.73
0.23
0.57

impacts are as a result of the frequency of occurrence of
each variable during the run. Table 5 presents the impacts
of each of the input variables used in streamflow prediction. The results are scaled between 0 and 1.0. A value of
1.00 in the Frequency column indicates that the particular
variable appeared in 100% of the best thirty programs.
Results from Table 5 show that the contributions of the
input variables to the predictions vary across the months
of the year. However, on average, Qt-2 made the highest
contribution towards the fitness of the program; it had a
frequency of occurrence of 0.70. It is also observed that
amongst the climatic variables, rainfall and temperature
inputs from the Shaleburn weather station had relatively
high frequency of occurrence (R2t = 0.56, T2t = 0.62)
compared to those of PMB (R1t = 0.54, T1t = 0.54) and
Giant Castle (R3t= 0.49, T3t = 0.49) stations. A good reason
for this could be as a result of climate variability within the
river catchment, relative to the location of the gauging
station.
4. CONCLUSIONS
Accurate prediction of streamflow in this era of climate variations form the basis upon which crucial decisions with respect to planning, control and adaptive resource management are made by water managers and other
stakeholders in the sector. Availability of significant amount

Sep
0.60
1.00
0.80
0.27
0.50
0.23
0.60
0.27
0.27

Oct
0.30
0.70
0.93
0.67
0.70
0.83
0.23
0.90
0.27

Nov
0.63
0.83
0.77
0.60
0.53
0.60
0.50
0.80
0.67

Dec
0.43
0.40
0.60
0.73
0.53
0.33
0.63
0.47
0.57

Avg.
0.61
0.63
0.70
0.54
0.56
0.49
0.54
0.62
0.49

of historical data for the purpose model training is necessary
to achieving accurate and reliable predictions. However,
this poses some challenge in areas or regions with limited
historical data. This study presents the monthly prediction
of streamflow in the upper Mkomazi River in South Africa with limited datasets using a computational intelligence technique, Genetic Programming (GP). Results show
that GP exhibited good potentials in predicting monthly
streamflow despite the use of limited datasets. A close
agreement and positive correlation between the predicted
and observed values was evident in each of the twelve
models evolved. On average, the twelve models had a
MAPE = 4.02% and 3.64% during the training and validation phase respectively; while the MSE stood at 0.53 and
0.56. The R-squared values which measure the goodnessof-fit between the observed and predicted values during
the training and validation phases were estimated to be
0.997 and 0.992 respectively. GP also demonstrated its ability to screen and prioritize input variables in conformity to
the hydrological regime of the study area; thus, achieving
excellent predictions. The GP approach and methodology
employed in selecting the input variables both contributed
to the accuracy and confidence of the streamflow predictions. Thus, the predictive models evolved could be used
in planning, allocation and management of water resources
in the Mkomazi region in South Africa. This study further
elucidates the potential of the GP approach as a potent predictive tool even in the absence of significant amount of
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datasets. Therefore, this study could be used as a model
for conducting similar research in other regions; especially
for rivers with relatively small historical records.
Future work will focus on the use of GP in conjunction with other robust modelling techniques with the aim
of assessing the uncertainties inherent in modelling the complex, non-linear and dynamic behavior of hydro-climatological processes.
The authors have declared no conflict of interest.
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ABSTRACT
Owing to its low cost, most waste has been used in
various studies for removal of contaminants from water
and wastewater. In this study, bone charcoal (BC) was
used as an adsorbent to remove cyanide from aqueous
solutions. The effect of important selected parameters including pH, cyanide initial concentration, contact time and
adsorbent dosage in a batch reactor was studied. Similar
data was placed into isotherm models of Freundlich, Langmuir 1, Langmuir 2, Langmuir 3 and Langmuir 4. Regression, standard deviation and error sum of squares were used
to review the accuracy of kinetic data and adsorption isotherms. Maximum cyanide adsorption capacity= 140 mg/g,
pH=10 and BC dose=1.5 mgl-1 were considered the optimal conditions for cyanide adsorption process. “Pseudo
second order kinetic” model was the most appropriate model
for adsorbing cyanide; in addition, isotherm equilibrium
studies show that Langmuir 1 is the best model for adsorbing cyanide using BC. Analyzing data by DR isotherm, it
was found that cyanide adsorption onto BC is naturally a
chemical one. According to data obtained from this study,
BC is an adsorbent in removing cyanide and a suitable
option in purifying cyanide-containing wastewater.
KEYWORDS:
Bone charcoal, Adsorption, Cyanide, Industrial wastewater

1. INTRODUCTION
Since cyanide can be harmful to aqueous ecosystems
and human health, its presence in natural water is of great
concern [1-3]. This toxic substance is mainly found in
wastewater produced by gold extraction industry, metallurgical industry and other industries such as coal power
plants, petrochemical industries, oil and paint industries,
photography, chemical-producing factories and iron and
steel industries. In the CERCLA list, cyanide has been
identified as a substance prior to toxic substances. Free
cyanide concentration of about 0.02 mg/L may be fatal to
* Corresponding author

some particular species of marine animals. Thus, concentration of this pollutant in wastewater streams must decrease to less than 0.02 mg/L before it is discharged into
the environment so as to reach environmental standards
[3-5]. Owing to the high toxicity of cyanide, finding an
efficient and low-cost method to reduce its concentration
in the industrial wastewater seems essential. The most
common procedures used to remove cyanide from wastewater and aqueous solutions include biodegradation, reverse
osmosis, flotation and precipitation. Some of these processes
are expensive, and some are time-consuming and produce
harmful byproducts [5, 6]. Today, the most common method for removing cyanide from aqueous solutions are
chemical oxidation methods which also have some disadvantages such as adding cations and anions into water,
creating high levels of hypochlorite, producing chlorinated
materials as a result of reaction of chlorine with organic
compounds available in water and producing average
toxic substances created as a result of poorly controlled
processes [7-9]. Nowadays, cyanide adsorption process has
been taken into huge consideration. Adsorption is a mass
transfer process in which some components in gas or
liquid phase are isolated from their original place due to
accumulating on the surface of solid or liquid phase. Concerning the simple design of an adsorption unit, low sludge
production and low investment costs, adsorption process
has many advantages over other methods for removing
pollutants from water and wastewater [8-11]. Activated
carbon, as an adsorbent, has been mostly used in adsorbing cyanide. However, this adsorbent has some disadvantages (e.g. low capacity to remove cyanide, costly production and restoration and losing 10-15% of it during the
regeneration process) which make it impractical in largescale usage [11-13]. Developing a low-cost and highcapacity adsorbent that allows for the adsorption process is
therefore essential. At present, BC has been widely used
to remove pollutants from water because it is cheap and
can be produced in high levels [13, 14]. Consequently,
BC was used in this study as an absorbent to remove
cyanide from aqueous solutions. So far, few studies have
reported cyanide adsorption by BC. Thus, performance of
BC, as an adsorbent which can be found easily in high
quantities, was investigated in adsorbing cyanide from
wastewater. This study was conducted with the aim of
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examining capacity of BC in removing cyanide under
certain conditions. The effects of pH solution, adsorbent
dose, cyanide concentration and contact time were studied; kinetics and isotherm of cyanide adsorption process
were also analyzed.
2. MATERIALS AND METHODS
2.1 Bone Charcoal (BC) preparation

BC was obtained from cow and sheep fresh bones in
vitro. Bones were crushed into pieces of 10 to 15 cm and
were then rinsed. After that, they were boiled in water for
2 hours. Boiling was repeated for three times so as to
remove excess fats and proteins. The bones were then
rinsed and were placed in a desiccator overnight to dry.
Dried bones were placed in an electric furnace at 800 °C
for 2 hours with a heating rate of 5 K min−1 until the predetermined temperature was achieved. Also, nitrogen gas
was used to prepare an inert atmosphere. To crush the
prepared bone charcoal, an electric mill with a time of 2030 seconds was used. Charcoal grading was done using
Standard ASTM sieves with the size of 16 and 10 mesh
[13, 15, 16].
2.2 Characterization of BC

To determine characteristics of BC, X-Ray Diffraction
and Scanning Electron Microscope techniques were used.
The pHPZC of BC was determined using the pH drift method which described below. To determine this parameter
30 ml of the NaCl electrolyte solution (0.01 M) were drawn
in 50 ml flasks. The initial pH of solution was adjusted from
2 to 12 using 0.01 molar HCl and NaOH. The quantities of
BC were added in each flask. Flasks were placed on isothermal shaker (Model GFL 3017) with 120 rpm at 25±1 ºC.
The contents of flasks were filtered using 0.45 µm and final
pH were determined by using pH meter (Hach Co., USA).
In order to remove the interferer's factors, we used blanket
testing. pHZPC was obtained by drawing initial pH versus
final pH as chart.
The iodine number was determined using a standard
solution of iodine (0.05 M) titrated with sodium thiosulfate
(0.1 M). The BET (BrounerEmmet Teller) and BJH (Barrett–Joyner–Halenda) were designated using the BET isotherm and nitrogen adsorption–desorption measurement.
The BC porosity was determined by conventional adsorption nitrogen (Temperature: 77 K; Pressure: 91.43 kPa).
The obtained results were analyzed by the Belsorp software
(Version 5).
2.3 Adsorption experiments

Stoke cyanide solution was prepared by solving NaCN
in distilled water. A batch reactor was used to correctly
evaluate parameters in cyanide adsorption process using
BC. All experiments were conducted in high-density
polyethylene bottles with volume of 250 ml. To shake
contents of test tubes, a shaker (GFL 3017) with 150 rpm

(at ambient temperature) was used. pH of solutions was
calculated using a pH meter (Wagteck Mi 151). Before
conducting experiments, pH solution of every sample was
calculated; pH was then controlled at the end of the experiment. All experiments were performed at 25±0.5 °C.
To evaluate the effect of pH and adsorbent dose, five
samples for each parameter, 10 samples for contact time
and 30 samples for the kinetic and isotherm study were
analyzed. On average, every experiment was replicated
three times, and the whole 150 samples were examined.
Finally, adsorption test and ion concentration of soluble
cyanide were analyzed using the Titrimetric method according to the standard method described in Standard
Methods for the Examination of Water and Wastewater,
Section 4500-CND [17]. Cyanide adsorption efficiency
and equilibrium adsorption capacity (qe) were calculated
using Equations 1 and 2, respectively.
(1)
(2)
To determine the kinetic of adsorption process 250
ml of cyanide solution (with concentration: 100 mg/l)
were prepared. Then 1.5 g/l BC adsorbent was added and
samples were taken every 10 min Up to 100 min. Then
the remaining cyanide concentration in solution was determined. Without regard to the correlation coefficient
(R2), applicability of isotherm equation was identified by
comparing its value with the standard deviation (∆g); the
equations are as follows (Equations 3 and 4):

(3)

(4)
3. RESULTS AND DISCUSSION
3.1 BC characterization

Table 1 and Figures 1 and 2 show the BC characteristics. Figure 1 shows SEM image of the BC with 5000 magnification that taken with a scanning electron microscope.
The SEM images indicate that the BC surface is porous and
has a sponge-like structure. Also, Figure 2 shows XRD
image of the BC. The largest-intensity peaks were related
to calcium phosphate (hydroxyapatite [HA] form), which
was the main compound present. The XRD also showed
that the BC was composed of basic Tricalcium Phosphate
and amorphous carbon.
3.2 Effects of pH

Since solution pH plays a key role in the adsorption
process, we studied the effect of solution pH on cyanide
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decomposed to CN in pH of 10. When CN- is in contact
with the active anionic groups in adsorbent surface, it
forms a bond with them. Studies [1, 18] have shown that
the dominant surface electric charge in the absorbent is in
the form of negative charge in pH of higher than pHZPC.
Since BC surface charge is negative at a pH of 8.5, this
negative charge increases as pH increases and thus improves adsorption efficiency. Ion exchange is a dominant
mechanism in adsorption of cyanide ions using BC. In
addition, a part of the removed cyanide may, during deposition process, form a CN- complex with factor groups,
and thus chemical adsorption occurs. Our findings are
consistent with reported results in other studies such as
the study of Moussavi et al. [1] on the cyanide adsorption
onto pistachio hull wastes and removal of dyes using
ethylenediamine modified rice hull that conducted by Ong
et al. [19]. Ong et al. [19] reported that adsorbent surface
is surrounded by proton-containing carboxylic elements at
low pH, and these conditions prevent proper adsorption of
color; this phenomenon was true about the adsorbent used
in our study Similar results were reported in studies by
Sulak et al. [20]. They showed that as pH increased in
the range of 4-10, color adsorption level increased from
13.9 mg/g to 15.28 mg/g [20]. According to studies carried out by Hameed et al. [21] on AG25 color adsorption
on palm charcoal in the range of pH of 13-2, as pH increased, color adsorption level decreased due to increased
OH anion and changes in adsorbent surface charge. Concerning the effect of pH on surface charge of pollutant and
adsorbent used to remove pollutants, it can be concluded
that the effect of pH must be specifically studied.

TABLE 1 - BC characteristics
Specification
pHZPC
BETSurface area
BJHSurface area
Iodine number
Pore volume
Pore size
Size distribution
D10
D60
Uniform coefficient (UC)

Unit
m2/g
m2/g
mg/g
cm3/g
Nm
Mm
Mm
mm
-

Range
8.3
92.5
116.41
134.44
0.36
15.5
1.18-2
1.08
1.71
1.53

FIGURE 1 - SEM (20 kV, Magnification: 5000)

3.3 Effect of adsorbent dose

FIGURE 2 - XRD of BC

removal using BC. Experiments were done in the range 310. Results of these tests are, after three replications,
shown in Figure 3. As shown in this figure, cyanide adsorption is greatly influenced by the pH solution. It is clear
from Figure 3 that the maximum cyanide removal (i.e.
99%) was achieved at pH = 10. This maximum level can
be justified by the fact that solution pH affects both particle surface charge and dominant cyanide groups in solution. pKa, HCN was equal to 9 [1] and pHZPC of BC surface was 8.3 (Fig. 3). It is obvious that HCN was fully

In this study, the effect of BC dose in the range of
0.25-2 g/l was studied on cyanide adsorption. Results of
cyanide removal with regard to BC dose are shown in
Figure 4. According to Figure 4, as BC dose increased
from 0.25 to 2 g/l, cyanide removal level increased from
72 to 97%. Increasing cyanide adsorption by 1.5 g/l is a
result of increased active binding places and increased
surface area for removal. Similar results are also seen in
the study by Ong et al [19]. In addition, it can be observed
that the rate of absorbed cyanide did not significantly
increased as BC level increased by 2 g/l. A possible reason could be the overlapping active adsorption places in
high adsorbent level. As a result, surface areas which are
effective for adsorption are reduced [18]. These results
are confirmed in a study carried out by Sulak et al. [20]
on removal of dyes using BC. They reported that although
increased adsorbent dose increased pollutant removal
efficiency, adsorption level decreased in adsorbent mass
unit because some active points on the adsorbent surface
were not completely saturated. Similar results are found
in a study by Asgari et al [13]. Increased adsorbent level
results in a relatively lower increase in dye removal and
thus results in a decrease in the level of pollutant adsorbed
in adsorbent mass unit [13]. Therefore, 1.5 g/l of BC was
considered the optimum dose.
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FIGURE 3 - Effect of pH on cyanide adsorption (BC dosage, 0.5 g/L; cyanide concentration, 100 mg/L; time, 60 min)

FIGURE 4 - Effect of BC dose on cyanide adsorption (pH, 10; cyanide concentration, 100 mg/L; time, 60 min)

3.4 Effect of initial cyanide concentration and contact time

As shown in Figure 5, equilibrium occurred within
40 min; thus, times of more than 40 minutes had no significant effect on adsorption level. It is clear from Figure 5
that increased initial concentration of cyanide from 50 to
200 mg/l decreased adsorption efficiency from 99 to 80%.
This decrease shows a relationship between removal efficiency and cyanide initial concentration. The highest removal efficiency for concentrations of 50, 100, 150 and
200 mg/L was achieved in equilibrium times of 40, 50, 70
and 90 min respectively. Decreased level of cyanide adsorption by increased time and cyanide initial concentration can be shown by limitation of free places available for
cyanide adsorption, limitation of solution mass for a constant
mass of adsorbent and increased intraparticle diffusion.
3.5 Kinetics analysis

Adsorption kinetic information is probably the most
important factor in designing an adsorption system [1, 14].

To analyze adsorption kinetic onto BC, two simplified
kinetic models of “pseudo first order and pseudo second
order” were used (Table 2).
Parameters of this data can be drawn through drawing
logarithm (qe-qt) versus time and logarithm (t/qt) versus
time. This drawn linear regression showed that empirical
data matched well with pseudo second order kinetic model and with energy level of higher than correlation coefficient (R2=0.999). Suitable kinetic models were evaluated
by SSE. SSE comparisons indicated that cyanide adsorption was completely justifiable through pseudo second
order kinetic model.
3.6 Isotherm analysis

Based on previous studies Langmuir and Freundlich
isotherm models have widely been admitted in adsorption
processes for the single-solute systems. In order to describe the cyanide uptake capacity and its adsorption
behavior onto BC, isotherm data obtained were fitted by
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FIGURE 5 - Effect of mixing time and initial cyanide concentration on cyanide adsorption (pH, 10; BC dose, 1.5 g)

TABLE 2 - Equation and linear form of kinetics
Kinetic

Equation

Pseudo first order

dqt
= k1 (qe − qt )
dt

Pseudo second order

dqt
= k 2 (qe − qt ) 2
dt

Linear form

References

k
log(q e − q t ) = log(q e ) − 1 t
2.303
t  1   1 
 +  t
=
q t  k 2 q e2   q e 

[8, 9]

TABLE 3 - Equations and linear forms of isotherms
Isotherms
Freundlich

Langmuir-1

Equation

qe = K f C
qe =

Linear form

1
log q e = log K f +   log C e
n

1
en

Ce  1   1 
C e
+
=
q e  K L Qm   Qm 
1
1  1  1

=
+
q e Q m  K L Q m  C e

Qm K L C e
1 + K L Ce

Langmuir-2

Reference
(8)

(9)

 1  qe

q e = Q m − 
 K L  Ce
qe
= K L Qm − K L q e
Ce

Langmuir-3

Langmuir-4

four isotherm including Langmuir, Freundlich, DubininRadushkuvich and Temkin. The coefficient (R2) and ∆g
(%) were used to select the best-fit isotherm model. According to the previous data (data not shown, results of
Belsorp), the experimental results were best described by
the Langmuir isotherm equation. Therefore, the experi-

mental results suggest that a monolayer of cyanide ions is
adsorbed on homogeneous adsorption sites on the surface
of BC.
In order to distribute cyanide adsorption capacity and
adsorption behavior onto BC, isotherm information ob-
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tained by isotherm of Freundlich, Langmuir-1, Langmuir2, Langmuir-3 and Langmuir-4 was reviewed (Table 3)
[1, 8, 10]. Results are shown in Figure 6.
Coefficients R2 and ∆g were used to select the best
isotherm model. Results show that Langmuir isotherm
had the best justification for test data. Therefore, empirical data reflected the fact that a layer of cyanide ions was
adsorbed by homogeneous adsorption places on BC surface. Scientific data was interpreted by D-R isotherm.
Data analysis by D-R isotherm showed that adsorption energy of cyanide onto BC (calculated by E = 1

2K DR )

was 15.5 kj/mol. According to previous studies [13, 18],
this amount of energy is in normal range of energy required for chemical adsorption (16-8 kj/mol), and it reflects the fact that chemical adsorption is very effective in
cyanide adsorption onto BC. Main property of Langmuir
Isotherm can be explained by a dimensionless factor or an
equilibrium constant RL which is used in interpreting
adsorption conditions and is written as follows: RL=
[15, 16]. RL level indicates adsorption conditions that may
be undesirable (RL > 1), linear (RL=1), desirable (RL=1) or
unilateral (RL=0) [14]. According to Langmuir constant,

FIGURE 6 - Isotherm models for adsorption of cyanide onto BC
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parameter value is RL= 0.167. To adsorb cyanide by BC,
this level is between 0 and 1 which shows that adsorbing
cyanide by this adsorbent is desirable in experiments
performed in this study. Moreover, “n” is a constant number and is equal to 2.2 in Freundlich model; it is bigger
than 1 and reflects that BC is a cheap and suitable adsorbent for removing cyanide from water.
4. CONCLUSIONS

KL
qe
qe cal
Qm
qt
R
R2
RL
T

In the present study, BC is a cheap and effective adsorbent which was examined for removing cyanide from
aqueous solutions. Adsorption process depended on pH
and its optimum pH was 10. Kinetic studies have revealed
that data related to adsorption experiments matches well
with pseudo second order model. Moreover, isotherm
equilibrium studies have shown that Langmuir 1 isotherm
is the best model for adsorbing cyanide by BC. Maximum
cyanide adsorption capacity was 140 mg/g, and BC optimum dose was naturally 1.5 g/L. Analyzing data by D-R
isotherm, it was shown that adsorbing cyanide onto BC
was naturally a chemical adsorption. Therefore, BC was
used as adsorbent in removing cyanide and as a suitable
alternative in purifying cyanide-containing wastewater. It
is obvious that further studies are required to optimize
process variables for larger scales.
The authors have declared no conflict of interest.

NOMENCLATURE
2

R

y

RE
M
V
C
C0
Ce
Ct
h
qe,exp
qe,cal
SSE
n
k1
k2
KB
Kdif
KD−R
Kf
KG

Correlation between measured and simulated
data
removal efficiency
the mass of BC sample used (g)
volume of solution (L)
thickness of the boundary layer (mg/g)
initial concentration (mg/L)
equilibrium concentration in solution (mg/L)
equilibrium concentration in solution at time t
(mg/L)
initial sorption rate (mg/g min)
observed from the batch experiment
estimated from the isotherm
sum of squared errors
the number of measurements in experimental
isotherm
Pseudo first-order rate constant (L/ min)
Pseudo second-order rate constant (mg/g · min)
BET constant
Intraparticle diffusion rate constant (mg/g ·
min0.5)

Langmuir isotherm constants (L/mg)
equilibrium adsorbent concentration on adsorbent (mg/g)
calculated values of qe (mg/g)
maximum monolayer capacity (mg/g)
adsorbed concentration at time t (mg/g)
universal gas constant, 8.314 J/mol K
correlation coefficients
dimensional separation factor
absolute temperature in Kelvin
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MONITORING THE EFFECTS OF RAINFALL
CONDITIONS ON WHEAT (TRITICUM AESTIVUM L.) FIELDS
USING MODIS DATA IN ARABAN/GAZIANTEP, TURKEY
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ABSTRACT
In this study were investigated, wheat fields (Triticum
aestivum L.) with different soil characteristics and extreme rainfall using Normalized difference of vegetation
index (NDVI) from Moderate Resolution Imaging Spectroradiometer (MODIS) data with 16-day temporal (in 10year period between 2001 and 2010) and 250-m spatial
resolution, computed using red and near-infrared band.
The results can be summarized as follows. Wheat fields
with different soil properties reacted differently to extreme
rainfall conditions. In all test areas, winter wheat exhibited the highest greening during March and April. Winter
wheat is harvested during May and June. Humid climatic
conditions resulted in greater winter wheat biomass activity. During this period, a longer greening period occurs.
This study is important regarding the significant impacts
of changing the physical and chemical properties of soil
on wheat plant biomass and phenology. The significant
conclusions obtained from this study can be used as abasic
information for the scientific community or government
agencies that are interested in land use, agriculture, climate, soil, agro-meteorology, the relationships between
agricultural crops and soil types and climatic conditions.

KEYWORDS:
MODIS NDVI, agriculture, soil, wheat (Triticum aestivum L).

1. INTRODUCTION
Vegetation is a terrestrial object that can be easily and
properly identified and analyzed with remote sensing, mainly
because no object exists between the sensor and vegetation to affect image quality. Plants absorb or reflect light
in a specific way at various wavelengths, which depends
on their cell structures, leaf and surface width, amount of
water in their structure and their locations in their natural
* Corresponding author

environment. Plants generally absorb lights at wavelengths
of between 0.4 and 0.7 µm, which is referred to as the
visible beam area [1]. Live green plants absorb red light,
which they use as an energy source for photosynthetic
activities in their cell structure. In contrast, the cell structure of the leaves is reflected by near infrared light. Thus,
it is possible to prepare a Vegetation index by taking advantage of this relationship. Index values obtained by calculations are closely associated with plant biomass, leaf
area and the amount of energy absorbed for photosynthesis [2-5]. These properties are important for determining
vegetation status. Remote sensing technology has many
advantages over traditional methods for monitoring agricultural lands over short time periods. For example, traditional methods are inadequate for detecting short-term
fluctuations over large agricultural areas. Many studies
have been conducted to identify the spatial patterns of soil
property distribution on various scales and in various
landscapes [6-9]. Many study investigates to what extent
cheap and readily available ancillary information derived
from digital elevation models and remote sensing data can
be used to support soil mapping and to indicate soil characteristics on the landscape scale, in order to provide
adequate soil information for the modelling of landscape
processes, such as soil water movement, nutrient leaching,
soil erosion and plant growth [10-14]. Malingreau [15]
developed the relationship between tropical and subtropical agricultural crops and climate conditions by means of
NDVI images. The direct relationship between temperatures over the Pacific Ocean water surface and Australian
and South American Countries’ NDVI values was identified by Myneni et al. [16]. The relationship between maximum annual NDVI values and maximum temperature
scores was identified by Qi [17]. The rise in NDVI values
is linear with the scores of temperature was determined by
Ichii et al. [18]. A strong relationship between the virility
of vegetation and rainfall was observed by Zhi et al. [19].
The temperature and rainfall scores with NDVI values for
the long-term between 1982 and 2009 by integrating
AVHRR and MODIS images were connected from Mao et
al. [20]. The accuracy of NDVI values is tested and positive outcomes are obtained in these studies where the
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relationships between vegetation and climate factors and
natural processes are mostly investigated. Recently a great
number of predictive soil mapping techniques have been
developed in order to transfer measures from single sampling points to areas with larger spatial extent, such as the
field or the landscape scales. For more descriptions of
theory and applications of predicting soil properties see
McBratney [21]. Regular monitoring and recording of
agricultural land by remote sensing is becoming more important. Vegetation indexes are used to monitor agricultural
crops by remote sensing. The uses of these vegetation indexes, which are obtained from digital conversion, have
more advantages than original tapes. The Normalized Difference Vegetation Indexes (NDVI) that are created in this
study are some of the most widely used vegetation indexes in environmental and agricultural research. Moderate
Resolution Imaging Spectroradiometer (MODIS) satellite
bands are used by many scientists worldwide [22] to monitor agricultural fields. Sustainable land management and
land use planning require reliable information about the
spatial distribution of the physical and chemical soil properties affecting both landscape processes and services.
The establishment of soil and water protection strategies depends on knowledge of the spatial distribution of
the key factors that control the movement of water and
solutes and affect the environmental services of landscapes. It is important to determine the effects of environmental phenomena by monitoring wheat fields within
a relatively short period.
2. MATERIAL AND METHODS
In this study 250 MODIS NDVI images from 16-day
periods between 2001 and 2010 were used. MODIS NDVI
images with spatial resolution of 250 m are published as
16-day composites, recorded twice a day. Among the images recorded twice a day for 16 days, those with the highest radiometric resolution and freed from BRDF and clouds
are published as composites. MODIS NDVI images composed of 4800 rows and 4800 columns offer the opportunity to analyze the change in land-cover activity in a very
large area. The normalized difference vegetation index
(NDVI) is calculated as the reflectance ratio from nearinfrared (NIR) and red channel (R) of satellite or airborne
sensors. The NDVI was calculated with the following formula [23]:
NDVI=NIR - R/NIR +R
The NDVI is known to be well related to biophysical
crop characteristics, such as absorption of photosynthetic
active radiation and productivity [12]. Its values range
between -1 and +1. High positive values usually indicate
the occurrence of dense green vegetation, pointing to an
appropriate state of water and nutrient supply. Low values
express limited photosynthetic activity and negative ones
correspond to sparse lacking ground coverage. The tested
areas that exhibiting the most preferred formation were

selected for monitoring. The most useful wavelengths in
this study were band 1, which corresponds to red rays
(0.58-0.68 µm, and band 2, which corresponds to the
infrared wavelengths (0.725-1.10 µm).
The following maps were used in this study: Bing
Maps Aerial satellite images with greater spatial resolution (1 m), Landsat ETM (30 m) data, 1/25.000 topographic maps that were generated by the General Command of Mapping, a soil inventory map created by the Ministry of Agriculture and Rural Affairs and the General
Directorate of Rural Services, a 1/250.000 scale geological map generated by Mine Exploration (MTA) and a Forest management map created by the General Directorate of
Forestry Management. Data were collected from wheat
fields with different soil physical and chemical properties.
To determine soil physical and chemical properties the
following methods were applied: soil color was determined with the Munsell Soil Chart (Munsell Color 2000),
pH was determined by following the methods of Schlichting and Blume [24] with a Hanna model (HI 83140 model)
pH meter, electrical conductivity was determined as described by Richards [25], the CaCO3 concentration was
determined by following the Scheibler-method modeled
after Kretzschmar [26] with an Eijkelkamp M1.08.53.D
model calcimeter, soil organic matter (SOM) concentration
was determined by following the methods of Allison L.E.
and Moodie C.D. [27], grain size analysis was conducted as
described by Schmidt [28] with a Retsch Model AS 200,
aggregate classes were based on the Ad-hoc-AG methods
[29], the K-factor was determined as described by Wischmeier and Smith [30], and the permeability classes were
based on the Ad-hoc-AG methods [29]. Furthermore, nitrogen was determined by using the methods of Kaçar [31],
K, Ca, Fe, Zn, Mn, Mg, and Cu concentrations were determined with AAS by using the methods described by Lindsay and Norvell [32], and plant available phosphorus (P)
was determined by using the methods of Olsen et al. [33].
The closest meteorological station is located in the town
of Şehitkamil, which is in a district of the Gaziantep province. The Standardized Precipitation Index (SPI) was
created from data that were obtained from the Gaziantep
State Meteorological Station. The SPI was calculated with
the following formula [34]:
SPI= (Xi-Xmean)/(σ).
Based on this formula, the first month (when the index falls below zero) is regarded as the first drought
month. When the SPI is positive, the drought was over.
Based on the calculated SPI results, dry and humid years
were determined for the study areas. Statistical analysis
was conducted with SPSS 15.0 for Windows.
2.1. Study Area

Araban is a district located northwest of the Gaziantep
province. The district is surrounded by the Karadag Mountain and the Yavuzeli district in the South, the Besni district of Adiyaman in the North, the Pazarcik district of
Kahramanmaras in the West, and the Euphrates River and
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Halfeti and Bozova districts of Sanliurfa in the East (Fig.
1, 2). The district is named after the Araban Plain and is
located on a plateau with a height of 1000-1500 m that is
surrounded by mountains. The Kartal Mountains in the
west extend eastward. In the north, the district is surrounded by the Besparmak Mountains. These mountains
are west of the Euphrates River and on the edge of where
the Karasu River spills into the Euphrates River. The
natural vegetation mainly consists of grasslands with dwarf
shrubs, and to a smaller extent also steppe, garrigue, forest and macchia. Terrain and climate of the district is very
suitable for agriculture, but a large part of the land anhydrous. The countys area is 539,310 decare. Agricultural
area is 337,340 decare, from this 73,340 decare is Pistachio and Orchard Area, Vineyard and Olive Area is

12,300 decare. Field Area is 241,400 decare and 10,300
decare is truck garden (Fig. 3). The climatic conditions of
southeastern Anatolia are distinctly continental with dry
and hot summers and cold winters with a low precipitation rate. Mean annual precipitation is 578.8 mm in Gaziantep approximately 518.6 in Araban (Fig. 4). The erosion risk of Araban soils was determined low for 36.52 %,
medium for 34.3 %, high for 17.31 % and very high for
11.88 % [35]. The wheat fields that were chosen in different parts of the Araban district are shown in Figure 2. Test
sites were identified that were far from each other and had
different environmental characteristics. These sites included the interior, eastern, western, northern and southern regions of the Araban district (Fig. 2).

