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TRACE ELEMENT (Fe, Cu and Zn) ACCUMULATION IN THE
MUSCLE TISSUES OF Saurida. undosquamis, Pagellus erythrinus
AND Mullus barbatus IN THE ISKENDERUN BAY, TURKEY
Meltem Manasirli1,*, Dursun Avsar1, Hacer Yeldan1 and Sinan Mavruk
1

Department of Basic Sciences, Faculty of Fisheries, University of Cukurova, Adana Turkey

ABSTRACT
This study, in which the trace element (Fe, Cu and Zn)
accumulation in the muscle tissues of S. undosquamis, P.
erythrinus and M. barbatus have been investigated, was
conducted seasonally between April 2010 and December
2013. The change in the amount of accumulated heavy
metals (Fe, Cu and Zn) depending on seasons and years in
the muscle tissue of the fish species included in the study
and their bilateral interactions were found to be significant
(p <0.05). The highest amount of Fe was found in summer
of 2012 for all species three as follows; (90.22±3.17) in P.
erythrinus, (79.96±6.32) in S. undosquamis, and (75.66±5.32)
in M. barbatus, respectively. On the other hand, the amount
of Cu was at highest point in the summer season of 2012
for M. barbatus with a value of (2.69±0.09), whereas it was
at highest in the spring season of 2013 for P. erythrinus
with (1.92±0.85) and in the winter of 2011 for S. undosquamis with (1.50±0.08), respectively. In the summer season
of 2012, the amount of Zn was at its highest level for M.
barbatus with a value of (33.17±0.86) and P. erythrinus
with (30.28±3.12), while it was at highest in the spring season of 2010 for S. undosquamis with (29.16±3.24), respectively.
KEYWORDS: Trace element (Fe, Zn, Cu), S. undosquamis, P.
erythrinus, M. barbatus

as an environmental indicator for the state of the environment [2, 3]. Besides, accumulation occurs in the tissues of
aquatic animals and may become toxic for fishes and also
for people if it reaches a substantially higher level.
The semi-enclosed nature of Mediterranean Sea, characteristic for its current system, increasing number of different human activities on land, in the water, and in the air
contributes to the contamination of seawater, sediments,
and organisms with potentially toxic substances [4]. This
research was conducted in Iskenderun Bay, which is located
in the southern coast of Turkey, near the Syrian border. The
main agricultural area in the region is the Cukurova Plain
and the area is also surrounded by industrial plants (ironsteel, thermal reactor, LPG plants, oil transfer docks, and
cargo ship’s ballasts water). As a result of heavy agricultural and industrial activities in the area, the Iskenderun
Bay entertains large quantities of industrial and domestic
wastes and has one of the most polluted coastal waters of
Turkey [4-6]. Furthermore, the bay is the most intense bottom trawl fishery fleet that means its fish populations is
utilized as nourishment. The mentioned fact increased the
trace element pollution risk on public health.
Therefore, in this study, concentrations of Fe, Zn and
Cu on muscle tissues of three commercial fish species,
which have different habitats and feeding habits; Brushtooth lizardfish (Saurida undosquamis), Pandora (Pagellus erythrinus) and Red mullet (Mullus barbatus) were
investigated.

1. INTRODUCTION
2. MATERIAL AND METHODS
Trace elements are categorized as one of the most serious pollutants of aquatic environment due to their environmental persistence and tendency to be concentrated in
aquatic organisms. Trace elements go through fish bodies
from the surroundings either through a direct uptake from
water or with food. Thus, they become substantially accumulated in fish tissues and their concentration increases in
the water [1]. Since fish species are the top consumers in
aquatic ecosystems, metal concentrations in fish can work
* Corresponding author

Although liver tissue is generally associated with
higher concentration of trace element contaminants, the
muscle tissue of three fish species have been analyzed
since the liver is not consumed by humans; therefore, it
poses no risk for human health [7]. The sample selection of
fishes was carried out at two stations seasonally from
spring 2010 to fall 2013 in Iskenderun Bay, located in the
southern coast of Turkey (Figure 1).
The Brushtooth lizardfish (S. undosquamis), Pandora
(P. erythrinus) and Red mullet (M. barbatus) were caught
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FIGURE 1 - Sampling area (trawling stations at 10 and 20 m).

by using a commercial bottom trawl net with 22 mm mesh
at 10 m and 20 m depth. The samples were frozen in prewashed polyethylene bags, and frozen samples were
brought to the laboratory in ice chests. Total length (TL)
and weight (W) (TL; with 1 mm accuracy, W; with 0.1 g
accuracy) of these three fish samples were measured (Table 1), before dissection by a plastic knife.
TABLE 1 - Mean length and weight of the species examined in present study
Species
Saurida undosquamis
Pagellus erythrinus
Mullus barbatus

Number of
samples
192
183
192

Length ± SE
(cm)
23.15±0.26
15.06±0.16
14.59±0.18

Weight ± SE
(g)
94.87±3.45
49.10±1.46
41.18±1.57

mations were selected for the response variables (trace element concentrations). General linear models with interaction terms had been fitted and the best nested models were
selected by exploring validity of fit statistics of r2 and AIC.
Tukey’s multiple comparison tests were conducted to explore differences among factor levels (years and seasons).
If interaction terms between years and seasons were significant, then the data had been reclassified based on seasons
within years before the multiple comparison analysis. R
3.0.1 statistical programming language was used for all statistical considerations [10].
3. RESULTS

Afterwards, approximately 5 g of muscle tissues were
homogenized and dried at 105oC for 24 hours. About 0.50.6 g of dried sample was placed in glass flaks and mixed
with (1/3 rate) 15 ml HCI (37% Merck) and 5 ml HNO3
(ultrapere, Merck). It was kept on a hot plate until the color
turns into light yellow by the FAO method [8]. After waiting for a while for cooling, the remaining residue was
transferred into 50 ml volumetric flaks and diluted to a
level as deionized. Before the analysis, solution was filtered by 0.45-µm of filter papers. All samples’ concentrations were determined by using Atomic Absorption Spectrophotometer (AAS-Perkin Elmer Analyst AS3100).
Standard solutions were prepared from stock solutions
(Merck, multi-element standard).
To explain temporal changes and length dependency
of the trace element concentrations for each species, the
raw data were classified by years and seasons. Total length
considered as a continuous explanatory variable. After the
routine data exploration procedures [9] proper transfor-

Changes in the average amounts of Fe, Cu and Zn calculated for S. undosquamis, P. erythrinus and M. barbatus
depending on years and seasons and their bilateral interactions are given in Table 2.
The changes in the amounts of Fe, Cu and Zn in the
muscle tissues of S. undosquamis, P. erythrinus and M.
barbatus were determined to be depending on years and
seasons and their bilateral interactions are extremely important (p<0.001). The amount of iron (Fe), which depends
on length of the fish, in the S. undosquamis is found to be
statically significant (p<0.001), whereas the values of zinc
drops down depending on lengths of the fishes (p<0.001)
and the value of copper does not change depending on the
length (Table 2). For P. erythrinus, the value of Fe and Cu
do not change depending on length of the fishes, whereas
the amount of Zn decreases depending on the length
(p<0.05) (Table 2). Amounts of iron and zinc drop down
depending on the length the M. barbatus species (p<0.001),
whereas amount of copper does not change depending on
the length (Table 2).
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Mean values of trace elements (Fe, Zn and Cu) tested
for three fish species (S. undosquamis, M. barbatus and P.
erythrinus) from 2010 to 2013 are presented in Table 3,
Table 4 and Table 5, respectively.
Amount of Fe in the muscle tissues of fishes investigated between 2010 and 2013 varies as follows: 3.31±0.7279.96±6.32 (mgg-1 dry weight) for S. undosquamis,
6.60±1.27- 90.22±3.17 (mgg-1 dry weight) for P. erythrinus
and 6.73±1.06-75.66±5.32 for M. barbatus (mgg-1 dry
weight), respectively. The highest values of average Fe in
P. erythrinus, S. undosquamis and M. barbatus were found

in the summer season of 2012 as 90.22±3.17, 79.96±6.32
and 75.66±5.32, respectively (Table 3).
The average Cu amounts calculated for P. erythrinus,
S. undosquamis and M. barbatus are within the range of
0.45±0.05-1.50±0.08, 0.63±0.07-1.92±0.85 and 0.37±0.082.62±0.06 (mgg-1 dry weight), respectively. The average
amounts of Cu in the muscle tissues were at highest in the
summer season of 2012 for M. barbatus (2.62±0.06), in the
spring season of 2013 for P. erythrinus (1.92±0.85) and in
the winter season of 2011 for S. undosquamis (1.50±0.08),
respectively (Table 4).

TABLE 2 - The changes in the amounts of Fe, Cu and Zn in the muscle tissues of S. undosquamis,
P. erythrinus and M. barbatus depending on years and seasons and their bilateral interactions are extremely important.
Mullus barbatus
Explanatory Var.
Year (Factor)
Season (Factor)
Year X Season (Factor)
Total Lenght
Residuals
Pagellus erythrinus
Explanatory Var.
Year (Factor)
Season (Factor)
Year X Season (Factor)
Total Lenght
Residuals
Saurida undosquamis

Fe
Mean Sq.
58.088
25.734
10.365
6.764
1.261
Fe
Mean Sq.
2.8522
1.86412
0.7217
0.06845

F
46.0723
20.4112
8.2213
5.3649

Pr>F
0.0000
0.0000
0.0000
0.0216

Sig
***
***
***
*

F
41.669
27.233
10.544

Pr>F
0.0000
0.0000
0.0000

Sig
***
***
***

Zn
Mean Sq.
6.9361
2.7388
3.2674
0.621
0.0497

F
139.493
55.08
65.712
12.489

Pr>F
0.0000
0.0000
0.0000
0.0005

Sig
***
***
***
***

Zn
Mean Sq.
662.11
143.67
187.4
15.19
41.91

F
15.7989
3.4281
4.4718
0.3625

Pr>F
0.0000
0.0181
0.0000
0.0548

Sig
***
*
***

Fe
Zn
Explanatory Var.
Mean Sq. F
Pr>F
Sig
Mean Sq. F
Pr>F
Sig
Year (Factor)
88.668
39.6478 0.0000 *** 25.2388
275.55 0.0000 ***
Season (Factor)
71.064
31.776
0.0000 *** 1.2192
13.31
0.0000 ***
Year X Season (Factor) 40.034
17.9012 0.0000 *** 2.5834
28.205 0.0000 ***
Total Lenght
14.025
6.2714
0.0130 *
Residuals
2.236
0.0916
Significance Codes: *** p<0.001,; ** p<0.01; * p<0.5; - p>0.05 removed by using drop1 function.

Cu
Mean Sq.
4.9913
0.3757
1.4208
0.0157
0.029

F
172.0649
12.9531
48.9774
0.5408

Pr>F
0.0000
0.0000
0.0000
0.4629

Sig
***
***
***

Cu
Mean Sq.
1.82965
0.6253
0.39095
0.12153
0.02908

F
62.9177
21.5027
13.4439
4.1792

Pr>F
0.0000
0.0000
0.0000
0.0422

Sig
***
***
***
*

Cu
Mean Sq.
2.61914
0.46895
0.30534
0.01829
0.0108

F
242.4595
43.4121
28.2663
1.6934

Pr>F
0.0000
0.0000
0.0000
0.1945

Sig
***
***
***

TABLE 3 - The mean Fe concentration (mgg-1 dry weight) and SE of species in seasons
Species
Saurida undosquamis

Seasons
2010
Spring
20.15±4.68cd
Summer
16.65±3.60c
Fall
12.95±1.17bc
Winter
20.72±2.38cd
Pagellus erythrinus
Spring
18.05±2.73abc
Summer
29.86±3.75bd
Fall
24.12±3.89bd
Winter
22.30±4.68abc
Mullus barbatus
Spring
22.03±5.09ce
Summer
32.08±4.29ce
Fall
17.51±1.96bcd
Winter
18.18±1.76be
Means with the different letters are statically significant P<0.05.
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2011
4.71±1.21ab
10.73±1.87ac
3.31±0.72a
49.89±7.65e
15.54±2.18ab
13.59±2.19ab
6.60±1.27a
24.93±3.03bd
10.76±1.00ab
22.22±1.98ce
6.73±1.06a
29.80±4.45ce

2012
37.12±6.72de
79.96±6.32f
19.18±2.02cd
17.35±3.05cd
14.33±1.04ab
90.22±3.17e
18.91±1.49abc
26.81±3.98d
31.93±3.58f
75.66±5.32de
32.89±3.35ce
23.05±2.92e

2013
33.50±4.74de
34.67±5.19de
9.52±0.19ac
10.82±0.92ac
23.22±3.57cd
27.18±5.97ad
10.46±0.54ab
10.60±0.66ab
40.54±4.28ce
32.96±4.83bc
16.47±1.61bc
20.28±1.78be
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TABLE 4 - The mean Cu concentration (mgg-1 dry weight) and SE of species in seasons
Species
Saurida undosquamis

Seasons
2010
Spring
0.45±0.05a
Summer
0.74±0.14ab
Fall
0.54±0.14bcd
Winter
0.90±0.09ac
Pagellus erythrinus
Spring
0.65±0.09b
Summer
0.63±0.07ab
Fall
0.83±0.06bc
Winter
1.07±0.13ab
Mullus barbatus
Spring
0.66±0.14ac
Summer
0.37±0.08a
Fall
0.90±0.07ad
Winter
0.65±0.5ab
Means with the different letters are statically significant P<0.05.

2011
0.75±0.03ac
1.12±0.03cf
0.93±0.03bcde
1.50±0.08f
1.02±0.04bc
1.26±0.04acd
1.04±0.07bc
1.69±0.04def
1.03±0.03bcde
1.66±0.05fh
1.44±0.06cdfg
2.03±0.11gh

2012
1.12±0.03cf
1.09±0.04cf
0.99±0.04bcde
1.28±0.19df
1.84±0.07ef
1.80±0.10ef
1.26±0.08acd
1.44±0.07ce
1.74±0.16efh
2.62±0.06i
1.22±0.08bcdf
1.35±0.08cdfg

2013
1.39±0.12ef
1.25±0.05df
0.66±0.04ab
1.12±0.11cf
1.92±0.85f
1.205±0.66ac
1.01±0.05bc
1.15±0.113ac
2.13±0.11hi
1.95±0.11gh
1.19±0.79bcdf
1.45±0.19dfg

TABLE 5 - The mean Zn concentration (mgg-1 dry weight) and SE of species in seasons
Species
Saurida undosquamis

Seasons
2010
Spring
29.16±3.24e
Summer
16.57±0.98ab
Fall
28.46±2.84de
Winter
18.06±0.61ab
Pagellus erythrinus
Spring
19.57±6.36b
Summer
17.78±0.97ab
Fall
21.21±3.94bc
Winter
21.49±3.92bc
Mullus barbatus
Spring
23.07±1.55bc
Summer
21.72±0.81ac
Fall
23.03±1.06bc
Winter
20.77±0.98ac
Means with the different letters are statically significant P<0.05.

The average Zn amounts depending on seasons and
years are in the range of 15.23±0.86-29.16±3.24 (mgg-1 dry
weight) for S. undosquamis, 14.20±3.80-30.28±3.12 (mgg-1
dry weight) for P. erythrinus and 15.91±0.77-33.17±0.86
(mgg-1 dry weight) for M. barbatus, respectively. The average amounts of Zn were at highest in the summer season
of 2012 for M. barbatus (33.17±0.86) and P. erythrinus
(30.28±3.12), while it was at highest in the spring season
of 2010 for S. undosquamis (29.16±3.24) (Table 5). In the
muscle tissues of fishes investigated, the amount of trace
element accumulation was higher in spring and summer
seasons.
4. DISCUSSION AND CONCLUSION
In the muscle tissues of fishes investigated, the amount
of trace element accumulation was higher in spring and
summer seasons. According to a study conducted by Dural
et al. [11], Ersoy and Çelik [12], the amount of trace element accumulation in the fish species that they have examined was higher in spring and winter seasons. The possible
reason of this difference may be the geographic location
and climate of the Gulf of Iskenderun. Thus, the amount of
industrial and agricultural waste in the study area increases
in the spring season due to the wind, rain and river dis-

2011
16.26±1.58ab
16.08±2.17a
17.70±1.02ab
21.01±1.70abe
14.20±3.80bc
15.52±4.33acd
15.31±3.89bc
20.27±4.28def
15.91±0.77a
21.39±1.74ac
20.00±1.51ac
22.18±1.44gac

2012
24.69±1.46ce
21.40±0.80abe
23.72±0.86bce
15.23±0.86a
24.56±1.76ef
30.28±3.12ef
23.82±3.68acd
21.29±4.77ce
23.16±2.21bc
33.17±0.86d
20.36±0.93ac
17.75±0.92ab

2013
20.38±1.01ab
20.71±1.04acd
18,17±0.94ab
18.52±1.07ab
23.76±1.22f
22.61±2.05ac
16.24±0.61bc
19.86±1,09ac
23.39±1.10bc
20.73±2.86c
17.76±1.26ab
18.13±0.64ab

charges; therefore, trace elements in the environment are in
larger amounts and stored in the muscle tissue due to the
increasing temperature and metabolism in the summer season [4, 11, 13].
The significance of average amounts of Fe, Cu and Zn
accumulated in the muscle tissues of the species included
in the study has varied (Table 2). These species have
unique living spaces and feeding habits during their lifetimes. In addition, the trace element accumulation in fishes
varies depending on sex of the animal and bioaccumulation
of the metal [14]. The living environments and feeding habits of three fish species included in the study are different. S.
undosquamis is carnivores and benthopelagic, whereas M.
barbatus is demersal and P. erythirinus is demersal and pelagic species. According to many researchers, there is a correlation between age and length of the fish and trace element
accumulation in the muscle tissue [15, 13].
Iron has the highest amount of accumulation in the
muscle tissues of these three fish species, whereas Zinc is
the second metal followed by Copper in terms of amount
of accumulation (Table 3, 4, and 5). As it can be seen in
Table 6, according to different researchers, who conducted
studies in the Iskenderun Bay, iron has the highest amount
of accumulation in the muscle tissues of fishes followed by
zinc and copper [4, 8, 11, 12, 16-20].

1604

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

TABLE 6 - Trace element concentration of some fish species from Iskenderun Bay
Fish Species
S. auratus
A. hepsetus
M. cephalus
T. cuculus
S. pilchardus
S. saurus
D. labrax
S. auratus
M. cephalus
S. auratus
M. cephalus
M. surmuletus
M. barbatus
S. auratus
D. vulgaris
S. auratus
P. erythrinus
M. barbatus
S. undosquamis
S. undosquamis

Fe
19.60-7.84
78.40-36.84
38.71-18.28
30.68-10.20
39.60-8.62
29.82-16.24
11.13-4.02
16.5-9.67
11.12-4.13
20.65
50.70
40.51
9.862
13.166
34.9
22.3
46.18
42.93
56.11
17.0

Zn
26.66-7.62
24.34-5.30
37.39-6.88
24.89-6.46
34.58-8.64
16.48-2.83
75.38-40.37
76.98-51.82
60.86-56.10
19.31
21.62
7.70
4.078
4.873
11.2
6.34
12.12
18.23
13.73
3.9

In addition, Türkmen and Aras [6] have reported the
availability of iron, zinc and copper as Fe>Zn>Cu in seawater and sediments in the Gulf of Iskenderun. Amount of
trace element (Fe, Zn and Cu) in seawater and sediments is
consistent with the amount in muscle tissues of fishes. Furthermore, although the degree of trace element accumulation in the fish species included in this study is not at a level
described by FAO [21] and TFC [22] that can threaten the
human health, it is very close to dangerous values. Therefore, as Yılmaz et al. [23], Çevik et al. [4] and Türkmen
and Aras [6] have mentioned in their studies, in which the
trace element accumulation in seawater and sediments of
Iskenderun Bay has been investigated, protective measures
have to be taken as soon as possible to prevent trace element pollution in the Iskenderun Bay.
It has been determined that the accumulation of trace
elements in the fish species investigated is higher in the
spring and summer seasons. Iron has the highest amount of
accumulation in the muscle tissues of these three fish species, whereas Zinc is the second metal followed by Copper
in terms of amount of accumulation.
The authors have declared no conflict of interest.

Cu
2.84-0.43
4.00-0.56
4.41-1.67
2.19-0.83
4.17-0.58
2.34-0.45
0.42-0.11
0.82-0.007
0.62-0.008
0.24
2.201
1.239
1.40
1.36
0.69
1.10
0.49
1.6
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ABSTRACT
In this study, concentrations of Cd, Co, Cr, Cu, Fe, Mn,
Ni, Pb, Zn, Al, As, Hg, Se, were determined in liver, gill
and muscle tissues of eel, Anguilla anguilla, inhabiting
Köyceğiz-Dalyan Lagoon System in the South-West of
Turkey. A total of seventy six eels were obtained seasonally and the total size and weight were measured. Tissue
samples were analyzed for heavy metals by ICP/OES Optima
2000-Perkin Elmer. Our results indicated that iron had the
highest concentrations in the muscle, gill and liver, followed by zinc, aluminum, copper, manganese, nickel. Considering all the samples, metal concentrations were significantly higher in the liver than in the muscle except for Mn,
Ni, Al and Cr which were preferentially accumulated in the
gill. In European eel, Cu, Fe, Zn and Mn concentrations
were significantly different among tissues, but Cu and Zn
were observed higher in individuals obtained from Dalyan
sampling point. In Namnam River sampling point, eel muscles were also highly contaminated by Mn, in contrast to eel
muscles from Köyceğiz Lake sampling point with the lowest
levels. In this study, Cd and Pb accumulations were higher
than the limits for fish proposed by Turkish Food Codex
and European Union Regulation. According to our results,
eels inhabiting Köyceğiz Lagoon were associated with enhanced metal content in their muscle tissue and were not
safe within the limits for human consumption.
KEY WORDS:
Anguilla anguilla, Heavy Metals, Köyceğiz-Dalyan, Food Safety.

1. INTRODUCTION
Over the last few decades environmental pollution has
appeared as a major problem in freshwater ecosystems [1].
* Corresponding author

As environmental problems have been increasing, significant attention has also been paid to environmental contamination by a wide variety of chemical pollutants, including heavy metals. Heavy metals are problem of magnitude and ecological significance due to their toxicity and
their ability to accumulate in living beings [2]. Fish can be
considered top consumers in aquatic ecosystems and may
concentrate large amounts of some metals from the water
[3-10]. As a consequence, heavy metals in the aquatic environment are likely to accumulate in fish and represent a
potential risk not only to the fish, but also to other fish consumers, particularly humans [11-12]. The essential metals
like copper and zinc must be taken up from water in normal
metabolism of fish. However, similar to the route of essential metals, non-essential ones are also taken up by fish and
accumulate in their tissues [13]
Anguilla anguilla (L. 1758), is extremely prone to bioaccumulation as a result of its longevity, high fat content,
benthic and relatively sedentary behavior, high trophic position in the food chain, resistance to water degradation and
the absence of annual reproductive cycles along with associated changes in lipid metabolism [14-15]. Additionally,
they have different habitats during their life cycle, eels can
be easily exposed to a variety of anthropogenic substances,
and their tissue concentrations, especially in the liver, reflect the increased concentrations of metals in the aquatic
environment. Eels therefore, have been used as bioindicators of metal pollution [16-20]. The European eel can be
consumed, fresh, dried or salted, smoked and frozen, fried,
boiled and baked. They live on the bottom, under stones, in
the mud or in crevices [21].
This study has been carried out in an important area for
lagoon fishery, especially for Mugil sp. Besides, this area is
under the effect of pressure of pollution originating from
touristic activities, boat and shipping traffic, agriculture
and similar industries, gradually degrading the highly suitable environmental factors for the survival and growth of
these commercial fishes [22]. The contaminated fish from
this area may become a public health concern. Therefore,
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in order to assess the metal contamination of the aquatic
environment of lagoon system, information on elemental
concentration in fish species in Köyceğiz Lake and Lagoon
System becomes of great importance. Although monitoring
of eel quality has been conducted in many European countries [23] little is known about metal levels in Turkish eels
[8, 24-25]. Hence, the present work aims at determining
concentrations of cadmium (Cd), cobalt (Co), chromium
(Cr), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni),
lead (Pb), zinc (Zn), Aluminum (Al), mercury (Hg), arsenic (Ar), and selenium (Se) in liver, gill and muscle tissues
of eel, Anguilla anguilla, from Köyceğiz Lagoon System
in the South-West of Turkey.

weight of the animals were measured. Samples were obtained seasonally (autumn; n=23, winter; n=21, spring; n=19
and summer; n=13). The gill, liver and muscle tissues of
the animals were dissected using clean equipment.

2. MATERIALS AND METHODS
2.1 Study Area

The Köyceğiz Lagoon is a system of vital importance
in South-West of Turkey, not only from the physical viewpoint but also because of its ecological significance. This
area has a special ecological value and the natural beauty
so that it is among the most attractive tourist sites on the
Mediterranean coast of Turkey. Touristic development which
took place by and after 1988, especially with case of Iztuzu
and loggerhead sea turtle Caretta caretta seemed to mobilize
economic demand in the area. This area was designated as
a national reservation area to be administrated by the Authority of Specially Protected Areas [26].
2.2 Sampling and Analysis

Samplings were performed in each season between
2009 and 2011. At each station, water samples were taken to
polyethylene bags with in the same time with sediment samples. Sediment-dredging operations were done using an Ekman grab sampler, with the contents placed directly into polyethylene bags. For each dredge, a portion of sediment was
dried to constant weight at 60ºC for grain size. The sediment
samples were prepared by the procedure described earlier by
using concentrated HNO3/HCI (1:3 v/v) [27, 28]. European
eel samples were caught from the four stations shown in the
Figure 1. The first station was chosen in Namnam River
region. This river passes through citrus farms and carries the
effects of agricultural activities to the Köyceğiz lagoon. The
second sampling point was near Yuvarlakçay River. Trout
aquaculture is an important farming activity on this river
[22]. The third sampling point was in the middle of lake and
the fourth was near Dalyan Town (Fig. 1). Köyceğiz Lake is
connected to the Mediterranean Sea with a canal passing
through Dalyan Town.
The eels were also collected in between 2009 and 2011
from the Köyceğiz Lagoon System in the same time with
other samples. A total of 76 eels, with average length and
weights; 48,132 cm - 192,158 g, respectively were collected. The eels were packed in ice and brought to the laboratory on the same day. In the laboratory, they were immediately dissected with clean equipment. Total size and

FIGURE 1 - Sampling locations: 1sp; Namnam River, 2sp; Yuvarlakçay River, 3sp; Köyceğiz Lake, 4sp; Dalyan, in Köyceğiz Lagoon,
Turkey.

Tissues of the eels belonging to the same station were
pooled to make 5 subsamples and pooled tissues were transferred to an oven set to 120 °C to dry. Drying continued until
all the wet tissues reached to a constant weight, dry tissue
samples were put into digestion flasks and 2 ml hydrogen
peroxide and 8 ml nitric acid (Merck) were added. The digestion flasks were then put on a microwave digestion unit
to 120 °C (gradually increased) until all the materials were
dissolved. After digestion the digested samples were diluted with distilled water appropriately in the range of
standards which were prepared from stock standard solution of the metals (Merck). The solution was transferred,
diluted and filtered through 0.45µm nitrocellulose membrane filter [29]. All reagents were of analytical reagent
grade. Deionized water was used throughout the study. Instrument calibration Standard solutions were prepared
from commercially available materials. High purity argon
was used as inert gas [35]. All samples were analyzed two
times for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn, As, Hg, Se
by ICP/OES Optima 2000-Perkin Elmer which is a fast
multi-element technique with a dynamic linear range and
moderate-low detection limits [30, 31]. Standard solutions
were prepared from stock solutions (Merck, multi element
standard). Two standard materials; DORM-3 and DOLT-4
and WQB-1 (National Research Council Canada, Ottawa,
Ontario, Canada) were analyzed for each eight elements.
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Replicate analysis of these reference materials showed
good accuracy, with recovery rates for metals between
90% and 102% for fish.
2.3. Statistically Analysis

Statistical analysis of data was carried out using SPSS
14.0 statistical package program. The nonparametric Kruskal–Wallis test [32] was used to assess whether metal concentrations varied as significantly between tissues and station. Also, to determine the correlation between the element pairs in tissues, the Pearson’s correlation coefficient
matrix for the elements was done.
3. RESULT AND DISCUSSION
In the view of heavy metal levels in water, water qualities of stations were found in good status (Class I)

according to Water Quality Control Directive of Turkey
(WPCR) [33] in Table 1. This result can be considered as
there is not an actual heavy metal input to the research area.
Especially Al and Zn values were high in sediment at
Dalyan sampling point while Co, Cr, Fe, Mn, Ni, Pb were
relatively high among all stations in Table 2.
The average periodic and annual accumulation of
heavy metals of cadmium, cobalt, chrome, copper, iron,
manganese, nickel, lead and zinc, aluminum, mercury, arsenic and selenium in seasonally and in muscle, gill and
liver of A. anguilla, from the Köyceğiz Lake is shown in
Table 3. The present study focused on the accumulation of
heavy metals in A. anguilla and showed differences in
heavy metals accumulation in the different tissues. Distribution patterns of metal concentrations in the liver, gill and
muscle of A. anguilla follows the sequence: Fe> Zn> Al>
Cu>Mn> Ni> Cr> Se> Pb> Co> Cd> As> Hg> Se; Fe >
Al> Zn> Cu> Mn> Ni> Cr> Pb> Se> Co> Cd> As> Hg
and Fe > Zn > Al > Cu> Ni> Mn> Cr> Se> Pb> Co>

TABLE 1 -The average annual accumulation of heavy metals in water in Köyceğiz Lagoon (ml/L)
1s.p.