FIGURE 1 - Location map of the study area

FIGURE 2 - The study area and soil sample locations
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FIGURE 3 -The Landuse of study areas

FIGURE 4 - Rainfall of study areas from Meteorological station in Gaziantep (2001-2010)

3. RESULTS AND DISCUSSION
3.1. Soil physical, chemical properties and K-factor

The pH of the tested soils varied from 7.78 to 7.89 with
an electrical conductivity of between 0.05 and 0.09 mS cm-².
The soil organic matter (SOM) concentrations in the tested
soils were low, with concentrations of between 0.72 and
2.68 %. In addition, the CaCO3 concentration varied between 2 and 23 %. Sufficient Cu was present at all sites
(>0.2 ppm). In contrast, the Fe concentrations were not
sufficient (< 2.5 ppm). The Mn concentrations in the Nr.1
and Nr.3 soils were very low (<4) and the Mn concentrations in the Nr.2, Nr.4 and soil Nr.5 soils were low
(>4 ppm). The measured Kalium concentrations in the
soils were very high (>2.56 ppm). In addition the measured Ca and Mg concentrations were high (>50 Ca and >
12.5 ppm Mg). The Zn concentrations in the Nr.1 and
Nr.3 soils were low (0.2-0.7) and the Zn concentrations in

the Nr.2, Nr.4 and Nr.5 soils were sufficient (0.7-2.4
ppm). The nitrogen content was very low and ranged
between 0.043 and 0.083 %. The study site investigations
revealed Erodibility factor (K-factors) between 0.33 and
0.77 with a corresponding mean of 0.55. This mean Kfactor is very high. The K-factors for the Nr.1, Nr.2 and
Nr.5 soils were high (0.3-0.5) and the K-factors for the
Nr.3 and Nr.4 soils were very high (>0.5).
3.2. NDVI values of the wheat field with different soil samples

The highest NDVI values for winter wheat were obtained from test area 1. This area contains dark-brown
soils with high soil temperatures. The lowest soil temperatures in test area 1 were occurred between March and April,
during the most intense vegetation period. The NDVI values of test area 1 increased by January. The maximum
NDVI values were obtained during March and April. These
NDVI values decreased in May. These results indicated
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TABLE 1 - Some soil physical and soil chemical properties of test areas.
Soil Nr
Location
Elevation
pH
Colour
Sand (%)
Silt (%)
Clay (%)

1
Köklüce
573m
7,84
7,5 YR 3/4
19,09
44,87
36,04

2
Körhaciobasi
535m
7,79
7,5 YR 4/3
21,72
43,67
34,61

3
Yukariyufkali
611m
7,89
5 YR 4/3
15,93
59,36
24,7

4
Karavaiz
574m
7,82
7,5 YR 3/3
27,85
57,66
14,49

5
Gümüspinar
478m
7,78
7,5 YR ¾
20,76
44,28
34,97

FIGURE 5 - NDVI values of wheat fields Location 1, Köklüce/Araban (2001-2010)

FIGURE 6 - NDVI values of wheat fields Location 2, Körhaciobasi/Araban (2001-2010)

that the winter wheat fields were harvested in May. At the
end of May, the NDVI values did not increase if the field
remained fallow during the remainder of the year (Fig. 5).
Similar high-reflectance values for winter wheat were
observed in test areas 1 and 2. The soil temperature of in
the dark-brown soil in test area 2 was high. The lowest
soil temperatures in test area 2 occurred between March
and April during the most intense vegetation period. The
greatest Fe concentration among all test areas was ob-

tained in test area 2. In addition, test area 2 had the lowest
proportion of silt and a medium proportion of clay. Here,
double cropping occurred. In this case, the second crop
was harvested at the beginning of November (Fig.6).
Among the wheat fields, test area 3 had the greatest
altitude. Because this test area is sloped, water absorption
decreases and surface runoff and erosion increase. The
soils from test area 3 had the highest pH values. The soil
color in test area 3 resulted from erosion. In addition, the
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FIGURE 7 - NDVI values of wheat fields Location 3, Yukariyufkali/Araban (2001-2010)

FIGURE 8 - NDVI values of wheat fields Location 4, Karavaiz/Araban (2001-2010)

FIGURE 9 - NDVI values of wheat fields Location 5, Gümüşpınar/Araban (2001-2010)
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soil temperature at test area 3 is relatively low. Furthermore, this area had the greatest calcium (Ca) concentration, the greatest silt ratio and the lowest iron content
relative to all wheat fields. This area also had the lowest
sand and clay composition and the highest silt composition among all wheat fields. In this area, single cropping
was conducted and the field remained fallow over the
next six months. In addition, this wheat field had the
highest soil moisture content (Fig. 7).

were cultivated. After winter wheat harvest in test areas 1
(Fig. 5) and 3 (Fig. 7), no other crop was planted within
the same year (Figs. 8 and 9).

The soil temperature in test area 4 was high due to the
dark-brown soil color. This area contained medium clayey,
sandy and silty soil types. In addition, the soil organic matter concentration was greater in test area 4 relative to the
other areas. Double cropping occurred in test area 4, which
had the highest aggregate class and an adequate amount of
organic matter relative to the other areas, is the second
crop was harvested at the end of November.

The responses of the wheat fields with different soil
properties to extreme rainfall were investigated. In the test
areas, the majority of rain occurred during the winter
season, particularly during the winter wheat cultivation
period, which displayed significant greening. The NDVI
values increased in 2003 when the greatest amount of
rainfall was received in the test area 1 (Fig. 11, Nr.1). Humid climatic conditions enhanced the biomass activity of
winter wheat. During this period, a longer period of greening occurred. The NDVI values decreased when the rainfall was low in dry years. Test area 2 was not noticeably
affected by the extreme rainfall conditions (Fig. 11, Nr.2).
In this test area, the moisture terms within the NDVI did
not increase. The medium clay composition influenced
the moderate effect of excessive rainfall. Humid climate
conditions in test area 3 resulted in high winter wheat
biomass activity. A longer growing period occurs during
humid periods (Fig. 11, Nr.3). The test areas with the
greatest organic matter concentrations and in test areas 4
and 5 had high silt compositions that influenced their
responses to extreme rainfall. The NDVI values during
winter wheat cultivation in test areas No. 4 and 5 showed
strong responses. Winter wheat had very high biomass
activity during the humid periods. This finding corresponds with the decrease in biomass activity with decreasing rainfall during the dry periods (Fig. 11, Nr.4, 5).

Test area 4 had the lowest NDVI values highstand the
highest electrical conductivity (EC%). The calcium (Ca),
magnesium (Mg), zinc (Zn) and copper (Cu) concentrations in test area 4 were greater than at the other locations.
Similarly, the lowest soil temperatures occurred in March
and April during the most intense vegetation period. In
test area 4, the erodibility factor (K-factor) was high, the
organic matter content was low and double cropping.
occurred. Winter wheat was harvested in May and the
second crop was harvested in November (Fig. 8).
The NDVI values of the wheat fields with different
soil properties between 2001 and 2010 are shown in Figure 5-9. Accordingly, double cropping within the same
year occurred in some of the test areas. For double cropping, the first crop is winter wheat and the second crop is
planted during the summer. Along with the winter wheat
in test areas 2 (Fig.6), 4 (Fig.8) and 5 (Fig.9), other crops

Gaziantep Central station rainfall data (2000-2010)
were used. According to the results of standardized precipitation index formula (SPI) the years of 2001, 2003,
2004, 2006 in Gaziantep have been identified as wet years
(Fig. 10)

FIGURE 10 - Wet years of Gaziantep According to the results of standardized precipitation index (SPI analysis).
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FIGURE 11 - Changes in NDVI values of wheat(Triticum aestivum L.) fields of all 5 locations during humid and dry years

4. CONCLUSIONS
Soil, climate and living things are three of the main
ecological factors that mutually affect each other continuously in nature. In this study, the phenology of wheat
agricultural fields with different soil characteristics and
extreme rainfall were investigated using remote sensing
technology. The results are summarized below. In all test
areas, winter wheat exhibited the highest greening during
March and April. Winter wheat is harvested during May
and June. Humid climatic conditions resulted in greater
winter wheat biomass activity. During this period, a longer greening period occurs. In all test areas, the activity of
the wheat plant biomass varied with different soil physical
and chemical properties. Wheat fields with different soil
properties reacted differently to extreme rainfall conditions. Test area No. 4 had the lowest clay content and the
strongest response against extreme climatic conditions. In
contrast, the soils in test area No. 2 had the highest clay

content and did not have a strong response against extreme climatic conditions. This study is important regarding the significant impacts of changing the physical and
chemical properties of soil on wheat plant biomass and
phenology. The significant conclusions obtained from this
study can be used as a platform for the scientific community or government agencies that are interested in land
use, agriculture, climate, soil, agro-meteorology, the relationships between agricultural crops and soil types and
climatic conditions.
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ABSTRACT
Nano-hydroxyl aluminum oxalate (nano-HAO) is a
novel aluminum serial flame retardant and smoke suppressant. In this paper, different content of nano-HAO was
added into the low density polyethylene (LDPE)/ ethylene
propylene diene rubber (EPDM) blend via melt mixing
method. Thermal, mechanical, and flame retardant properties of nano-HAO/LDPE/EPDM composites were characterized by thermogravimetric analysis (TGA), tensile testing, and limiting oxygen index (LOI) testing respectively.
Nano-HAO had better effects than nano-ATH both on
enhancing LOI and maintaining mechanical properties of
the composites. Nano-HAO had a wide temperature range
for decomposition and a high onset decomposition temperature, so that the addition of nano-HAO retarded the
weight loss of decomposing composites effectively. Through
analysis of Fourier transform infrared spectroscopy (FTIR)
and scanning electron microscopy (SEM) images of the
thermally treated residue of nano-HAO and nano-HAO/
LDPE/EPDM composites, it was found that nano-HAO
decomposed with C=O and O-H bonds broken simultaneously and the crosslinking carbonization of polymer happened after nano-HAO was added into the composites.

KEYWORDS: nano-HAO, flame retardant, thermal degradation,
mechanical property, composites, polyethylene

1. INTRODUCTION
With the proposal intention to search environmentally
friendly flame retardants, some halogen-free flame retardants, especially metallic hydroxide flame retardants, begin
to be paid more attention [1-5]. However, in order to get
good flame retardant property of the composites, aluminum trihydrate (ATH) or magnesium di-hydroxide (MDH)
should be filled with high loading level [6-8], which would
* Corresponding author

ruin some mechanical properties of the composites. At the
same time, the flame retardant efficiency of ATH will decrease during processing owing to the low onset decomposition temperature [9]. Accordingly, the onset decomposition temperature of ATH needs to be enhanced.
In recent research [10], basic magnesium carbonate
showed improved flame retardancy efficiency to the composites. The improvements were illustrated as the introduction of carbonate group can enhance the onset decomposition temperature of this flame retardant, and the released heavy inert gas CO2 acts as dilution and barrier of
flammable gas and oxygen. Meanwhile, results showed that
during the oxalates decomposing, CO releases, and this gas
exhibits a high reducing property under decomposition
temperature, which is apt to consume oxygen and oxidative free radicals [11, 12].
According to these results, a new kind of aluminum
flame retardant as basic aluminum oxalate (BAO) was
synthesized by Alcoa (Aluminum Company of America)
Company [13]. Recently, another novel flame retardant as
nanosized hydroxyl aluminum oxalate (Nano-HAO) was
prepared by using Rotating Packed Bed (RPB) in our
laboratory [14, 15]. The advantage of nano-HAO is generating the efficient gas diluter (CO2) and reducer (CO) simultaneously, and thus nano-HAO can act as a flame
retardant [16-18]. Unfortunately, the flame retardance
mechanism of nano-HAO is not studied thoroughly.
Polyethylene (PE) has good performance at low temperature, excellent chemical stability and electrical properties. EPDM is rubber. When suitably formulated, EPDM
shows remarkable properties such as ozone and heat resistance, a wide range of stress resistance and hardness,
flexibility at low temperatures, good chemical resistance
especially to polar media, and excellent electric properties.
The good electrical insulation properties of PE and EPDM
make them suited for application in wires and cables. However, PE and EPDM have a low melting temperature and
are flammable. Many flame retardants are used for PE and
EPDM, such as Layered Double Hydroxide (LDH) [23],
ATH [9, 24] and MH [2, 25]. In this paper, nano-HAO
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TABLE 1 - Physical property of nano-HAO and nano-ATH
Title
Chemical structure

nano-HAO
OH

Al

O

O

O

C

C

O

nano-ATH
Al
OH

OH

Average diameter/nm
Average thickness/nm
Specific surface area/(m2/g)

200-500
85
34.7

Particle size

is used for flame retarding LDOE/EPDM composites, and
the flame retardance of nano-HAO in LDPE/EPDM based
composites is investigated and the flame retardance mechanism of nano-HAO is studied.

OH

H2O

OH

Al

OH

OH

100-125
20-50
18.7

recorded on a Thermo Bruker VECTOR 22 spectrometer
using KBr as disperse material. SEM (S-4700, Hitachi,
Japan) was used after char layer was coated with a thin layer
of gold.

2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

2.1 Materials

Low density polyethylene (PE Daqing 18D) was supplied by Daqing Petrochemical Company (China). EPDM
was supplied by DuPont-Dow Elastomers L.L.C. (U.S.A).
EVA-g-MAH (a type of EVA grafted with 2% maleic
anhydride) was manufactured by Ningbo Nengzhiguang
New Materials Technology Cooperation (China).
Nano-HAO and nanosized alumina trihydrate (nanoATH) was produced in the Research Center of the Ministry
of Education for High Gravity Engineering and Technology (China). The preparation of nano-HAO and nano-ATH
was according to the reference [14, 15]. The physical properties of nano-HAO and nano-ATH were listed in Table 1.
2.2 Preparation and characterization of samples

According to the preparation methods as shown in
Wang et al. [14], the LDPE/EPDM/EVA-g-MAH/ nanosized
fillers were mixed and extruded and the LDPE/EPDM/
EVA-g-MAH proportion was 63/30/7.
Particle size of nano-HAO and nano-ATH was analyzed by light scattering measurements using a Zetasizer
3000HS particle size analysis system (Malvern Instruments Ltd, Malvern, UK) at 20oC. The LOI values were calculated by using oxygen index instrument (HC-22, Jiangning
Analysis Instrument Factory, China) according to ISO
4589-1984 standard, and sample dimensions were measured as 100×10×4mm. The mechanical properties, including tensile strength and elongation at break, were characterized with an Instron 4706 universal testing machine
(made in USA) with a test speed of 10mm/min and with
specimen-type 1BA in line with the standard ISO 5271993(E). Each data was the average result of five samples’ data. The morphologies of the nanosized fillers were
observed by using the transmission electron microscope
(TEM, H-800-1, Hitachi, Japan). The TG data were obtained using a thermo gravimetric analyzer (STA-449C,
NETZSCH instruments Co Ltd, Germany). In each case, a
10-20mg sample was tested under pure oxygen atmosphere at the heating rates of 20°C/min. FTIR spectra were

3.1 Flame retardant properties of nano-HAO/LDPE/EPDM
composites

Inorganic flame retardant mainly takes physical effect
on the flame retarding polymer matrix, so the content of
filler tends to be high to improve the flame retardance of
the composites. But these inorganic flame retardants are
always particles. These particles become the defect in
polymer matrix after they are added. As a results, some
mechanical properties of the composites decrease, such as
tensile strength and elongation at break. Thus, as the
property of an inorganic flame retardant is assessed, not
only the effect on flame retardance, but also the effect on
the mechanical properties should be investigated. In other
words, when a flame retardant is added into the polymer,
the better flame retardance and less decrease to the mechanical property of the composites are preferred.

FIGURE 1 - Effects of nano-HAO or nano-ATH on LOI of the
composites

LOI is an assessment method of flame retardancy of
the composites. Fig 1 lists the LOI of the LDPE/EPDM
composites containing different content of nano-HAO and
nano-ATH. In this figure, with the content of inorganic
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filler increasing, the LOI of the composites increases
obviously. When the composites contain 60% inorganic
fillers, the LOI of nano-HAO/LDPE/EPDM composites
increases from 19% to 34%, and the LOI of nanoATH/LDPE/EPDM composites increases from 19% to
32.5%. Meantime, when the contents of inorganic fillers in the composites are same, the LOI values of nanoHAO/LDPE/EPDM composites are higher than nanoATH/LDPE/EPDM composites. Especially when the content is 10%, the LOI of the composites containing nanoATH is only 19%, which is as same as the LOI of
LDPE/EPDM blend, but the LOI of the composites containing nano-HAO is 22%, which is about 15.8% higher
than the LOI of LDPE/EPDM blend. When the content is
60%, the LOI of the nano-ATH/LDPE/EPDM composites is
32.5%, and the LOI of nano-HAO/LDPE/EPDM is 34%,
which is 4.6% higher than the LOI of nano-ATH/LDPE/
EPDM composites. Therefore, nano-HAO can improve LOI
values of LDPE/EPDM based composites greatly.
As we know, under high temperature, nano-HAO decomposes with vapor, CO and CO2 released and Al2O3
left. But nano-ATH only decomposes with vapor sparging
and Al2O3 left. It means that nano-HAO will decompose
with CO and CO2 released additionally as it is compared
with nano-ATH. During the flame retardance process, vapor
and CO2 could reduce the content of oxygen on the interface of solid and flammable gas owing to its high density,
and Al2O3 could delay the transfer of oxygen, while CO
could consume oxygen and oxidative free radicals owing to
its reduction property. The actions of CO and CO2 on retarding oxygen transfer may cause the nano-HAO/LDPE/EPDM
composites have higher LOI values than nano-ATH/
LDPE/EPDM composites.
When the content of flame retardant is lower than 10%,
compared with the large amount of degrading polymer, the
amounts of Al2O3 and vapor are too small to retard the
oxygen transfer while the sparging vapor may accelerate
the exposure of degrading polymer upon oxygen. The actions of CO and CO2 on retarding oxygen transfer are possibly efficient and thus nano-HAO/LDPE/EPDM composites exhibit higher LOI values than nano-ATH/LDPE/EPDM
composites. When the content of flame retardant is more
than 10% and less than 55%, the effect of Al2O3 and
sparging vapor from nano-ATH on retarding oxygen transfer maybe are almost equal to that of Al2O3, sparging
vapor, CO and CO2 from nano-HAO. When the content of
flame retardant is more than 55%, the transfer speed of
oxygen through Al2O3 residue possibly reaches minimum,
and the total effect of Al2O3, sparging vapor, CO and CO2
from nano-HAO are much better than that from nanoATH on retarding oxygen transfer.

nano-ATH. In Fig 2, when the content is more than 20%,
the tensile strength and elongation at break of nano-HAO/
LDPEP/EPDM composites are more than that of nanoATH/LDPE/EPDM composites.

FIGURE 2 - Mechanical properties of the LDPE/EPDM composites
with nano-HAO or nano-ATH

According to Table 1, the specific surface area of
nano-HAO is almost as twice as that of nano-ATH, and
such high specific surface area lead to the more interface
between nano-HAO and polymer, which indicates that there
need more energy to break the interface. At the same time,
nano-HAO is in spindle shape and had an aspect ratio (in
Fig 3b), which could help nano-HAO to rearrange along
the stress direction in polymer matrix under a tensile stress
[19], as seen from Fig 3c and Fig 3d. But nano-ATH is in
plate shape, and it cannot rearrange along the stress. Therefore, it is possibly the high aspect ratio and spindle shape of
nano-HAO that helps it to maintain good mechanical properties of the composites under a high loading.
3.3 Thermal stability of nano-HAO/LDPE/EPDM composites

Fig 4 shows the TG curves of nano-HAO and nanoHAO/LDPE/EPDM composites in oxygen at the heating rates of 20°C/min. In this figure, nano-HAO begins to
decompose at 369oC and the decomposition stops until
421oC, while LDPE/EPDM blend begins to decompose at
264oC and stops decomposition until 545oC. When 40%
nano-HAO is added into LDPE/EPDM matrix, the weight
loss rates of the composites below 338oC and above 421oC
are quit same as pure LDPE/EPDM blend. Only when the
temperature increases from 338oC to 421oC, the weight loss
rate of nano-HAO/LDPE/EPDM composites is less than
that of pure LDPE/EPDM blend.

3.2 Mechanical properties of nano-HAO/LDPE/EPDM composites

Among the temperature range of 360oC-440oC, the
weight loss of nano-HAO/LDPE/EPDM composites is
calculated by using Equation (1), and results are shown in
Figure 5.

Fig 2 shows the mechanical properties of LDPE/EPDM
composites containing different content of nano-HAO or

Obviously, only when there is no interaction between
nano-HAO decomposition and LDPE/EPDM resin decom-

calculated = TG ( nano − HAO ) × ( nano − HAOcontent ) + TG ( LDPE / EPDM ) × ( LDPE / EPDMconten t )
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FIGURE 3 - TEM photos of nano-ATH (a), nano-HAO(b), nano-HAO(5%)/LDPE/EPDM before tensile test(c) and nano-HAO (5%)/
LDPE/EPDM after tensile test(d)

FIGURE 4 - TG curves of nano-HAO, LDPE/EPDM blend and
nano-HAO/LDPE/EPDM composites

FIGURE 5 - TG analysis results vs. calculated results between 360oC
and 440oC
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position, the calculated results form Equation (1) is equal
to the real mass loss. Such no interaction means that during the decomposition, the heat absorption of nano-HAO
is equal to heat release of LDPE/EPDM oxidization. But
the calculated TG results are not as same as the actual TG
results. There leaves more residues in the actual TG results,
which indicates that less nano-HAO or LDPE/EPDM resin
decomposes. With the content of nano-HAO increasing,
such difference between actual result and calculated result
increases firstly and then decreases. Until 50% nano-HAO
containing, the difference between actual result and calculated result reaches its maximum. It is possible that the
interactions between the decompositions of nano-HAO and
LDPE/EPDM resin decelerate the decomposition of nanoHAO/LDPE/EPDM composites.
3.4 FTIR analysis of the nano-HAO/LDPE/EPDM composites

10g Nano-HAO was thermally treated in a muffle furnace from room temperature to 350oC or 600oC at the heating rate of 10oC/min and then the temperature kept at 350oC
or 600oC for 20 minutes individually. At last, these decomposed nano-HAO residues are analyzed by means of FTIR.
FTIR results are shown in Fig 6a. The deconvolution and

TABLE 2 - Infrared assignments for nano-HAO
peak/cm-1
3669
3597
3521
3441
1719
1654
1367
500-1000

assignment
ν(O-H)(free)
ν(O-H) (intramolecular H-bond)
ν(O-H) (intermolecular H-bond)
ν(O-H) (water)
ν(C=O)as
δ(OH)
ν(C=O)s
ν(Al-O)

peak-fitting of the 3800cm-1-3200cm-1 infrared spectrum
are shown in Fig 6b. The peak positions and assignments
of FTIR spetra are listed in Table 2.
Generally, in a single FTIR spectrum, one broad peak
in the range of 3200-3800 cm-1 is the superimposition of
four peaks which are attributed to the vibration of O-H
bond in water state, intermolecular H-bond state, intramolecular H-bond state and free states[20]. These peaks can
be isolated and measured through deconvolution and peakfitted with Gaussian Function which is shown in Fig 6b.
In Fig 6b, there are four peaks at 3441cm-1, 3521 cm-1,
3597 cm-1 and 3669 cm-1 which are attributed to the vibration of O-H bond in water state, intermolecular H-bond
state, intramolecular H-bond state and free states respectively.
From Fig. 6, it could be seen that after nano-HAO is
thermal treated at 350oC, the intensities of the peaks at
3521 cm-1, 3597 cm-1 and 3669 cm-1 decrease, and the
intensity of the peak at 3441 cm-1 increases obviously. Meanwhile, there is little change to the intensity of the peaks at
1719 and 1367cm-1. Such changes can be attributed to the
fact that hydroxyl groups react with each other and then
water forms. After nano-HAO is thermally treated at 600 oC,
the peaks at 3521 cm-1, 3597 cm-1, 3669 cm-1, 1719 and
1367cm-1 disappear and the intensities of the peak at
3441 cm-1 increase, which is possibly attributed to the
fact that nano-HAO decomposes totally with aluminum
oxide left.
FTIR spectra of char residues of the composites after
thermally treated at 300-450oC for 4min separately are
shown in Fig 7, which are used to illustrate the protection
of the formation of char layer on retarding the degradation
of the composites.

FIGURE 6 - FTIR spectra of nano-HAO decomposing at different
temperatures (a) and the Peakfit results of the spectra (b)

As shown in Fig 7, the intensity of the peaks corresponding to the strentching vibration, bending vibration
and rocking vibration of C-H bond belonging to the CH2
group of polymer matrix, which are at 2910cm-1, 2850cm1
, 1465cm-1, 1365cm-1 and 720cm-1 respectively, derease
obviously. At 1591cm-1, a new peak assigned to C=C
bond strentching vibration appeares when the temperature
reaches 400oC, which is inferred as the crosslinking carbonisation occurres during the decomposition of the
polymer matrix [21]. Simultaneously, the intensity of the
peaks at 3659cm-1, 3597cm-1 and 3473cm-1, which is
assigned to the stretching vibration of O-H bond in nanoHAO molecule (in Fig 6), decreases with the increase of
treating temperature. When the temperature is up to 400oC,
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there appears a broad peak at 3333cm-1 corresponding to
the O-H bond in free water. Meanwhile, the intensity of
the peak at 1716cm-1, which is assigned to stretching vibration of C=O bond in nano-HAO, decreases and almost
disappears at 450oC. These spectral results suggest that
when the composites are treated at 450oC for 4min, nanoHAO decomposes totally with the release of water and
carbon dioxide. All these results show that during the
thermal degrdation of nano-HAO, O-H bond and C=O
bond break simutaniously.
The char forms after nano-HAO/LDPE/EPDM composites combusts, and then the SEM images of char residue [22] at different magnification are shown in Fig. 8. It
can be seen that the char is not compact and there are many
holes in the char residue in Fig. 8a. Nano-HAO decomposes with vapor releasing, and vapor can break the char
layer. As seen in Fig. 8b, aluminum trioxide left after
nano-HAO decomposes can not arrange compactly owing
to the nano-HAO’s spindle shape, and thus the gas transfer speed cannot be zero.
From the discussion above, it can be seen that nanoHAO takes effect as a flame retardant physically and chemically. During the combustion, nano-HAO thermally decomposes as shown in the possible reaction equation (2).

The vapor and CO2 can dilute the flammable gas and
oxygen, and CO can exhaust the oxygen and oxidative
free radicals, while alumina oxide acts as barrier for heat
and gas.