2 s.p.

3 s.p.

4 s.p.

Cd

1,292±2,062

1,333±2,623

1,173±2,307

1,125±2,207

Co

2,946±3,708

1,827±3,539

2,153±3,619

2,155±4,186

Cr

1,542±2,334

1,780±3,559

0,514±1,027

0,157±0,313

Cu

0,028±0,032

0,031±0,036

0,029±0,033

0,029±0,034

Fe

4,113±7,896

0,192±0,295

0,079±,0920

0,087±0,106

Mn

4,343±7,338

0,570±0,956

0,530±0,879

1,060±1,941

Ni

5,860±7,724

5,611±5,563

3,215±4,023

2,770±3,330

Pb

1,696±3,300

2,039±3,991

3,101±6,090

2,901±5,703

Zn

0,047±0,057

0,054±0,065

0,037±0,043

0,038±0,044

Al

0,070±0,083

0,122±0,172

0,067±0,078

0,075±0,090

Se

0,123±0,011

0,091±0,056

0,148±0,032

0,079±0,012

TABLE 2 -The average annual accumulation of heavy metals in sediment in Köyceğiz Lagoon (µg/g)
1s.p.

2 s.p.

3 s.p.

4 s.p.

Cd

0,662±0,8

1,017±0,7

0,917±0,5

1,299±0,7

Co

27,363±24,9

30,983±30,1

24,611±18,4

28,208±20,1

Cr

509,935±306,3

577,962±347,5

265,286±59,6

328,085±75,3

Cu

19,239±7,2

27,819±11,6

27,139±9,1

28,151±16,0

Fe

1512,756±522,7

2070,372±1095,2

1491,347±802,6

1433,105±475,3

Mn

494,766±170,3

656,641±247,5

707,541±265,9

589,691±207,7

Ni

646,243±374,7

614,698±505,2

534,396±148,7

504,398±135,6

Pb

4,964±5,3

6,383±4,0

6,178±2,6

9,684±3,6

Zn

20,238±18,1

56,700±49,8

61,898±89,4

335,628±536,6

Al

3101,891±1320,4

4344,339±2641,9

3579,204±2323,0

5565,454±2089,6

Hg

0,096±0,1

0,208±0,1

0,250±0,0

0,490±0,3

As

1,416±2,0

BDL

0,089±0,1

0,069±0,1

Se

2,385±3,3

BDL

BDL

BDL
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As> Cd> Hg, respectively. In this study, iron has been in the
highest concentrations in the muscle, gill and liver, followed by zinc, aluminum, copper, manganese, nickel. Considering the entire sample, metal concentrations were determined significantly higher in the liver than in the muscle
except for Mn, Ni, Al and Cr which were preferentially accumulated in the gill. Liver is a target organ of accumulation for many metals, because of its strong irrigation and
excretion function. Target organs, such as liver, gonads,
kidney, and gills, are metabolically active tissues and accumulate heavy metals of higher levels, as it has been observed in many experimental and field studies [10, 34, 35].
The reason for high metal concentrations in the gills could
be due to the metal complexings with the mucus that is impossible to remove completely from the lamellae before
analysis [36].
Fe, Zn and Cu concentrations were found considerably
higher in the liver than those determined in other tissues
while the lowest mean was found Hg in whole tissues in A.
anguilla (Table 3). Regarding Cd and Pb concentrations,
there were no statistical significance in European eel tissues;
Cd concentrations were significantly higher in spring than in
other periods while Pb concentrations were higher in autumn. The liver concentration of cadmium, lead and mercury
are considered by Masson and Barak [16] to be of concern
when they exceed 0, 3 µg g-1. As in many other studies [20,
37-38], Cd, Cu, Pb and Zn concentrations were significantly
higher in the liver than the muscle of eels. Cd levels were
higher in liver than the other tissues in all seasons. Yılmaz
[8] found the highest average of Cd in liver of eel in accordance with our findings. The highest average concentrations
of Co was determined 0,898 µg g-1in liver spring, while lowest concentrations of Co was found below detection limits in
muscle in autumn. Average Cr values ranged from 0,334 µg
g-1 in gill, in autumn to 3,405 µg g-1in gill tissue, in spring.
Average concentration values of Cu were found between
2,435 µg g-1 in muscle tissue autumn and 64, 6 µg g-1 in summer season in liver. Cu levels were higher in all tissues in
summer season than the other seasons. Copper accumulation
in fish depends upon concentration of the external medium
exposure period and the tissue in concern [25]. The accumulation of Cu is generally higher in liver and lower in muscle
tissues of fish [39-41]. The average Fe values were higher in

spring and summer than autumn and winter. Average Fe values ranged from below detection limit in muscle autumn and
368,2 µg g-1 in liver and in spring (Table 3). Fe values were
higher in liver than the other tissues in all seasons. Average
Mn concentration values ranged from 0,509 µg g-1 in muscle
in autumn to 4,842 µg g-1 in gill in winter. According to
Yılmaz [8] the highest average Mn value was found in liver,
while the lowest value was in muscle of European eel.
The average highest concentration of Ni was determined as 5,074 µg g-1 in gill in autumn. Average concentration of Pb were found between 0,518 µg g-1 in muscle in
winter and 2,173 µg g-1 in liver in autumn. The highest average Zn concentration was found in winter (104, 72 µg g-1)
in liver (Table 3). Usero et al., [20] found 37 mg/kg (wet
mass) Zn in the liver of eel from Bacuda; 44.6 mg/kg from
Liebre; 31.9 mg/kg from San Carlos and 37.5 mg/kg San
Juan. The highest average Hg concentration was found
0,252 µg g-1 in liver of A. anguilla. Liver is the main target
of inorganic Hg, which is rapidly eliminated by organism,
the muscle preferentially accumulate methylmercury because of the high affinity of the methylated form to bind
with protein-rich cysteins [42-43]. Significant differences
were not found between Hg and As in European eel muscles. Heavy metal means were higher for mercury and arsenic on spring and summer. Lower As content was found
in all tissues in the samples collected from Namnam River.
The level of some metal (Cd, Cr, Fe, Mn, Hg and Se) accumulation showed an increase in fish samples caught at
Namnam River and Dalyan, when compared with other
two stations.
The correlation between heavy metals in tissues of A. anguilla was statistically tested and shown in Table 4. The significant correlation was determined between Cd and Co (r
value 0,66, p<0,01), Pb (r value 0,46, p<0,01), Se (r value
0,24, p<0,01), As (r value 0,21, p<0,01), Cr (r value 0,18,
p<0,01), Hg (r value 0,14, p<0,05). The correlation between
Se and Co (r value 0, 43 p<0, 01) was found higher than the
others. The correlation coefficient between Ni and Pb also for
Al was found to be higher than 0.30 (Respectively 0.32, 0.42).
The significant negative correlations were found between Se
and Pb (r value -0,22 p<0,01), Pb and Cr (r: -0,14, p<0,05),
Al and Cu (r: -0,17, p<0,01) (Table 4).

TABLE 3 - The average periodic accumulation of heavy metals in muscle, gill and liver of A. Anguilla from Köyceğiz Lagoon (µg/g)

Autumn

Winter

Spring

Summer

Tissue

Cd

Co

Cr

Cu

Ni

Pb

Zn

Liver

0,205±0,01a

0,011±0,01a

0,330±0,21a

11,656±1,91a 120,7±31,07a 1,679±0,25a

Fe

Mn

4,010±0,62a

2,173±0,24a

31,973±2,62a 34,766±6,31a 0,107±0,06a

0,086±0,01a

BDL

Muscle

0,187±0,01a

BDL

0,621±0,26a

2,435±0,54b

BDL

0,509±0,13b

3,950±0,51a

1,728±0,18a

16.636±2,10b 45,953±7,16a 0,066±0,02a

0,024±0,00b

BDL

Gill

0,188±0,00a

0,050±0,05a

0,334±0,15a

4,022±1,31b

40,196±19,8b 3,465±0,33c

5,074±0,79a

1,958±0,20a

29,476±2,20a 60,805±9,73a 0,043±0,01a

0,0367±0,00b BDL

Liver

0,122±0,03a

0,150±0,03a

1,494±0,39a

16,507±2,81a 197,8±31,64a 4,623±1,44a

2,439±0,99a

0,720±0,27a

104,72±13,8a 48,985±14,3a 0,252±0,12a

0,023±0,01a

0,524±0,20a

Muscle

0,081±0.02a

0,168±0,09a

1,260±0,28a

5,170±1,63b

67,03±15,88b 1,667±0,49b

1,372±0,47a

0,518±0,19a

70,047±13,1a 34,300±8,94a 0,140±0,09a

0,011±0,01a

0,875±0,36a

Gill

0,062±0,01a

0,153±0,05a

1,705±0,31a

3,946±1.46b

126,4±37,61c 4,842±1,02a

2,117±0,77a

0,768±0,21a

75,891±16,9a 56,397±10,2a 0,109±0,10a

0,016±0,01a

0,512±0,18a

Liver

0,435±0,08a

0,898±0,09a

2,406±0,49a

22,794±2,94a 368,2±45,85a 2,562±0,29a

1,863±0,54a

1,387±0,21a

27,774±4,34a 29,178±11,8a 0,154±0,04a

0,487±0,12a

2,811±0,19a

Muscle

0,425±0,08a

0,564±0,09a

2,292±0,32a

4,297±2,11b

73,7±24,57b

1,354±0,13a

1,036±0,203a 16,584±3,68a 17,797±4,13a 0,221±0,05a

0,514±0,13a

2,207±0,16a

Gill

0,431±0,07a

0,757±0,10a

3,405±0,74a

2,954±0,81b

153,8±22,40c 4,811±0,53ba 2,251±0,38a

1,324±0,20a

27,105±5,35a 31,955±5,93a 0,117±0,03a

0,373±0,12a

2,363±0,19a

Liver

0,217±0,07a

0,696±0,20a

1,492±0,56a

64,6±17,47a

318,2±100,9a 2,319±0,52a

2,857±1,03a

0,820±0,34a

55,507±12,4a 19,032±8,97a 0,190±0,13a

0,384±0,20a

2,925±0,34a

Muscle

0,130±0,05a

0,333±0,11a

1,352±0,27a

43,04±25,95a 75,13±34,66a 4,841±1,21a

1,852±0,36a

0,814±0,20a

29,725±6,83a 21,473±9,56a 0,201±0,13a

0,575±0,32a

2,214±0,25a

Gill

0,120±0,05a

0,290±0,19a

3,021±1,21a

27,18±15,32a 37,85±18,89a 2,969±0,95a

4,093±2,78a

0,792±0,24a

35,09±6,27a

3,172±0,69a

Al

Hg

As

Se

30,831±12,1a 0,187±0,118a 0,169±0,114a 1,992±0,389a

Statistical differences of heavy metal accumulation on tissues are presented as letters (a,b,c), the statistically significant difference (p<0.05). Mean values and ± standard
deviation. BDL: Below the detection limit.
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TABLE 4 - The correlation between metal concentrations in A.anguilla tissues (n=228)
Cd
Co
Cr
Cu
Fe
Mn
Ni
Pb
Zn
Cd
Co
0.66**
Cr
0.18**
0.34**
Cu
0.12
0.38**
0.09
Fe
-0.01
0.28**
0.16*
0.19**
Mn
0.08
0.11
0.19**
0.09
0.14*
Ni
0.02
0.02
0.16*
0.13*
0.01
0.33**
Pb
0.46**
0.20**
-0.14*
0.06
-0.12
-0.06
0.32**
Zn
-0.12
-0.04
-0.03
0.16*
0.07
0.13*
0.01
-0.04
Al
-0.05
-0.12
0.15*
-0.17**
0.03
0.37**
0.42**
0.08
0.07
Hg
0.14*
0.17**
0.05
0.07
0
-0.01
0.11
-0.01
-0.05
As
0.21**
0.24**
0.21**
0.01
0.15*
-0.05
-0.07
0
-0.13
Se
0.24**
0.43**
0.37**
0.22**
0.31**
0.19**
-0.13
-0.22**
-0.20**
*. Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 level (2-tailed).

Al

Hg

As

Se

-0.05
-0.12
-0.11

-0.01
0.01

0.27**

-

TABLE 5 - The comparison between Turkish Food Codex, Commission Regulation and A. anguilla muscle tissues

Season T.F.C (Max.)
(µg/g)
1
2
3
4

0,05

Cadmium (Cd)
EU
Periodic
(Max.)
Average
(µg/g)
(µg/g)
0,188±0,069
0,081±0,118
0,10
0,463±0,415
0,166±0,142

Lead (Pb)
Periodic
Average
(µg/g)
1,728±0,872
0,519±0,904
0,30
1,255±0,937
0,564±0,630

EU
(Max.)
(µg/g)

T.F.C (Max)
(µg/g)

0,30

The average Cd values were all higher than the limits
of T.F.C. According to EU limits Cd values in the present
study were also higher except winter Average Pb values
were also higher than the limits for fish proposed by Turkish Food Codex (TFC) and European Union Regulation
(EU) [44-45]. Mean mercury (Hg) values were found under
limits allowed for human consumption according to both
TFC and EU limits (Table 5).

T.F.C.
(Max.)
(µg/g)
0,50

Mercury (Hg)
EU
Periodic
(Max.)
Average
(µg/g)
(µg/g)
0,067±0,114
0,140±0,453
1,0
0,203±0,256
0,235±0,394
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WATER QUALITY PARAMETERS IN RELATION TO
LAND COVER IN THE GALYAN WATERSHED, TRABZON
Murat Yilmaz* and Ayhan Usta
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ABSTRACT
The Galyan-Atasu Dam was constructed in order to
supply water for the drinking, utility and industrial needs
of Trabzon and its surrounding areas. There is a significant
relationship between the land cover (LC) and the quality of
the surface water of the streams that supply the dam. This
study was conducted in order to present the impacts of LC
on water quality parameters. Within this scope, a total of
eight subwatersheds having low anthropogenic impact
were chosen from amongst the upper watersheds of the
Galyan and Şimşirli streams, which supply Galyan-Atasu
Dam. The granite bedrock of Kaçkar granitoid form outcrops in the subwatersheds. Land cover (coniferous forest,
broad-leaved forest and grassland) ratios were determined
with the help of Quick-Bird satellite imagery.
Over the time period of 2010 - 2011, water samples
were collected and analyzed for a number of water quality
parameters in order to investigate their spatio-temporal
variability particularly in relationship to the LC. Analysis
of variance (ANOVA) indicated significant spatial variability in pH, EC, TN, Ca+2, Mg+2 and K+ across the basins.
Correlation and regression analyses of the average values of
the water quality parameters and LC patterns revealed that
grassland was significantly correlated with T and TN, coniferous forest with TP, Ca and Na, and broad-leaved forest
with TN, TP, Ca and Na. This research could provide critical
information on sustainable land cover for the dam watershed
and for application in water resource conservation.

KEYWORDS: Water quality parameters, land cover, subwatershed, Kaçkar granitoid, Galyan dam

1. INTRODUCTION
The characteristics of natural catchment like vegetation (grassland, coniferous forest and broad-leaved forest)
and geological structures have more impact on surface water quality in upper watersheds, where there is less anthropogenic impact. Water coming as precipitation meets the
* Corresponding author

vegetation cover before it begins runoff; after certain stages,
minerals infiltrate the soil and pass into stream waters. In
this way, both the vegetation structure and the lithological
structure that forms the basis of the soil are the factors that
affect the surface water quality parameters.
Biochemical events in the terrestrial environment
dominate the hydro-chemical response of small catchments
because stream water is largely made up of drainage from
the soil [1]. Despite their importance, the influences of natural landscape variables are not usually included in watershed management studies because they complicate the
analysis considerably [2].
Water quality is usually connected to land use/land
cover in watersheds [3] and researchers have focused on the
relations between land use/land cover and various water
quality parameters [2-7]. They explain that agricultural land
use strongly influences the nutrients in stream waters [6].
An increase in the ratio of land use to land cover (LC)
in watersheds increases pollution of stream waters [2, 810]. On the other hand, because the effects of land use and
human activities are few, stream water pollution of watersheds is usually expected to be lower. Indeed, the vegetation structures of catchment basins impact water quality parameters [11]. Water quality in forest areas is better compared to the water quality in other land use areas, both agricultural and urban [12]. However, a number of studies indicate that nutritional elements like nitrogen and phosphorus are carried from watersheds having forest cover and it
has been reported that the water quality is negatively affected as a consequence[13-16].
Research on the forest cover in watersheds enables information about stream water quality to be obtained and
provides a basis for socioeconomic strategies to be developed for watersheds. The natural characteristics of catchment basins such as geological structure, land surface
shape and elevation cannot be changed; however, it is possible to change water quality through positive (silviculture,
afforestation) or negative (destruction of forests, anthropogenic effects) interventions into LCs in these watersheds.
This study presents the spatio-temporal variability of
some water quality parameters and the impact of LC on
water quality. A number of studies have been carried out to
investigate water quality on the main stream reaches of
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Galyan and Şimşirli [17-19]. This study was conducted on
the upper watersheds and side stream reaches where anthropogenic effects are fewer.

clusters, pure or mixed [21]. In the subwatersheds that were
chosen as the subject of the study, the coniferous forest areas are dominated by Picea orientalis and the broad-leaved
forest areas by Alnus glutinosa ssp. barbata.
2.2 Land cover analysis

2. MATERIALS AND METHODS
2.1 Study area

The Galyan-Atasu Dam was constructed in order to
supply drinking, utility and industrial water to meet the
needs of Trabzon and a number of its districts for a projected 35 years. The dam pond area is 0.83 km2 with a storage capacity of 37.5 million m3; it was planned to provide
91 million m3 of water a year [20]. In addition, electrical
power is generated at the convergence point of the Galyan
and Şimşirli streams.
At approximately 17 km from the shore, Galyan
stream joins the Değirmendere, which flows into the Black
Sea. The Galyan stream watershed is 12,888.17 ha and the
Şimşirli stream watershed is 5805.41 ha; the entire watershed comprises a total of 18,693.58 ha. The study site encompasses 2978.23 ha on Kaçkar granitoid in the Galyan
and Şimşirli stream watersheds [21] between 39o 40’ – 39o
45’ east longitudes and 40o 42’ – 40o 47’ north latitudes
(Fig. 1). Geomorphologically, the watersheds have the
characteristics of high mountainous terrain and are generally perpendicular in nature with scattered steep rocky terrain and there are granite bedrock outcrops on the Kaçkar
granitoid formation in the area of the watersheds [22].
The study area lies to the north of the Colchis part of
the Euxine–Colchis flora region of the Holarctic terrestrial
ecozone, within the A7 square, according to Davis' [23]
grid system [24, 25]. Picea orientalis and Fagus orientalis
are the dominant tree species in the Galyan and Şimşirli
watersheds. Alnus glutinosa, Carpinus betulus, Abies nordmanniana, Castanea sativa, Pinus sylvestris, Populus
nigra-Populus tremula, Buxus sempervirens, as well as
Quercus and Corylus species are found in small groups or

Today, high-resolution satellite imagery is commonly
employed since it facilitates the determination of land
use/land covers [26, 27]. The updated land use status of the
subwatersheds was obtained from a 2009 Quick-Bird satellite image with a precision of 0.6 m; ArcGIS 10.1 Desktop GIS software was used to determine the composition of
the LC. After the process of overlaying the satellite images
with topographic maps, the LC of the subwatersheds was
categorized as coniferous forest, broad-leaved forest and
grassland (Fig. 1). By dividing LC area into watershed area
for each type of watershed LC (coniferous forest, broadleaved forest and grassland), the ratios were calculated as
percentages.
2.3 Water sampling and analysis

The study was carried out on the sidestream reaches
over the granite bedrock in Galyan and Şimşirli watersheds, which supply the Trabzon Galyan-Atasu Dam watershed. Water quality investigations employ different
methods for water samplings in watersheds with mixed LC.
In this study, water sampling was done via the sampling of
sidestream reaches [28].
A total of eight subwatersheds with approximately the
same average elevation of 1500 m were included in the present study. Different LCs dominate in the adjacent Galyan
(five subwatersheds) and Şimşirli (three subwatersheds) watersheds. The subwatersheds in the Galyan watershed were
coded as G-1 to G-5, and the subwatersheds in Şimşirli watershed were coded as S-1, S-2 and S-3. Some characteristics
of these watersheds are shown in Table 1. A total of 96 water
samples were taken from the subwatersheds once a month
between September 2010 and August 2011, corresponding

FIGURE 1 - Research area location

1615

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

FIGURE 1 - Location of subwatersheds, river networks, and land cover of the upper Galyan and Şimşirli watersheds

TABLE 1 - Characteristics of the subwatersheds in Galyan and Şimşirli stream watersheds
Sub watershed

Watershed characteristics

G-1

Broad-leaved forest area, grassland (seasonal use), a small area of coniferous forest (1%) and agricultural area with the lowest
(about 2.5% in seasonal use) human influence; broad-leaved forest species are Alnus glutinosa, Fagus orientalis, Carpinus betulus; coniferous forest species is Picea orientalis.
Broad-leaved forest area, grassland (seasonal use), coniferous forest and agricultural area with the lowest (about 0.5% in seasonal
use) human influence; broad-leaved forest species are Alnus glutinosa, Fagus orientalis, Carpinus betulus; coniferous forest
species is Picea orientalis.
The highest broad-leaved forest area with coniferous forest (Picea orientalis) and grassland (seasonal use); broad-leaved species
are Fagus orientalis, Alnus glutinosa and Carpinus betulus.
Broad-leaved forest area, grassland (seasonal use), coniferous forest and agricultural area with the lowest (about 0.5% in seasonal
use) human influence; broad-leaved forest species are Alnus glutinosa, Fagus orientalis, Carpinus betulus; coniferous forest
species is Picea orientalis.
The highest coniferous forest area with broad-leaved forest, grassland (seasonal use) and agricultural area with the lowest (about
0.7% in seasonal use) human influence; species of coniferous forest is Picea orientalis, species of broad-leaved forest are Alnus
glutinosa, Fagus orientalis.
Area including broad-leaved forest, grassland (seasonal use) and agricultural area with the lowest (about 1% in seasonal use)
human influence; species of broad-leaved forest are Alnus glutinosa, Fagus orientalis and Carpinus betulus.
The highest broad-leaved forest area with a small area of grassland (seasonal use); species of broad-leaved forest are Alnus
glutinosa and Fagus orientalis.
The highest broad-leaved forest area with a small area of coniferous forest (Picea orientalis); species of broad-leaved forest are
Alnus glutinosa and Fagus orientalis; S-3 subwatershed is a small area (17.84 ha).

G-2
G-3
G-4
G-5
S-1
S-2
S-3

to one “water year”. A number of water quality parameters
(temperature, pH and electrical conductivity) were measured
during the field surveys.

Water samples were collected at a depth of approximate 10 cm using 0.5 L polyethylene bottles (2 samples).
Water samples were then preserved at +4 oC using reac-

1616

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

tives that conform to EPA standards [29] for performing
analyses. Water temperature (T), pH and electrical conductivity (EC) were determined on-site using the Orion 5 Star
(Thermo Scientific Orion ®, Cole-Parmer). After calibrating the instruments, total nitrogen (TN, 0.5 - 15.0 mg/l )
and total phosphate (TP, 0.2 - 15.3 mg/l) were determined
via the photometric method by using the UV-VIS Shimadzu 1800 (Shimadzu Scientific Instruments) and Spectroquant® kits (Merck Millipore). The Shimadzu AA-6601
Atomic Absorption Spectrophotometer [30] was used to
measure the cations Ca++, Mg++, K+ and Na+.
2.4 Statistical analyses

The relationships between water quality parameters
and land cover ratios were tested using Pearson's correlation with the statistical significance set a priori at p˂ 0.05.
Analysis of variance (ANOVA) was used to compare variations in water quality parameters of the subwatersheds
under different LCs, with significance set at p˂0.05 (Duncan test). All the statistical analyses were performed using
SPSS 15.0 for windows [31].
3. RESULTS
3.1 Land cover distribution

The LC distribution in the subwatershed areas varied
between 57.5% and 100%. Dominant vegetation in these
watersheds consists of broad-leaved forest, coniferous forest and grassland, ranging between 28.2- 98.3%, 0-59.8%,
and 0-40%, respectively. Additionally, cultivated land under seasonal use comprises 0-2.5% and has been listed with
the other categories (Fig. 2). As these areas varied between
0.5% and 2.5% in some subwatersheds (G-1, G-2, G-4, G-

5 and S-1) and were not present in other watersheds (G-3,
S2 and S-3), they would not have been statistically significant; therefore, they were not included in the evaluation.
When the subwatersheds were examined, the overall dominance (67.3% on average) of broad-leaved (alder, oriental
beech and other trees) forest areas was observed. Grasslands (19.2% on average) and coniferous forest areas
(12.9% on average) followed broad-leaved forest areas in
the order of dominance.
3.2 Water quality parameters

Water quality parameters of the stream waters from the
subwatersheds were measured and their averages are presented in Figure 3.
3.3 Linking LC and water quality parameters

Correlation and regression analyses of the average values of the water quality parameters and LC patterns revealed that grassland was significantly correlated with T
and TN, coniferous forest was correlated with TP, Ca and
Na, broad-leaved forest was correlated with TN, TP, Ca
and Na and the subwatershed area was correlated with T,
pH, Ca and Na (Table 2).
Stepwise multiple linear regression showed that no
single LC type was able to determine the overall water
quality, but that most water quality parameters could be
sufficiently predicted using one or two LC types (Table 3).
Both pH and Na could be predicted by area; however, Na
had higher R2 values (0.799) compared to pH. Temperature
could be predicted by area and grassland (R2 = 0.476), TN
by grassland and broad-leaved forest (R2 = 0.623), TP by
broad-leaved forest (R2 = 0.330) and Ca by coniferous forest (R2 = 0.593).
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FIGURE 2 - Percent of land cover in sub-watersheds on Kaçkar granitoid
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FIGURE 3 - Water quality parameters (mean ± sd) in sub-watersheds on Kaçkar granitoid. The different letters indicate statistical differences
of total averages among subwatersheds at p˂0.05 (Duncan test).
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TABLE 2 - Pearson correlation coefficients between LC and water quality parameters
Grassland
T (oC)
0.501a
pH
0.047
EC (µscm-1)
-0.365
TN (mgL-1)
-0.720b
TP (mgL-1)
-0.142
Ca (mgL-1)
-0.246
Mg (mgL-1)
-0.218
K (mgL-1)
-0.249
Na (mgL-1)
-0.080
a Significance at 0.05 probability level.
b Significance at 0.01 probability level