FIGURE 7 - FTIR spectra of the thermally degraded composites

heat
2[ Al2 (OH ) 4 (CO2 ) 2 ] ⋅ H 2O 
→ 2 Al2O3 + 5H 2O + 2CO2 + 2CO

(2)

FIGURE 8 - SEM photos of char residue of nano-HAO/LDPE/EPDM composites at different magnification

4. CONCLUSIONS
Nano-HAO is a novel aluminum serial flame retardant.
In this paper, the performances of nano-HAO on flame
retardancy and mechanical reinforcement were studied.
After compared the LOI and mechanical properties of
the nano-HAO/LDPE/EPDM composites and the nanoATH/LDPE/EPDM composites, it was found that nano-

HAO had better performance on improving the flame retardancy and maintaining good mechanical property of the
composites than that of nano-ATH. When the content of
nano-HAO was 60%, the LOI of nano-HAO/LDPE/EPDM
composites was 34.5%, which was 2% more than the LOI of
the composites containing nano-ATH. Meantime, The tensile
strength and elongation at break of nano-HAO/LDPE/EPDM
composites were maintained at 11.5MPa and 282% sepa-
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rately, which were higher than that of nano-ATH/LDPE/
EPDM composites. Thermal stability of nano-HAO/LDPE/
EPDM composites was investigated by means of TGA.
TGA results showed that nano-HAO exhibited wide temperature range for decomposition and high onset decomposition temperature, and the addition of nano-HAO retarded the weight loss of decomposing composites effectively.
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ABSTRACT
Overpopulation has some administrative, social, economic and environmental problems in the world. Istanbul is
the city with the largest population in Turkey causing pollution problems on the surface water reserves. Büyükçekmece Reservoir is one of the 8 major drinking water reservoirs of Greater Metropolis Istanbul. Büyükçekmece Watershed covers the third largest drinking water source of
Istanbul, Büyükçekmece Lake. The purpose of this study is
to assess the water quality changes of Büyükçekmece Reservoir using Remote Sensing and Geographic Information
System technologies in support of operational management.
The results are obtained by image processing of different
spectral and spatial resolution data belonging to dates of
1992, 1996, 2000, 2001, 2004, 2005 and 2006. Rapid population growth, industrial development, lack of sufficient
infrastructure, and also illegal settlements highly affect
the watersheds and water quality as a typical reflectance
of urban sprawl in mega cities of developing countries.
The pollution load from settlements and industrial areas to
the watersheds has a negative effect on drinking water
quality, and also many species in the examined lake.
KEYWORDS:
water quality, remote sensing, GIS, pollution, drinking water

1. INTRODUCTION
Water is one of the most important natural resources
around the world, also in Turkey. It is a necessity for life
and provides a variety of uses from drinking water in
cities to the irritation of crops in agricultural areas. Lakes
and rivers are among the Nation’s most precious resources
[1]. The quality of water, whether used for drinking, domestic purposes, food production or recreational purposes
has an important impact on health. It is a powerful environmental determinant of health [2].
* Corresponding author

Water Quality (WQ) is the general term that describes
whether or not the surrounding environment is endangered
by pollutants in the water [3]. Along with the importance of
clean water, water quality issues from urbanization to agricultural pollution, or a combination of many complicated
factors, play an important role. Urbanization is one of the
most detrimental forces affecting stream health, and one
of the biggest challenges facing watershed managers [1].
Most of the developing countries face rapid urbanization problems in major cities, especially in those that lie
along the edge of water-bodies. Such water-bodies are
being adversely affected by the wastewater discharges from
industrial plants, and also the residential areas in addition to
other natural inputs. In order to respond to these problems
and to control and monitor water quality, RS and GIS techniques are important tools. They are used to determine and
update information on pollution loads and land-use changes
in the watersheds and concern water quality [4].
RS and GIS are worldwide accepted as effective and
useful tools to monitor, analyze and evaluate the water quality. Many studies and papers examine the potential of using
satellite remote sensing for the qualitative assessment of
water quality including evaluation of spatial, temporal water
quality variations, such as dams in Cyprus [5], Medrano
Creek in Argentina [6], the Pearl River Estuary in China
[7], Lake Iseo and Lake Garda in Italy [8], Guhiya Basin in
India [9], and the reservoirs of Shenzhen in China [10].
In Turkey, Istanbul is the city with the largest population (around 13.9 million people as stated in News Bulletin of Turkish Statistical Institute [11]) producing some
problems of administrative, social and economic character,
as well as pollution problems in surface water reserves
[12]. The Istanbul Metropolitan Area has 8 surface water
reservoirs, and water quality and water supply maintenance is under control of Istanbul Water and Sewerage
Administration (abbreviated as ISKI in Turkish).
At different times, the water quality of these reserves
(such as Ömerli, Terkos, Küçükçekmece Water Reservoirs [3, 4, 13-15]) is monitored, analyzed and evaluated
by using RS and GIS techniques,.

745

© by PSP Volume 23 – No 3. 2014

Fresenius Environmental Bulletin

The purpose of this study is to assess the water quality changes of the Büyükçekmece Reservoir using RS
(remote sensing) and GIS (geographic information systems)
technologies to support operational management. The results
are obtained by image processing of different spectral and
spatial resolution data belonging to dates of 1992, 1996,
2000, 2001, 2004, 2005 and 2006.
2. MATERIALS AND METHODS
2.1 Study area

Istanbul, located in the north-west of Turkey, is the
most crowded city with a population of about 14 million.
It is also a world renowned tourist destination with unique
historic and aesthetic sites lying on two continents. The
geographical coordinates of the project area that covers
the Bosphorus and the water basins are 40°60' - 41°70'
north latitude and 28°00' - 30°00' east longitude. The study
area, Büyükçekmece watershed, covers the third largest
drinking water source of Istanbul, Büyükçekmece Lake
[16]. Büyükçekmece Lake is located in a suburban area,
30 km away from the city center [17]. This lake covers
27.5 km2 and lies in a 620 km2 watershed. In this watershed,
Karasu, Hamza, Tahtakopru rivers and other creeks flow
into Büyükçekmece Lake [16]. The location of Büyükçekmece watershed within the borders of Istanbul is shown in
Fig. 1 [18].
2.2 Data and methods

Herein, multi-spectral digital satellite data of Landsat 5
TM of 1992, 2004, 2005, 2006, Landsat 7 ETM of 2001,
and IRS-LISS of 1996, 2000 are used for water quality
investigation. The spatial resolutions for IRS-LISS, Land-

sat 5 TM and Landsat 7 ETM are 23.5, 30 and 28.5 m, respectively. In this investigation, some ground truth measurements are collected in the form of orthophotos, aerial
photographs, 1:5000-scaled digital topographic maps, surveys and various thematic maps. This vector data is merged
with raster data using MapInfo 6.0 as GIS software. The
ERDAS Imagine 8.7 image processing software is used
for image processing.
First, the digital satellite data set is transformed into the
UTM coordinate system using 1:5000 digital topographic
maps in order to achieve the necessary geometric registration. Images are registered, and then geometrically corrected before applying image merging and classification
techniques. From a test of the registration accuracy on the
test points, the resulting root mean square error (RMSE)
amounted to approximately 0.1 pixels.
For the data analysis of the water quality of Büyükçekmece Drinking Water Dam Lake, 1992, 1996, 1997 and
2000 dated satellite images are classified by using ISODATA unsupervised image classification technique, and
2000, 2001, 2004, 2005 and 2006 dated satellite images are
classified by using supervised maximum likelihood classification algorithm within ERDAS Imagine 8.7 software.
Finally, four classes are verified using pattern recognition
as TSS, Phosphorus, Nutrients, and Fresh Water.
3. RESULTS AND DISCUSSION
For the data analysis of the water quality of Büyükçekmece Drinking Water Dam Lake, Figs. 2a-i show the resulting images of the classification in these different years,
clearly depicting the creeks feeding the lake.

FIGURE 1 - Location of Büyükçekmece watershed.
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a) 1992 Landsat-5 TM

b) 1996 IRS – LISS

c) 1997 Landsat-5 TM

d) 2000 IRS – LISS

e) 2000 IRS-LISS

f) 2001 Tarihli Landsat–5 TM

g) 2004 Landsat-5 TM

h) 2005 Landsat-5 TM

i) 2006 Tarihli Landsat-5 TM

FIGURE 2 - Classified images of water quality by using ISODATA Unsupervised Classification Method: a) 1992 Landsat-5 TM, b) 1996 IRS
– LISS, c) 1997 Landsat-5 TM, d) 2000 IRS-LISS, and by using Supervised Maximum Likelihood Classification Method: e) 2000 IRS-LISS, f)
2001 Landsat–5 TM, g) 2004 Landsat–5 TM, h) 2005 Landsat–5 TM, i) 2006 Landsat–5 TM. ( — TSS, — Phosphorus, — Nutrients, — Fresh
Water).

In the images of 1992, 1996, and 1997 it is seen that
red, yellow, green and blue are prominent. When the
images are interpreted, the colors red, yellow, green and
orange present the different characteristics of the water
quality. Red is for used water from settlements and industrial waste, green and yellow represent phosphorus and
nutrient content in the water originating from the agricultural and forest areas in the watershed. Blue is for the
fresh, clear water.
In the view of the increased pressure of urbanization in
the area, ISKI decided to take specific measures to reduce

the impact on the water quality. Therefore, Büyükçekmece Wastewater Collection and Pumping Station was
constructed on 28. 12. 1998. The aim of this station was to
collect the wastewater of Çatalca, Gürpınar, Mimar Sinan
and Tepecik, and to relay this water to the wastewater
treatment plant. Before this treatment facility, the wastewater came directly to the Büyükçekmece Dam Lake. The
wastewaters that are purified in the treatment plant now are
disposed without any damage to the environment. The effect
of the water cleaning on the lake can be seen clearly on the
classified images. After the facility, in treatment plant, the
wastewater is emptied to the Marmara Sea via Bababurun
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Sea Discharge System. In 2000, the positive effects of the
treatment facility were monitored; however, a downward
development is seen in the image of 2001. In 2004, the
water quality was quite good, the lake had the natural
water structure because the image belonged to December,
when rainfall amount is high and the weather is not hot
for the growth of microorganisms. In 2005, the water
quality indicated the negative change with the effects of
urbanization. In 2006, the image belonged to 27th April,
and during 2 days before this date, it was rainy; therefore,
the water quality was approximately close to the natural
water structure.
When the findings herein are compared with previous
works on drinking water quality analysis of Istanbul watersheds, the same trends are seen. As consequence of
rapid population growth and industrial development, wastewater discharges from residential areas and industrial
plants highly affect the watersheds. Results from Omerli
watershed analysis showed that the current problems faced
are highly based on the establishment of illegal residential
areas and lack of sufficient infrastructure [14, 15]. Analysis
of Küçükçekmece Lake demonstrated that main pollutant
sources are domestic discharges dumped directly into
creeks as well as industrial discharges and irrigation water
enriched with N and P compounds swept away from agricultural areas [3]. Water quality of Terkos Lake is acceptable compared to the other main watersheds in Istanbul,
most probably because of low population and limited
industrial activities [13].
4. CONCLUSION
This study reports on the monitoring of Büyükçekmece Dam Lake for water quality with spatial and temporal satellite data using RS and GIS techniques.
Wastewater from unplanned and illegal constructions
which do not have the required infrastructure, and also
wastewater from industrial plants which carry out illegal
production, caused the death of many species in the lake.
Water quality surveys carried out simultaneously with the
acquisition of satellite images, showed physical, chemical
and bacteriological pollution well above the international
standards. All kinds of wastewater should be discharged
only after treatment when achieving acceptable water quality criteria. Several measures have now been implemented
by ISKI, and RS and GIS can help in the assessment of
these measure effects, and to monitor the situation on a
regular basis.
Water quality management has a strong economic
component since freshwater has become an important management, as one element of environmental management.
New land-use plans should be prepared for sustainable
management of drinking water reservoirs suffering from
deterioration all around the world.
The authors have declared no conflict of interest.
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THE MORPHO-ANATOMICAL ADAPTATIONS OF ENDEMIC
LIMONIUM LILACINUM (PLUMBAGINACEAE)
TO HALOPHYTIC ENVIRONMENTS
Mehmet Temel*, Nurcan Evliyaoğlu and Mustafa Kargıoğlu
Department of Biology, Faculty of Science and Art, Afyon Kocatepe University, 03200 Afyonkarahisar, Turkey.

ABSTRACT
The anatomical and morphological features of Limonium lilacinum (Boiss. & Bal.) Wagenitz, an endemic
plant species of the Irano-Turanian phytogeographic region, were investigated. The aim of this study was to determine the anatomical and morphological features. This
study also aimed to discuss the adaptations of L. lilacinum
to halophytic environments in comparison to other family
members. Metric and meristic measurements were performed on roots, stems, leaves, and seeds to identify morphological properties. During anatomical evaluation, plant
roots, stems, and leaves, fixed in 70% ethanol, were exposed to alcohol and xylene series. Sections were obtained
using a rotary microtome. Specimens were investigated
under a light microscope. The leaves were broad, elliptic,
or oblong-ovate. The inflorescence type was corymbose or
paniculate. The color of petals was pink. Root cross-sections
revealed rhizodermis in the outermost layer of the root, the
cortex, phloem and xylem containing sclerenchyma and
pith rays. The amphistomatic leaves had anisocytic type
stomata and salt glands. Bundle sheaths surrounded the
vascular bundles in the midrib of the leaf.
KEYWORDS: Halophytes, anatomy, Plumbaginaceae, morphology, Limonium lilacinum

1. INTRODUCTION
Plants of the Plumbaginaceae family often prefer arid,
salty soil which is distributed across the temperate zone of
the Northern Hemisphere. Acanthalimon, Armeria, Ceratostigma, Limonium, Aegialitis, and Plumbago are the most
important genera. More than 85% of Plumbaginaceae species belong to Limonium, Armeria, and Acanthalimon [1].
The Plumbaginaceae family consists of 24 genera and 800
species worldwide, including six genera and 68 species in
Turkey. The members of this family with halophytic prop* Corresponding author

erties are mainly present in Mediterranean countries. Turkish Limonium taxa have been documented by Bokhari and
Edmondson [2]. A total of 23 Limonium taxa, nine of
which are endemic (endemism rate: 39.13%), are present
in Turkey [3]. The losion of Limonium species are recommended for hemorrhoids and urinary diseases. Some species are used as medicine for diarrhea and dysentery [4].
Root extracts with salt water are useful in sheep leather
tanning [5]. L. lilacinum has a diploid chromosome number of 2n=36 [6] and has been assessed as CR (critically
endangered) [7]. No data concerning the anatomy of L.
lilacinum currently exists. The aim of this study was to
investigate the morphological and anatomical characteristics of the roots, the scapes, and the leaves and also to discuss the adaptations of L. lilacinum to halophytic environments.
2. MATERIALS AND METHODS
L. lilacinum plants were collected from their natural
habitat at the Akarçay stream in Turkey (Afyon Kocatepe
University campus, ca. 1010 m, M. Temel 1179) on August 15, 2006. The dominant species in its community
were Hordeum geniculatum, Artemisia santonicum, Scorzonera parviflora, Lepidium cartilagineum subsp. cartilagineum, Phragmites australis, Spergularia media, and
Plantago crassifolia [8]. The taxonomic description of the
plant was obtained from Flora of Turkey [2]. Voucher
specimens were stored at the Herbarium of Afyon Kocatepe University Faculty of Art and Science, Department
of Biology. Herbarium samples were used to determine
morphological descriptions and measurements. Anatomical studies were performed with samples preserved in
alcohol (70%), and cross-sections of the roots, scapes, and
leaves were obtained by the paraffin method [9] using a
rotary microtome. The obtained transverse sections were
12-15 µm in thickness and stained with Safranin O. Paradermal sections were obtained using free-hand sectioning
technique. Canada balsam was used for permanent specimens. Sections of roots, scapes, and leaves were photographed by Nikon Ophtiphot.
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3. RESULTS
3.1 Morphological characteristics

L. lilacinum is a perennial herb with a flowering period of June to September which grows at an altitude of
900-1200 m in the salty soil of inland Turkey. Morphological characteristics of L. lilacinum specimens included
the following: stem 1.5-2 cm; few branches; fleshy leaves
were six to twenty, and the length of leaves were 3-5 cm,
elliptic or oblong-ovate in shape; and ovate to acuminate
in terminal. L. lilacinum specimens had scape branches in
the middle or above; corymbose to paniculate inflorescences; rather short and compact, almost recurved, spikes
which were dense at the upper part; and two to four flowered spikelets, 4-5 mm in length. The outer bract was
broadly ovate, 1-1.4 mm, and hyaline at the margin. The
first inner bract was 2-2.8 mm and, similar to the outer
bract, ovate. The second inner bract was 3-3.5 mm, rectangular to oblong-ovate, concave, and largely hyalinemargined. The calix was 3.5-5 mm, infundibular, tube pilose,
and limb 5-lobed, with rounded lobes. Petals were violet
(Figure 1).

collateral bundles. Small collateral bundles were positioned in between and under the larger bundles. The cluster of phloem adjacent to the cortex was capped or subtended by many-celled phloem fibers. Small bundles
adjacent to the pith were surrounded by a sheath of sclerenchyma one to two cell layers thick. The pith consisted
of lignified, hexagonal outer cells and rounded cells with
large intercellular spaces in the center (Figure 3).
In the cross-section of the leaf, a monolayer of epidermal cells was present on both surfaces consisting of
wavy and different-shaped cells. Adaxial cells were rectangular and isodiametric, while abaxial cells were hexagonal, rectangular, isodiametric, and bulliform-like. The
adaxial palisade parenchyma had two to three layers and
the abaxial palisade parenchyma had one to two layers.
The palisade parenchyma had one-third the thickness of
the spongy mesophyll parenchyma, which had intercellular spaces and four to seven layers. Vascular bundles were
located in the middle of leaf (Figure 4). The uppermost
layer of the midrib of the lamina consisted of one to two
layers of palisade parenchyma, but no abaxial palisade
layer. Two single and two triple vascular bundles were
embedded in the heterogeneous shape of the ground tissues between the palisade parenchyma and the lower
epidermis in the midrib. Vascular bundles were attached to
each other, and one vascular bundle was small (Figure 5).
All vascular tissues were surrounded by a parenchymatous
bundle sheath. Vascular bundles were of the collateral type.
The xylem was oriented towards the upper surfaces, and
the phloem towards the lower surfaces, but the triple
bundles faced inwards, especially adjacent xylem vessels.
The cluster of phloem was surrounded by one or two layers
of sclerenchymatous cap. The trachea, tracheids, xylem
fibers, and xylem parenchyma were well-differentiated (Figure 6). Leaf scrapings from the adaxial and abaxial surface
showed anisocytic stomata present on both surfaces of the
leaf (amphistomatic). Multicellular (6-7 cells) salt glands
were slightly sunken into the epidermis and found on both
surfaces (Figures 7, 8).

FIGURE 1 - General view of Limonium lilacinum in its arid habitat.

4. DISCUSSION

3.2 Anatomical characteristics of the root, scape, and leaf

In the cross-section of the root, the periderm, in a
compact arrangement, was composed of anticlinally and
periclinally divided, brick-shaped cells on the outside. The
cortex occupied a large rounded or elliptic area. Sclerenchymatous clusters were scattered in the phloem and xylem, but mostly in the xylem. There were two to four layers
of periclinally oriented pith rays. The parenchymatous cells
of the pith were rounded or ecliptic in the center (Figure 2).
In the cross-section of the scape, the epidermis had a
single layer of isodiametric, rounded cells. The cuticle
was a smooth and thin layer. The cortex varied from five
to eight cells. The vascular bundles were aligned along
the border between the cortex and the pith parenchyma.
The xylem vessels were prominent in all larger and small

Anatomical and morphological properties of the endemic species L. lilacinum, which belongs to the section
Sphaerostachys and the Limonium genus, are presented
for the first time in this study. The morphological results
from the fleshy and herbarium materials shared the highest similarity with the description of Flora of Turkey [2],
but moderate succulence, heavy trichome covering on
aerial parts, and reduction of leaf size are the morphological modifications of some halophytic plants [10].
The root cross-section of L. lilacinum had brickshaped periderma; rounded or elliptic cells forming the
cortex; periclinally oriented pith rays within the phloem
and large xylem; scattered sclerenchymatous clusters; and
rounded or elliptic pith cells in the center (Figure 2).
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FIGURES 2-8. Sections from Limonium lilacinum. 2. Cross-section of the root. 3. Cross-section of the scape. 4. Cross-section of the leaf. 5.
Cross-section of the midvein. 6. Details of the vascular bundle in the midvein. 7. Leaf scraping from the adaxial surface showing anisocytic
stomata. 8. Leaf scraping from abaxial surface. Abbreviations: r- rhizodermis, ko- cortex, fsk- phloem sclerenchyma, ka- cambium, ksxylem, fl- phloem, ö- pith, ksk- xylem sclerenchyma, ök- pith ray, üe- upper epidermis, pp- palisade parenchyma, id- vascular bundles, spspongy parenchyma, ae- lower epidermis, st- stomata, sc- salt gland, ah- subsidiary cells, sk- sclerenchyma, t- trachea, tr- tracheid, khsheath cells.
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Halophytic plants generally have thickened cuticles,
strong cutinization of the epidermis, and crystalliferous
storage cells [10]. L. lilacinum showed no thickened cuticle on the epidermis or crystalliferous storage cells. The
anatomical modifications in L. lilacinum (salt glandular
trichomes; sclerenchymatous cortical bundles; periclinally
orientated pith rays within the phloem and large xylem;
scattered sclerenchymatous clusters; and rounded, elliptic,
and lignified pith cells) are consistent with the results of
Lucy et al. [10], Colombo and Trapani [11], and Saadeddin
and Doddema [12].
The scape cross-section had distinct properties: single
layer, isodiametric, rounded, and cuticular epidermal cells;
a cortex with five to eight layers; and vascular bundles
aligned along the border between the cortex and the pith
parenchyma. The phloem clusters adjacent to the cortex were
capped and subtended by many sclerenchyma cells, providing the stem with a more supportive parenchymatous pith
region (Figure 3). However, in previous studies, sclerenchyma was determined to act as protective tissue for the
central cylinder in L. lopadusanum [11] and to strengthen
the stem with phloem fibers in Aster tripolium L. [13].
Monolayer epidermal cells of both surfaces consisted
of different shaped cells in L. lilacinum. Similar singlelayer epidermal cells were observed in the perennial halophyte species Aeluropus lagopoides, Anabasis setifera,
Halopeplis perfoliata, Limonium axillare, Salsola baryosma,
Suaeda aegyptiaca, Suaeda vermiculata, Zygophyllum
qatarense, and Zygophyllum simplex [14] and in all Iranian
Limonium species [15].
Adaxial cells were rectangular and isodiametric, but
abaxial cells were hexagonal, rectangular, isodiametric, and
bulliform-like epidermal cells. The stomata was anisocytic
with three subsidiary cells and occurred on the upper and
lower surfaces (amphistomatic), as previously observed
by Zhou and Song [16] in the blades of four Limonium
species. Although Aster tripolium L. has no salt glands
and its leaves have paracytic stomata, it demonstrates
halophytic adaptations to soil salinity [13]. Akhani et al.
[15] found that stomata in all Limonium species are anisocytic with three subsidiary cells; however, in some species, such as L. axillare, L. carnosum, L. iranicum, L.
perfoliatum (C.A.Mey.ex Boiss.) Kuntze, L. reniforme, L.
sogdianum, and L. suffruticosum, four and five subsidiary
cells have been observed. The palisade parenchyma had
three to four layers, and the spongy parenchyma with
intercellular spaces had four to seven layers. The vascular
bundles were located in the middle of leaf (Figure 4),
which was consistent with the vascular bundles of the succulent leaves [14]. Akhani et al. [15] reported that stomata
and salt glands occur mostly on the same level as other
epidermal cells, except in L. axillare, L. carnosum, L. iranicum, L. stocksii, and L. suffruticosum, in which they are
sunken. However, the multicellular (six to seven cells) salt
glands in L. lilacinum were sunken into the epidermis and
found on the surfaces of both sides (Figures 5, 6). The salt

glands are also present in the upper and lower epidermis
of Limonium lopadusanum, L. intermedium, and L. albidum [11].
The palisade parenchyma in the leaves had two to
three adaxial layers and one to two abaxial layers, and its
thickness was one-third that of the mesophyll. The uppermost layer of the midrib of the lamina had one to two
layers of palisade parenchyma but no abaxial palisade
(Figures 4, 5). These findings are almost similar to L.
gmelinii [15]. The spongy parenchyma with intercellular spaces had four to seven layers. The vascular bundles
were located in the middle of the leaf (Figures 4, 5).
A thick lamina and midrib with a high proportion of
aerenchyma enhance water storing ability but also aid the
translocation of oxygen and salts [17]. Similarly, we found
that the uppermost layer of the midrib of the lamina had
one to two layers of palisade parenchyma. Two single and
two triple vascular bundles were embedded in the heterogeneous shape of the ground tissues between the palisade
parenchyma and the lower epidermis in the midrib. Vascular bundles were attached to each other, and one vascular
bundle was small (Figure 5). A high proportion of parenchymatous bundle sheath around the vascular tissues and
bulliform cells can increase water storage capacity and
space for dumping toxic ions, such as Na+ and Cl- [18].
All vascular tissues were surrounded by a parenchymatous bundle sheath. The vascular bundles were of the
collateral type. The xylem was oriented towards the upper
surfaces and the phloem towards the lower surfaces, but
the triple bundles faced inwards, especially adjacent xylem vessels. Each cluster of phloem was surrounded by
one or two layers of sclerenchymatous cap. Trachea, tracheids, xylem fibers, and xylem parenchyma were welldifferentiated (Figure 6). This structure is important for the
survival of L. lilacinum under extreme aridity and salinity.
Our results are similar to past results for L. lopadusanum,
L. intermedium, and L. albidum’s midvein [11].
In conclusion, the current study points out similarities
and differences in anatomical aspects between L. lilacinum and the species mentioned above, as well as other
Limonium and Plumbaginaceae members. Thus, this study
contributes to the available anatomical data for the Plumbaginaceae family. The L. lilacinum anatomical findings
in this study are ecological adaptations to halophytic environments.
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ABSTRACT
This study was designed to solve the problems caused
by the presence of metal ions during the recovery of phosphorus in the form of magnesium ammonium phosphate
from digested sewage sludge. The following experimental
steps were conducted to maximize magnesium ammonium
phosphate production and ensure its quality. First, the excess sludge was digested in anaerobic conditions to decrease pH. The pH was then adjusted to 3 to dissolve heavy
metal ions and obtain water rich in phosphorus and ammonia. The heavy metal ions were removed through adsorption using modified bagasse. Phosphorus and ammonia as
magnesium ammonium phosphate was then recovered. The
product was characterized by scanning electron microscopy, energy disperse spectroscopy and X-ray diffraction.
The recovered magnesium ammonium phosphate fulfilled
all the ecological indices for fertilizers used in China; thus,
it can be used as a high-quality fertilizer in the country.

KEYWORDS: phosphorus recovery, magnesium ammonium
phosphate, nutrient removal, adsorption, heavy metals

1. INTRODUCTION

scientifically. Various techniques, focusing mainly on recovering nitrogen and phosphate, have been developed
and studied to remove and recover nutrients from digested
sewage sludge [3-6]. An efficient phosphate removal technique is the precipitation of the element as MAP.
Precipitates acquired from MAP can be used as slowrelease fertilizers in agriculture [7, 8]. Metal ions and heavy
metals also accumulate in the treatment sludge during the
process [6, 9, 10]. In China, sewerage systems serve for
both industrial and commercial activities. Therefore, the
presence of high levels of toxic substances that include
heavy metals has been reported in wastewater, and these
substances mainly accumulate in the sludge [11]. The presence of such pollutants in fertilizers is strictly regulated
and excess amounts of them can result in the prohibition
of fertilizer use in agriculture [12].
Prakash et al. [13] and Weidelener et al. [14] investigated the removal of Al, Fe and Ca from water treatment
plant residuals using the Donnan membrane process, and
focused on the highest concentration of metal ions in
digested sludge. Uysal et al. [10] investigated the fertilizer
quality of struvite formed from effluents of a sewage sludge
anaerobic digester. They found that all struvite precipitation
processes reduced heavy metal content. Therefore, to prevent the re-precipitation of phosphorus with metal ions,
interfering metal ions must be removed or inactivated.
Considerable attention has been devoted to the study
of removing heavy metal ions from solution by adsorption
using low-cost materials that were firstly considered as
waste. These materials include peanut husks [15], areca
waste [16, 17], pine bark [18], and sugar waste [19], etc.

The number of wastewater treatment plants (WWTPs)
operated for enhanced biological phosphorus removal has
increased worldwide. In a conventional WWTP, almost all
of the removed nutrients accumulate in the treatment
sludge. The stabilization of sludge is usually carried out by
anaerobic digestion. During anaerobic digestion of sewage sludge, most of the phosphorus and ammonia nitrogen
present in the organic matter is released [1, 2]. The released
phosphorus may precipitate as magnesium ammonium phosphate (MAP) on pipe walls and equipment surfaces when
the molar ratio of Mg:N:P is greater than 1:1:1. As an unsustainable resource, it is important that phosphorus is used

2.1. Source of waste activated sludge (WAS)

* Corresponding author

The WAS used in this study was obtained from the
secondary sedimentation tank of a municipal WWTP in

This research focuses on the removal of metal ions
prior to MAP and high quality fertilizer-MAP production.
2. MATERIALS AND METHODS
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TABLE 1 - Characteristics of raw sewage sludge, digested sewage sludge and sludge after acidification.
Characteristics
TCOD (mg/L)
SCOD (mg/L)
NH4+ (mg/L)
PO43– (mg/L)
pH
Cu (mg/L)
Cd (mg/L)
Zn (mg/L)
Pb (mg/L)

Raw sewage sludge
12180 ± 320
520 ± 40
83 ± 5
30 ± 2
6.5 ± 0.1
0.01
0.03
0.05
0.02

Sludge after digestion (6 days)
9800 ± 280
1450 ± 85
238 ± 12
92 ± 4
4.9 ± 0.1
0.5
0.09
2.9
0.3

Changsha, China. The sludge was concentrated by allowing it to settle at 4 °C for 24 h, filtered through a 1 × 1 mm
metal sieve, and then stored at 4 °C for later use.
2.2 WAS anaerobic digestion and acidification

The main constraint in sludge use is the accumulation
of heavy metals in the excess sludge. The application of
biological sludge hydrolysis and acidification in WWTPs
makes it possible to comply with stringent legislations
and reduce excessive sludge production. Anaerobic digestion of excess sludge was used to decrease pH and release
nutrients from the excess sludge to the supernatant. The
pH was then adjusted to 3 using muriatic (hydrochloric)
acid to release heavy metals, because during pH arrangement of digested sludge samples for MAP production,
main metal ions react with available phosphorus and then
precipitate as metal phosphates at pH values above 4.0 [14,
20]. The characteristics of raw sewage sludge, anaerobic
digested sludge (6 d), and acidified sludge are shown in
Table 1.