Coniferous forest
0.006
0.350
0.213
-0.145
-0.542a
0.788b
0.086
-0.111
-0.819b

Broad-leaved forest
-0.358
-0.366
0.058
0.648b
0.612a
-0.585a
0.077
0.287
0.847b

Area (ha)
0.694b
0.502a
-0.235
-0.478
-0.388
0.709b
-0.339
-0.237
-0.901b

TABLE 3 - Stepwise multiple regression models for water quality parameters and LC
Parameters
Independent variables
T
Area, Grassland
pH
Area
TN
Grassland, Broad-leaved forest
TP
Broad-leaved forest
Ca
Coniferous forest
Na
Area
a Significance at 0.05 probability level.
b Significance at 0.01 probability level

Regression equations
7.732+0.006*AR+0.017*GR
7.162+0.001*AR
3.278-0.045*GR+0.023*BLF
0.095+0.0003*BLF
3.066+0.062*CF
1.416+0.0008*AR

4. DISCUSSION
In this study, the LC (grassland, coniferous forest,
broad-leaved forest) over granite bedrock and its impact on
water quality parameters was examined and presented. All
the areas studied were located on the same bedrock
(Kaçkar granitoid) in order to better observe the effects of
different land covers.
Elements like nitrogen and phosphorus are necessary
for plants to grow. The entry of high amounts of these nutrients into stream waters can lead to a eutrophication-related increase in the algae population. The effects of an increased algae population in correlation with the nutrients
levels in the water can be seen particularly in lakes, river
mouths and dam ponds [32]. It has been indicated that TN
concentrations above 0.3 mgl-1 present a potential for algae
growth [33].In addition, it is recommended that, in order to
prevent algae explosion, the TP concentration in stream
waters be kept below 0.1 mgl-1 [34, 35]. In this study, TN
values in the subwatersheds varied between 2.52 and 6.01
mgl-1, and TP values between 0.11 and 0.14 mgl-1. The
highest average TN and TP values were measured in the S3 watershed (Fig. 3). It is probable that these TN and TP
values will boost algae growth in the stream waters and
thus increase eutrophication.
Although studies investigating increased nitrogen and
phosphorus concentrations in stream waters are more often
associated with agricultural and urban area growth [36-39],
there are also studies which stress that forest areas affect
these parameters [3, 40, 41]. In research carried out by Li
et al. [41], it was reported that average amounts of TN in

R2
0.546a
0.252a
0.673b
0.375a
0.620a
0.812b

Adjusted R2
0.476a
0.198a
0.623b
0.330a
0.593a
0.799b

watersheds where agricultural and urban areas dominate
were approximately 2.5 mgL-1, while amounts of TN were
approximately 0.8 mgL-1 in watersheds where coniferous
forest areas dominate. In this study, which was conducted
on upper stream watersheds where anthropogenic impacts
are very low, the average amount of TN was found to be
3.41 mgl-1 in the G-5 subwatershed where coniferous forest
areas dominate. Average amounts of TN varied between
4.17 - 6.01 mgl-1 in watersheds where broad-leaved forest
areas dominate (G-2, G-3, G-4, S-2 and S-3). It is thought
that the difference in the habitats (physical and chemical
soil properties and vegetation structure) of coniferous and
broad-leaved forest areas is effective in this difference. Alder is the dominant tree species in the broad-leaved forests
of the subwatersheds over granite bedrock where the study
was carried out. Soils that develop from granite bedrock
are generally light-textured (sandy loam and loamy sand)
and pervious, and have a high air capacity [42, 43]. The
amount of nitrogen is also expected to be high in these soils
because alder has the ability to fix atmospheric nitrogen in
the soil with its roots; likewise, alder stands can influence
N concentrations of adjacent streams and lakes [44-46].
In a study that was carried out in the same area, the
average TN in the broad-leaved forest area soils was found
to be higher compared to other land covers [47]. By reaching stream waters via subsurface runoff of precipitation,
the nitrogen produced through the decomposition of alder
litter and the excess nitrogen in the soil can increase nitrogen concentrations [48-50]. It was reported that large
amounts of nitrogen, produced as a result of decomposition
of fallen Alnus rubra leaves, had mixed into the water and
degraded its quality [27].
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The results of correlation analysis also showed that
there was a positive correlation between broad-leaved forest areas and the amount of TN in stream waters (p˂0.01, r
= 0.648). Compton [15] found that the proportion of broadleaf cover was positively related to stream N concentrations. However, there is a negative relation between grasslands and the amount of TN (p˂0.01, r = −0.720). The TN
values showing negative correlation could result from the
fact that water yield in grasslands is higher than that in forest areas. Precipitation waters can reach mineral soil and
streams in the form of seepage more easily in grasslands
than in forest areas. This situation comes about because increased water yield lowers TN concentration. Grassland
and broad-leaved forest area percentages were entered as
variables into the regression model which was developed
to estimate TN (Table 3) in accordance with other studies
in the literature [3, 15].
Average amounts of TP measured in the surface waters
of the subwatersheds varied between 0.11 and 0.14 mgL-1.
There was no statistical difference among the subwatersheds in terms of their TP amounts (Fig. 3). The highest
amount of TP was measured in the S-3 watershed, where
broad-leaved forest cover dominates. In the correlation
analysis, relations between TP values and both coniferous
and broad-leaved forest percentages were found. According to the analysis, a negative correlation (p˂0.05, r =
−0.542) was obtained between TP values and coniferous
forest percentage and a positive correlation (p˂0.05, r =
0.612) between TP values and broad-leaved forest percentage. Plants can increase the concentration of nutrient elements in the environment. Alder is the dominant tree species in the broad-leaved forest areas, and the high amounts
of nitrogen in its readily decomposing litter can influence
nitrogen concentrations in the surrounding environment
[51, 52]. Therefore, broad-leaved forest area percentage
was entered as a variable into the regression model developed to estimate TN (Table 3).
Ca is an important basic cation that, with magnesium,
increases the hardness of stream waters. The amount of
Ca++ in stream waters among the subwatersheds was found
to be of statistical significance (Fig. 3). The highest Ca++
values were measured in G-2 (6.20 mgL-1) and G-5 (6.60
mgL-1) subwatersheds. Correlation analysis revealed relations between Ca++ values and both the coniferous and the
broad-leaved forest percentages. Accordingly, a positive
correlation (p˂0.01, r = 0.788) was obtained between Ca++
values and the coniferous forest percentage, and a negative
correlation (p˂0.05, r = −0.585) between Ca++ values and
the broad-leaved forest percentage. The broad-leaved and
coniferous forest percentages were influential in the correlation analysis and showed that these ecosystems contributed to the Ca++ concentration in stream waters. In their
study, Serteser et al. [53] stated that stream waters were
affected by soil parameters to a high extent. Because soil
nitrate leaching may accelerate cation leaching [54, 55], nitrate losses associated with alder stands might result in increased cation levels in stream water [15].

In this study, which examined the LCs (coniferous forest, broad-leaved forest, grassland) on the Galyan watershed, the average amount of Ca++ (135.37 mgL-1) in the
soils of the broad-leaved forest areas was found to be lower
than that of the coniferous forests (320.43 mgL-1) [47].
Moreover, red alder can also impart a legacy of lower cation values [56, 57]. A regression analysis was made to estimate water quality parameters with LC percentages; coniferous forest area percentage was entered as a variable
into the regression model developed for Ca++ (Table 3).
A statistical difference could not be found among the
subwatersheds according to the amounts of Na+ (Fig. 3).
The highest average Na+ values (1.41 mgL-1) were measured in the S-2 and S-3 subwatersheds. Relations were
found between Na+ values and both the coniferous and the
broad-leaved forest percentages in the correlation analysis.
Consequently, a negative correlation (p˂0.01, r = −0.819)
was obtained between Na++ values and the coniferous forest percentage, and a positive correlation (p˂0.01, r =
0.847) between Na++ values and the broad-leaved forest
percentage. This indicated that, similar to the results for
Ca++ concentration in stream waters, coniferous and broadleaved forest ecosystems contributed an influence in the
correlation analysis. In the investigations of the LCs (coniferous forest, broad-leaved forest, grassland) in this
study, the average amount of Na+ (51.74 mgL-1) in the soils
of the coniferous forest areas was found to be lower than
that in the broad-leaved forests (63.34 mgL-1) [47].
The average pH values in the water samples of the subwatersheds varied between 7.13 and 7.41, and their average
EC values were between 61.8 and 103.3 µscm-1 (Fig. 3).
Statistical relations were found among the subwatersheds
according to their average pH and EC values. Accordingly,
the highest average pH value (7.41) was determined in the
G-2 subwatershed, and the highest average EC value
(103.3 µscm-1) was found in the S-2 subwatershed. No correlation could be obtained between the area cover percentages in the subwatersheds and the water quality parameters.
5. CONCLUSIONS
This study was conducted on the subwatersheds over
the Kaçkar granitoid in Galyan and Şimşirli stream watersheds, where the Galyan-Atasu Dam was constructed in order to supply drinking and utility water for 35 years to
Trabzon and its immediate surroundings and to generate
electricity. The subwatersheds constitute areas which are
dominated by broad-leaved forests and covered by vegetation, and which have scarcely been subjected to anthropogenic impact.
Kaçkar granitoid is a formation which lacks aquifer
traits. The granite bedrock that represents the formation is
coarse-grained and generally produces soils that filter water and thus, precipitation water is expected to arrive at
stream waters shortly after it reaches the soil. It is easy for
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nutrient elements to be washed out and carried away in areas like this. Broad-leaved forests generally form soils rich
in plant nutrient elements, especially in temperate climates.
Even though dominant tree species had formerly been
beech in the broad-leaved forests in the subwatersheds
within the study area, alder has become dominant in recent
years due to the social pressure on beech. The presence of
alder in the area can increase decomposition (C/N ratio) in
the soil, and thus increase nutrient concentration. As can be
seen in this study, the TN and TP values in stream waters
were increased by the high nutrient concentration together
with the filter soils formed by the granite bedrock. This situation triggers eutrophication which could negatively affect the quality of stream waters. Therefore, apart from the
anthropogenic impacts in watershed planning in the region,
the presence of alder should also be taken into account.
Other than TN and TP, nutrient elements in the stream waters exhibited relatively lower values.
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these nutrients. Calcium is mainly found in cell wall, but
boron also has important effects on cell wall [1, 2].

ABSTRACT
This study was carried out to investigate the effects of
calcium and boron on the growth of indeterminate tomato
(Solanum lycopersicon esculentum L.) under greenhouse
conditions in spring-summer period of the year 2011. Calcium (calcium nitrate) was applied in three doses (30, 60
and 90 kg ha-1) and boron (Etidot-67, included 21 % B) was
applied in two doses (1500 and 3000 gr ha-1). Sedir F1 variety was used as the plant material of the experiments. The
seedlings were planted on 10th of April. The study was conducted in split-plots randomized complete block design
with three replications. The Ca and B content of plant leaves
were significantly affected by calcium and boron doses, but
vitamin C, pH, titratable acidity (TA) and soluble solid dry
matter (SSDM) were not significantly affected by treatment doses. The highest Ca and B contents were observed
in 60 and 90 kg ha-1 Ca and 3000 gr ha-1 B doses. The Ca
and B contents of the leaves were higher in third cluster
leaves than sixth cluster leaves. As a result, both Ca and B
contents of the leaves increased at satisfactory level with
Ca and B treatments.
KEYWORDS:
tomato, calcium, boron, yield, quality

1. INTRODUCTION
Calcium (Ca) and boron (B) have limited mobility in
plants. Their mobility levels increase by increasing water
uptake levels. Ca and B can be transferred from roots to
upper leaves through transpiration and water uptake of
plants. Plants consume less water in greenhouses than open
field, but it is expected to have more yields than open fields.
Therefore, plants need more nutrients in greenhouses than
open fields. Thus, plants need more Ca and B in greenhouses. Ca/B ratio is also significant for the availability of
* Corresponding author

Calcium (Ca2+) is a divalent alkaline cation and plays
various important roles in plant growth and development
[3]. Calcium is absolutely an essential element and has an
important role in cell growth and development, membrane
permeability, formation of cell wall and protection of tissues [4]. It is possible to array the other functions of calcium as follows: Calcium enhances the cell wall by forming pectate components and preventing the cell wall damages by bacteria and fungus-induced enzymes. Plants go
through some enzymatic and hormonal processes to preserve the plants against the negative impacts of drought and
water deficit. Ca reduces fruit decay during the transport
and storage through strengthening the peels [5].
Boron also takes part in many physiological and biochemical processes of plants. [6] listed the roles of boron
as; 1- sugar transmission, 2- cell-wall synthesis, 3- lignification, 4- cell wall structure, 5- carbohydrate metabolism,
6- RNA metabolism, 7- respiration, 8- indole acetic acid
(IAA) metabolism, 9- phenol metabolism and 10- membranes [4]. Boron is efficient upon pollen tube growth, reproduction and pollen germination in plants [6, 7].
Boron deficiency may be observed in soils with insufficient organic substance, moisture content and high lime
contents. High lime contents and soil reactions decrease
and limit boron intakes of plants [8-11]. A boron concentration of 1 ppm in soil is sufficient for some plants. The
concentration of 5.0 ppm on the other hand represents a
toxic level of sensitive plants like sugar beet. Therefore,
precise application rates should be followed during boron
fertilizations. Boron deficiency causes various problems in
flower and fruit formation.
Although calcium already exists in soil, plants can’t
benefit from calcium in some conditions. Especially salinity and limited water intakes result in a big trouble in calcium intake of plants. Even if there is available calcium in
soil, it cannot be transformed into available forms for the
plants and deficiency symptoms are observed in those
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cases [12]. Ca deficiency leads to blossom-end rot and significant yield decreases [12].
The studies on calcium and boron show that these elements have great importance for plants. There have been
differences in boron intake of various plants [13]. There
have been differences in boron uptake and use of plants
based on their genetic makeup [14, 15]. There have also
been differences in plant genotypes’ sensitivity against boron [10, 17]. Boron fertilization may improve productivity
and quality of the plants [8-21]. Previous researches reported increased calcium contents of the plants before and
after the harvest [22, 23]. Besides, calcium treatments have
positive effects on root strength and fruit firmness [24].
Calcium and boron had important effects on fruit quality
parameters like fruit cracking, fruit color, brix and other
standard properties of tomato [25, 26].
The present study was conducted to investigate the effects of different doses of Ca and B on mineral content,
fruit quality parameters and yield of tomato plant under
greenhouse conditions.
2. MATERIALS AND METHODS
This study was carried out in greenhouses of Gaziosmanpasa University, Tokat, Turkey in 2011. The physical and chemical analyses results of greenhouse soil are
provided in Table 1. Sedir Fı tomato variety was used as
the plant material of the study. Seedlings were planted at
60 x 40 cm spacing on 10th April and 39 plants were placed
in each plot (plot size: 6.7 m2).
TABLE 1 - The physical and chemical soil characteristics (0-30 cm)
Characteristics
Available K2O (kg da-1) [33]
Available P2O5 (kg da-1) [34]
Zn (mg kg-1) [35]
Fe (mg kg-1) [35]
Mn (mg kg-1) [35]
Cu (mg kg-1) [35]
B (mg kg-1) [28]
Lime (%) [36]
pH (1:2 soil-water solution) [37]
EC (mS) (1:2 soil-water solution, μS/cm)
[37]
Organic matter (%) [37]
Clay (%)
Silt (%)
Sand (%)

Value
35
5.7
0.43
2.43
1.53
0.72
0.34
9.6
8.14
0.25

Status
Sufficient
Low
Insufficient
Sufficient
Sufficient
Sufficient
Insufficient
Sufficient
Light Alkaline
Saline

1.21
40
22
38

Low
Clay loam

The last harvest was done on 15th of November. Experiments were carried out over 36 plots in split-plots randomized complete block design with 3 replications. Calcium
doses (30, 60 and 90 kg ha-1) were placed in main plots and
boron doses (1500 and 3000 g ha-1) were placed in subplots. Considering the growth period and yield of tomato,
600 kg/ha N, 400 kg/ha P2O5 and 600 kg ha-1 K2O were
applied through fertigation. Calcium was applied as calcium nitrate fertilizer and boron was applied as Etidot-67

(21 % B). Other nutrients were applied at an optimal level.
The fruits and the leaves around the fruits were sampled
from 3rd and 6th clusters and then they were analyzed. Some
quality parameters of the plants such as dry matter, vitamin
C, titratable acidity (TA) and soluble solid dry matter
(SSDM) and fruit yields were investigated.
After leaf samples were washed with distilled water,
they were dried at 65°C and then grinded. Nitrogen analysis was carried out with Kjeldahl distillation method [27].
Grinded samples were burned in accordance with the dry
combustion method [28] and P, K and Ca content readings
in acquired distillations were carried out using ICP-OES
(Perkin-Elmer) device, and B analysis was carried out according to the Azomethine-H method [28]. Data were statistically analyzed using MSTAT-C package program.
3. RESULTS AND DISCUSSION
The yield significantly increased by increasing calcium and boron doses (p<0.01; p<0.05). With regard to calcium doses, the highest yield per plant (7159 g) was obtained from 90 kg ha-1 calcium dose, while it was 6515 g
per plant in control treatment. Furthermore, the highest
yield per plant (6695 g) was observed at 3000 g ha-1 B dose.
Interaction between calcium and boron also significantly
affected the yields (p<0.05) (Table 2).
Both calcium and boron are essential elements for plant
growth and development [29]. Calcium applications enhance plant growth and fruits [30, 31]. Boron applications
improve yield and quality [20-10, 21]. Highest yield was obtained from Ca-B interaction by foliar Ca and B applications
in tomato [32]. Boron and calcium have important functions
in cell walls and their mobility in plants is also similar.
Therefore, these two elements should be applied to plants
together in the most appropriate Ca/B ratio combination.
Plant dry mass was not significantly affected by calcium doses, whereas fruit dry mass was significantly affected by boron doses (p<0.05). Vitamin C, pH, titratable
acidity (TA), and soluble solid dry matter (SSDM) parameters of the fruits were not significantly affected by both
calcium and boron doses.
The effects of calcium and boron doses on Ca and B
contents of 3rd and 6th cluster leaves and fruits of tomato
plant were provided in Table 3. Results revealed periodically different Ca and B contents in 3rd and 6th cluster
leaves. Calcium treatments significantly (p<0.01) increased
Ca contents of the leaves. The 3rd cluster leaves had higher
Ca and B concentrations than the 6th cluster leaves.
While the Ca content of 3rd cluster leaves was 1.71%
in control treatment, the values of different calcium doses
were respectively observed as 2.47, 2.87 and 2.75%, Jones
et al. (1991) reported the appropriate Ca contents of tomato
leaves as between 1.50 - 2.40%. While the Ca content obtained from the control was closer to lower limits, the Ca
content of 3rd cluster was slightly over the upper limits due
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TABLE 2 - The effects of calcium and boron doses on yield and some quality parameters of tomato
Calcium treatments kg ha-1

Boron treatments g ha-1
0
1500
0
6400
6450
Plant yield (g plant-1)
30
6750
6850
60
7050
7002
90
7150
7120
Mean
6837 b
6855 b
0
3.59
2.79
Fruit dry mass (%)
30
3.23
4.28
60
3.21
3.87
90
3.17
3.83
Mean
3.30 c
3.69 b
0
20.57
18.78
Vitamin C
30
20.14
21.24
(mg100 g-1)
60
21.54
19.21
90
20.83
22.50
Mean
20.77
20.43
0
4.62
4.23
30
4.65
4.69
pH
60
4.61
4.65
90
4.62
4.65
Mean
4.62
4.55
0
0.56
0.55
Acid
30
0.57
0.53
(%)
60
0.56
0.68
90
0.65
0.52
Mean
0.58
0.57
0
4.6
4.2
SSDM
30
4.6
4.3
(%)
60
4.5
4.5
90
4.8
4.2
Mean
4.6
4.3
Plant yield; Ca treatments**, Boron treatments*, Ca x B*
Fruit dry mass: Ca treatments: NI, Boron treatments*,Ca x B:NI,
NS: Not-Significant; * P<0.05 and **P<0.01. Possibility is important

3000
6695
7082
7100
7208
7021 a
3.52
4.14
4.10
4.00
3.94 a
20.14
21.36
17.27
19.74
19.62
4.65
4.68
4.65
4.63
4.65
0.53
0.59
0.47
0.52
0.52
4.2
4.3
4.4
4.5
4.3

Mean
6515 c
6894 b
7050 ab
7159 a
3.30
3.88
3.72
3.66
19.83
20.91
19.34
21.02
4.50
4.67
4.63
4.63
0.54
0.56
0.57
0.56
4.3
4.4
4.4
4.5

TABLE 3 - The effects of calcium and boron doses on Ca and B contents of 3rd and 6th cluster leaves and fruits of tomato plant
Calcium treatments kg ha-1
0
Ca content of 3rd cluster leaves (%)
30
60
90
Mean
0
rd
B content of 3 cluster leaves (ppm)
30
60
90
Mean
0
Ca content of 6th cluster leaves (%)
30
60
90
Mean
0
B content of 6th cluster leaves (ppm)
30
60
90
Mean
Ca content in leaf; Ca treatments**, Boron treatments: NI, Ca x B:NI
B content in leaf: Ca treatments: NS; Boron treatments**; Ca x B:NI
NS: Not-Significant; * P<0.05 and **P<0.01. Possibility is important

Boron treatments g ha-1
0
1500
1.71
1.67
2.47
2.63
2.87
2.92
2.75
2.89
2.45
2.52
10
25
12
27
12
25
10
24
11 c
25 b
1.42
1.48
2.34
2.43
2.67
2.78
2.61
2.71
2.26
2.35
8
22
9
24
8
20
8
21
8.2 c
21.7 b
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3000
1.78
2.86
2.98
2.86
2.62
45
52
53
53
50 a
1.43
2.22
2.85
2.71
2.30
34
34
37
31
34 a

Mean
1.72 c
2.65 b
2.92 a
2.83 a
26
30
30
29
1.44 c
2.33 b
2.76 a
2.67 a
21.3
22.3
21.6
20
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to Ca treatments. The results obtained from the 6th cluster
leaves of the plants were parallel to previous values. However, the values were slightly lower than the values of 3rd
cluster. This can be related to the transport of applied calcium to the fruit as the fruits ripened. The most obvious
symptom of Ca deficiency in tomato plant is blossom-end
rot. In this study, blossom-end rot was observed only in one
fruit of every plant around the 3rd and 4th clusters under
control conditions (Ca0). This disease was not encountered
in the plants as the calcium applications increased.
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COMPARISON OF DEGRADATION KINETICS
OF FREE AND IMMOBILIZED Serratia sp. FOR
PHENOL REMOVAL FROM COKING WASTEWATER
Chunrong Wang*, Mengru Zhang, Zhenfeng Gao and Xin Ren
School of Chemical and Environmental Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China

ABSTRACT
Phenol and its derivatives are the most abundant organic contaminants in coking wastewater with high toxicity, carcinogenicity and mutagenesis, which often inhibit
or kill the microorganisms in biological reactors. Therefore, it is necessary to screen a high-efficient phenol-degrading strain for improving degradation efficiency of phenol. In this study, a strain of Serratia sp. was isolated from
coking wastewater treatment system and then immobilized
using polyvinyl alcohol (PVA)-carrageenan. Furthermore,
degradation kinetics of free and immobilized Serratia sp.
for phenol were compared based on Haldane model. The
fitted kinetics equation showed that the maximum phenol
specific degradation rate of free Serratia sp. was 0.076 h-1,
while that of the immobilized one was 6.696 h-1. Its value
was much higher than the former, which indicated that the
degradation efficiency for phenol of immobilized Serratia
sp. was much stronger than that of free Serratia sp.. Moreover, comparison experiment of free and immobilized Serratia sp. for phenol degradation performance from actual
coking wastewater further confirmed the above results.
KEYWORDS: Serratia sp., phenol, free bacteria, immobilized bacteria, degradation kinetics

1. INTRODUCTION
Coking wastewater is a typical industrial wastewater
generated from the process of high temperature carbonization of coal, gas purification and by-product recovery and
refining. As a kind of mixed wastewater, it mainly derives
from: (1) residual ammonia water from the separation process of tar and ammonia, which is account for more than
half amount of the total coking wastewater quantity, (2) effluent from the gas purification process, (3) wastewater
from the refining process of tar and benzene. Thus its composition is very complex with the characteristics of high
* Corresponding author

toxicity and difficult biodegradation [1]. The inorganic
toxic substances in it mainly includes cyanides, sulfides,
fluorides, thiocyanates and ammonia, and the organic pollutants mainly includes phenols, nitrogen heterocyclic
compounds (NHCs, e.g. quinoline, pyridine, indole) and
polycyclic aromatic hydrocarbons (PAHs) [2,3]. Phenol
and its derivatives, as major contributor to COD in coking
wastewater, are the most abundant organic contaminants
with more than 60% mass percentage of total organics [4].
Meanwhile, phenols are characteristics of high toxicity [5],
carcinogenicity and mutagenesis, and can be accumulated
in fatty tissue of humans and animals, resulting in longterm harm [1]. Therefore, they have been included in the
list of toxic pollutants at home and abroad [6].
Traditionally, physical or chemical technologies, owing to their high operating cost or the generation of secondary pollution such as chlorinated phenols, hydrocarbons,
are often used as a supplementary. While these refractory
and toxic compounds (e.g. phenols and NHCs) in coking
wastewater have adverse effects on the performance of
conventional biological treatment, such as conventional activated sludge (CAS), anoxic-oxic (A/O), anaerobic-anoxic-oxic (A/A/O) and sequencing batch reactor (SBR)
processes, because they often inhibit or kill the microorganisms in reactors, thus resulting in failure to meet current
effluent discharge standards [7]. Therefore some measures
improving the performance of the present biological processes have been investigated, such as screening high efficient phenol-degrading bacteria [4] and bioaugmentation
technology using special strains. In recent years, many isolated strains have been investigated for their ability to degrade phenol, such as Algae (Ochromaonas) [8], Yeast
(Trichosporon, Candida) [9], Pseudomonas (Pseudomonas. sp) [10], Alcaligenes (Alcaligenes) [11].
In this study, a strain of Serratia sp. was isolated from
coking wastewater and it could use phenol as sole carbon
and energy source with high phenol removal efficiency,
and had strong ability to adapt the quality of coking wastewater. Meanwhile, in order to strengthen microorganism
quantity, enhance reaction rate, lessen microorganism loss
and simplify process control, the immobilization technology
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has been applied on Serratia sp. to enhance phenol degradation efficiency. Immobilization technology is known to
reduce competition with indigenous microorganisms and
its application for wastewater treatment has received considerable attention in recent years, especially for the removal of toxic and refractory substances, such as quinoline,
2,4-dichlorophenol, phenol, and cyanides from industrial
wastewater [12]. Wang, et al. [13] studied the microbial
degradation of quinoline by immobilized bacteria of
Burkholderia pickettii using PVA-gauze hybrid carrier. Erhan, et al. [14] studied the phenol degradation in a fixedbed bioreactor using micro-cellular polymer-immobilized
Pseudomonas syringae. Quan, et al. [15] studied the biodegradation of 2,4-dichlorophenol in an air-lift honeycomb-like ceramic reactor using immobilized bacteria of
Achromobacter sp.. Polyvinyl alcohol (PVA), as a kind of
water soluble macromolecule polymer, was selected as carrier for microorganism immobilized due to its excellent hydrophilicity and good reactivity [16]. Among different strategies for cell immobilization, entrapment within gels of natural polysaccharides like carrageenan and alginate provided
the most appropriate conditions. Carrageenan is characteristics of nontoxicity, mildness, cheap, and easy-entrapment
[17]. Thus the immobilized Serratia sp. was prepared by hybrid carrier of PVA and carrageenan in this paper.
The biodegradation of phenol and its derivatives has
been research focus for more than three decades. In which
determination of degradation kinetics has been one of the
main issues [18]. Monod model and Haldane model are
widely used to describe biodegradation rates of organic
contaminants in aquifer systems [19, 20]. Much of the versatility of Haldane’s model is used due to its mathematical
simplicity and wide acceptance for representing the growth
kinetics of inhibitory substrates [18]. For the self inhibitory
substances such as phenol and nitrobenzene, substrate inhibition equation of the Haldane model is more suitable
[21, 22]. Marrot et al. [23] studied the biodegradation of
high phenol concentration from 0.5 to 3 g/L by activated
sludge in an immersed membrane bioreactor using Haldane
model and obtained the maximum specific growth rates
(μmax = 0.438 h−1), half saturation (Ks = 29.54 mg/L) and
substrate inhibition constant (Ki = 72.45 mg/L). Jiang et al.
[24] studied the biodegradation of phenol at high initial concentration by Alcaligenes faecalis using Haldane model,
which was adopted to well describe the growth kinetics of
A. faecalis with the model constants of μmax = 0.15 h−1, KS
=2.22 mg/L and Ki = 245.37 mg/L.
Hence, in this paper, a novel phenol-degrading strain
(Serratia sp.) was isolated from activated sludge from aeration basin of the Capital Iron and Steel Group coking
wastewater plant located in Beijing, China, and its degradation kinetics in the state of free and immobilized would
be investigated in order to exhibit immobilized strains potential for phenol degradation. Meanwhile, due to the versatility of Haldane’s model for inhibitory substrates, above
degradation kinetics based on the Haldane equation were
compared with phenol concentrations of 0 to 500 mg/L.