Sludge after acidification
8000 ± 245
2980 ± 112
416± 21
236 ± 7
3.0 ± 0.1
1.2
0.2
5.4
0.7

natants was adjusted to 4. Approximately 0.1 g of modified bagasse was added to 200 ml of the supernatant at
room temperature; the mixture was then shaken at a constant agitation rate of 350 rpm for 180 min. After agitation,
the solids were removed by filtration through a 0.45-µm
nucleopore polycarbonate membrane filter. The final concentrations in the filtrates and in the initial solution were
determined by atomic absorption spectrophotometry (AAS).

2.3 Modified bagasse

The bagasse (10 g) was collected after chewing and
washed three times with deionized water (each time 200 ml
for 60 min) and then immersed in 0.2 M NaOH aqueous
solution for a period of 12 h to remove color and remaining sugar. Thereafter, it was washed three times with deionized water (each time 200 ml for 60 min) to remove excess
NaOH. After this, the treated bagasse adsorbent was dried
at 378K for 10 h and then allowed to cool in the desiccator.
Then, the bagasse was made by Fenton to modify at variable particle sizes. In accordance with Ref. [21], Fenton
reagent (Fe2+/H2O2 ratio = 0.01) was used to increase the
proportion of active surface.
The samples obtained were characterized by a scanning
electron microscope (SEM, JSM–6700F, Hitachi, Japan).
The SEM image showed an irregular laminar structure
(Fig. 1). At the same time, the properties of modified bagasse were characterized by standard methods given in
Table 2.
2.4 Adsorption process using modified bagasse

The pH is one of the most important parameters that
control the uptake of heavy metals from wastewater and
aqueous solutions. Before adsorption, the pH of the super-

FIGURE 1 - SEM photomicrograph of modified bagasse.
TABLE 2 - Characteristics of modified bagasse.
Characteristics
Color
BET surface area (m2/g)
Porosity (%)
Ash (%)

Values
White
88
28
7

2.5 Experimental setup for MAP production

The success of the MAP precipitation process depends mainly on two factors: the pH during precipitation
and the molar ratio of Mg/N/P. To determine the optimum
Mg/N/P molar ratio, a series of batch investigations was
conducted. Nine molar ratios (i.e., 1:1:0.8, 1:1:0.9, 1:1:1,
1:1:1.1, 1.2:1:1, 1.3:1:1, 1.3:1:1.1, 1.4:1:1 and 1.4:1:1.2)
were investigated. The precipitation tests were carried out
in laboratory-scale through an experimental setup that
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consisted of a 1-L beaker, a magnetic stirrer, a pH control,
and a pump for dosing NaOH. The paper-filtrated sample was Mg- and P-deficient. Therefore, KH2PO4 and
MgCl2·6H2O were used to supplement these elements.
The pH of the solution was adjusted by adding 32%
NaOH with stirring to 8.0, 8.2, 8.4, 8.6, 8.8, 9.0, 9.2, 9.4,
9.6, 9.8, 10.0, 10.2, 10.4, 10.6, 10.8 and 11.0. The solution was then incubated for 2 h at room temperature. The
produced MAP was dried at room temperature for one
day. Finally, MAP was separated and analyzed by SEM
(JSM–6700F), energy-dispersive X-ray spectroscopy (EDS)
and X-ray diffraction (XRD, D–5000).
2.6. Analytical methods

(NH4+-N),

PO43--P,

Parameters, including ammonia
soluble chemical oxygen demand (SCOD) and total chemical oxygen demand (TCOD) were determined according to
the standard methods [22]. The pH was measured by a
Multiline 330i pH-meter. A PerkinElmer 700 atomic absorption spectrophotometer (AAS, School of Natural Resources) was used to analyze the dissolved Cu, Cd, Zn and
Pb. A calibration curve was established. Standard aqueous
solutions of cadmium and copper were prepared to read
the residual concentrations of metals.

The effect of contact time on mixed heavy metals by
modified bagasse is represented in Fig. 2. The adsorption
rate increased rapidly during the first 60 min of the reaction, after which it proceeded to increase slowly. The
initial steep curve suggests that adsorption occurs rapidly
once metal ions come into contact with the surface of the
modified bagasse. The increasing rate of adsorption subsequently decreases because it takes a longer time for ions
to diffuse into the inner cavities of exiguous solutions.
Such slow diffusion leads to slow increases in the adsorption curve at later stages.
3.2 Adsorption kinetics

To analyze the adsorption rate of heavy metals onto
modified bagasse, pseudo-first-order and pseudo-secondorder models were used to simulate the kinetic adsorption
[23, 24].
Pseudo-first-order model:

log(qe − qt ) = log qe −

K1t
2.303

(1)

Pseudo-second-order model:

t
t
1
= +
qt qe K 2 qe2

(2)

where, K1 (min–1) is the rate constant of the pseudo-

3. RESULTS AND DISCUSSION

first-order adsorption, qe (mg/g) is the amount of heavy

3.1 Co–adsorption of heavy metals

TCOD decreased from 12180 to 8000 mg/L after acidification. SCOD increased from 520 to 2380 mg/L. The
reduction of solid and organic matter contents allowed for
better mixing and helped achieve a higher concentration of
metal ions. After acidification, the concentrations of Cu, Cd,
Zn and Pb increased from 0.01, 0.03, 0.05 and 0.02 mg/L to
1.2, 0.2, 5.4 and 0.7 mg/L, respectively.

metals adsorbed on the modified bagasse surface at equilibrium, qt (mg/g) is the amount of heavy metals adsorbed
at any time t (min), and K2 is the second-order reaction rate
constant for adsorption (g/(mg·min)). The following expression denotes the initial sorption rate v0 (mg/(g min)) [24]:

v0 = K 2 qe2

(3)
Figures 3a and b show linear plots of the linearized
forms of the pseudo-first-order model in Eq. (1), and the
pseudo-second-order model in Eq. (2) for the sorption of
heavy metals onto modified bagasse. K1, K2 and qe values
were obtained from the slops and intercepts of the lines by
plotting log(qe-qt) versus t and t/qt versus t (listed in Table 3).
The qe(cal) values obtained from the first-order-kinetic
model did not agree with the experimental (qe(exp)) values as
shown in Table 3. This indicates that the adsorption of
heavy metals onto modified bagasse does not follow the
first-order-kinetic model. The qe(cal) values from the second-order kinetic model had an agreement with the qe(exp)
values as seen in Table 3. Moreover, the correlation coefficients for the second-order-kinetic model were very high.
Thus, it is inferred that the adsorption system belongs to
the second-order kinetic model.
3.3 Effect of pH

FIGURE 2 - Co–adsorption process (pH 4; modified bagasse 0.5 g/L;
concentrations of Cu, Cd, Zn and Pb = 1.2, 0.2, 5.4 and 0.7 mg/L).

Solution pH is one of the most important factors that
control the crystallization reaction of MAP. The optimum
pH for the removal of ammonia nitrogen has been observed
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TABLE 3 - Parameters calculated using the pseudo-first-order and the pseudo-second-order models for the adsorption of metals on modified
bagasse.
Metal
Cu
Cd
Zn
Pb

Pseudo-first-order model
qe(cal)
qe(exp)
1.14
0.41
0.19
0.08
5.32
2.19
0.68
0.31

K1
0.02
0.02
0.04
0.03

Pseudo-second-order model
ν0
qe(cal)
8.92
0.72
0.03
0.19
1.21
5.49
0.11
0.71

R2
0.9631
0.9527
0.9917
0.9498

K2
17.2
0.79
0.04
0.21

R2
0.9546
0.9986
0.9999
0.9997

was observed at pH 9.4; the removal efficiency decreased
beyond pH 9.4. The orthophosphate removal efficiency
followed a similar trend: the maximum orthophosphate
removal efficiency (96%) was observed at pH 9.6 and the
removal efficiency decreased when pH exceeded 9.6. One
reason for this trend is that, at higher pH values, the formation of Mg3(PO4)2 and Mg(OH)2 reduces the Mg2+
available for MAP crystallization (Eqs. (4) and (5)); in
particular, when pH ≥10.5, the retarding effect of Mg ions
on phosphate formation tends to disappear [26]. Another
reason is that NH +4 may convert into free NH3, which can
no longer be removed by MAP crystallization.

3Mg 2+ + 2PO34− → Mg 3 (PO 4 ) 2

(4)

Mg 2+ + 2OH - → Mg(OH) 2 ↓

(5)

SCOD removal efficiency increased with increasing pH,
and the maximum removal efficiency was 48%.

FIGURE 3 - Kinetics for adsorption of heavy metals onto modified
bagasse ((a) pseudo-first-order model; (b) pseudo-second-order
model; modified bagasse dose = 0.5 g/L; pH = 4; T = 293±2 K).

observed in previous studies. Booker et al. [9] reported
that a pH of 9.2 was optimum, whereas Güney et al. [25]
found that a pH of 8.5–9.3 was the optimal range. Doyle &
Parsons [5] illustrated that MAP solubility generally decreases towards a pH of 9.0 and increases when pH is
above 9.0 since the ammonium ion concentration will decrease and the phosphate ion concentration will increase.
The current experiment examined the effect of pH on nutrient removal with MAP precipitation under conditions when
the molar ratio was 1:1:1 and the pH values were 8–11.
The results obtained from variations in pH values are
given in Fig. 4. As seen from Fig. 4, the ammonia nitrogen removal efficiency increases with increasing pH up to
9.4. The best ammonia nitrogen removal efficiency (76%)

FIGURE 4 - Effect of pH on NH4-N, PO4-P and SCOD removal (pH
= 8.0, 8.2, 8.4, 8.6, 8.8, 9.0, 9.2, 9.4, 9.6, 9.8, 10.0, 10.2, 10.4, 10.6,
10.8, 11.0; initial concentration of NH4+ and PO43− ions was 416 and
2195 mg/L).

3.4 The effect of molar ratio of Mg/N/P

This experiment aimed to determine the optimum
molar ratio of Mg/N/P for phosphorus removal. The experiments were conducted by adding MgCl2·6H2O and
KH2PO4 to the samples; the pH was set to 9.6. MAP
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formed into a hard white crystalline solid when the molar
ratio of Mg/N/P was greater than 1:1:1 [27]. Previous studies have demonstrated the importance of the molar concentration of Mg2+, NH4+ and PO43− ions during MAP formation, and indicated that this ratio should be experimentally
determined in order to maximize MAP formation [28]. In
this part of the study, a range of molar ratios of Mg/N/P
was tested by keeping the NH4+ concentration constant in
all of the experimental runs. The effects of the molar ratio
of Mg/N/P on PO43–, NH4+ and SCOD removal efficiencies at pH 9.6 are given in Fig. 5.
Previous studies have noted that ammonia and phosphate removal are generally affected by the amount of
magnesium added during MAP precipitation [20, 29-31].
Other researchers have also emphasized that a complementary Mg2+ concentration is necessary for maximum
phosphate removal. Thus, in the present research, the
molar ratios of Mg/N varied from 1:1 to 1.4:1, while those
of P/N varied from 0.8:1 to 1.2:1.

PO43− in the effluents. At an Mg/N/P molar ratio of 1.2:1:1,
the removal efficiencies of PO43−, NH4+, and SCOD were
100, 86, and 46%, respectively.
3.5 Characteristics of MAP

SEM analysis showed that the surface of the MAP produced was characterized by coarse cubic crystals (Fig. 6).
Table 4 indicates that the contents of various basic elements
in prepared and pure MAP were consistent. Calcium and
carbon, which may cause the precipitation of calcium carbonate or phosphate, were found in the prepared MAP. The
XRD patterns of the precipitated materials exhibited several peaks indicative of the presence of MAP, as illustrated
in Fig. 7. In other words, XRD patterns generated from the
precipitated materials matched the database model for
standard MAP, i.e., the position and intensity of the peaks.
It can thus be concluded that the precipitates obtained are
MAP crystals. The MAP produced fulfilled all the ecological indices for fertilizers used in China (Table 4). The
findings indicate that MAP could be used as a high-quality
fertilizer in the country.

FIGURE 5 - Effect of Mg/N/P molar ratio on PO43–, NH4+ and
SCOD removal (1#:1:1:0.8; 2#: 1:1:0.9; 3#: 1:1:1; 4#: 1.1:1:1; 5#:
1.2:1:1; 6#: 1.3:1:1; 7#: 1.3:1:1.1; 8#: 1.4:1:1; 9#: 1.4:1:1.2).

Increases in the molar ratio of Mg ions did not have
significant effects on PO43− removal, increasing only from
96 to 100% as the Mg/N/P molar ratio increased from
1:1:1 to 1.3:1:1. The effect of Mg ion molar ratio on NH4+
removal was greater than that of PO43−, increasing from
75 to 90% as the Mg/N/P molar ratio increased from 1:1:1
to 1.3:1:1. Magnesium ions are commonly used as flocculants to remove particulate organic matter. SCOD removal
increased from 38 to 48% as the Mg/N/P molar ratio
increased from 1:1:1 to 1.3:1:1.
Overdosing either Mg2+ or PO43− can further lower the
remaining ammonium concentration. However, from an
environmental point of view, overdosing PO43− will generate a higher concentration of PO43− in the effluent. Thus,
the removal efficiency of PO43− at an Mg/N/P molar ratio
of 1.2:1:1 was proposed in order to remove ammonium
ions effectively, as well as avoid higher concentrations of

FIGURE 6 - SEM photomicrograph of the recovered MAP.
TABLE 4 - Comparison of chemical composition of the pure MAP
and recovered MAP and ecological index for fertilizers (GB/T
23349-2009).
Element
(wt%)
C
N
O
P
Mg
Ca
Cd
Pb
Total

MAP
(pure)
0
10.2
46.6
22.56
17.7
0
0
0
100

N: Not detected
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MAP
(present study)
5.36
9.15
45.32
19.21
16.97
3.79
N
N
100

GB/T 23349-2009

≤ 0.0010
≤ 0.020
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ABSTRACT
Little is known about soil microbial diversity in alkalisaline grassland. To discover the influence of plant diversity and aboveground biomass on soil microbial diversity
in alkali-saline grassland, we measured and analyzed plant
diversity, aboveground biomass, microbial counts, biomass
carbon, and genetic diversity. The results showed that soil
microbial counts and biomass carbon increased in proportion to plant diversity levels. A significant positive correlation was found between microbial counts/biomass carbon
and plant diversity (P<0.05) but not aboveground biomass
(P>0.05) according to statistical analysis. Soil microbial
genetic diversity also increased in proportion to plant diversity levels. By using phylogentic tree analysis, we found
that increased microbial communities contain the bacterial
orders Deltaproteobacteria, Bacilli, Actinobacteria, and Verrucomicrobia. To sum up, soil microbial community composition and diversity were affected by plant diversity in alkali-saline grassland of Western Jilin Province, China.
KEYWORDS: Plant diversity; aboveground biomass; soil microbial diversity; alkali-saline grassland; China

1. INTRODUCTION
Influenced by natural factors and human activities,
alkali-saline grassland becomes severe in Western Jilin
Province, China. It is one of the biggest problems in terms
of sustainable agriculture and animal husbandry [1]. Soil
microorganisms are sensitive to environmental changes and
regarded as both an important component of grassland ecosystem and an important parameter to evaluate the soil
environment and quality [2-4]. In particular, soil microbial
diversity is used to monitor soil ecological system and
evaluate the maintenance of ecological balance on alkalisaline grassland. It is among the research hotspots in microbial ecology and global change [5].
* Corresponding author

Several studies have suggested that plant diversity is
an important soil microbial diversity related factor [6-9]. It
is a major cause of spatial heterogeneity of soil microbial
community composition in forest ecosystems [10, 11].
Plants may influence soil microbial diversity by changing
soil carbon and nitrogen levels, moisture contents, temperatures, and pH values [12]. Plant community compositions could affect soil microbial community compositions
[13]. Soil microbial diversity is different in different plant
communities [14-17] and has a significant positive correlation with plant species and numbers [18]. The succession of plant community could affect soil microbial functional group compositions [19].
However, Zul [20] and Nunan et al. [13] postulated
that soil microbial community compositions had no correlations with plant diversity. Liu et al. [21] found that plant
community compositions and diversities were not major
factors influencing soil microbial community at a large
scale, and instead, plant aboveground biomass was a major
factor. As a result, it is necessary to study the correlation
between plant diversity, aboveground biomass and soil
microbial diversity at given ecosystems.
Our study discovered the general ecological relationships of soil microbial diversity with plant diversity and
aboveground biomass in Western Jilin Province, China.
2. MATERIALS AND METHODS
2.1 Sites description

Experiments were conducted in the Grassland Ecological Research Station of Northeast Normal University,
Changling Country, Jilin Province, PR China (44°40′ to
44°44′ N, 123°44′ to 123°47′ E). The study area has a
semi-arid continental climate. The soil was salinized with
a pH value of 7.5-9.0.
2.2 Sampling

As indicated in Table 1, nine sites were set based on
three plant diversity levels low, medium, and high, num-
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bered by L, M, and H. Three sites were randomly selected
at each diversity level, and numbered by 1, 2, and 3. In
defined 10m×10m sites, we investigated plant species and
quanlity, and calculated plant diversity index by Ma’s
method [22]. We selected 1m×1m plot by 5 point sampling at each site, proceeded to take aboveground biomass
and the soil samples. All aboveground vegetation within
the plot was cut, and placed in plastic bags, determined
by weighing dried (65 °C for 24h), and labelled in terms
of g m-2. The soil samples were taken using a core to a 10-cm
depth. All samples were split in half. One half was kept at
4 °C for the study of colony forming units (CFU) and microbial biomass carbon (MBC). The other half was mixed
based on plant diversity level and kept at -20 °C for molecular analysis by PCR-DGGE (denaturing gradient gel
electrophoresis).
2.3 Experiment of CFU and MBC

CFU (colony forming units) were counted after serial
dilution (10-fold) of 1 g dry soil suspension and plated on
agar plates for the total counts of bacteria, actinomycetes,
fungi, and functional group of nitrogen (denitrifying bacteria, nitrifying bacteria, nitrogen-fixing bacteria, and
amonifying bacteria), carbon (aerobic cellulose-degrading
bacteria), and phosphorus (phosphorus solubilizing bacteria) [23]. Data from triplicate readings were shown as
CFU g–1 dry soil.
Soil MBC (minimum bacterial concentration) was determined by chloroform fumigation-incubation method [24].
2.4 DNA extraction, PCR amplification, and DGGE analysis

Total DNA was extracted from 0.25g fresh soil using Power Soil DNA Isolation Kit (Mo Bio Laboratories, Inc.) according to the instructions of the manufacturer. For DGGE analysis, PCR amplification of bacterial communities 16S rDNA fragments was carried out

using a touchdown program with the primers 338F (5`ACTCCTACGGGAGGCAGCAG-3`) and 534R (5`CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGC
ACGGGGGG (ATTACCGCG GCT GCTGG-3`). The
reaction mixture (50 µl) consisted of 2.5 ng template DNA,
5 µl of 10×PCR buffer (100 mol Tris-HCl, 500 mol KCl,
15 mol MgCl2), 4 µl of deoxyribonucleotide triphosphate
mixture (2.5 mM of each dNTP), 1 µl of each primer
(20 µM), and 0.25 µl of TaKaRa Taq (5U/µl). After 10 min
of denaturation at 94 °C, 30 thermal cycles of 1 min at 94 °C,
1 min at 55 °C (each cycle decreases by 0.1 °C) and 1.5 min
at 72 °C were performed, followed by an extension step at
72 °C for 10 min. Subsequently, DGGE analysis was performed using the Bio-Rad DCode TM Universal Mutation
Detection System. PCR product was loaded in 8% acrylamide gel containing 40-60% denaturing gradient at constant voltage of 65 V for 16 h to analyze the bacterial
community. After staining with silver nitrate, the DGGE
gels were recorded as digital images with a Bio-Rad Gel
Doc 2000 system. Rolling disk method with Quantity One
V4.52 was used for identification of each band. They were
converted to binary data based on the presence or absence
of each band. Differential display bands of DGGE profiles
were excised. DNA was extracted for reamplifications.
Cloning, sequencing and sequence analysis of PCR product was carried out by Beijing Biogenro Biotechnology Co.,
LTD.
2.5 Statistical analysis

All date were analyzed by SPSS (version 13.0, Chicago, IL). One way ANOVA analysis was carried out to
determine significant differences in CFU and MBC among
different plots. Correlation analysis was carried out to determine significant correlation between the soil microorganism and plant diversity and aboveground biomass.

TABLE 1 - The description of different sampling sites.
Sampling
sites
L1
L2
L3
M1
M2
M3
H1

H2
H3

Species composition
Leymus chinensis; Artemisia scoparia; Chloris virgata
Leymus chinensis; Artemisia scoparia; Chloris virgata
Leymus chinensis; Artemisia scoparia; Chloris virgata
Phragmites australis; Chloris virgata; Kalimeris integrifolia;
Artemisia scoparia; Leymus chinensis
Phragmites australis; Messerschmidia sibirica; Allium ramosum; Chloris virgata; Kalimeris integrifolia; Leymus chinensis
Phragmites australis; Chloris virgata; Kochia sieversiana;
Artemisia anethifolia; Artemisia scoparia; Leymus chinensis
Calamagrostis epigejos; Artemisia scoparia; Phragmites australis; Cynanchum Chinese; Chloris virgata; Kalimeris integrifolia; Leymus chinensis; Medicago falcat; Messerschmidia
sibirica
Calamagrostis epigejos; Scutellaria regeliana; Phragmites
australis; Medicago ruthenica; Chloris virgata; Kalimeris
integrifolia; Leymus chinensis
Calamagrostis epigejos; Scutellaria regeliana; Phragmites
australis; Artemisia scoparia; Messerschmidia sibirica; Chloris
virgata; Kalimeris integrifolia; Leymus chinensis
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Shannon-Wiener
index
0.55
0.54
0.47

Aboveground
biomass（g/m2）
46.71
46.28
47.18

0.95

98.78

1.38

115.01

0.89

105.58

1.39

74.86

1.55

65.10

1.32

69.37

Plant diversity level
Low

Medium

High
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The generated DGGE profiles were analyzed using
Quantity One V4.52 software of the Bio-Rad Gel Doc image
analyzer system. The relative intensity values of DGGE
bands were utilized to calculate the diversity employing the
Shannon-Weaver index of diversity (H). Sequences of the
closest relative were retrieved from the GenBank database.
Phylogenetic tree (neighbour-joining tree) was constructed
using Mega 5.1 software by the sequences of the excised
DGGE bands and their nearest neighbours in GenBank.
3. RESULTS
3.1 The influence of plant diversity and aboveground biomass on soil microbial counts

As indicated in Table 2, higher counts were observed
in high plant diversity level. Bacterial counts have been
raised by 137.84% from site L to M, and 227.03% from
site L to H. Actinomycetes counts have been raised by
67.57% from site L to M, and 112.16% from site L to H.
Fungal counts have been raised by 196.08% from site L to
M, and 703.92% from site L to H. One-way ANOVA
analysis of CFU data clearly indicated that the differences
of bacteria counts were significantly relevant (P<0.05)
among site L and M, but not significantly relevant (P>0.05)
among site M and H. The differences of actinomycetes and
fungi counts were significantly relevant (P<0.01) among
site L, M, and H. In order to elucidate the associations
between microbial counts and plant diversity, and aboveground biomass, the data were proceeded to correlation
analysis. The result showed that counts of bacteria, actinomycetes, and fungi had a significant positive correlation
(P<0.01) with plant diversity (correlation coefficients 0.92,
0.94, and 0.86). However, they had no correlations (P>0.05)
with aboveground biomass.
As indicated in Table 2, changes in functional group
counts were consistent with bacterial counts. Higher counts
were observed in high plant diversity level. One-way
ANOVA analysis of CFU data clearly indicated that the
differences of nitrogen, carbon functional groups and phosphorus counts were significantly relevant (P<0.01) among
site L and M, but not significantly relevant (P>0.05) among
site M and H. The results of correlation analysis showed

that functional group counts of carbon, nitrogen, and
phosphorus had a significant positive correlation (P<0.01)
with aboveground biomass (correlation coefficients 0.87,
0.76, and 0.82) but had no correlation (P>0.05) with plant
diversity.
3.2 The influence of plant diversity and aboveground biomass on soil MBC

As indicated in Table 2, changes in soil MBC were
consistent with microbial counts: higher MBC were observed in high plant diversity level. Soil MBC have been
raised by 25.4% from site L to M, and 20.07% from site M
to H. One-way ANOVA analysis clearly indicated that the
differences of MBC were significantly relevant (P<0.05)
among site L, M, and H. The results of correlation analysis showed that MBC had a significant positive correlation
(P<0.01) with plant diversity (correlation coefficiency
0.97) but had no correlation (P>0.05) with aboveground
biomass.
3.3 The influence of plant diversity and aboveground biomass on soil microbial community composition

For revealing the influence of plant diversity and
aboveground biomass on microbial community compositions, DNA was extracted from three samples (sites L, M,
and H), and selected for PCR-DGGE of the 16S rDNA
gene. DGGE profiles were converted into binary data based
on the presence or absence of each band. Genetic diversity was calculated based on DGGE profiles. They were
2.10, 2.46, and 2.53, respectively, from sites L to H. As
indicated in Fig. 1, the band patterns of DGGE profiles
showed that there were great numbers of bands present in
three soil samples. These populations seemed to be
ubiquitous and existed in all samples. Intensity of most
bands showed a gradual increase from site L to H. There
are 10 differential bands which appeared from sites L to
H, and increased by 66.67%. This indicated that the
microbial quantity and species increased gradually from
low to high plant diversity levels.
For revealing the influence of plant diversity and
aboveground biomass on microbial taxonomic differentiation in detail, 10 differential bands were selected for cloning, sequencing, sequence analysis, and construction of

TABLE 2 - Soil microbial counts and biomass carbon in different sampling sites.
Soil microbial counts
Microbial biomass
Nitrogen functional Carbon functional
carbon
Phosphorus
groups
groups
5
-1
(10 CFU g dry soil) (10-4g g-1 dry soil)
(105 CFU g-1 dry soil) (105 CFU g-1 dry soil)
L1
6.50±0.79aA
13.50±1.60aA
3.90±0.57aA
15.60±2.31aA
9.70±1.23aA
6.20±0.95aA
4.86±0.15aA
L2
5.50±0.33aA
13.00±0.93aA
5.30±0.86aA
13.20±1.82aA
8.20±0.88aA
9.40±0.51aA
5.11±0.42aA
L3
6.50±0.46aA
10.50±1.27aA
5.80±0.62aA
21.00±2.76aA
12.40±0.57aA
8.40±0.63aA
4.60±0.57aA
M1
12.00±1.29bA
20.00±0.44bB
13.60±1.24bB
35.10±4.59bB
19.10±0.95bB
20.00±2.72bB
5.69±0.24bA
M2
18.50±1.52bA
20.50±0.96bB
16.40±1.65bB
36.60±5.25bB
16.80±0.77bB
23.00±2.24bB
6.53±0.12bA
M3
13.50±0.96bA
21.50±0.84bB
14.90±1.00bB
36.30±5.82bB
15.90±0.52bB
17.60±1.15bB
6.04±0.41bA
H1
21.00±0.92bA
26.50±1.17cC
34.00±2.14cC
15.60±2.67bB
17.60±1.02bB
5.50±1.43bB
7.04±0.19cA
H2
16.50±1.24bA
28.00±1.76cC
41.00±3.21cC
28.80±5.46bB
12.80±1.24bB
13.30±2.31bB
7.67±0.37cA
H3
23.00±0.38bA
24.00±0.67cC
45.00±4.02cC
37.80±5.19bB
9.50±1.31bB
17.60±1.72bB
7.22±0.55cA
L1, L2, L3 indicate low plant diversity level grassland; M1, M2, M3 indicate medium plant diversity level grassland; H1, H2, H3 indicate high plant diversity level grassland. A, B, C, and a, b, c indicate significantly relevant at 0.01 and 0.05 levels, respectively.
Serial
number

Bacteria
Actinomycetes
(108 CFU g-1 dry soil) (106 CFU g-1 dry soil)

Fungi
(105 CFU g-1 dry soil)
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FIGURE 1 - DGGE fingerprint of different samples (L, M, and H indicate low, medium, and high plant diversity levels in grassland, respectively).
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0.02

FIGURE 2 - Phylogenetic tree constructed by the sequences of the excised DGGE bands and their nearest neighbours in GenBank.

the 16S rRNA gene phylogenetic tree by GenBank (Fig. 2).
Eleven operational taxonomic units (≥97% similarity) were
acquired from 14 nonchimeric partial 16S rRNA gene sequences. They belong to Deltaproteobacteria, Bacilli, Actinobacteria, and Verrucomicrobia. Bacillus group was the

most abundant in the variation of soil microbial community composition, accounting for 57.14%. Detailed analysis revealed low percentages of unidentified microorganisms in the variation of soil microbial community composition, solely accounting for 28.57%.
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4. DISCUSSION AND CONCLUSIONS
Counts of bacteria, actinomycetes, fungi and MBC
had significant changes (p<0.05) among differential plant
diversity level samples, and had a significant positive correlation (P<0.01) with plant diversity by correlation analysis. Genetic diversity based on DGGE profiles also has
been raised along with increasing plant diversity. Soil microbial community composition increased from low to high
plant diversity level. The results suggest that high plant
diversity level could increase soil microbial quantity and
diversity; soil microbial diversity is different in different
plant communities [14-17]. The results for the study in the
headwater areas of Tibetan Plateau by Shang et al. [6]
also supported this point, and suggested that high plant
diversity level could increase soil micromal quantity and
activity, and further improve soil fertility and quality.
Unlike most research results [20, 25], unidentified bacteria had low percentages in the variation of microbial
community composition, solely accounting for 28.57%. This
suggests that the change of unidentified microorganisms
is insignificant in alkali-saline grassland of Western Jilin
Province, China.
Some researches also suggested that plant community
composition and diversity were not major factors influencing soil microbial community [13, 20, 21], and plant
aboveground biomass was a major factor [26]. However,
our findings showed that bacteria, actinomycetes, and fungi
counts, MBC, and genetic diversity had no correlation with
plant aboveground biomass. Only soil microbial functional
group counts had a significant positive correlation (P<0.01)
with aboveground biomass, but had no correlation (P>0.05)
with plant diversity. The reason might be that functional
groups participated in soil nutrient cycling of carbon,
nitrogen, etc. and provided essential nutrients for plant
growth [27, 28], the quantity and activity of which could
affect plant absorbing nutrients [29]. Root exudates could
efficiently promote microbial growth and reproduction [30,
31], leading to close restrictive relation between microbial
counts and plant aboveground biomass.
Our study suggested that plant diversity is closely related to soil microbial quantity and microbial community
composition as compared with plant aboveground biomass
in alkali-saline grassland of Western Jilin Province, China.
Higher plant diversity level could improve soil microbial
quantity and genetic diversity, change soil microbial community composition, and further maintain the stability of
soil ecosystem, promoting soil fertility and quality.
ACKNOWLEDGMENTS
This work was supported by the National Natural
Science Foundation of China (No. 30471231; No.
31201225) and the Scientific and Technological Research
Projects of Jilin Provincial Education Department (No.
2014-210).