Also the comparison of two bacteria on the phenol degradation performance in actual coking wastewater was investigated to validate the kinetics.
2. MATERIALS AND METHODS
2.1 Experimental strains and culture medium

The strains used in the experiments were isolated and
enriched from the activated sludge in aeration basin of the
Capital Iron and Steel Group coking wastewater plant located in Beijing, China. And then it was identified as Serratia sp. based on physiological and biochemical tests [25].
All the chemicals and reagents used in the study were
the analytical grade with more than 99% purity. The medium was divided into two types, denoting as enrichment
medium and the sole carbon source medium with the following compositions.
Enrichment medium contained (in per liter): Beef extract 5.0 g, peptone 10.0 g and NaCl 5.0 g. The sole carbon
source medium contained (in per liter): KH2PO4 2.0g,
NH4Cl 1.0 g, CaCl2·2H2O 60.0mg, MgCl2·6H2O 50.0mg,
FeCl3·6H2O 2.5mg, NaNO3 10.0 mg, Na2SO4 10.0 mg,
phenol (added as required).
2.2 Immobilization of Serratia sp.

Polyvinyl alcohol (PVA) of 10% was soaked with 50 mL
distilled water for 1 d. Then carrageenan of 20g/L was added
into the solution. After sterilization and cooling, it was
placed into water bath at 45 °C for heat preservation. Whereafter, 5mL of bacterial suspension was added into the solution, then after uniform mix, the sterilized crosslinking agent
solution (saturated boric acid + KCl) was dropwised into it
by a needle, forming spheres particles of immobilized Serratia sp. with diameter of about 2-5 mm. Finnaly, the immobilized Serratia sp. was placed in the buffer solution at
pH of 7, and then stored at 4 °C.
2.3 Phenol biodegradation kinetics experiments

All biodegradation experiments in this study were conducted in 250ml flasks and completed with shaking and
training under the conditions of 30°C and 120r/min. The
experimental strains were inoculated, acclimatized, separated and purified, before they were used in the experiments.
As phenol was used as the sole carbon and energy
source, the biodegradation of phenol and growth of free
bacteria were investigated in the concentration range of 0500 mg/L. Based on these results of free bacteria for phenol
biodegradation, batch experiments of phenol degradation
kinetics of free bacteria was also performed. The used phenol concentrations were varying from 0 to 500 mg/L with
the values of 0, 20, 40, 60, 80, 100, 150, 200, 250, 300,
350, 400, 450 and 500 mg/L or so.
The immobilized Serratia sp. was inoculated into enrichment medium and activated for 3 days, and then 1mL
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of immobilized bacteria with the same amount of free bacteria were used for phenol degradation kinetics experiments with phenol concentrations of 0, 20, 40, 60, 80, 100,
150, 200, 250, 300, 350, 400, 450 and 500 mg/L or so.

inhibition of phenol on bacteria is not obvious. However,
when phenol concentration is higher than 264.8mg/L, phenol inhibition becomes a leading role.
500
450
400
350
300
250
200
150
100
50
0

The immobilized Serratia sp. was inoculated into enriched medium and activated for 3d with phenol concentration of 400mg/L. And then 1mL of free and immobilized
bacteria were inoculated into the actual coking wastewater
and trained under the condition of 30°C and 120r/min. The
initial phenol concentration of actual coking wastewater is
523mg/L. The phenol concentration of effluent at different
training time was determined respectively. At the same
time, the blank experiment of non-inoculated immobilized
beads was performed to eliminate the adsorption of phenol
of the actual coking wastewater by immobilized beads.

The free bacterial concentration was determined by
turbidimetric method, namely, measuring its absorbance
(OD600 value) at a 600 nm wavelength with a WFJ7200
spectrophotometer (Unico, Shanghai, China). Total phenolic compounds were analyzed by measurement of absorbance at a wavelength of 510 nm with the spectrophotometer
after color development by 4-aminoantipyrene method.
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FIGURE 1 - The curve of phenol-degrading of free Serratia sp. at different phenol concentrations
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3. RESULTS AND DISCUSSION

0.05

3.1 Biodegradation of free Serratia sp. at different phenol concentrations

At different phenol concentrations, the curve of phenol
biodegradation and bacteria growth was shown in Fig. 1 and
Fig. 2, respectively. The Serratia sp. completed phenol degradation within 20h and 28h at phenol concentrations of
about 95.0mg/L and 195.5mg/L respectively (see Fig. 1.).
With the increase of initial phenol concentration, a lag phase
was noticeable in test. 36h was required to completely degrade about 264.8mg/L phenol. While phenol concentrations gradually increased to 410.9mg/L and 499.6mg/L, the
strains showed a certain lag phase, and completed phenol
degradation within 52h and 68h, respectively. Meanwhile,
with augmentation of phenol concentration, the strains undergo much longer lag phase and the final biomass increased slightly (see Fig. 2.). Lag phase was 16h, 24h, 32h
and 36h at phenol concentration of 195.5mg/L, 264.8mg/L,
410.9mg/L and 499.6mg/L, respectively.
Based on the above data, it is evident that when phenol
concentration is lower than 195.5mg/L, Serratia sp. shows
shorter lag phase. Meanwhile, in above phenol concentration range, with its value increasing, the average degradation rate of phenol also gradually increased, namely, the
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FIGURE 2 - The free Serratia sp. growth curve at different phenol
concentrations
3.2 Kinetics of phenol degradation by free Serratia sp.

Because of the substrate inhibition on the bacteria
growth, the Haldane’s equation was selected here due to its
wide applicability for assessing the growth kinetics of inhibitory substrate. The equation is expressed as:

   max S
where

K

S

 S  S 2 Ki 

(1)

 is the microbial specific growth rate (h-1),

max is the maximum microbial specific growth rate in the
saturation concentration (h-1), S is the substrate concentration (mg/L), K s is the substrate saturation coefficient, K i
is the substrate inhibition coefficient (mg/L).
The kinetics experiments of free Serratia sp. were
conducted with phenol concentrations ranging from 0 to
500 mg/L. The experimental data were utilized for calcu-
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lating specific growth rate. Table 1 lists kinetic parameters
of free Serratia sp. for phenol biodegradation, which are derived from a non-linear least-square regression method of
Origin 8.0 based on the experimental data obtained in the
tests. The residual sum of squares were very small and the R
square was 0.9874, indicating that the regression curve is
well fitted with the experimental data. Therefore, specific
growth rate equation of free Serratia sp. based on Haldane
model is   0.398S

 9.7  S  S

2

263.96  .

concentrations at the maximum bacteria concentration and
initial substrate concentration (mg/L).
Based on the above equation (3), the calculated biomass yield value of phenol was presented in Fig.4. By fitting, the bacteria growth factor Y for phenol degradation
can be calculated with the value of Y = 5.22 (R2=0.9742).
Therefore, Vmax =0.076 h-1. The Haldane-type phenol specific degradation rate equation of free Serratia sp. can be
expressed as V  0.076 S 9.7  S  S 2 263.96 .



TABLE 1 - The kinetic parameters of free Serratia sp. for phenol biodegradation

Phenol

max

Ks

Ki

(h-1)
0.398

(mg/L)
9.70

(mg/L)
263.96

Residual sum
of squares

R2

8.83×10-4

0.9874

90
80

Growth rate of strains (mg/(L.h))

Substrate

The dependences of free Serratia sp. specific growth
rate on the initial concentrations of phenol were shown in
Fig. 3. When the initial concentration of phenol was more
than 50mg/L, the specific growth rate of strains decreased
with the increasing of phenol concentration, which should
be resulted from that the substrate inhibition became a
leading role at higher phenol concentration. As it could be
seen in Fig. 3, the maximum specific growth rate occurred
at the initial phenol concentration of 50.5mg/L.
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FIGURE 4 - The growth factor of Serratia sp.
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Bai et al. [26] studied the kinetic modeling of phenol
degradation using Alcaligenes faecalis, which was described well using the Haldane-type kinetic model with
model constant of  max = 0.15 h-1 for bacteria growth on

0.30
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phenol. Arutchelvan et al. [18] studied the kinetics of phenol using Haldane model by Bacillus brevis with kinetic
constant for bacteria growth in the range  max = 0.026-
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3.3 Kinetics of phenol degradation by immobilized Serratia sp.

Phenol initial concentration (mg/L)
FIGURE 3 - The kinetics curve of free Serratia sp.

Due to Vmax 

 max Y

(2)

where Vmax is the maximum specific degradation rate
in the saturation concentration (h-1), Y is biomass yield for
substrate, and it can be calculated using the following equation (Yao et al. [28]):

Y   X M  X 0   SM  S0 

0.078 h-1. Therefore, the comparison shows the fact that the
Serratia sp. has outstanding degradation performance for
phenol removal and strong ability to adapt the quality of
coking wastewater.

Based on the above studies, it is evident that the inhibition of phenol on free Serratia sp. at phenol concentration more than 50mg/L is obvious. Thus, degradation kinetics of immobilized Serratia sp. was studied.
Based on the consideration of engineering significance, the specific degradation rate of the organic substrate
obeys the follow equation:
V    1 X 0    dS dt   d  S0  St 

(3)

 X dt    S
0

0

 St   X 0t 

where X M and X 0 are the maximum and initial dry

(4)
where S 0 is initial substrate concentration (mg/L), St

bacteria concentration (mg/L), S M and S 0 are substrate

is the residual substrate concentration after t hour (mg/L),
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t is contact time (h), X 0 is the initial dry bacteria concentration (mg/L).
The equation (4) was used to obtain the specific degradation rate of immobilized bacteria. It is assumed that the
microbial biomass of the immobilized Serratia sp. is unchanged within contact time. The degradation experiments
of immobilized Serratia sp. were carried out with phenol
concentrations ranging from 0 to 500 mg/L and contact
time of 4h. The residual phenol concentration was determined and the experimental data (see Fig.5) were utilized
for calculating the specific degradation rate. A non-linear
least-square regression method of Origin 8.0 was adopted
by the experimental data based on Haldane model. The kinetic fitting parameters of the immobilized Serratia sp. for
phenol biodegradation are listed in Table 2. The residual
sum of squares were very small and the R square was
0.9814, indicating that the regression curve is well fit the
experimental data. Therefore, the Haldane-type phenol
specific degradation rate equation of immobilized Serratia
sp. can be expressed as:

V  6.696S  644.715  S  S 2 / 47.372 

.
As it could be seen in Fig. 5, the maximum specific
degradation rate occurred at substrate concentration of
181.8 mg/L. When phenol concentration was more than

200mg/L, specific degradation rate of immobilized Serratia sp. decreased with the increasing of phenol concentration. Comparing with free Serratia sp., it can be found that
the phenol tolerance of immobilized Serratia sp. is much
stronger. The maximum phenol specific degradation rate of
free Serratia sp. is 0.076 h-1, while that of immobilized Serratia sp. is 6.696 h-1, much higher than the former, indicating that the degradation capability of immobilized bacteria
is far stronger.
3.4 Phenol degradation performance between free and immobilized Serratia sp.

The comparison of free and immobilized Serratia sp.
on the phenol degradation performance in actual coking
wastewater was investigated. As it could be seen in Fig. 6,
at the beginning of reaction, both immobilized and free
Serratia sp. showed a certain adaptation period, which may
result from the fact that actual coking wastewater contains
high concentrations of organic pollutants and its composition is very complex with the characteristics of high toxicity. After a period of stagnation, the immobilized Serratia sp. could quickly degrade phenol and complete the phenol degradation within 4d, while the free Serratia sp.
within 6d. The above results once confirmed that immobilized Serratia sp. for phenol degradation was better than
free one, and which also was accord with prediction of degradation kinetics models.