766

REFERENCES
[1]

Zhen H. Y., and Li J. D. (1993) The utilization and protection
of grassland vegetation in Songnen plain, Beijing: Science
press.

[2]

Ren T. Z., and Stefano G. (2000) Soil bioindicators in sustainable agriculture, Scientia Agricultura Sinica, 33(1), 6875.

[3]

Dilly O., and Munch J. C. (1998) Ratios between estimates of
microbial biomass content and microbial activity in soils, Biology and Fertility of Soils, 27(4), 374-379.

[4]

Zelles L. (1999) Fatty acid patterns of phospholipids and
lipopolysaccharides in the characterisation of microbial
communities in soil: a review, Biology and Fertility of Soils,
29(2), 111-129.

[5]

Amann R. I., Ludwig W., and Schleifer K. H. (1995) Phylogenetic identification and in situ detection of individual microbial cells without cultivation, Microbiological reviews,
59(1), 143-169.

[6]

Shang Z. H., Ding L. L., and Long R. J. (2007) Relationship
between soil microorganisms, above-ground vegetation, and
soil environment of degraded alpine meadows in the headwater areas of the Yangtze and Yellow Rivers, Qinghai-Tibetan
Plateau, ACTA prataculturae sinica, 16(1), 34-40.

[7]

Kuske C. R., Ticknor L. O., Miller M. E., Dunbar J. M.,
Davis J. A., Barns S. M., and Belnap J. (2002) Comparison
of soil bacterial communities in rhizospheres of three plant
species and the interspaces in an arid grassland, Applied and
Environmental Microbiology, 68(4), 1854-1863.

[8]

Teng Y., Huang C. Y., and Long J. (2003) Functional diversity of microbial community in herbage rhizosphere of reclaimed red soils, China Environmental Science, 23(3), 295299.

[9]

Brodie E., Edwards S., and Clipson N. (2002) Bacterial
community dynamics across a floristic gradient in a temperate upland grassland ecosystem, Microbial ecology, 44(3),
260-270.

[10] Hansel C. M., Fendorf S., Jardine P. M., and Francis C.
(2008) Changes in bacterial and archaeal community structure and functional diversity along a geochemically variable
soil profile, Applied and environmental microbiology, 74(5),
1620-1633.
[11] Hackl E., Zechmeister-Boltenstern S., Bodrossy L., and Sessitsch A. (2004) Comparison of diversities and compositions
of bacterial populations inhabiting natural forest soils, Applied and Environmental Microbiology, 70(9), 5057-5065.
[12] Paul E. A. (2007) Soil microbiology, ecology, and biochemistry, New York: Academic Press.
[13] Nunan N., Daniell T. J., Singh B. K., Papert A., McNicl J.
W., and Prosser J. I. (2005) Links between plant and
rhizoplane bacterial communities in grassland soils, characterized using molecular techniques, Applied and environmental microbiology, 71(11), 6784-6792.
[14] Grayston S. J., Wang S., Campbell C. D., and Edwards A. C.
(1998) Selective influence of plant species on microbial diversity in the rhizosphere, Soil Biology and Biochemistry,
30(3), 369-378.

© by PSP Volume 23 – No 3. 2014

Fresenius Environmental Bulletin

[15] Kaiser O., Pühler A., and Selbitschka W. (2001) Phylogenetic analysis of microbial diversity in the rhizoplane of oilseed rape (Brassica napus cv. Westar) employing cultivationdependent and cultivation-independent approaches, Microbial
ecology, 42(2), 136-149.
[16] Smalla K., Wieland G., Buchner A., Zock A., Parzy J., Kaiser S., Roskot N., Heuer H., and Berg G. (2001) Bulk and
rhizosphere soil bacterial communities studied by denaturing
gradient gel electrophoresis: plant-dependent enrichment and
seasonal shifts revealed, Applied and Environmental Microbiology, 67(10), 4742-4751.

[30] Sood S. G. (2003) Chemotactic response of plant-growthpromoting bacteria towards roots of vesicular-arbuscular mycorrhizal tomato plants, FEMS Microbiol. Ecol., 45(3), 219227.
[31] Gu Y. H., and Mazzola M. (2003) Modification of fluorescent pseudomonad community and control of apple replant
disease induced in a wheat cultivar-specific manner, Applied
Soil Ecology, 24(1), 57-72.

[17] Grüter D., Schmid B., and Brandl H. (2006) Influence of
plant diversity and elevated atmospheric carbon dioxide levels on belowground bacterial diversity, BMC microbiology,
6(1), 68.
[18] Zak D. R., Holmes W. E., White D. C., Peacock A. D., Tilman D. (2003) Plant diversity, soil microbial communities,
and ecosystem function: are there any links?, Ecology, 84(8),
2042-2050.
[19] Matsumoto L. S., Martines A. M., Avanzi M. A., Albino U.
B., Brasil C. B., Saridakis D. P., Rampazo L. G., Zangaro
W., and Andrade G. (2005) Interactions among functional
groups in the cycling of, carbon, nitrogen and phosphorus in
the rhizosphere of three successional species of tropical
woody trees, Applied Soil Ecology, 28(1), 57-65.
[20] Zul D., Denzel S., Kotz A., and Overmann J. (2007) Effects
of plant biomass, plant diversity, and water content on bacterial communities in soil lysimeters: implications for the determinants of bacterial diversity, Applied and environmental
microbiology, 73(21), 6916-6929.
[21] Liu Z., Fu B., Zheng X., and Liu G.. (2010) Plant biomass,
soil water content and soil N: P ratio regulating soil microbial
functional diversity in a temperate steppe: a regional scale
study, Soil Biology and Biochemistry, 42(3), 445-450.
[22] Ma K. P., and Liu Y. M. (1994) Measurement of biotic
community diversity: Ia diversity (part 2), Chinese Biodiversity, 2(4), 231-239.
[23] Li Z. G., Luo Y. M., and Teng Y. (2008) Methods of soil and
environmental microorganism, Beijing: Science press, 2008,
49-70.
[24] Jenkinson D. S., and Powlson D. S. (1976) The effects of
biocidal treatments on metabolism in soil—V: a method for
measuring soil biomass, Soil biology and biochemistry, 8(3),
209-213.
[25] Li H. (2008) Research on seasonal dynamic changes of soil
microorganism in desert grassland of Inner Mongolia, Inner
Mongolia: Inner Mongolia Normal University.
[26] Sun H. M., Yan L. X., and Mu C. S. (2012) Rhizosphere microbial dynamics of Leymus chinensis and its correlation with
aboveground biomass and soil environment, African Journal
of Microbiology Research, 6(16),3814-3820.
[27] Kennedy A. C., and Smith K. L. (1995) Soil microbial diversity and the sustainability of agricultural soils, Plant and soil,
170(1), 75-86.
[28] Wang G. H., and Yu L. J. (1999) The study and its ecological
significance on physiological groups of bacteria, ACTA
ecologica sinica, 19(1), 128-133.
[29] Ström L., Owen A. G., Godbold D. L., and Jones D. L.
(2001) Organic acid behaviour in a calcareous soil: sorption
reactions and biodegradation rates, Soil Biology and Biochemistry, 33(15), 2125-2133.

767

Received: August 28, 2013
Accepted: October 22, 2013

CORRESPONDING AUTHORS
Haiming Sun
Chemical and Biological College
Beihua University
Jilin 132013
P.R. CHINA
E-mail: haimingsun1106@gmail.com
Chunsheng Mu
Key Laboratory of Vegetation Ecology of the Ministry of Education
Institute of Grassland Science
Northeast Normal University
Changchun 130024
P.R. CHINA
E-mail: mucs821@nenu.edu.cn.
FEB/ Vol 23/ No 3/ 2014 – pages 763 - 768

© by PSP Volume 23 – No 3. 2014

Fresenius Environmental Bulletin

Bi3.84W0.16O6.24 NANO-OCTAHEDRONS:
INORGANIC SALT-ASSISTED HYDROTHERMAL
SYNTHESIS AND ENHANCED VISIBLE LIGHT-DRIVEN
PHOTOCATALYTIC DEGRADATION OF TETRACYCLINE
Weisheng Guan*, Yafan Wu and Shaofang Sun
School of Environmental Science and Engineering, Chang'an University, Yanta Road 126, Xi'an, 710054 P. R. China

ABSTRACT
In this paper, Bi3.84W0.16O6.24 nano-octahedrons were
successfully synthesized by a facile inorganic salt-assisted
hydrothermal method. The obtained Bi3.84W0.16O6.24 nanooctahedrons have the ability to degrade tetracycline (TC)
under visible light. In 60 min, the degradation ratio of TC
on Bi3.84W0.16O6.24 nano-octahedrons reaches 57.7%, which
is about 20% higher than Bi3.84W0.16O6.24 nanoparticles. TOC
analysis suggests the degradation of TC on Bi3.84W0.16O6.24
can be ascribed to the fully mineralization by .OH radical
oxidation.
KEYWORDS: Bi3.84W0.16O6.24, octahedrons, photocatalytic degradation, tetracycline.

1. INTRODUCTION
Since Fujishima and Honda discovered the photocatalytic water splitting on TiO2 photoelectrodes in 1972 [1],
TiO2 has been widely used in applications of environmental remediation as well as the development of new
energy for its high activity, well stability and environmental-friendly property [2]. However, TiO2 is only active under UV irradiation accounting for merely about 4%
of the solar energy [3, 4]. To make the full use of solar
energy, the developing new visible light-driven photocatalysts is of utmost importance.
As substitutions of TiO2, several ternary oxide semiconductors have been found to be active under visible light
irradiation, such as InVO4 [5], BiVO4 [6], ZnFe2O4 [7],
AgWO4 [8], and Bi2WO6 [9]. Among them, Bi2WO6 has
been recognized as an effective visible light-driven photocatalyst [10, 11]. In the synthesis of Bi2WO6 photocatalysts, an interesting phenomenon was often observed by
researchers that another crystalline phase would emerge if
* Corresponding author

the pH value of the precursor is above 10 [12, 13]. XRD
analyses indicate the other crystalline phase is cubic
Bi3.84W0.16O6.24 phase, which is another complex oxide of
bismuth tungsten oxide. However, the photocatalytic properties of Bi3.84W0.16O6.24 are rarely reported. Recently, Zhu
et al. [14] reported on the photocatalytic degradation of
bisphenol-A on Bi3.84W0.16O6.24 photocatalysts, which
sufficiently demonstrates the potential of Bi3.84W0.16O6.24 for
the applications in the photocatalytic degradation of environmental pollutants.
Tetracycline (TC), a very famous broad-spectrum antibacterial agent, is widely used for bacterial infection
treatment. TC is extensively found in aquatic environment,
which poses serious threats to the ecosystem and human
health by inducing proliferation of bacterial drug resistance. The removal of TC from water environments has
become a mandatory environmental issue. Compared with
traditional treatments, the photocatalytic oxidation has provided to be a good tool for the transformation and degradation of TC [15, 16].
Herein, for the first time, we report on the synthesis
of Bi3.84W 0.16O 6.24 nano-octahedrons by a facile inorganic salt-assisted hydrothermal method and realize the
visible light-driven photocatalytic degradation of TC on
as-prepared Bi3.84W 0.16O 6.24 nano-octahedrons. The asobtained Bi3.84W0.16O6.24 nano-octahedrons have obvious
visible light-response. The Na2SO4 addition amount plays
a key role in the formation of octahedral morphology as
well as the crystallization of pure Bi3.84W0.16O6.24 phase.
Compared with the amorphous Bi3.84W0.16O6.24 nanoparticles, Bi3.84W0.16O6.24 nano-octahedrons show enhanced
photocatalytic activity of TC degradation.
2. MATERIALS AND METHODS
2.1. Chemical

Bi(NO3)3.5H2O, Na2WO4.2H2O and Na2SO4 were all
purchased from Sinopharm (Beijing, China). NaOH was
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purchased from Aladdin (Shanghai, China). All reagents
were of analytical grade, were used without further purification, and deionized water was used in all experiments.
2.2. Synthesis

Bi3.84W0.16O6.24 nano-octahedrons were synthesized
via a versatile and facile soluble inorganic salt-assisted
hydrothermal method. In a typical synthetic procedure,
0.2425 g (0.5 mmol) Bi(NO3)3.5H2O and 0.0824 g (0.25
mmol) Na2WO4.2H2O were dissolved in 40 ml deionized
water by ultrasonic treatment and magnetic stirring. Then,
5 g Na2SO4 was added into the above mixture. After adjusting pH to 10, the mixture was transferred into a Teflon-lined stainless steel autoclave and maintained at 180
o
C for 24 h. The final products were collected by centrifugation, washed with the deionized water and ethanol
for several times, and dried in air at 60 °C for 12 h.
The synthesis of Bi3.84W0.16O6.24 nanoparticles is from
the same procedure with final pH of 11.
2.3. Characterization

Powder X-ray diffraction (XRD) patterns were obtained on a D/MAX-2500 diffractometer (Rigaku, Japan)
using Cu Kα radiation source (λ = 1.54056Å ) at a scan
rate of 5° min−1 to determine the crystal phase of the obtained samples. The accelerating voltage and the applied
current were 50 kV and 300 mA, respectively. Scanning
electron microscopy (SEM) images were collected on an
S-4800 field emission SEM (FESEM, Hitachi, Japan).
Transmission electron microscopy (TEM) images were

collected on an F20 S-TWIN electron microscope (Tecnai
G2, FEI Co.), using a 200 kV accelerating voltage. UV–
VIS absorption spectra of the samples were obtained from
a UV2550 (Shimadzu, Japan) UV–VIS spectrophotometer.
BaSO4 was used as a reflectance standard. TOC analyses
were conducted on a multiN/C2100 (Analytik Jena AG,
Germany) TOC analyzer.
3. RESULTS AND DISCUSSION
3.1. Morphology and structure

The morphology and crystalline structure of asobtained Bi3.84W0.16O6.24 samples are visualized by SEM
and TEM images (Fig. 1). From SEM images, the pH 10samples (Fig. 1a) are nano-octahedrons while the pH 11samples (Fig. 1b) are undefined nanoparticles. Particles of
both samples have an obvious tendency to agglomerate.
From XRD analyses (Fig. 2), nano-octahedrons and nanoparticles both can be indexed into the cubic Bi3.84W0.16O6.24
phase (JCPDS# 43-0447). The cubic Bi3.84W0.16O6.24 phase
was often observed in the synthesis of Bi2WO6 nanostructures at a relatively high pH value (>10) [17]. From TEM
images, the detailed information of Bi3.84W0.16O6.24 nanooctahedrons and nanoparticles is further observed. As shown
in Fig. 1c, the octahedral morphology of pH 10-sample is
further confirmed. The particle size of Bi3.84W0.16O6.24 nanooctahedrons is about 100 nm. From Fig. 1d, the size of
Bi3.84W0.16O6.24 nanoparticles is about 50 nm with amorphous morphology.

FIGURE 1 - SEM images of Bi3.84W0.16O6.24 nano-octahedrons (a) and nanoparticles (b), and TEM images of Bi3.84W0.16O6.24 nano-octahedrons
(c) and nanoparticles (d).
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FIGURE 2 - XRD patterns of as-obtained Bi3.84W0.16O6.24 nanooctahedrons and nanoparticles.

In our system, the Na2SO4 addition amount plays a
key role in the formation of octahedral morphology as
well as the crystallization of pure Bi3.84W0.16O6.24 phase.
As shown in Fig. 3a, at pH 10, as-obtained samples with
different Na2SO4 addition amount have different crystalline purities. Particularly, with the addition of 1g Na2SO4, the
obtained sample has a mixed crystalline phase with Bi2WO6
(orthorhombic, JCPDS# 73-1126) and Bi3.84W0.16O6.24 to-

gether. When the addition amount of Na2SO4 increased to
3 g, the impurity peaks of Bi2WO6 decreased dramatically, and when the addition amount of Na2SO4 increased
to 5 g, the obtained sample was pure Bi3.84W0.16O6.24 phase
with no impurity peaks. It is a very interesting phenomenon: Na2SO4 can lead the phase transfer from Bi2WO6 to
Bi3.84W0.16O6.24. Also, in this system, Na2SO4 can affect
the morphology of obtained samples. From Fig. 3b, the
obtained sample with 1 g Na2SO4 exhibits the undefined
huge sheet-like structure with width about 500 nm. With
the addition of 3 g Na2SO4 (Fig. 3c), the morphology of obtained sample changes to agglomerated nano-octahedrons
and nanoparticles together. From the XRD study (Fig. 3a),
the obtained sample is also bi-phased with Bi2WO6 and
Bi3.84W0.16O6.24 together. With the addition of 5 g Na2SO4,
the agglomerated nanoparticles vanished, leaving the nanooctahedrons only (Fig. 3d).
3.2. UV-VIS absorption spectra

The morphology and structure of Bi3.84W0.16O6.24 samples greatly influence their light absorption ability. As shown
in the UV-VIS absorption spectra of Bi3.84W0.16O6.24 nanooctahedrons and nanoparticles (Fig. 4), both Bi3.84W0.16O6.24
nano-octahedrons and nanoparticles show visible lightresponse over 420 nm. Particularly, Bi3.84W0.16O6.24 nanooctahedrons have a light absorption edge at 470 nm, which

FIGURE 3 - XRD patterns of Bi3.84W0.16O6.24 nano-octahedron samples with different Na2SO4 addition amounts (a) and corresponding SEM
images of Bi3.84W0.16O6.24 nano-octahedrons with 1g (b), 3g (c) and 5g (d) Na2SO4.
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corresponds to the band gap energy (Eg) of 2.63 eV while
Bi3.84W0.16O6.24 nanoparticles have a light absorption edge
at 450 nm, which corresponds to Eg of 2.75 eV. Compared
with Bi3.84W0.16O6.24 nanoparticles, the red-shifted light absorption edge and narrower band gap of Bi3.84W0.16O6.24
nano-octahedrons can possibly be ascribed to the larger
size and octahedral morphology. In general, semiconductor photocatalysts with enhanced visible light-response
would produce more photo-induced electron-hole pairs
and, consequently, exhibit the enhanced visible light-driven
photocatalytic activity. Thus, the enhanced photocatalytic
activity of Bi3.84W0.16O6.24 nano-octahedrons can be expected.

relation to Bi3.84W0.16O6.24 nanoparticles under visible light
(>420 nm). As shown in Fig. 5a, the degradation rates
(DRs) of nano-octahedrons and nanoparticles are 57.7%
and 39.3%, respectively. In spite of the large size of
Bi 3.84 W 0.16 O 6.24 nano-octahedrons, the DR of nanooctahedrons is enhanced by nearly 20% compared with
Bi3.84W0.16O6.24 nanoparticles. This enhancement could be
ascribed to the enhanced visible light-response and unique
octahedral morphology.
In general, the further processes of photo-degradation
can be classified by two routes: the direct hole oxidation
and the •HO radicals oxidation [18]. The direct hole oxidation of aromatics-containing compounds, such as TC,
would deactivate the photocatalyst by inducing the accumulation of stable reaction intermediates on the surface.
Thus, to realize the complete mineralization of TC, the
formation of •HO radicals is necessary. TOC analysis is
an effective method to demonstrate the mineralization of
organic pollutants. To investigate the photocatalytic mechanism of Bi3.84W0.16O6.24 photocatalysts, the TOC measurement of Bi3.84W0.16O6.24 nano-octahedrons was conducted. As shown in Fig. 5b, the TOC value of TC solution decreased dramatically with increased irradiation
time. After 60-min irradiation, the TOC of TC solution
was reduced by about 55.5%, which well coincides with
the DR of 57.7%. This result means the degradation of TC
on Bi3.84W0.16O6.24 nano-octahedrons is the complete mineralization rather than the incomplete partial oxidation.

FIGURE 4 - UV-VIS absorption spectra of Bi3.84W0.16O6.24 nanooctahedrons and nanoparticles.

4. CONCLUSION

3.3. Photocatalytic degradation of TC

To d e mon s tr a te th e po te n tia l app lic a tion of
Bi3.84W0.16O6.24 nano-octahedrons in photocatalytic degradation of TC and investigate influences of morphology on
the photocatalytic activity, we evaluated the photocatalytic
degradation of TC on Bi3.84W0.16O6.24 nano-octahedrons in

Herein, we first report on the visible light-driven
photocatalytic degradation of TC on Bi3.84W0.16O6.24 nanooctahedrons. Bi3.84W0.16O6.24 nano-octahedrons were synthesized by a facile inorganic salt (Na 2 SO 4 )-assisted
hydrothermal method. The Na2SO4 addition amount plays

FIGURE 5 - The photocatalytic degradation of TC on Bi3.84W0.16O6.24 nano-octahedrons and nanoparticles (a), and the removal of TOC on
Bi3.84W0.16O6.24 nano-octahedrons (b).

771

© by PSP Volume 23 – No 3. 2014

Fresenius Environmental Bulletin

a key role in the formation of octahedral morphology as
well as the crystallization of pure Bi3.84W0.16O6.24 phase.
The DR of nano-octahedrons is enhanced by nearly 20%
compared with Bi3.84W0.16O6.24 nanoparticles. This enhancement could be ascribed to the enhanced visible lightresponse and unique octahedral morphology. The formation of •HO radicals on Bi3.84W0.16O6.24 nano-octahedrons
was also demonstrated by TOC analysis.
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DETERMINATION OF CARBON STOCK CHANGES:
BIOMASS MODELS OR BIOMASS EXPANSION FACTORS
Birsen Durkaya*, Tuğrul Varol and Ali Durkaya
Bartın University, Faculty of Forestry, 74100 Bartın, Turkey

ABSTRACT
It was aimed to reveal the usability of Geographical
Information System (GIS) in determination of land usage
changes and carbon stock changes by an examined case,
and to determine the efficiency and reliability of biomass
expansion factors (BEFs) in determination of carbon stock
changes. With this purpose, the maps of field usage changes
and carbon stock changes according to plan arrangement
periods were prepared, and then, biomass and carbon
amounts were determined and compared according to
growth models of tree species and BEFs. As a result of
performed researches, it was understood that GIS technology, where forest inventory information can be evaluated during determining the field usage changes as well as
stored biomass and carbon stock amounts in planning units,
is efficient and smoother. The calculations performed by
using BEFs gave values 17% more than those with models. This situation conflicts with the expectation that calculations must be complete and accurate, and it also casts
doubts on usage of BEFs. Rather than usage of BEFs, it is
seen that usage of models based on estimation of aboveground and belowground biomass values of standing
stem volume data and their commercial and noncommercial parts are the most appropriate methods for obtaining reliable results

KEYWORDS: Land-use change, carbon storage, biomass models, biomass expansion factors, GIS

1. INTRODUCTION
Forest ecosystems play an important role in global carbon cycle because they hold atmospheric CO2 and store it
in vegetation and soil [1-4]. Considering the global carbon
cycle and, especially, decreasing the effects of CO2 emissions, the exact and accurate determination of amount of
carbon stored in forest ecosystems and changes in carbon
* Corresponding author

amounts gain more importance progressively. The measurement of carbon in forests is also necessary because of
obligations from the United Nations Framework Convention on Climate Change (UNFCCC) and implementation
compulsions of the Kyoto Protocol [5]. The UNFCCC
obliges all parties having signs under convention to prepare, to publish and to update inventories for gas emissions and removals from land-use change and forestry by
using comparable methods [6, 7].
Forest inventory data are accepted as important sources
because they provide better C storage information through
local measurements, and they reflect regional homogeneity better [8, 9]. The basic input of carbon storage calculation is the commercial wood volume obtained from forest
inventories, and then multiplied with biomass expansion
factors [1]. Löwe et al. [11] evaluated the implementation
of this method in their study about national land usage
change and forestry reports of 15 EU member countries,
and they found some deficiencies from the aspects of
transparency, consistency and exactness. Good practice
guidance for LULUCF activities requires carbon stock
change calculations performed by using objective, transparent and appropriate data, and also predicts to eliminate
uncertainties in time by specifying them [12]. With this
purpose, there is an increasing interest on being able to
specify forest carbon stocks accurately and truly [5]. Although IPCC projects the usage of “bottom-up approach”
requiring the usage of forest inventory during calculating
the carbon stock changes, forest inventories generally focus
on wood volume in practice due to economic reasons, and
they include information about biomass calculation [13].
If the carbon calculation is performed based on forest inventory, either aboveground or belowground carbon
amounts are calculated by using BEFs, but biomass equations will be used if there is enough data [14-16].
Within the scope of this study, it was aimed to reveal
the usability of Geographical Information Systems (GIS)
in determination of land usage changes and carbon stock
changes through a certain case, and to determine the efficiency and reliability of BEFs in determination of carbon
stock changes. With this purpose, biomass and carbon
amounts were determined and compared according to
growth models of tree species and BEFs.
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appendixes of 9 forestry management plans of Kumluca,
Ardıç and Sökü Forest Sub-District Directorates.

2. MATERIAL AND METHODS
Study area: Neighbor Forest Sub-District Directorates
(FSD) of Kumluca, Sökü and Ardıç which are reporting
to Bartın Forest Directorate (41018’29’’-41030’16’’ N,
32023’46’’-32039’48’’ E) were chosen as research field.
The total field area was 26,069 hectares (14,517.4 h in
Kumluca Forest Sub-District Directorate, 6504.7 h in Sökü
Forest Sub-District Directorate, 5046.9 h in Ardıç Forest
Sub-District Directorate). This field consists of mixed
stands, and includes all of possible heterogeneities of the
region. Different operation methods are applied in fields.
The field was chosen because of its characteristics; thus, it
allows various examinations. Since 1967, this field has
been operated through management (forestry) plans.
The dominant tree species are Fagus orientalis Lipsky., Abies bornmülleriana Mattf., Pinus sylvestris L.,
Pinus nigra Arn., Quercus sp. and Castanea sativa Mill.
The altitude of the field varies between 220 and 1480 m.
Depending on locations, annual precipitation varies between 800 and 1000 mm, while the mean temperature in
vegetation period varies between 16 and 20 °C.
Data: The data have been obtained from appendices
and forestry plans arranged from the beginning of planned
period to nowadays. The forestry plans in Turkey are
updated decennially in accordance with the guide named
Forestry Management Regulation which is published by
General Directorate of Forestry. Updates are performed
based on local measurements and observations and remote sensing data.
The diameters at breast height (d1,3), planted tree reservoir amount and stand types which we used in our study
have been obtained from local inventory studies of forestry management plans. While maps are appendixes of
plans, they are forest cover maps which are designed
through local controls of drafts (made by evaluation of
air photos).
There are unplanned years in our research region due
to some failures. After the end of plan periods, forestry
activities have been conducted through annual forestry
plans in those years. Four plans have been made until today
in the years 1967, 1985, 2001 and 2011. Among them, the
plan of year 1967 is excluded from research because we
could not obtain any positional maps in required accuracy
level. The data were obtained from inventory data and

Estimation of biomass and carbon amounts: The biomass and carbon amounts were determined with 2 methods, using the biomass models and using the BEF coefficients. The data based on forestry inventory and required
for implementing both methods have been obtained from
forestry management plans. In Turkish forestry practice,
the forest inventory data include the trees having stem
diameters of 8 and higher.
Depending on models, the determination of aboveground biomass was performed by using one entrance
aboveground models given below. The belowground biomass amounts were obtained by using BEF coefficients
because there was no appropriate amount of biomass models to determine belowground biomass amounts.
Biomass was calculated by using BEF coefficients
according to the formula given below [23].
AGB = GS x BEF x ODWC
where, AGB is above ground biomass, GS is growing
stock per hectare, BEF is biomass expansion factor, and
ODWC is oven-dry weight coefficient. BEF is 1.24 for
hardwood stands but 1.22 for softwood stands.
The carbon amounts were obtained by multiplying
the total biomass amounts with carbon biomass conversion factors (0.48 for hardwoods, 0.51 for softwood).
Then, those values have been converted to planning units
and the whole research field in terms of plan years.
Mapping: For Ardıç, Kumluca and Sökü regions; the
observed changes in land-usage-type maps and aboveground biomass and aboveground carbon values according
to plan periods were mapped by using forest cover type
maps and topographic maps. The map of stand types is
scaled as 1/10000, while topographic maps are scaled as
1/25000. The carbon stock changes calculated by using
both BEF coefficients and biomass models can be seen on
maps. While stand type maps of research regions dated
2010 are numerical, the maps dated 1985 and 2001 have
been digitized by using ARcGIS9.3 and positional database
was established. In order to determine the biomass and
carbon storage amounts, the growing stock per hectare, the
number of trees, area and diameter data have been added to
positional database. Calculations have been conducted by
using stand types information existing in ArcGIS media.

TABLE 1 - All of aboveground tree biomass equations
Fagus orientalis Lipsky:

Log Y=2,86264+0,012441d1,30-14,90987(d1,30)-1

[17]

Quercus sp.:

Y =-302,193+26,56596d1,30

[18]

Castanea sativa Mill:

Y =-376,794+28,7981d1,30

[19]

Pinus sylvestris L.:

Y= -26.11437+.0.436421d2

[20]

Pinus nigra Arn.:

Y=-106.555+(10.61818d)+(0.100728d2)

[21]

Abies bornmülleriana Mattf.:

Y=-24.7765+0.525998d1.30 2

[22]
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3. RESULTS
Land-use changes and changes in aboveground biomass and carbon storage in Ardıç, Kumluca and Sökü
FSDs were evaluated by using forest inventory data obtained from management plans and appendices. The amounts
of biomass and carbon stored above ground were calculated by using both biomass models and BEFs.
Land changes in terms of cover types for 3 periods
are seen in Table 2 and Fig. 1. While total forest area in the
research field has shown continuous increase during periods (61.07; 63.30; 72.09%), the total amount of forestless
area has shown progressive decrease in terms of periods
(38.93; 36.70; 27.91%). Besides there are translocations
between forests having different structures in time, the
major significant changes occurred in in-forest open fields
and degraded forests. As seen while evaluating Fig. 1, the
open fields and degraded forests within the forests became almost full-efficient forests in the 3rd period. The
rest of low amount of fields is, in fact, the fields separated
for wild life. The major increase has been seen in lands
used with agricultural purpose. When those lands are left
by their owners and have no valid property license, they
are recorded as forest. The real reason of 11.2% increase
observed in total forest is related to those left lands.

From the calculations performed by using biomass
models (Table 3), it is understood that 3,004,883.76 t of
alive aboveground was stored in the 1st period, while this
value was 2,183,544.54 t in the 2nd and 2,448,484.95 t in
the 3rd period. The amounts of aboveground carbon stored
in the same land were 1,502,441.88 t in the 1st period,
1,091,772.27 t in the 2nd period, and 1,224,242.48 t in the
3rd period. In proportion to the 1st period, the amount of
stored biomass was decreased by 27.33% in the 2nd period
and 18.51% in the 3rd period. In proportion to the 2nd
period, the amount of biomass stored was increased by
12.13% in the 3rd period.
The results of calculations performed by using biomass expansion factors are given in detail in Table 4.
According to those results; it is understood that the stored
aboveground biomass is 3,476,313.06 t in the 1st period,
2,605,279.70 t in the 2nd period, and 2,669,981.99 t in the
3rd period. The stored aboveground carbon amount is
1,701,725.19 t in the 1st period, 1,278,056.06 t in the 2nd
period, and 1,305,191.09 t in the 3rd period. In proportion
to the 1st period, the amount of biomass stored was decreased by 25.05% in the 2nd period and 23.19% in the 3rd
period. The amount of stored biomass was increased by
2.42% in the 3rd period, in proportion to the 2nd period.

TABLE 2 - Land usage changes in terms of periods and cover types.
Periods
Ardıç

Kumluca

Sökü

Total

Coniferous

1. period

2. period

3. period

214.64

-

19583

Broadleaved

-

8739

4832

Mixed

4672.21

4,884.03

4,691.15

Degrade

75.45

-

25.71

Open area

84.11

74.99

85.39

Non-forest

-

-

-

Total

5046.42

5046.42

5046.42

Coniferous

183.14

135.91

316.01

Broadleaved

5,019,.3

4858,.6

5315.30

Mixed

2164.5

3054.42

2815.90

Degrade

27.8

-

629.40

Open area

25.84

20.80

84.62

Non-forest

7070.2

6420.67

5329.04

Total

14490.29

14490.29

14490.29

Coniferous

7.97

15.97

93.85

Broadleaved

2086.71

1614.87

2059.34

Mixed

1227.24

1721.26

1558.72

Degrade

83.93

-

601.96

Open area

15.19

-

234.05

Non-forest

3058.29

3127.23

1931.41

Total

6479.36

6479.36

6479.36

Forest

15887.25

16468.15

18755.61

Non-forest

10128.81

9547.91

7260.45

Overall total

26016.07

26016.07

26016.07

Forest %

61.07

63.30

72.09

Non-forest %

38.93

36.70

27.91
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FIGURE 1 - Land-use changes in the research field, in terms of periods.
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TABLE 3 - The amounts of biomass and carbon calculated by using biomass models (t).
Ardıç
1.Period

2.Period

3.Period

Kumluca

Sökü

Total

Biomass

Carbon

Biomass

Carbon

Biomass

Carbon

Biomass

Carbon

Coniferous

47189.02

23594.51

14103.26

7051.63

564.29

282.14

61856.57

30928.29

Broadleaved

-

-

781549.03

390774.51

304913.62

152456.81

1086462.65

543231.32

Mixed

937225.74

468612.87

583061.98

291530.99

327726.54

163863.27

1848014.26

924007.13

Degrade

1693.23

846.61

5136.20

2568.10

1720.86

860.43

8550.29

4275.14

Total

986107.99

493053.99

1383850.47

691925.24

634925.30

317462.65

3004883.76

1502441.88
138.15

Coniferous

-

-

-

-

276.30

138.15

276.30

Broadleaved

9142.75

4571.38

190452.28

95226.14

196953.82

98476.91

396548.85

198274.43

Mixed

1074567.88

537283.94

417430.55

208715.27

294720.96

147360.48

1786719.39

893359.69

Degrade

-

-

-

-

-

-

-

-

Total

1083710.64

541855.32

607882.82

303941.41

491951.08

245975.54

2183544.54

1091772.27

Coniferous

48070.40

24035.20

39558.56

19779.28

11317.91

5658.96

98946.87

49473.44

Broadleaved

6331.24

3165.62

699780.97

349890.49

316454.60

158227.30

1022566.82

511283.41

Mixed

1048766.14

524383.07

210517.77

105258.89

67687.35

33843.67

1326971.26

663485.63

Degrade

-

-

-

-

-

-

-

-

Total

1103167.79

551583.89

949857.30

474928.65

395459.86

197729.93

2448484.95

1224242.48

TABLE 4 - The amounts of biomass and carbon calculated by using biomass expansion factors (BEFs) (t).
Ardıç
1.Period

2.Period

3.Period

Coniferous

Kumluca

Sökü

Total

Biomass

Carbon

Biomass

Carbon

Biomass

Carbon

Biomass

Carbon

61099.04

31147.38

11974.93

6107.22

368.54

187.96

73442.51

37442.55

Broadleaved

-

-

752287.14

361113.32

331786.53

159470.46

1084073.68

520583.79

Mixed

1406000.33

696838.77

641297.29

313528.11

260040.53

127748.10

2307338.15

1138114.98

Degraded

2428.00

1237.49

7031.29

3386.66

1999.43

959.73

11458.72

5583.87

Total

1469527.37

729223.64

1412590.66

684135.31

594195.03

288366.25

3476313.06

1701725.19

Coniferous

-

-

-

-

153.25

78.16

153.25

78.16

Broadleaved

9089.60

4363.01

212389.17

101957.00

244186.05

117288.21

465664.82

223608.22
1054369.68

Mixed

1363137.90

675261.45

429441.29

209983.64

346882.43

169124.59

2139461.62

Degraded

-

-

-

-

-

-

-

-

Total

1372227.50

679624.46

641830.46

311940.64

591221.73

286490.95

2605279.70

1278056.06

Coniferous

57958.86

29476.98

32931.29

16787.33

13164.84

6555.39

104054.99

52819.70

Broadleaved

6710.94

3228.13

614319.08

294958.45

414855.82

199162.91

1035885.84

497349.49
755021.90

Mixed

1224880.54

605829.04

217397.03

106481.04

87763.60

42711.82

1530041.17

Degraded

-

-

-

-

-

-

-

-

Total

1289550.33

638534.15

864647.41

418226.83

515784.25

248430.12

2669981.99

1305191.09

As seen in Tables 3 and 4, some mutual translocations were observed between coniferous, broadleaved and
mixed stands. Also it was understood that the degraded
fields seen in 1st period were transformed into efficient
forests. However, significant decreases in aboveground
alive biomass and carbon amounts have been observed in
next periods with regard to 1st period. In proportion to 2nd
period, a small increase was observed in amounts of storage in 3rd period. This situation can be explained with
intense in-forest residence in the previous year. This intense residence rate significantly decreased at the beginning of the 2nd period through migration from forest villages to cities, and it also reflected on stock rates. As seen

in comparative evaluation of Figs. 1 and 2, the high carbon stock values are seen in mixed stand regions.
As understood from evaluation of Table 5, there are
significant differences between values calculated by using
biomass models and BEF coefficients (models-BEFs).
Considering the total values, it is seen that there is a significant surplus in favor of BEFs. In proportion to
amounts calculated with biomass models, the amounts of
carbon calculated with BEFs are 13.26% more in the 1st
period, 17.06% more in the 2nd period and 6.61% more in
the 3rd period.
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FIGURE 2 - The carbon stock changes in the research field, in terms of periods.
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TABLE 5 - Differences between amounts calculated with biomass models and BEFs (models-BEFs) (t).
Ardıç
1.Period

2.Period

3.Period

Kumluca

Sökü

Total

Biomass

Carbon

Biomass

Carbon

Biomass

Carbon

Biomass

Carbon

Coniferous

-13910.02

-7552.87

2128.33

944.42

195.75

94.19

-11585.94

-6514.26

Broadleaved

-

-

29261.88

29661.19

-26872.91

-7013.66

2388.97

22647.53

Mixed

-468774.59

-228225.90

-58235.31

-21997.12

67686.00

36115.17

-459323.89

-214107.85

Degraded

-734.77

-390.87

-1895.09

-818.56

-278.57

-99.29

-2908.43

-1308.73

Total

-483419.38

-236169.64

-28740.19

7789.93

40730.27

29096.40

-471429.29

-199283.31

Coniferous

-

-

-

-

123.05

59.99

123.05

59.99

Broadleaved

53.15

208.37

-21936.89

-6730.86

-47232.23

-18811.30

-69115.97

-25333.79

Mixed

-288570.02

-137977.51

-12010.75

-1268.37

-52161.47

-21764.11

-352742.23

-161009.99

Degraded

-

-

-

-

-

-

-

-

Total

-288516.86

-137769.14

-33947.64

-7999.23

-99270.65

-40515.41

-421735.15

-186283.78

Coniferous

-9888.45

-5441.78

6627.27

2991.95

-1846.93

-896.43

-5108.11

-3346.26

Broadleaved

-379.70

-62.51

85461.89

54932.03

-98401.22

-40935.61

-13319.02

13933.92

Mixed

-176114.40

-81445.97

-6879.26

-1222.16

-20076.25

-8868.15

-203069.91

-91536.27

Degraded

-

-

-

-

-

-

-

-

Total

-186382.55

-86950.25

85209.89

56701.83

-120324.39

-50700.19

-221497.04

-80948.62

(13.26% in the 1st period, 17.06% in the 2nd period, 6.61%
in the 3rd period).

4. DISCUSSION AND CONCLUSIONS
The efficiency and smoother effect of GIS technology, where the forest inventory information can be evaluated during determining the land usage changes and
amounts of biomass and carbon in plan units, are understood as a result of this study. Designed maps provide
significant conveniences in observing the land usage
styles and their changes in time.
It was shown in our study for 3 planning periods
that the amount of biomass stored during the 1st plan
period showed dramatic decrease in the 2nd period (models 27.33% - BEFs 25.05%). But in the 3rd period, an increase in proportion to the 2nd period is observed. The reason of this situation is the existing intense population living
in in-forest residential areas. Forest villagers have satisfied their vital necessities mostly from the forest in this
period. Since 90s, forest villagers started to migrate to
cities, and to leave their lands. As a result of this situation,
a biomass increase in 3rd period was observed. This increase is expected to increase in the next years as a result
of rehabilitation efforts in low efficiency regions and foresting of lands which have been used for agricultural purposes.
When the maps are analyzed, it is seen that the mixed stand
regions are the regions where there is the highest biomass,
and therefore, the highest carbon storage. The situation that
mixed stand regions store more carbon than pure stand
regions is an expected situation [24], and it shows the efficiency of mixed stand regions in storing the carbon.

When considering the national and international aspects, the exact and accurate determination of carbon
amount stored in forest ecosystems and its changes gain
gradually increasing importance for the global carbon cycle
and, especially, for decreasing the effects of CO2 emissions
[5, 25]. The calculations using BEFs give results up to 17%
more than those using models. This situation conflicts with
the expectation that calculations must be “complete and
accurate”, and it also casts doubts on usage of BEFs. That
is why it is very important for determining the carbon storage to develop and to use regional models. The models
we used herein are based on DBH (distributed biospherehydrological) systems, which require the re-processing of
the inventory information, and this makes the tasks difficult. The data which is obtained from forest inventory and
management plans at easiest way is the standing stem
volume. That is why the regional models to be developed
should allow the estimation of commercial and noncommercial parts of aboveground and belowground biomass values according to standing stem volume data.

It is understood from the research results that the
temporal and positional changes of biomass and carbon
stocks can be efficiently determined by using forest
inventory data. However, there are significant differences
between stock values calculated with biomass models and
BEFs in favor of values calculated by using BEFs
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ASSESSMENT OF CONCENTRATION OF TRACE METALS
IN TRADITIONAL BREAD SAMPLES FROM TURKEY
Erkan Yilmaz and Mustafa Soylak*
Erciyes University, Faculty of Science, Chemistry Department, 38039-Kayseri, Turkey

ABSTRACT
The concentrations of cadmium, lead, chromium,
nickel, copper, manganese, zinc, iron, and cobalt ions were
determined in 38 traditional bread samples from different
cities in Turkey by flame atomic absorption spectrometry
(FAAS), after the wet digestion procedure. Accuracy was
checked by the use of certified reference materials and
additional recovery test studies. The concentrations of
metals were observed in the range of 3.9-245.5, 3.4-47.6,
0.2-0.4, 1.0-12.5, and 3.7-43.1 µg g−1 dry weight (dw) for
Mn, Fe, Cr, Cu, and Zn ions, respectively. The concentration of Pb was found in only one bread sample as 2.9 µg
g−1 dw; in the other samples, Pb level was found to be
under the detection limit (DL) of FAAS. The concentrations of Co, Cd and Ni were below the DLs of FAAS in all
analyzed samples. The results found were compared with
values reported in literature.
KEYWORDS: Trace elements; wet digestion; bread; atomic
absorption spectrometry; Turkey

1. INTRODUCTION
Trace analysis of heavy metals is an important part of
public health studies because of the importance of these
metals to plant and human metabolism [1-6]. Essential trace
metals like iron, copper, zinc and manganese have an important role in living organisms, In contrast, non-essential
elements, such as lead, cadmium and nickel, have been
recognized to be potentially toxic within specific limiting
values, and pose a considerable potential hazard to human
health [7-10]. Essential metals can be toxic when the
metal is taken in excess amount. It is only the dose which
makes something poisonous [11-15].
Bread which is a major part of the diet in Turkey as in
other Middle Eastern countries provides as much as 5090% of total calorie and protein intakes, and has a long
and very involved history with the world of man dating
back 8000 years [16]. Each citizen in Turkey consumes
between 180 to 300 g of bread per day [17, 18]. The cere* Corresponding author

als used in the production of bread are important sources
of minerals, such as Cu, Zn, Co, Pb, Ni, Fe, and Cd [19,
20]. Analyses of the minerals in bread and the contribution of bread to total daily intakes of different elements
were extensively examined in several studies to determine
their levels and their effects on human health [5, 21-24].
The aim of the present study was to assess the levels of
certain metals in 38 traditional bread samples collected from
the cities of Istanbul, Ankara, Kayseri, Kastamonu, Mersin,
and Adıyaman in Turkey, by using a combination of wet
digestion-flame atomic absorption spectrometry (FAAS).
2. MATERIALS AND METHODS
2.1. Instrument

The instrumental detection system used in this work
was a Perkin- Elmer Model 3110 flame atomic absorption
spectrometer (Norwalk, CT, USA) equipped with singleelement hollow cathode lamps and a 10-cm air–acetylene
burner. The operating parameters recommended by the
manufacturers for working elements were used. Reverse
osmosis water (Milli-Q Millipore, 18.2 MΩ cm-1 resistivity) was used for all dilutions.
2. 2. Reagents and solutions

All the chemicals used were obtained from Merck Company (E. Merck, Darmstadt, Germany). Standard solutions of
the working elements were prepared by the dilution of
certified standard solutions (1000 µg ml-1) obtained from
Sigma Aldrich (Sigma Aldrich, St. Louis, MO, USA). All
plastic and polyethylene bottles and glassware were cleaned
by soaking, with the contact overnight in a 10% (w/v) nitric
acid solution, and then rinsed with deionized water. The
certified reference materials used in the experimental
studies were NIST SRM 8418 Wheat Gluten and SRM
1568A Rice Flour.
2.3. Sample collection and digestion

Samples of 38 traditional bread types were collected
directly and randomly from local markets in Istanbul, Ankara, Kayseri, Kastamonu, Mersin, and Adıyaman in Turkey, in 2011. The bread samples collected were labeled,
and details are given in Table 3.
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Bread samples of 50 g each were taken from each
group, and dried at 105 °C for 24 h. The dried samples
were homogenized using an agate homogenizer, and stored
in polyethylene bottles until analysis. About 1 g of the
finely ground samples and the certified reference materials were precisely weighed and placed in a beaker. Then,
15 ml of 65% HNO3 was added and the mixture was evaporated almost to dryness at 95 °C. Again, 15 ml of 65% HNO3
and 5 ml of 30% H2O2 were transferred to a beaker and
evaporated almost to dryness. Following this, 7-8 ml of
water was added and the solid/solution mixture was shaken
and filtered using Whatman no.42 filter paper. The filtrate
was then transferred into a 10-ml flask and the volume
was completed. Sample preparation blanks were prepared
using the same reagents and the digestion procedure outlined above was conducted. The digests and blanks were
analyzed by using FAAS.
3. RESULTS AND DISCUSSION
In the beginning of the work, the correctness of the
analytical procedures was checked by analysis of the certified reference materials (NIST SRM 8418 Wheat Gluten
and SRM 1568A Rice Flour) and addition-recovery test
studies for the investigated metal ions. The obtained results were in good agreement with the certified values
given in Table 1. The results of the addition-recovery test
studies are given in Table 2. The proposed digestion procedure is suitable for our samples and free from interferences. The DLs of Cr, Zn, Ni, Pb, Fe, Mn, Cu, Cd and Co
for FAAS analysis are 0.71, 0.001, 0.87, 2.35, 1.03, 2.97,
0.22, 0.021 and 1.39 mg kg-1, respectively.
The concentrations of zinc, copper, lead, iron, manganese, nickel, cadmium, chromium, and cobalt in breads
were FAAS-analyzed. According to the results in Table 3,
the amounts of cobalt, cadmium and nickel were found to
be below the FAAS-DLs in all analyzed bread samples.
The concentrations of essential elements were observed to
be in the ranges of 3.9-245.5, 3.4-47.6, 0.2-0.4, 1.0-12.5,
3.7-43.1 µg g−1 dw for manganese, iron, chromium, copper and zinc ions, respectively. The concentration of lead
was found in only one bread sample as 2.9 µg g−1 dw; in
the other bread samples, Pb levels were found to be under
the FAAS-DL.

Lead is one of the most toxic elements, has an accumulative effect, and is an environmental priority pollutant
[25]. Lead levels in bread have been reported in the range
of 257.3-1375.5 and 23-1819 µg kg−1 [21]. The value for
lead in the bread coded I2 was higher than in reported
studies. The major sources of Pb contamination in bread
samples are the wheat flour and tap water used in bread
baking [18]. The Pb level in Istanbul has increased due to
water stagnation in pipes for a long period of time. A
large number of bakeries in Turkey do not have suitable
areas to store excess flour for a long period of time; thus,
the quality of flour is questionable during bread production [21].
Copper is an essential element for good health; however, for its high levels, it may lead to intestinal disorders,
impaired healing and reduced resistance to infections
[26]. The minimum and maximum Cu values were found
to be 1.0 µg g−1 and 12.5 µg g−1 in Kayseri bread samples
coded K10 and K1. The Cu contents of bread samples in
literature have been reported to be 8.4–71.3 µg g−1 dw [19]
and 1.9-3.1 µg g−1 dw [21]. Our Cu values are in agreement with those in literature. The daily calculated maximum intake value was found to be 2 mg. Results showed
that the maximum tolerable daily intake of Cu is 3 mg.
Our values for Cu for all the samples were below WHO
(World Health Organization) values.
Zinc plays a significant role in several biochemical
processes but at high levels, it can be toxic for humans
due to its interference with Cu metabolism [27]. Zinc levels
in the bread samples ranged from 3.7 to 43.1 µg g−1 dw for
bread samples coded K8 (Kayseri) and I2 (Istanbul). Zinc
values in bread samples have been reported in the range of
7.5-40.9 [22], 10.42-14.25, and 6.9-13.4 [21]. The amount
of Zn in the bread sample coded I2 was higher than in literature, but maximum tolerable daily intake of Zn is 60 mg,
and values for Zn for all the samples herein were below
WHO values.
Chromium is a vital element that plays an important
role for human health and has been related to carbohydrate, lipid, and protein metabolism [28]. The lowest and
highest chromium values were found to be 0.2 µg g−1 and
0.4 µg g−1 in Kayseri bread samples coded K1 and K12.
Chromium values in bread samples have been found to be
0.47-0.51 µg g-1 [29], being higher than our samples. The

TABLE 1 - Metal levels in certified reference materials (NIST SRM 8418 Wheat Gluten and SRM 1568A Rice Flour, µg g−1, N=3).
Element
Cu
Zn
Fe
Mn
Element
Cu
Zn
Fe
Mn

NIST SRM 8418 Wheat Gluten
Certified Value, µg/g
5.94
53.8
54.3
14.3
SRM 1568A Rice Flour
Certified Value, µg/g
2.4
19.4
7.4
20
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Found Value, µg/g
5.8 ± 0.2
55.7 ± 0.6
50.6 ± 7.9
14.6 ± 2.4

Recovery, %
98
104
93
102

Found Value, µg/g
2.5 ± 0.0
19.8 ± 0.0
7.6 ± 0.8
20.6 ± 0.7

Recovery, %
104
102
103
101
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TABLE 2 - Addition-recovery test on bread samples coded K14 and K15 in order to determine performance of the digestion procedure (N=3).
Element
Pb

Cu

Mn

Cr

Co

Cd

Fe

Zn

Ni

Added (µg)
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20

Bread sample coded K14
Found (µg)
BDL
9.8±0.0
19.5±0.0
2.7±0.0
13.2±0.3
22.5±0.4
48.8±2.7
58.5±1.5
67.6±2.6
BDL
9.9±0.2
19.7±0.6
BDL
10.4±0.0
20.0±0.0
BDL
10.0±0.0
21.6±0.4
12.3±0.0
21.7±0.0
31.3±0.5
7.4±0.3
17.8±0.2
27.4±0.2
BDL
9.4±0.5
18.5±0.5

Recovery (%)
98
98
104
99
99
98
99
99
104
100
100
108
97
97
102
100
94
93

Added (µg)
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20

Bread sample coded K15
Found (µg)
BDL
9.8±0.0
19.5±0.0
5.1±0.0
16.8±0.0
26.6±0.9
146±4
156±0
168±0
BDL
10.9±0.3
19.6±0.3
BDL
10.4±0.0
20.7±0.6
BDL
10.4±0.4
19.8±0.5
12.8±1.2
22.2±0.0
31.2±0.0
19.9±0.7
30.3±3.1
41.6±0.0
BDL
9.6±0.0
20.2±0.6

Recovery (%)
98
98
111
106
100
101
109
98
104
103
104
99
97
95
101
104
96
101

BDL: Below the detection limit

TABLE 3 - Mn, Fe, Pb, Cr, Cu and Zn levels of bread samples collected
from Istanbul, Ankara, Kayseri, Kastamonu, Mersin, and Adıyaman in Turkey.
Concentration (µg/g)
Code of Bread
Mn
Fe
Pb
Cr
Cu
Zn
6.3±0.2
13.3±0.2
BDL
0.2±0.0
12.5±0.7
8.4±0.3
K1
8.7±0.0
15.9±1.9
BDL
BDL
3.1±0.0
9.8±0.2
K2
5.9±0.4
13.3±0.4
BDL
BDL
3.2±0.4
8.8±0.0
K3
4.8±0.1
11.6±0.8
BDL
BDL
2.3±0.1
14.5±2.4
K4
5.6±0.4
16.4±1.0
BDL
BDL
2.2±0.0
9.7±0.2
K5
4.7±0.3
3.4±1.1
BDL
BDL
1.3±0.1
4.8±0.2
K6
4.3±0.0
9.3±0.5
BDL
BDL
1.3±0.1
5.7±0.2
K7
4.7±0.2
91±0.8
BDL
BDL
1.2±0.0
3.7±0.1
K8
4.5±0.0
7.6±0.9
BDL
BDL
1.1±0.2
4.7±0.1
K9
3.9±0.1
5.8±0.7
BDL
BDL
1.0±0.1
6.9±0.1
K10
71.8±3.5
19.7±1.2
BDL
BDL
3.4±0.1
12.7±0.3
K11
245.5±4.1
21.5±0.2
BDL
0.4±0.0
6.4±0.2
29.8±0.6
K12
89.3±1.3
14.3±0.6
BDL
BDL
4.1±0.0
17.7±0.5
K13
48.8±2.7
12.3±0.0
BDL
BDL
2.7±0.0
7.4±0.3
K14
142.3±3.5
14.6±1.1
BDL
BDL
4.3±0.1
18.5±0.6
K16
155.7±4.6
14.0±0.3
BDL
BDL
4.5±0.8
18.9±0.6
K17
77.6±4.1
10.0±1.1
BDL
BDL
3.1±0.1
12.3±0.2
K18
139.1±2.3
17.6±1.7
BDL
BDL
3.7±0.3
16.9±0.6
K19
161.6±0.6
19.1±1.7
BDL
BDL
5.4±0.1
22.0±0.4
I1
239.5±0.6
36.7±0.8
2.9±0.0
BDL
7.1±0.5
43.1±0.3
I2
51.9±2.1
12.9±0.9
BDL
BDL
3.1±0.1
14.9±0.0
I3
62.0±2.5
18.6±0.2
BDL
BDL
4.0±0.1
12.1±0.4
I4
83.4±16.8
18.2±1.9
BDL
BDL
3.7±0.9
15.3±0.6
I5
235.9±2.3
11.3±1.3
BDL
BDL
7.8±0.1
33.0±0.2
A1
181.3±5.2
32.7±1.1
BDL
BDL
5.6±0.1
26.2±0.7
A2
72.1±4.6
47.6±0.4
BDL
BDL
3.9±0.0
15.3±0.2
A3
66.6±25.4
21.6±2.1
BDL
BDL
3.2±0.8
14.9±0.3
A4
69.0±8.0
21.6±1.3
BDL
BDL
2.7±0.1
11.7±0.1
KA1
57.5±5.2
27.8±2.1
BDL
BDL
2.0±0.4
14.1±0.4
KA2
51.1±1.4
11.0±0.9
BDL
BDL
2.2±0.6
11.7±0.1
KA3
63.7±2.9
13.5±0.9
BDL
BDL
2.3±0.3
12.5±0.4
M1
72.7±4.6
44.2±1.9
BDL
BDL
2.1±0.0
15.5±0.5
M2
80.1±1.3
26.7±0.5
BDL
BDL
3.3±0.3
13.4±0.1
M3
80.0±5.8
7.7±0.1
BDL
BDL
3.3±0.3
14.3±0.1
M4
59.2±0.5
24.2±1.1
BDL
BDL
2.1±0.1
9.1±0.1
AD1
72.7±0.0
19.9±1.7
BDL
BDL
2.6±0.0
18.3±0.6
AD2
67.4±2.9
17.8±0.8
BDL
BDL
2.5±0.0
14.8±0.5
AD3
BDL: Below the detection limit; K: Bread sample collected from Kayseri; I: Bread sample collected from Istanbul; A: Bread sample collected from Ankara; KA: Bread
sample collected from Kastamonu; M: Bread sample collected from Mersin; AD: Bread sample collected from Adıyaman.
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maximum tolerable daily intake of Cr is 200 µg. Our estimated maximum intake value for Cr was below U.S. National Research values.
Iron is widely distributed in nature, and is a mineral
essential for human health. Adequate iron in the diet is
very important for decreasing the incidence of anemia
[28, 30]. The minimum and maximum iron values were
found as 3.4 µg g−1 and 47.6 µg g−1 in Kayseri and Ankara bread samples, coded K6 and A3. The maximum
tolerable daily intake of Fe is 48 mg. Our estimated highest intake value for Fe was 7.5 mg and was below those
recommended by the WHO. Iron values in bread samples
have been observed in the range of 14.2-40.2 µg g-1 [21].
Manganese is an essential mineral element and has a
varying metabolic role for humans called the Mn-containing
enzyme systems. Manganese is highly toxic when its intake
is excessively elevated and causes neurodegenerative disorders known as manganism. The characteristics of this
disease are described as Parkinson-like symptoms [31].
The lowest and highest manganese values were found as
3.9 µg g−1 and 245.5 µg g−1 in bread samples coded K10
and K12, and collected from Kayseri. Manganese values
in bread samples have been reported in the ranges of 1.317.0 µg g-1 [31], 7.5–58.7 µg g-1 [22], and 6.7-17.1 µg g-1 [5].
4. CONCLUSION
In this pilot study, the levels of metal ions at trace
levels in bread samples from different cities in Turkey
were determined by FAAS analysis. The levels of analyzed
elements were generally found to be lower than those of
other studies in the literature. The results found will be of
importance for future studies about the trace metal contents of bread and other food samples.
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ABSTRACT

1. INTRODUCTION

Soil nutrient levels are important indicators of soil
fertility, and various land-uses and environmental factors
can affect the spatial variation of soil nutrients. Studies
that focus on the differences in the spatial distribution of
soil nutrients and the relationship between land-use and
environmental factors are valuable for the investigation of
ecosystem processes. Typical small watershed and catchment areas in the loess hill and gully region of China were
used as a case study. On the basis of experimental sampling
in the field, we applied classical statistics and a canonical
correspondence analysis (CCA) to study the relationship
of the distribution of soil nutrients with land-use and environmental factors at two different scales. The results indicate that the content of organic matter and NPK (i.e., nitrogen, phosphate, and potassium) is relatively high in wild
grassland, woodland, and shrub land areas. The relationship
of land-use and environmental factors to soil nutrient levels
varies at different scales. In the Muyu small watershed area,
the importance of the influence of land-use and environmental factors on soil nutrients was ranked as follows: landuse type>vegetation coverage>slope position> slope>relative
elevation>aspect. In the Ansai catchment area, the importance was ordered as follows: land-use type>slope> vegetation coverage>aspect>relatively elevation>slope position.

KEYWORDS:
soil nutrient; land-use; environmental factors; CCA; scale effect

* Corresponding author

Spatial variability and scale effects are of great significance in soil science, geography, hydrology, and ecology, and are currently the focus of intense research [1].
Soil properties vary with spatial and temporal continuity
and soil possesses spatial heterogeneity when observed on
either a small or large scale [2-4]. Many studies have suggested that the main factors that influence the spatial heterogeneity of soil exhibit significant differences on various scales [5-7], and there is also a clear effect of scale
variability on the spatial difference and influencing factors
of soil nutrients [8-12]. To date, the study of the spatial
variability of soil nutrients at the landscape-scale has
received extensive attention, and many statistical methods have been applied to study the relationship between
soil nutrients and environmental factors. In particular,
canonical correspondence analysis (CCA) has achieved
satisfactory results in the study of soil-environmental
factor relationships [13, 14].
The Loess Plateau has a broken terrain characterized
by severe soil erosion and extensive nutrient loss, and has
the most serious soil erosion problem in China [15]. Many
scholars have studied the spatial and temporal variability of
soil nutrients and influencing factors in the Loess Plateau,
although few studies conducted at the landscape-scale
have explored the scale effects of soil nutrients and their
influencing factors. They failed to reveal the heterogeneity of soil nutrients at different scales. In this study, we
selected a typical small watershed and catchment in a
hilly gully area of the Loess Plateau. Based on samples
collected in the fields, we applied classical statistics and
the CCA method to analyze the impact of land-use and
environmental factors on soil nutrients and scale variability to enhance the study of ecosystem processes, and to
provide a scientific basis for the prevention and control of
land degradation.
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2. MATERIALS AND METHODS
2.1 Study area

We selected the Ansai catchment area and the Muyu
small watershed area in Shaanxi Province, China, as study
areas. The Ansai catchment area is located in the hinterland
of the inland northwest Loess Plateau (36°30'–37°20'N ,
108°5′–109°27′E) and is a typical loess hilly and gully area
with a catchment area of 2,940.9 km2 (Fig. 1). This area is
influenced by a temperate continental semi-arid monsoon
climate, with an annual average temperature of 8.8 °C and
annual average precipitation of 505.3 mm (74% occurring
from June to September). The topography is complex and
diverse, and loess ridge-and-mound and hill-and-gully
features are widespread. The soil mainly occurs as loess
soil, which accounts for approximately 95% of the total
area. The parent material of the soil mainly falls into two
categories, i.e., loess and flood alluvial. The layer of loess
soil is deep, and the texture is mainly composed of silt with
a weak resistance to erosion. Water loss and soil erosion
are extensive in this area; the area with water loss and soil
erosion comprises approximately 97% of the total land
area, and is typical of vulnerable ecological environments
in northwest China. The Muyu small watershed area is
located in Haojiaping Township, Ansai County, and is in
the midstream of the Ansai catchment area as one of the
typical small watersheds. Land-use types mainly include
cultivated land, woodlands, wild grasslands, and shrub lands,
and the overall level of human disturbance is minimal.

categories: 1 for cultivated land, 2 for wild grasslands, 3 for
woodlands, and 4 for shrub lands. The slope position was
classified into five types with reference to the lower slope:
1 for the lower slope, 2 for the middle-lower slope, 3 for
the middle slope, 4 for the middle-upper slope, and 5 for
the upper slope. We used a hand-held GPS receiver (Trimble GeoExplorer 2008 Series GeoXH) to measure the latitude, longitude, and elevation of the sampling sites. The
difference between the elevation of each sampling site and
the catchment outlet was calculated to represent the relative
elevation. The aspect was defined as the clockwise angle
relative to true north (zero degrees) and was measured using
a compass. The slope was measured using a dinometer. The
vegetation coverage was visually evaluated, and the land-use
type and slope position were recorded for each sampling site.
The seven following indicators of soil nutrients were
analyzed: organic matter, total nitrogen, available nitrogen,
total phosphorus, available phosphorus, slowly available
potassium, and available potassium. Soil samples were airdried and screened prior to analysis and measurement of soil
nutrients. Organic matter was measured by oil-bath heating
potassium dichromate oxidation-volumetric method. Total
nitrogen was measured by the Kjeldahl distillation
method. Total phosphorus was measured by molten sodium hydroxide and Mo-Sb colorimetric methods; slowly
available potassium was measured by hot nitric acid leaching and flame photometry. Available nitrogen was measured using an alkali N-proliferation method. Available
phosphorus was measured by sodium bicarbonate extraction and a molybdenum blue colorimetric method. Available potassium was extracted using an ammonium acetate
method and measured using flame photometry.
We introduce the rate of change, α, to represent the degree of difference of soil nutrient levels on two scales: a
small watershed and a catchment. Let α denote the rate of
change of soil nutrients from the Muyu small watershed area
to the Ansai catchment area, and α is calculated using the
following equation:
(1)

FIGURE 1 - Location of study area and monitoring sections

2.2 Methodology

The soil samples were collected in July and August of
2012. On the basis of a field investigation of the Ansai
catchment area with maps of the current land-use, drainage, topography, and soil types in the study area, the Muyu
area was selected as a typical small watershed, and 35 sites
were sampled in this area. A total of 79 sampling sites
were designated on the catchment scale. At each sampling
site, five replicated soil samples were collected randomly.
The distribution of the sampling sites is shown in Fig. 1.
The qualitative indicators were numbered prior to
analysis, and the land-use type was classified into four

where, Pa,i is the indicator of soil nutrients in the Ansai
catchment, Pm,i is the indicator of soil nutrients corresponding to the Muyu small watershed area, and i represents one
of the seven indicators (i.e., organic matter, total nitrogen,
available nitrogen, total phosphorous, available phosphorus,
slowly available potassium, and available potassium).
We analyzed the obtained data and applied a conventional summary and statistical analysis to describe the
general characteristics of the soil nutrients. Subsequently,
we performed a single-factor analysis of variance (ANOVA) to compare the influence of different land-use types
on soil nutrient content, and applied CCA to analyze the
relationships between different environmental factors and
soil nutrient levels.
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3. RESULTS
3.1 Analysis of the relationship between soil nutrients and
land-use types at different scales
3.1.1 Differences in soil nutrients for various land-use types

The number of sampling sites for shrub lands, wild
grasslands, woodlands, and cultivated land was 4, 14, 13,
and 3 in the small watershed, and 11, 24, 24, and 15 in the
catchment, respectively. The results of the single-factor
ANOVA used to compare the soil nutrient levels of different land-use types are shown in Table 1.
For the Muyu small watershed area, the organic matter content ranged from 5.44 to 6.22 g/kg, and the samples
were ranked from high to low content, as follows: wild
grasslands>shrub lands>woodlands>cultivated land. In the
Ansai catchment area, the organic matter content ranged
from 5.84 to 6.35 g/kg, and the rank order from high to low
content was as follows: shrub lands>woodlands>cultivated
land>wild grasslands. The organic matter content was relatively high in the shrub lands, wild grasslands, and woodlands, indicating that the vegetation restoration is more
complete, and the organic matter content is higher in areas
with less human disturbance and a longer duration since
abandonment.
Nitrogen gradually accumulates in the soil during the
process of soil formation and slaking fertilization. The
total nitrogen content ranged from 0.39 to 0.42 g/kg in the
Muyu small watershed area, and from 0.39 to 0.44 g/kg in
the Ansai catchment area. The alkali-hydrolyzable nitrogen content ranged from 15.06 to 18.22 g/kg in the Muyu
small watershed area, and 15.22 to 16.75 g/kg in Ansai
catchment area. The variation of total nitrogen and alkali-

hydrolyzable nitrogen was small. For various land-use types,
the total nitrogen contents were all less than 0.5 g/kg and
the alkali-hydrolyzable nitrogen contents were all less than
30 mg/kg. According to the nutrient grading standard of
the Second National Soil Survey, the averaged total nitrogen and alkali-hydrolyzable nitrogen contents were of
grade 6 in both the small watershed and catchment. The
total nitrogen and alkali-hydrolyzable nitrogen contents
were the lowest and highest respectively in the cultivated
lands. This trend occurs because large soil nutrient inputs
to cultivated land, due to agricultural management practices, for example, lead to available nitrogen contents that
are significantly higher than in the other land-use types.
The phosphorus content in soil decreases as the extent
of weathering increases. Because the mobility of phosphorus
is small, there is a large spatial difference in the phosphorous contents in the same area [16]. The total phosphorus
content ranged from 0.58 to 0.60 g/kg in the Muyu small
watershed area, and from 0.58 to 0.61 g/kg in the Ansai
catchment area. There was a similar variation trend in both
areas: the total phosphorus was slightly higher in woodlands and cultivated land than in shrub lands and wild grasslands. This trend occurs because the vegetation coverage is
higher in woodlands and there is less human disturbance,
which can better maintain and improve the soil nutrient
content. The higher phosphorus content in cultivated land
is caused by agricultural management practices and fertilizer applications. The available phosphorus content
ranged from 4.96 to 6.70 g/kg in the Muyu small watershed area, and from 5.21 to 6.46 g/kg in the Ansai catchment area. The rank order of available phosphorus for
various land-use types on two scales was cultivated
land>shrub lands>woodlands>wild grasslands.

TABLE 1 - Variance analysis of soil nutrients for different land-use types at two scales.
Land use
type

Scale

a

SOM (g/kg)

TN (g/kg)

TP (g/kg)

AN (mg/kg)

AP (mg/kg)

Standard
Standard
Standard
Standard
Standard
Mean
Mean
Mean
Mean
Mean
deviation
deviation
deviation
deviation
deviation

AK (mg/kg)

SAK (mg/kg)

Standard
Standard
Mean
Mean
deviation
deviation

Muyu 4 6.04

0.75

0.41

0.07

0.58

0.03

17.85

6.93

5.57

0.62

146.95

5.60

719.06

75.34

Ansai 11 6.35

1.11

0.44

0.06

0.59

0.04

16.75

4.94

5.84

0.70

136.57

30.67

719.79

80.17

Muyu 14 6.22
Wild
grasslands
Ansai 24 5.84

1.40

0.42

0.08

0.58

0.05

16.21

3.19

4.96

1.01

128.54

31.32

801.65

232.01

1.40

0.40

0.09

0.58

0.06

15.78

2.54

5.21

1.02

128.21

31.19

762.86

186.19

Muyu 13 5.88

0.89

0.39

0.07

0.60

0.04

15.06

1.26

5.28

0.80

166.68

31.62

747.52

154.17

Ansai 24 5.96

1.08

0.40

0.07

0.61

0.04

15.22

1.17

5.64

1.04

162.29

30.40

787.96

123.97

Cultivated Muyu 3 5.44
land
Ansai 15 5.87

1.63

0.39

0.11

0.60

0.02

18.22

4.52

6.70

0.62

117.94

27.96

804.73

107.04

1.49

0.39

0.09

0.61

0.05

16.38

2.39

6.46

0.85

126.41

36.52

787.77

99.14

Shrub lands

Woodlands

F-value

Muyu
Ansai

0.38
0.93

0.43
0.64

0.28

2.00

1.30

0.81

2.61
3.981

3.443
*

4.623

*

0.25

*

0.56

Note: *, ** indicate significance at the 0.1 and 0.05 levels, respectively. a: numbers of sampling sites; SOM: soil organic matter; TN: total nitrogen;
TP: total phosphorus; AN: available nitrogen; AP: available phosphorus; AK: available potassium; SAK: slowly available potassium.
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The slowly available potassium content was 719.06804.73 mg/kg in the Muyu small watershed area, and the
ranking of concentrations from high to low is cultivated
land>wild grasslands>woodlands>shrub lands; the slowly
available potassium content was 762.86-787.77 mg/kg in
the Ansai catchment area, and its rank order is cultivated
land>woodlands>wild grasslands>shrub lands. The potassium content varied significantly with the land-use type,
and was high in the cultivated land for both the small
watershed and catchment but lowest in the shrub lands.
The available potassium content ranged from 117.94 to
166.68 mg/kg in the Muyu small watershed area, and from
126.41-162.29 mg/kg in the Ansai catchment area; the rank
order of the various land-use types on two scales is woodlands>shrub lands>wild grasslands> cultivated land. The
slowly available potassium content was higher in cultivated land, whereas the available potassium content was
low, indicating that the potassium capability of the soil is
relatively poor.
3.1.2 Scale effect of land-use type influence on soil nutrients

We calculated the rate of change (α) of soil nutrients
for various land-use types based on equation (1), and the
results are shown in Fig. 2. A positive value indicates that
the soil nutrient content increases from the Muyu small
watershed area to the Ansai catchment area; in contrast, a
negative value indicates that the soil nutrient content
decreases. Values near zero indicate that the soil nutrient
indicator does not vary significantly as the scale changes.
As shown in Fig. 2, as the study area changes from a
small watershed to a catchment, the difference between
soil nutrient content of the various land-use types is between -12% and 8%; the difference in soil nutrient content is significant among the various land-use types.

As the study area changes from the small watershed
area to the catchment area, with the exception of available
phosphorus, the nutrient contents of the wild grasslands
decrease by varying degrees. By comparing the average
coverage of wild grasslands at two scales, we found that
the total vegetation coverage of wild grasslands is 74.64%
for the small watershed area, which is higher than that of
the catchment area (66.91%). The vegetation of wild grasslands mainly consists of annual herbs, which can better
absorb and replenish soil nutrients, and in a small watershed, wild grasslands with high vegetation coverage can
better maintain and improve the soil nutrient levels. The
nutrient contents were significantly higher for the woodlands, except for available potassium. In addition, the total
vegetation coverage of the woodlands is 120.88% for the
catchment area, which is higher than that of the small watershed area (116.54%). This result indicates that, on the catchment scale, developed roots have a strong enrichment effect
on soil nutrients, and the litter layer which can conserve
soil and water, is relatively thick and has a stronger effect
of maintaining and improving soil nutrient conditions. For
shrub lands, as the transitional land-use type between wild
grasslands and woodlands, the spatial variability of soil
nutrients is similar to that of woodlands; the available potassium and nitrogen contents decrease, the slowly available
potassium does not significantly vary, and the total phosphorus, available phosphorus, organic matter, and total nitrogen significantly increase. For cultivated land, the available
nitrogen, bulk density, available phosphorus, and slowly
available potassium contents decrease, whereas the contents of total nitrogen, total phosphorus, available potassium,
and organic matter increase. The variation of the nutrient
indicators is larger for cultivated land, which is most
likely related to the smaller number of sampling sites and

FIGURE 2 - Scale variance analysis of soil nutrients for different land-use types.
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the implementation of agricultural fertilization management practices for the small watershed area.
3.2 Analysis of the correlation between soil nutrients and
environmental factors at different scales

The coefficients of correlation between soil nutrients
and environmental factors for the Muyu small watershed
area and the Ansai catchment area are shown in Table 2.
These data show that the difference in the correlation of
different environmental factors and soil nutrients is significant. In particular, in the Muyu small watershed area,
the relative elevation is clearly correlated with the available nitrogen at the 1% level; the vegetation coverage and
land-use type are clearly correlated with the available potassium at the 1% level. The following correlations were
detected for the Ansai catchment area: the relatively elevation is significantly correlated with the total phosphorus at
the 1% level and with the slowly available potassium at
the 5% level; the slope position is correlated with the total
phosphorus at the 5% level; the vegetation coverage is
correlated with the organic matter and total nitrogen con-

tents at the 5% level, and with the available potassium at
the 1% level; and the land-use type is correlated with the
available potassium at the 1% level.
The CCA results (Table 3) indicate that the correlation coefficients of the first two ordination axes between
the soil nutrients and environmental factors in the Muyu
small watershed area are 0.682 and 0.341 respectively, and
the correlation coefficients in the Ansai catchment area
are 0.451 and 0.205 respectively. The contribution of the
first ordination axis to the watershed and catchment scales
is 95.1% and 95.2% respectively. As shown in Table 3,
the eigenvalue of the first ordination axis is clearly higher
than for the other axes, indicating that the CCA results
can be used to accurately describe the correlation between
soil nutrients and influencing factors.
For the Muyu small watershed area, according to the
two-dimensional CCA ordination diagram of soil nutrients and environmental factors, the connection length of
the arrows clearly indicates that all of the selected environmental factors have a certain degree of influence on

TABLE 2 - Coefficients of correlation between environmental factors and soil nutrients at different scales.

SOM
TN
TP
SAK
AN
AP
AK

Muyu
Ansai
Muyu
Ansai
Muyu
Ansai
Muyu
Ansai
Muyu
Ansai
Muyu
Ansai
Muyu

Relative
elevation
-0.058
0.004
-0.289
-0.018
-0.319
-0.339**
-0.096
-0.228*
-0.438**
-0.043
-0.114
0.04
0.148

Ansai

-0.097

Aspect

Slope

Slope position

0.179
0.053
0.205
0.017
0.205
0.097
-0.025
0.023
-0.044
-0.08
0.001
-0.054
0.171

0.155
0.003
0.009
-0.1
-0.089
-0.067
-0.011
0.025
-0.269
-0.22
0.093
0.028
0.017

-0.005
0.056
-0.121
-0.008
-0.007
-0.231*
-0.11
-0.123
-0.12
-0.048
-0.185
-0.176
0.242

Vegetation
coverage
0.187
0.283*
0.194
0.263*
0.008
0.153
-0.163
0.052
-0.246
-0.126
0.237
0.085
0.498**

-0.092

0.053

-0.074

0.375**

Land-use type
-0.042
0.067
-0.145
0.064
0.083
0.071
-0.159
-0.003
-0.2
-0.104
-0.066
-0.096
0.557**
0.414**

Note: *, **: degree of significance at the 0.1 and 0.05 level, respectively.

TABLE 3 - Correlation analysis of environmental factors and CCA ordination axes.
Landscape factors
Elevation
Coverage
Aspect
Slope
Position
Land-use
Cumulative contribution

Scale
Small watershed
Catchment
Small watershed
Catchment
Small watershed
Catchment
Small watershed
Catchment
Small watershed
Catchment
Small watershed
Catchment
Small watershed
Catchment

Ordination axis 1
0.197
-0.057
0.528
-0.225
0.186
-0.098
0.219
-0.268
0.287
-0.012
0.571
-0.405
95.1
95.2
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Ordination axis 2
-0.248
0.189
-0.083
0.021
-0.065
0.051
-0.211
0.011
-0.020
0.056
-0.051
0.008
98.6
98.4

Ordination axis 3
-0.077
0.013
0.099
-0.142
-0.023
-0.128
0.015
-0.152
-0.065
-0.157
-0.126
0.007
99.6
99.6

Ordination axis 4
-0.039
-0.004
-0.201
0.082
0.123
-0.022
0.254
-0.038
0.143
-0.064
-0.030
-0.005
100.0
100.0
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the spatial distribution of soil nutrients. According to the
relationship between the environmental factors and the
ordination axis, environmental factors have a significant
influence on the organic matter content of the soil. Based
on the analysis of the angle between the arrow and the
first ordination axis of the soil nutrients, the first ordination axis correlation between the environmental factors and
soil nutrients is ranked as follows: land-use type> vegetation coverage>slope position>slope>relative elevation>
aspect. In areas with relatively high vegetation coverage,
the soil density is relatively high, the root zone is developed,
and the underground biomass is high, which can better
maintain the water and soil levels and fertilize the soil.

tween environmental factors and soil nutrients is ranked as
follows: land-use type>slope>vegetation coverage>aspect>
relative elevation>slope position. Slope, the main environmental factor that influences the soil nutrient levels in the
Ansai catchment area, is negatively correlated with the soil
nutrients. The rainfall intensity per unit area of soil surface
varies as a function of the slope, which also affects the soil
infiltration capability and overland flow characteristics as
well as the characteristics of the soil nutrients. For the two
spatial scales, the soil nutrients, total nitrogen, total phosphorus, available phosphorus, and available potassium are
all distributed in the first quadrant of the CCA ordination
axis. The correlation of slowly available potassium and
available nitrogen with the ordination axis is not significant, indicating that their spatial distributions are not correlated and not significantly influenced by environmental
factors.
4. DISCUSSION

FIGURE 3 - The two-dimensional CCA ordination diagram of soil
nutrients and environmental factors in the Muyu small watershed
area.

Land-use type has a significant influence on organic
matter and total nitrogen contents. The organic matter and
total nitrogen contents of shrub lands and wild grasslands
were higher than those of cultivated land. This result is
similar to the results of Xin et al. [12] and Qiu et al. [17].
Due to higher vegetation coverage and less human disturbance, the soil nutrient content can be maintained and improved in shrub lands. The contents of total phosphorus,
available nitrogen, available phosphorus, and slowly available potassium were high in the cultivated land, which is
related to agricultural practices, such as fertilization. Soilavailable nutrients showed certain deviations as the landuse type varies, and the various land-use types had different influences on the various soil nutrient types, which is
similar to the results of a study by Li et al. [18].
For different spatial scales of various land-use types,
the variation of soil nutrient contents is different. The soil
nutrients of wild grasslands were higher in the Muyu small
watershed area than in the catchment area; at the catchment
scale, the woodlands had a stronger effect of maintaining
and improving the soil nutrient conditions. This result indicates that appropriate land-use types should be adopted
according to the local conditions to maintain the water and
soil levels and to improve soil nutrient levels.

FIGURE 4 - The two-dimensional CCA ordination diagram of soil
nutrients and environmental factors in the Ansai catchment area.

For the Ansai catchment area, the two-dimensional
CCA ordination diagram of the soil nutrients and environmental factors indicates that environmental factors have a
significant influence on the distribution of organic matter
and available potassium. According to the analysis of the
angle between the arrow and the first ordination axis of
the soil nutrients, the first ordination axis correlation be-

The spatial variability of soil nutrients is subject to the
combined influence of environmental factors and external
factors, and this combined effect exhibits a significant deviation at different scales. At the Muyu small watershed scale,
the land-use type and vegetation coverage are important
factors that influence soil nutrients; for the Ansai catchment
area, the land-use type and slope are important influencing
factors. Liu et al. [9] analyzed the relationship between the
soil nutrients and environmental factors in Hengshan County
of the loess hilly area, and reported that the slope is the important factor that influences the soil, which is similar to
our results. However, because the study areas and spatial
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scales are different, the influence of environmental factors
on soil nutrient levels varies, and its mechanism of action
requires further study.
5. CONCLUSIONS
Land-use type was found to have a significant influence on soil nutrient contents. The soil nutrient levels of the
wild grassland, woodland, and shrub land areas were relatively high, with high organic matter contents and enriched
NPK (i.e., nitrogen, phosphate, and potash) levels. This
result indicates that these three land-use types can better
maintain and improve the soil nutrient contents, which is
of great importance for soil and water conservation.
The difference in the relationship between land-use
and soil nutrients is largely based on different scales. As
the study area changes from a small watershed area to
catchment area, the available potassium and nitrogen contents decrease in shrub lands, and the total phosphorus,
available phosphorus, organic matter, and total nitrogen
levels increase significantly. For wild grasslands, with the
exception of available phosphorus, the contents of organic
matter, total nitrogen, and slowly available potassium decrease. For woodlands, the available potassium level decreases, and the available nitrogen, organic matter, total
phosphorus, total nitrogen, slowly available potassium,
and available phosphorus contents increase. For cultivated
land, the available nitrogen, bulk density, available phosphorus, and slowly available potassium contents decrease,
whereas the contents of total nitrogen, total phosphorus,
available potassium, and organic matter increase. In the
small watershed area, the wild grasslands with high vegetation coverage can better maintain and improve soil nutrients relative to the other land-use types. In the catchment
area, developed roots in the woodland areas have a strong
effect on the enrichment of soil nutrients, and the effect of
maintaining and improving soil nutrient levels is more
significant. The observed influences of the land-use types
on soil nutrients provide a valuable reference for local soil
conservation practices.
The difference in the correlation between soil nutrients and environmental factors is largely based on different scales, and the degree of significance of the correlation
is also clearly different. On the small watershed scale, the
land-use type and vegetation coverage have a relatively
significant influence on soil nutrients, whereas in the Ansai
catchment area, the land-use type and slope have the greatest influence.
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ABSTRACT
The objective of this study is to determine the carbon
dioxide (CO2) emissions due to fossil-based input usage
during the cultivation of apple, rose and cherry in Isparta.
To this end, data obtained previously via survey method
have been used. Using the industry-based inputs of these
products, chemical fertilizer and pesticide amounts used
per unit area along with machinery usage times and fuel
consumption amounts have been determined. The total
energy equivalents of these amounts were determined, and
the carbon dioxide emission equivalents to the used energy amounts have been calculated.
According to the evaluation results, the total fossilbased energy consumption amounts for apple, rose and
cherry cultivation have been actualized, respectively, to
be 38038.8 MJ, 23660.3 MJ and 18282.7 MJ. Depending
upon these consumed energy amounts, the respective determined carbon dioxide emissions were 2474.0, 1591.5
and 1222.6 kg CO2eq ha-1. Depending on the usage of fossilbased energy input, the highest carbon dioxide emission
was determined for apple, followed by rose and cherry.
Usage of chemical fertilizers related to nitrogen consumption has dramatically affected the total carbon dioxide
(CO2) emission for all three products (carbon dioxide emissions per kg apple, rose and cherry: 0.08, 0.32 and 0.16 kg
CO2).
KEYWORDS: Carbon dioxide (CO2) emission, greenhouse gas,
agriculture, energy.

1. INTRODUCTION
A high percentage of carbon dioxide emission in both
the world and Turkey is originating from power generation. Carbon dioxide (CO2) emissions formed by the burning of fossil fuels have increased by 38.3 % in the world
and 8.0 % in OECD countries during 1990-2009 [1]. According to Turkish Statistical Institute (TÜİK) data, about
81 % of the greenhouse gases produced in Turkey is com* Corresponding author

posed of CO2 [2]. Based on the same resource, an increase
of about 60 % has taken place during 1990-2009 in the
total greenhouse gas production of Turkey. In Turkey, CO2
production ratio based on sectors can be listed as energy
(75%), followed by wastes (9%), industrial operations (9%),
and agricultural activities (7%) [2]. These data show that
almost all carbon dioxide (CO2) emissions are based on
energy consumption.
Rural areas consume high amounts of energy due to
agricultural activities, such as soil cultivation, sowing and
planting, irrigation, fertilization, harvest, transportation,
drying etc. [3]. In addition, environmental pollution should
be decreased along with the usage of fossil fuels, and the
agricultural cultivation inputs should be used more efficiently in order to ensure a sustainable agricultural cultivation [4, 5]. Hence, researchers have focused on energy
efficiency in order to plan the resources in the ecosystem
for different agricultural cultivations [6]. Many studies
have been carried out in order to determine the efficiency
of energy in plant production. As a matter of fact, various
studies have been conducted in Chile for the cultivation of
some fruits [7], in Italy for some farm and garden products [8], in India for soy-based cultivation system [6], and
in Turkey for apricot [9], apple [10], cherry [11], and rose
[12] cultivation in order to determine energy usage efficiency.
Isparta province, when 2011 data is taken into account, is ranked number one with an annual apple cultivation of 609.929 tons, and has a significant importance in
the world for rose and cherry cultivation [13].
The fact that most of the inputs used in the cultivation
of apple, rose and cherry are chemical/fossil-based increases, the emissions of greenhouse gases cause environmental pollution. Hence, the decrease of fossil-based production inputs in agricultural cultivation or the increasing
use of renewable energy inputs will enhance profitability,
in addition to decreasing emission of gases that cause
greenhouse effects. Carbon dioxide emission from soil
based on soil cultivation systems in agricultural production has been determined in many studies, and the lowest
CO2 emission has been stated for conservation and notillage cultivation [14]. Studies have also been carried out
on the effect of irrigation systems and the amount of water used in irrigation on CO2 emission from soil [15, 16].
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The carbon dioxide or carbon equivalents of production inputs and equipment used in agricultural production
have been approximately determined by various researchers [17-20]. In the wheat-pea cultivation system made to
determine the effect of alternative cultivation methods on
energy consumption and greenhouse gas emission, CO2
emission increased with the increase of the doses during
applications of nitrogenous fertilizers; however, carbon
storage has decreased [21]. In a study carried out to determine the effect of land consolidation on fuel consumption and carbon dioxide emission in rural areas, it has
been stated that land consolidation mainly decreases carbon dioxide emission due to fuel consumption in rural areas
[22]. In a study carried out to determine energy consumption amount and CO2 emission during potato cultivation for
various plant sizes, CO2 emission per hectare for machinery usage, fuel consumption, chemical pesticide and pesticide consumption have been determined to be, respectively, 64.2, 325.5, 370.0 and 29.8 [23]. In a study carried
out to determine CO2 emission depending on the cultivation input used during the cultivation of wheat, silage
corn, tomato and cucumber, the respective emissions were
2070, 4350, 4660 and 4990 kg CO2 ha-1 [24].
There are many studies carried out to determine the
energy consumption efficiency in agricultural production;
however, only a limited number of studies have determined the greenhouse gas emissions for a limited number
of products.
The objective of this study is to determine the carbon
dioxide emissions due to cultivation input variety and
amounts of apple, rose and cherry which have significant
cultivation potential both for the province of Isparta and
Turkish agriculture.

TABLE 1 - Energy equivalent of inputs.
Inputs
1. Machinery
Tractor
Plough
Rotary tiller
Disc harrow
Cultivator
Rotary hoe
Sprayer
Trailer
2. Chemical Fertilizer
Nitrogen (N)
Phosphate (P2O5)
Potassium (K2O)
3. Pestcide
Insecticide
Fungicide
Lime
4.Diesel Fuel

Units

MJ/
Units

Reference

h
h
h
h
h
h
h
h

25.4
18.7
23.6
19.6
14.0
3.8
21.4
64.1

[25]
[25]
[25]
[25]
[25]
[25]
[25]
[25]

kg
kg
kg

60.6
11.1
6.7

[25]
[25]
[25]

kg
kg
kg
l

363.6
99.0
1.32
56.31

[4]
[25]
[4]
[26]

The energy amount consumed due to diesel fuel was
calculated keeping in mind the energies of tractors and the
equipment pulled by the tractors (MJ h-1), the energy
amount required for the production of the tractor or the
unit weight of the equipment (MJ kg-1), repair and maintenance energy (MJ kg-1), transportation energy (MJ kg-1),
total machinery weight (kg), and the economic lives of the
machinery used in Turkey.
Greenhouse gas emissions due to fossil-based input
consumption were calculated using carbon dioxide equivalent (kg CO2eq ha-1) coefficients of the inputs used per unit
area.
CO2 emissions that correspond to the energy equivalents of the inputs have been determined using the CO2
coefficients of equivalence listed in Table 2 which have
been put forth by various researchers.
TABLE 2 - Carbon dioxide emission coefficients of some agricultural inputs.

2. MATERIALS AND METHODS
The main material of the study consists of raw data
obtained via surveys that were carried out to determine
the energy consumption efficiency in the province of Isparta during apple [10], rose [12], and cherry [11] cultivation. Fossil-based (non-renewable) inputs were used to
calculate tool and machinery building energy, fuel consumption as a result of tractor and machinery usage during
cultivation stages, such as irrigation, transportation, tillage,
spraying, fertilizing, chemical fertilizers per unit area, and
pesticide usage amounts. The data obtained for three different products along with the energy equivalents given in
Table 1 were used to determine energy inputs per hectare.
The total energy input per unit area (ha) consists of
the sum of the partial energies of each input that is used in
cultivation. The examined categories consist of diesel
fuel, agricultural tools and machinery, chemical fertilizer
(NPK) and pesticides used in agricultural pest control.
Data in Table 1 was used during the calculation of the
energy equivalents for each input.

Reference

Inputs

Unit

1. Machinery
2. Chemical fertilizers
Nitrogen (N)
Phosphate (P2O5)
Potassium (K2O)
3. Pesticides
Insecticide
Fungicide
Lime
4. Diesel fuel

MJ

Carbon dioxide
coefficients
(kg CO2eq unit-1)
0.071

kg
kg
kg

4.76
0.73
0.55

[17] adapted
[17] adapted
[17] adapted

kg
kg
kg
l

18.67
14.27
0.59
2.70

[17] adapted
[17] adapted
[17] adapted
[20]

[19]

The carbon dioxide equivalents of some inputs that
cannot be directly determined have been determined by
multiplying the carbon (C) emission equivalents obtained
from [17], by the carbon dioxide (CO2) coefficient of
equivalence (3.667) [27]. The emission values of live
power sources, farm fertilizers and irrigation water were
not taken into account during calculation since these are
not fossil-based inputs. However, the energy amounts due
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to the tools, machinery and fuel used during the application and transportation of these inputs were included in
the calculation.
3. RESULTS AND DISCUSSION
3.1 Energy amounts used during cultivation

The total energy input consumption per unit area (ha)
during apple, rose and cherry cultivation in the province
of Isparta has been given in Table 3. The energy equivalents of the inputs per ha have been taken into account
during calculations. The first column in the table lists the
input amounts used in the cultivation of each product
whereas the other columns list the total energy equivalents.
The total tool and machinery usage energy values for
the products were determined to be 6450.9, 2132.6 and
1263.6 MJ ha-1 for apple, rose and cherry, respectively,
and the shares of machinery energy used per ha were 16.9,
9.0 and 6.9%, respectively. As can be seen, apple has the
greatest machinery consumption energy among the three
products. Tractor usage was followed by sprayer, trailer
and tillage for apples, in terms of the maximum energy
input in machinery usage.
Among the three products, rose had the highest chemical fertilizer energy consumption, followed by cherry and
apple. Among chemical fertilizers, nitrogen energy consumption was the highest for all three products, followed
by phosphorus and potassium.
Chemical fertilizers are ranked as second for apple
but first for rose and cherry in total energy input. The
chemical fertilizer energies consumed per hectare were 10
386.3 MJ for apple, 13 687.3 MJ for rose and 10 790,2
MJ for cherry. Similarly, a study carried out in Chile [7]
has determined the energy input of nitrogen used in apple
gardens as 8 855.0 MJ ha-1 which is quite similar to that
determined herein. Among the chemical fertilizers, nitrogen had the highest energy input for all three products,
followed by phosphorus and potassium.
Due to the excessive spraying carried out in Isparta
province during apple cultivation, more pesticides are used
for agricultural pest control in comparison with other products (ratio of pesticide energy used in total energy input:
13.4% for apple, 3.6% for rose and 6.1% for cherry). The

energy input for agricultural pest control in apple cultivation was 5108.3 MJ ha-1; and this value has been determined to be 860.2 MJ ha-1 for rose and 1104.6 MJ ha-1 for
cherry. The energy input for insecticides was greater than
for all other pesticides, for all three products. Even though
greater amounts of fungicides were used for apple per unit
area, the energy input of the insecticides was still higher.
The chemical pesticide energy consumption amounts for
Isparta province were greater than that determined by [7] in
the apple gardens of Chile (4388.0 MJ ha-1), but lower than
that determined by [4] for apple gardens (17793.1 MJ ha-1).
The greatest fuel energy consumption was observed in
apple cultivation among all three products. For apple, diesel
fuel consumption was ranked first (16093,4 MJ ha-1)
among other energy inputs, but ranked second for rose
(6980,2 MJ ha-1) and cherry (5124,2 MJ ha-1). The diesel
fuel consumption ratios for apple, rose and cherry were
42.3, 29.5 and 28.0%.
It has been determined in a study by Pimentel [4], that
the total share of diesel fuel in the total energy is 61.47 %.
Diesel fuel has been used in agricultural pest control, tillage, irrigation, fertilizing, transportation and weed control.
The main reason that the diesel energy input in this study
was greater for apple in comparison with other products
was intensive tool and machinery usage.
According to the calculations carried out, 84 % of the
energy sources used in apple cultivation is made up of
non-renewable energy sources; this ratio is 80% for rose
and 73.0 % for cherry. In this case, the usage of renewable
energy sources was highest for cherry, followed by rose
and apple. The main differences based on products are
due to tool, machinery and pesticide usages.
3.2 Carbon dioxide (CO2) emissions in cultivation

The highest fossil-based energy input consumption
was for apple cultivation among all the three products examined. This is due to the high usage rates of chemical
pesticides, fertilizers, and tool-machinery during cultivation
which, in turn, caused diesel fuel consumption. The usage
of fossil-based fuels during the production, transportation
or application of these aforementioned inputs naturally
increase carbon dioxide emission amount. The decrease of
this emission is only possible through the increase of the
consumption amount of renewable energy inputs, or the

TABLE 3 - Use of input quantities per unit area and total energy equivalents.
Apple
Inputs
Machinery (h)
Chemicals fertilizers (kg)
Pesticides (kg)
Diesel Fuel (l)
Total

Quantity per ha
254.4
349.1
28.8
285.8

Rose
Total Energy
equivalent
(MJ/ha)
6 450,9
10 386.3
5 108.3
16 093.4
38 038.8

Quantity per ha
71.6
374.7
3.3
124.0

796

Cherry
Total Energy
equivalent
(MJ/ha)
2 132.6
13 687.3
860.2
6 980.2
23 660.3

Quantity per ha
46.2
308.9
3.4
91.0

Total Energy equivalent (MJ/ha)
1 263.6
10 790.2
1 104.6
5 124.2
18 282.7
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TABLE 4 - Carbon dioxide emissions of products depending of use of inputs.
Units
Machinery
Chemical Fertilizers
Nitrogen (N)
Phosphate (P2O5)
Potassium (K2O)
Pesticides
İnsecticides
Fungicides
Lime
Fuels
Total
Yield (kg/ha)
kg CO2/kg product.
Net return ($/ha)
Renewable
energy usage (%)

Apple
Shares in total
Total CO2 emission
(%)
(kg CO2eq ha-1)
458.0
18.5
799.1
32.3
659.7
95.8
43.6
446.2
18.0
161.1
284.0
1.1
771.7
31.2
2474.0
100
29392.8
0.08
5514.5

Rose
Total CO2 emission
Shares in total
(%)
(kg CO2eq ha-1)
151.4
9.5
1049.6
66.0
917.0
131.6
1.0
55.8
3.5
37.7
18.1
334.7
21.0
1591.5
100
5041.8
0.32
2704.4

16

20

increased usage of organic-based inputs in cultivation.
Table 4 lists the carbon dioxide emission amounts for
apple, rose and cherry cultivation.
As can be seen in Table 4; emission values of 2474.9,
1591.5 and 1222.6 kg CO2eq were calculated for the usage of
the four basic cultivation inputs per ha in apple, rose and
cherry cultivation, respectively. For potato, 2070 kg CO2eq
ha-1 was determined by [24], being lower than the total
emission for apple but quite greater than those for rose and
cherry. The 992.88 CO2 emission value determined by
[23] during a study carried out for potato is lower than
those of all three products. The differences between the
carbon dioxide emissions might be due to product type,
different energy equivalents, or the use of different CO2
coefficients of equivalence.
The factors that increase total CO2 emission for apple,
in comparison with other products, are tool-machinery usage, pesticide usage, and fuel consumption. The total CO2
emissions due to chemical fertilizer usage in apple and
cherry are quite similar but that for rose is greater caused

Cherry
Total CO2 emission
Shares in total
(%)
(kg CO2eq ha-1)
89.7
7.3
826.1
67.6
711.1
110.8
4.2
61.0
5.0
54.3
6.7
245.7
20.1
1222.6
7522.0
0.16
2006.8
27

by higher usage rates of nitrogen and phosphorus in
chemical fertilizers.
The ratios of CO2 emission that occur due to nitrogen
fertilizer consumption are 82.5% for apple, 87.3% for
rose, and 86.1% for cherry (highest values in all 3 products).
The CO2 emission based on pesticide usage in apple
is much greater than that of rose and cherry. The reason
for this is that the use of insecticides and fungicides in
apple is much greater with regard to the other products.
One of the reasons that pesticide consumption is much
greater for apple is that the cultivation fields are more
suitable for the development of fungus-based diseases, and
usage doses greater than the suggested ones [28]. Fungicide
consumption-based CO2 emission is highest for apple among
pesticides, but highest CO2 emissions for rose and cherry are
due to insecticide consumption. The use of insecticides
and fungicides in apple cultivation has increased the total
CO2 emission value in comparison with the other products.

FIGURE 1 - Comparisons of total carbon dioxide emissions.
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As can be seen in Fig. 1, the highest CO2 emission
among all 3 products is due to chemical fertilizer usage.
On the other hand, the differences between total CO2
emissions among all 3 products are due to pesticide usage,
fuel consumption and machinery usage; however, the
emission difference due to chemical fertilizer usage is
lower than those of the other inputs.

[5]

Pervanchon, F., Bockstaller C. and Girardin P. (2002) Assessment of energy use in arable farming systems by means
of an agro-ecological indicator: the energy indicator. Agricultural Systems, 72 (2).149-172.

[6]

Mandal, K.G., Saha, K.P., Ghosh, P.K., Hati, K.M. and Bandyopadhyay, K.K. (2002) Bioenergy and economic analysis
of soybean-based crop production systems in central India.
Biomass and Bioenergy, 23 (5), 337-345.

The CO2 emission values of the products are in parallel
with the consumption ratios of non-renewable energy. The
highest CO2 emission value has been obtained for apple in
response to the lowest renewable energy input, and the
same relationship has been determined to hold for rose
and cherry as well.

[7]

Hetz, E. (1998) Energy utilization in fruit production in
Chile. Agricultural Mechanization in Asia, Africa, and Latin
America, 29 (2), 7-20.

[8]

Hetz, L., Unmole, H.., Mariani, A. and Tomarchio, L. (1987)
Energy analysis of agriculture: the Italian case study and
general situation in developing countries. 3. International
Congress of Agricultural Machinery and Energy, proceedings, 172-184, Adana, Turkey.

[9]

Gezer, I., Acaroglu, M. and Hacıseferogulları, H. (2003) Use
of energy and labor in apricot agriculture in Turkey. Biomass
and Bioenergy, 24(3), 215–219.

When the CO2 emission is ranked in terms of product
units, 0.08 kg emission occurs per 1 kg of apple whereas
this value is 0.32 for rose and 0.16 for cherry. Herein, the
high product efficiency of apple has decreased CO2 emission per unit of product. The profitability of apple cultivation ranks first among products, followed by rose and
cherry. Lower CO2 emission per unit of product in apple
and the higher income should not make it the preferred
product for cultivation, in spite of the environmental risks.
When the environmental risks are taken into account, the
16 % renewable energy input ratio should be increased for
apple. Since the CO2 emission due to chemical fertilizer
usage is greater than that of the other inputs, firstly, the
use of organic fertilizers should be increased.

[10] Ekinci, K., Akbolat, D., Demircan, V. and Ekinci, C. (2005)
Determination of the effectiveness of use of energy in apple
production in Isparta province. 3th Renewable Energy Resources Symposium and Exhibition, Paper Book, pages 43-47
Mersin. Turkey.
[11] Demircan, V., Ekinci, K., Keener, H. M., Akbolat, D. and
Ekinci, C. (2006) Energy and economic analysis of sweet
cherry production in Turkey: A case study from Isparta province. Energy Conversion and Management, 47, 1761–1769.
[12] Akbolat, D., Ekinci, K. and Demircan, V. (2006) Energy input-output and economic analysis of rose production in Turkey. Journal of Agronomy, 5(4), 570-576.
[13] Anonymous (2012) Turkey statistical institute, www.
tuik.gov.tr

4. CONCLUSION
The use of chemical pesticides, in addition to the use
of machinery and the corresponding fuel consumption,
should be decreased in order to decrease CO2 emission of
apple cultivation which is higher than that of the other
products. Cultivation methods that will decrease diseases
and the formation of pests should be used in order to
decrease the consumption of chemical pesticides. More
renewable energy sources should be used, and the efficiency of machinery usage for transportation and spraying
should be increased, in order to decrease the fuel expenses
due to machinery usage.
The authors have declared no conflict of interest.
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HEAVY METALS IN TWELVE EDIBLE
MARINE FISH SPECIES FROM JIZAN FISHERIES,
SAUDI ARABIA: MONITORING AND ASSESSMENT
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ABSTRACT
Jizan is the most fish-productive area (50 edible species
out of >250 species) and the third harbor, with a 250 km
long coastline, in Saudi Arabia. Moreover, Jizan is a densely
populated city with many industrial and agricultural activities. However, there are no published studies on the
Jizan Environment. This study aims at monitoring and
assessing the levels of some heavy metals in twelve commercially important and locally consumed fish species
captured from Jizan Fisheries, Red Sea. A wet microwave
digestion procedure was applied for sample treatment.
Atomic absorption spectrophotometry was used for measurements. Fe, Ni, Cu, Zn and Cd were successfully quantified while Co, Cr and Pb were found below the detection
limits. Spiking approach was applied to examine the quality of analytical results and acceptable recovery (86.3–
99.7%) was achieved. The obtained data were subjected to
Pearson’s correlation coefficients analysis. Additionally,
the levels of heavy metals were found to be ≤ the levels
established by the Food and Agricultural Organization
and the World Health Organization for fish destined for
human consumption, with some exceptions. Moreover, the
target hazard quotient values revealed safe use for weekly
intake regarding the examined heavy metals, with the
exception of Cd.

KEYWORDS:
heavy metals, target hazard quotient, fish, health risk assessment, marine pollution, atomic absorption spectrophotometry

1. INTRODUCTION
Jizan City, more than thousand years old, is the capital
of Jizan Province. It lies in the southwest corner of Saudi
* Corresponding author

Arabia and directly north of the border with Yemen (Fig. 1).
Jizan has the third most important harbor in Saudi Arabia.
The harbor is close to the main east and west Red Sea
trade routes to Europe, the Far East and Arabian Gulf.
The climate in Jizan is arid tropical, with an average annual temperature of 30.1 °C. About 1.5 million inhabitants live in the city.
Jizan`s 250 km coastline includes the richest fisheries
in Saudi Arabia; about 350 species of marine organisms,
with 50 edible species, live there. Hence, Jizan fisheries
supplies daily tons of seafood to cities and villages in the
southern region of Saudi Arabia. On the other side, Jizan
is an economic city which includes an oil port, power
plant and desalination station, besides aluminium, steel and
copper industries. Jizan Harbor has also a dense navigation
activity. Additionally, the agricultural activity is of major
concern in Jizan City and the surrounding area. Many
species of vegetables, fruits and seeds are cultivated there.
Because they provide healthy sources of energy, high–
quality proteins, vitamins and a wide range of other important nutrients [1, 2], fish have been acknowledged as an
integral component of a well–balanced diet. Besides those
nutritional benefits, fish are a significant source of
omega–3 polyunsaturated fatty acids (PUFAs), which lower
the risk of coronary heart disease and contribute to normal
neurodevelopment in children [2-4]. On the other side,
heavy metals are potentially accumulated in marine components including water, sediment and biota, and subsequently transferred to human beings through the food chain.
Accordingly, the balance between potentials and risks due
to ingestion of chemical contaminants has received a great
attention [5, 6].
Heavy metals are one of the most serious chemical
contaminants due to their high toxicity, abundance and ease
of accumulation by various organisms. The seriousness of
heavy metals is also attributed to their multi–purpose
usage in such industrial and domestic activities [7-9]. In
the aquatic environment, pollution by heavy metals and
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FIGURE 1 - Saudi Arabia map showing Jizan City lying along the Red Sea in the southern region.
TABLE 1 – Edible fish species examined for heavy metals.
Length range2 (cm)
20-24
21-22
31-46
17-20
22-26
29-35
27-30
31-35
23-26
16-17
22-24
19-20

Local name
Scientific name
Hamoor
Greasy grouper sp.
Sanoor
Plectropomous maculates sp.
Barkoda
Sphyraena barracuda sp.
Najil
Epinephelinae family
Hareed
Scaridae family
Gota
UN1
Bori
Mugil cephalus sp.
Indian darak
Scomberomorus commerson sp.
Bayadh
Carangidae family
Shaoor
Lethrinus nebulosus sp.
Sawali
UN1
Baga
Caranx rhonchus sp.
1 unknown; 2 the range was for ten species

subsequent uptake in the food chain by aquatic organisms
and humans put public health at risk. Pollution by heavy
metals could cause neurophysiological disturbances, teratogenesis and carcinogenesis, besides genetic alteration of
cells (mutation) and morphological abnormalities. Furthermore, enzymatic and hormonal activities, in addition to
growth rate and increase mortality, could also be affected
by heavy metal pollution [10].
Despite the potential activities and the economy of Jizan City, from the viewpoints of fisheries, industry, cultivation and harbor activities, the environment of the city
and the coast has not been investigated yet. Therefore, the
current study is the first one that examines the levels of
heavy metals in the most edible fish captured by Jizan
Fisheries.

Weight range (gm)
100.4-184.5
133.8-162.5
139.9-473.9
70.6-128.3
198.0-302.1
163.0-299.0
199.0-275.2
209.1-354.5
130.2-215.1
66.8-78.9
125.4-170.5
79.5-93.2

2. MATERIALS AND METHODS
2.1 Sampling

Twelve fish species were freshly purchased from
fishermen of Jizan Fisheries. The most commercially important and locally consumed species are adopted as shown
in Table 1. Also, the most edible weights and lengths
were selected for analysis (Table 1). Samples were stored
in iceboxes at 0 °C for 3 h during transport to the university campus. Samples were then stored in a refrigerator at
– 10 °C until analysis.
2.2 Reagents

Distilled deionized water (Milli–Q Millipore 18.2 MΩ
cm resistivity) was used for all experiments. All chemi-
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cals and reagents were of analytical grade quality. Standard stock solutions (1000 mg/L) of Cr, Fe, Co, Ni, Cu,
Zn, Cd and Pb were prepared by Sigma (Darmstadt, Germany). HNO3 (65%; w/w) and H2O2 (30%; w/w) were
from Merck (Darmstadt, Germany). All the plastics and
glassware were cleaned by soaking in 10% HNO3 and
rinsed by water prior to use. Mixed working standard
solutions used for calibration were prepared by diluting
the standard stock solutions.

by Jorhem and Engman [11] was applied. The oven program
was set according to the parameters, which are compiled in
Table 2. After digestion, the resulting solutions were
transferred to a 25-ml volumetric flask and diluted to the
mark with water. Both of the blanks and spiked samples
were treated in the same manner like fish samples. Solutions were then AAS-analyzed for Cr, Fe, Co, Ni, Cu, Zn,
Cd and Pb with parameters described in Table 3.
TABLE 2 - Parameters of microwave oven program used for fish
digestion.

2.3 Apparatus

A Varian SpectrAA 220 atomic absorption spectrometer
(AAS), equipped with sample preparation system for autosampling and dilution (SPS 5) (Palo Alto, CA, USA),
air/acetylene flame, and deuterium background corrector,
was used.
A Milestone Ethos D closed vessel microwave digestion
system (Rome, Italy), with maximum pressure 1450 psi and
maximum temperature 300 ºC, was used for sample digestion. Teflon reaction vessels were used as well. The
vessels were cleaned using 5 ml of HNO3 before each
digestion.
2.4 Sample Analysis

Muscle tissues were separated and dried in a drying
oven at 105 ºC for 24 h. The water content was determined. The muscle tissues were ground and homogenized.
Then, 0.5 g of tissue was accurately weighed in triplicate
for each species. Wet digestion was applied in closed Teflon
vessels using 5 ml of HNO3 and 2 ml of H2O2. The vessels
were placed in a microwave oven, and the method proposed

Step
1
2
3
4

Power (watts)
250
630
500
0

Duration (min)
3
5
22
15

3. RESULTS AND DISCUSSION
3.1 Quality of Analytical Results

In general, both analytical steps of sample treatment
and measurements were accomplished in triplicate for
standard solutions, spiked and non–spiked fish samples as
well as blank samples. In all cases, the relative standard
deviation values did not exceed 5.0 %. The weighing
regression of the calibration equations were plotted using
seven standards distributed evenly. Relatively practicable
ranges and acceptable coefficients were obtained. The linear
dynamic ranges along with the calibration equations are
listed in Table 4. In addition, the limits of detection and

TABLE 3 - Atomic absorption spectrometer parameters used for metal measurements; fixed parameters: sample injection volume 10.0 µl,
measurement time 10.0 s, fuel gas acetylene, oxidant gas air, acetylene flow-rate 2.0 L/min.
Element
Cr
Fe
Co
Ni
Cu
Zn
Cd
Pb

Wavelength (nm)
357.9
248.3
240.7
232.0
324.8
213.9
228.8
217.0

Slit width (nm)
0.2
0.2
0.2
0.2
0.5
1.0
0.5
1.0

Lamp current (mA)
7.0
5.0
7.0
4.0
4.0
4.0
4.0
10.0

Air flow (L/min)
3.5
13.5
13.5
13.5
10.0
13.5
13.5
1.5

TABLE 4 -Figures of merit for some heavy metal AAS measurements in fish analysis.
Linear range
R1
RSD%2
LOD3 (µg/ml)
LOQ4 (µg/ml)
Recovery range (%)5
(µg/ml)
Cr
0.10-5.00
0.9995
2.9
0.0059
0.0190
Fe
0.10-5.00
0.9999
2.4
0.0266
0.0885
87.26-99.65
Co
0.05-1.00
1.0000
1.8
0.0039
0.0129
85.65-91.28
Ni
0.10-5.00
0.9995
1.3
0.0066
0.0220
92.14-98.74
Cu
0.03-1.00
1.0000
1.8
0.0131
0.0438
84.52-87.51
Zn
0.01-1.00
0.9995
0.9
0.0063
0.0211
86.26-98.65
Cd
0.05-1.00
0.9999
0.8
0.0057
0.0191
88.00-99.17
Pb
0.10-5.00
0.9995
2.6
0.0081
0.0269
1: correlation coefficient of weighing regression of calibration equation; 2: relative standard deviation for three measurements; 3: limit of detection; 4:
limit of quantification; 5: the recovery was calculated for spiked samples of five species.
Element
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TABLE 5 - Pearson’s correlation coefficients of the average heavy metal concentrations in twelve edible fish species.

Length
Weight
Fe
Ni
Cu
Zn
Cd

Moisture content
0.019
0.146
-0.234
0.114
-0.634
-0.516
-0.077

Length

Weight

Fe

Ni

Cu

Zn

0.874
-0.222
-0.451
-0.130
-0.279
-0.430

-0.287
-0.496
-0.293
-0.407
-0.427

0.135
0.656
0.437
0.862

-0.109
-0.087
0.081

0.696
0.514

0.243

quantification were examined (Table 4). The LOD was
examined as the concentration of a metal resulting in an
absorbance three times that of blank sample absorbance,
and LOQ ten times that of blank sample absorbance [12].
It has been found that the LOD and LOQ values of all
metals, with the exception of Cr and Pb, were sufficient
for measurements in the treated fish sample. On the other
hand, as shown in Table 4, the overall range of recovery
was 84.52–99.65% indicating acceptable reliability of the
obtained results.
3.2 Statistical analysis

Data were examined to identify the Pearson’s correlation coefficients among the average concentrations of
heavy metals in fish tissue, moisture content, length and
weight for the 12 species. The obtained results are shown
in Table 5. In general, no significant negative correlation
was recorded. Moreover, fish length and weight highly
correlated (p = 0.874) while no significant correlations

between moisture–length and moisture–weight were recorded. On the other hand, there were few significant correlations among heavy metal concentrations. The highest significant correlation, which was positive, was recorded between Fe and Cd (p = 0.862). Other significant positive
correlations (p >0.5) were also recorded between Fe and
Cu, and between Cu and Zn.
3.3 Bioaccumulation of heavy metals

The accumulations of heavy metals in the examined
species are presented in Fig. 2 in percentage stacked columns. The figure shows that the intake of heavy metals is
similar in all examined species, which is in the following
descending order: Fe > Zn > Cu > Ni ≈ Cd. On the other
hand, the results of the current study were compared with
the limits established by the Food and Agriculture Agency/
World Health Organization (FAO/WHO). The results obtained are depicted in Figs. 3a–e. Fe and Cd in 11 species of
Jizan fish recorded comparable levels with that recom-

FIGURE 2 - Percentage stacked column diagram of heavy metal concentrations in twelve edible fish species from Jizan Fisheris, Saudi Arabia.
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(a)

(b)
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(c)

(d)
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(e)
FIGURE 3 - Concentrations of Fe, Ni, Cu, Zn and Cd (µg/g, wet weight) in twelve edible fish from Jazan Fisheries, Saudi Arabia compared
with the allowable limits recommended by FAO/WHO.

mended by FAO/WHO (Figs. 3a and 3c). The only exception was that of Eipnephelinae sp., which is 4–fold of
FAO/WHO. Cu showed lower levels than the FAO/WHO
limit in 10 species while the other 2 species recorded
marginal levels. Fortunately, Zn showed lower limits in
the 12 species than the permissible level. On the other
hand, Lethrinus nebulosus sp. exhibited a higher level of
Zn than the permissible while the other species were
comparable.
In order to estimate the potential risks by heavy metals to human health in fish, various methods have been
proposed. Among those methods is the Target Hazard
Quotient (THQ) method [15-19] that provides indications
of the human health risk level due to exposure to pollutants. THQ is calculated using the following equation:

others three times a week. Accordingly, EF equals 52 and
156 days/year, respectively. ED is the exposure duration
that is equivalent to average life time. A recent report from
the United Nations estimated that the average life time in
Saudi Arabia is 74 years. FIR is the fish ingestion rate.
FAO reported that people eat 160 g/day/person of fish [1315]. However, it is estimated that the FIR in Saudi Arabia
is 200 g/day/person. C is the metal concentration in µg/g
in fish muscle, i.e. edible fish part. In the current study,
the highest metal concentration was adopted within the
12 species. Table 6 shows the highest heavy metal concentrations and their species. RFD is the oral reference dose as
shown in Table 6 [16, 17]. WAB is the average body weight.
Based on numerous local Saudi studies, the reference
weight is 60 kg, which is similar to some studies carried
out elsewhere [18]. TA is the average exposure time for
non–carcinogens (365 days/year × ED).

EF is the exposure frequency in days/year. This means
how many days per week people eat fish within a year. It is
estimated that in the current study some residents in the
southern region of Saudi Arabia eat fish once a week while

The results of the calculation of THQ are compiled in
Table 6. The assessment of THQ is that values higher than
1.0 indicate a potential risk related to the studied metal [19].
Fortunately, it has been found that all fish species from
Jizan fisheries are safe for consumers, and with respect to
Fe, Ni, Cu and Zn, for both consumers who eat fish once
a week and three times a week. However, Eipnephelinae

3.4 Health Risk Assessment
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TABLE 6 - Health risk estimates for Fe, Ni, Cu, Zn and Cd from Jizan fish; the highest metal concentration was adopted from twelve edible
species.
Fish species
Eipnephelinae sp.
Lethrinus nebulosus sp.
Caranx rhonchus sp.
Caranx rhonchus sp.
Eipnephelinae sp.
Eipnephelinae sp.
Lethrinus nebulosus sp.
Caranx rhonchus sp.
Caranx rhonchus sp.
Eipnephelinae sp.
1 target hazard quotient

Metal

Metal concentration (µg/g)

Fe
Ni
Cu
Zn
Cd
Fe
Ni
Cu
Zn
Cd

169.92
1.252
2.480
25.52
0.585
169.92
1.252
2.480
25.52
0.585

exhibited a potential risk from Cd for those who eat this
species three times a week while it is safe for consumers
who eat once a week.
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The study reported elevated levels of some heavy metals in
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should be considered. It is also recommended to study the
speciation of heavy metals that would reveal possible
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