TABLE 2 - The kinetic parameters of immobilized Serratia sp. for phenol biodegradation
Substrate

Vmax (h-1)

K s (mg/L)

K i (mg/L)

Phenol

6.696

644.715

47.372

Residual sum of
squares
1.04×10-2

Specific degradation rate of phenol (h-1)

0.9
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Fitting curve
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FIGURE 5 - The phenol degradation kinetics curve of immobilized Serratia sp.
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FIGURE 6 - The comparison of immobilized and free Serratia sp. on the phenol-degrading performance
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4. CONCLUSIONS
Biodegradation of free Serratia sp. at different phenol
concentrations showed that the substrate would inhibit its
growth at phenol concentration more than 195.5mg/L.
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rate
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is
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The maximum phenol specific degradation rate of free and
immobilized Serratia sp. is 0.076 h-1 and 6.696 h-1 respectively, which indicats that the latter have much higher phenol degradation performance and stronger phenol tolerance. Meanwhile, comparison experiment of free and immobilized Serratia sp. for phenol degradation performance
from actual coking wastewater further confirmed the above
conclusion.
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THE INFLUENCE OF SHORT-LIVED
LEGUME SWARDS AND STRAW ON SOIL
HUMIC SUBSTANCES IN A CLAY LOAM CAMBISOL
Ausra Arlauskiene1, Alvyra Slepetiene2, Inga Liaudanskiene2,
Lina Sarunaite2,*, Kristina Amaleviciute2 and Aleksandras Velykis1
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ABSTRACT
The experiments were designed to estimate the effects
of short-lived legume swards. Therefore, the mass of Trifolium pratense L., a mixture of Trifolium repens L. and Lolium multiflorum Lamk. and straw of Triticum aestivum L.
were incorporated into the soil, and the effects of changes of
soil humic substances and their quality in 0–25 cm soil layer
were monitored in a clay loam Cambisol, in two years. In
the first year, it was found that incorporation of T. repens
and L. multiflorum mass increased the content of mobile humic acids, total humic acids and extractable humic substances (sum of humic and fulvic acids), compared with the
respective values before the trial establishment. T. pratense
mass increased only the content of mobile humic acids.
Conditionally stable humic acid fractions were formed more
intensively in the second year of legume mass and straw effect. The best quality of humus was observed using the mass
of T. pratense, in combination with cereal straw. Based on
our findings, we conclude that the mass of legume swards
used as green manure influenced the increase of humic substances only for one year after incorporation. Increases of
stable humic substances were determined using the mass of
legume swards, in combination with cereal straw.

are determined by so many factors: plant material used and
its chemical properties, temperature and humidity during
the decomposition and soil microbial activity and characterization [3]. The limiting factor in the humification process is considered to be N or C/N [4]. Therefore, an important place in the formation of soil humus is taken by
legume plants [5]. Trejada et al. [4] have indicated that legume plants aboveground mass with a lower C/N ratio increases microbial activity in soil, activates nitrogen relaxation and the utilization efficiency of subsequent crops,
compared to non-legumes [4]. Cereal residues decompose
slowly and increase the organic matter in the soil due to a
higher concentration of phenols, carbohydrates and C/N
[6]. Swedish researchers have established that the humification rate of farmyard manure is 32%, and those of roots
of plants and green manure were 39 and 15% [7]. Farmyard
manure decomposition includes mineralization and N immobilization stages, thus increasing stability of organic
compounds in soil, and humus accumulates intensively
compared to plant residues [8]. In Lithuania, numerous
studies dealing with the effects of green manuring on Corg
have been undertaken; however, these studies have been
short and fragmentary so far. The objective of our research
work was to estimate the effects of the mass of undersown
short-lived legumes and winter wheat straw incorporated
as manure on the composition of soil humic substances,
and their variation in a clay loam Cambisol.

KEYWORDS: Short-lived legume swards, winter wheat straw, humic substances, Cambisol

2. MATERIALS AND METHODS
2.1 Experimental site and soil

1. INTRODUCTION
Understanding the conversion of plant residues into
soil organic-compounds is limited and remains as a priority
in research [1]. Data on plant mass microbial transformation or humification, variation of carbon (C) and nitrogen (N) in soils are not unambiguous [2]. These processes
* Corresponding author

Research was done in the northern part of Central Lithuania’s lowland (56°12′ N, 24° 20′ E) at the Joniškėlis Experimental Station of Lithuanian Research Centre for Agriculture and Forestry on an limnoglacial clay loam Endocalcari – Endohypogleyic Cambisol. The topsoil (0–
25 cm) pH was close to neutral (6.5–6.6), to medium in
phosphorus (P2O5 118–128 mg kg-1 soil), high in potassium (K2O 213–219 mg kg-1 soil), and moderate in humus
(2.4 %).
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2.2 Field experiment

Experimental design was as follows: factor A – winter
wheat (Triticum aestivum L.) straw: 1) removed from the
field, 2) chopped and spread; factor B – undersown legume
swards: 1) without undersown legume swards (WUL), 2)
red clover (Trifolium pratense L.) (RC), 3) white clover
(Trifolium repens L.) and Italian ryegrass (Lolium multiflorum Lamk.) mixture (WC+IR, seed rate ratio 1:1). Two
analogous field experiments were carried out. Red clover
(cv. ‘Vyliai’, seed rate 15 kg ha-1) and mixture of white
clover (cv. ‘Atoliai’, seed rate 8 kg ha-1) and Italian
ryegrass (cv. ‘Rapid’, seed rate 7 kg ha-1) were undersown
into winter wheat (cv. ‘Ada’, seed rate 220 kg ha-1), early
in spring when the soil had dried sufficiently. After winter
wheat harvesting (on the same day), the straw was either
removed or chopped and spread (factor A). Ammonium nitrate (45 kg N ha-1) was applied on plots without undersown
legume swards for straw mineralization. In the middle of October, the mass of legume swards was chopped and incorporated into the soil (at 10–12 cm depth) as green manure, and
immediately ploughed at 24–25 cm depth. The effects of
these measures were monitored for two years by growing
spring barley (cv. ‘Ula’, seed rate 230 kg ha-1), employing
conventional soil and crop management practices.

extract to pH 1.3–1.5 using 0.5 M H2SO4 at 68–70 °C, and
humic acids were separated by filtering. Separated humic
acids were re-dissolved in 0.1 M NaOH solution. Some humic and fulvic acid solutions of each fraction were evaporated, oxidized and organic carbon content was determined, using the same procedures as for soil samples. Corg.
content in the fractions of humic and fulvic acids were determined by the dichromate oxidation procedure. The following humic acids fractions were identified: CHA1 – free
and weakly bound with clay minerals and referred to as
“mobile” humic acids fraction, CHA2 – bound with calcium,
and CHA3 – strongly bound with soil clay minerals. Plant
and soil chemical analyses were done at the Chemical Research Laboratory of Institute of Agriculture of Lithuanian
Research Centre for Agriculture and Forestry, during 2012.
This paper presents the data averaged over two experiments. The experimental data were processed by Anova
and Stat Eng tests, and evaluated according to Fisher’s criteria, standard error and least significant differences
(LSD01 and LSD05).
3. RESULTS AND DISCUSSION
3.1 Legume swards mass

2.3 Plant and soil analyses

The mass of undersown legumes was measured before
autumn ploughing. To determine the root mass of legumes,
monoliths, 0.25 x 0.25 x 0.24 m in size, were dug out in the
plots of each treatment. The roots were washed, dried, and
air-dry weight was determined. Samples of the aboveground and underground mass were taken for the determination of dry matter (DM, dried to constant mass at 105
°C), N and C. N and C in plant samples were determined
by the analysers Vario EL and Carry 50. Soil samples for
the determination of Corg. content and fractional composition of humic substances were collected from 0–25 cm
layer before trial establishment (end of April), and in the
first and second years after spring barley harvesting (in
early August). Humus fractional composition was identified according to the Tiurin method modified by Ponomareva and Plotnikova [9]. For humus fractional composition,
solutions of different NaOH concentrations were used for
extraction: 0.1 M NaOH (room temperature), 0.02 M NaOH
(hot extraction), and also 0.05 M H2SO4 (for decalcitation,
room temperature) at a soil solution ratio of 1:20. The extracted humic substances were then separated into humic
(ΣCHA) and fulvic (ΣCFA) acid fractions by acidifying the

During the experimental period the mass (aboveground and underground) of legume swards amounted to
3885–4335 kg ha-1 DM. There were no significant differences in mass yield between legume swards (Table 1).
In agrosystems, it is important to consider different N
nutrition methods of Fabaceae and Poaceae plants. Red
and white clover fixed the larger part of N from the atmosphere, and supplied the agrocenose with extra N [10], while
Italian ryegrass during August – October months utilised
the remaining N which had not been utilised by the main
crops, or had accumulated in the soil due to intensive micro-organism activity. Straw accumulates 2.6–2.9 times
more C than undersown legume swards.
3.2 Humic acids

In most soils, humic fractions CHA1 and CHA2 were
more responsive to land-use changes than was total soil organic matter in quantity and chemical nature [11]. Our experimental evidence suggests that in the first year after incorporation of straw and mass of undersown legume
swards, the content of mobile humic acids increased, compared with the data before trial establishment (Table 2).

TABLE 1 - Mass (aboveground and underground) of undersown legume swards and straw incorporated into the soil and their quality (mean
± standard error).
Legume swards and straw

DM
kg ha-1

RC
WC+IR
Straw

4335±183
3885±248
5835±635

N
g kg-1
53.2±5.7
45.5±3.9
4.1±1.4

kg ha-1
117.4±17.2
90.3±13.2
23.9±3.7
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C
g kg-1
783±34
750±27
440±20

kg ha-1
999±144
880±145
2567±63

C:N
15±0.5
16±0.5
107±3.0
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TABLE 2 - Change of humic acids fractions (C % from total Corg.) in the soil after incorporation of mass of undersown legume swards and
straw.
Legume swards
(factor B)
Before trial establishment

Winter wheat straw (factor A)
removed from the field
CHA1
CHA2
CHA3
2.3
9.0
18.6
±0.25
±0.15
±0.30

ΣCHA
29.5
±0.25

chopped and spread
CHA1
CHA2
2.3
9.0
±0.25
±0.15

First year
WUL
4.9
8.6
16.8
30.2
4.7
RC
5.5
8.5
16.5
30.4
5.0
WC+IR
5.5
8.0
18.6
31.7*
4.7
Mean (factor A)
5.3
8.4
17.3
30.8
4.8*
0.46
LSD05 (factor A)
0.65
LSD05 (factor B)
0.92
LSD05 (factor AB)
Second year
WUL
2.3
10.1
16.3
28.7
1.9
RC
2.4
9.3
16.9
28.5
2.0
WC+IR
2.4
9.8
16.3
28.5
2.0
Mean (factor A)
2.4
9.7
16.5
28.6
2.0*
0.35
LSD05 (factor A)
0.49
LSD05 (factor B)
0.69
LSD05 (factor AB)
* – differences are statistically significant as compared to the check treatment at 0.05, ** – at 0.01

Mobile humic acids (CHA1) accounted for 4.7–5.5 % of
the total Corg, or 15.4–18.1 % of the total humic acid (ΣCHA)
contents. N-rich, readily mineralising mass of legume
sward species (with straw removed from the field) incorporated into the soil markedly (by 0.6 percentage points)
increased CHA1 content, compared with the treatment without legume swards and straw. Having incorporated straw
into the soil (with mineral N fertilizer or legume mass), the
content of CHA1 increased; however, this content was significantly lower (by on average 0.5 percentage points)
compared with the treatments where straw had not been
used as fertilizer.
The amount of the second fraction of humic acids
(CHA2), compared with their status before trial establishment, declined in all the cases: with straw removed from
the field by, on average, 0.6 percentage points, and with
straw utilised as fertilizer by, on average, 1.2 percentage
points.
The third fraction of humic acids (CHA3) in a clay loam
Cambisol accounted for the largest share (54.3–58.7%) of
the total humic acids (ΣCHA) contents. CHA3 are attributed
to stable or partially inert humus forms, are more resistant
to decomposition, and are characterised by a slower variation and higher humification degree compared with mobile
humic acids [12]. The effects of the measures applied were
one-to-many. Their content was mostly increased using
mass of white clover, and Italian ryegrass mixtures without
or in combination with straw.
With increasing fractions of CHA3 strongly bound with
clay minerals, a significant increase in ΣCHA content (r =
0.92, P< 0.01) occurred. During the first year of effects of
the measures applied, the ΣCHA content significantly (P <
0.01) depended on incorporation of straw and legume

CHA3
18.6
±0.30

ΣCHA
29.5
±0.25

7.7
7.1*
8.6
7.8
0.55
0.77
1.09

16.6
16.8
17.2
16.9
1.03
1.46
2.07

28.9
28.9
30.6
29.5*
0.81
1.15
1.62

9.2
9.5
8.8*
9.2
0.51
0.72
1.01

18.0**
19.3**
18.5**
18.6**
0.37
0.52
0.73

29.2
30.9*
29.3
29.8*
0.79
1.12
1.58

swards. The most intensive humification processes
(accumulation of ΣCHA) occurred in the soil having
incorporated the masses of white clover and Italian
ryegrass mixture (without straw incorporation).
In the second year of measure effects applied, formation of more stable humic acids was noted. This agrees
with the data suggesting that the content of readily metabolizable compounds declines, and only stable humic substances persist, and build up and secure long-term, continuous nutrient and energy supply [12]. The content of CHA1
compared with that in the first year of effects was almost
halved: from 4.7–5.5 C % from total Corg (in the first year)
to 1.9–2.4 C % from total Corg (in the second year). However, the content of CHA1 when straw had been removed still
remained higher, compared with the treatments with straw
used as manure. This difference was significant. The content of CHA2 increased, compared with the first year of effects, and was by, on average, 0.5 percentage points higher
compared with that before trial establishment.
The stable fraction CHA3 accounted for 56.8–63.1 % of
the ΣCHA content. Straw utilization as manure significantly
promoted the build up of these acids. Incorporation of
straw into soil can be a strong means for controlling N dynamics in soil, because straw will enhance microbial N immobilization due to the high C:N ratio of the materials [13].
All the agricultural practices used in combination with
straw significantly increased the content of CHA3 to 18.0–
19.3 % from 16.3 % (treatment without legume swards and
straw).
In the second year of measure effects, soil organic matter humification (represented by ΣCHA) was significantly
increased by straw. ΣCHA was increased by straw by, on
average, 1.2 percentage points compared with the treatments
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FIGURE 1 - Changes of humic substances (a) and ΣCHA to ΣCFA ratio (b) in 0–25 cm soil layer after incorporation of mass of legume swards
and wheat straw. * – differences are statistically significant as compared to the check treatment at 0.05, ** – at 0.01.

with straw removed from the field. In the intensive cereal
crop rotation involving straw fertilization with the addition
of 45 kg N ha-1, like in the first year of effects, the content
of ΣCHA tended to decline (0.03 C g kg-1), compared with
that before trial establishment. Mineral N fertilizer applied
together with straw is a means to rapidly increase the
productivity of soil but it does not provide long-term and
stable effects, in comparison with legumes for green manure [14]. Other data suggest that mineral-N inputs have a
positive impact on the transformation of residual C into
more stable soil organic matter [15]. Unused N fertilizer is
often leached from the soil during the autumn-winter period. The greatest positive influence on ΣCHA formation
was exerted by straw utilisation as manure together with
the mass of red clover (significant).

In the first year, ΣCHA to ΣCFA ratio tended to increase
compared to that before trial establishment, except for the
treatment of red clover mass incorporation with straw. Differences between the measures used were best revealed in
the second year. ΣCHA to ΣCFA tended to increase using the
mass of legume swards, or in combination with straw, compared to the treatment without legume swards and straw.
The significantly highest ratio was determined having incorporated straw together with red clover mass (from 0.82
to 0.94). Literature sources indicated that the newly formed
products of various complexities are involved again into
organic matter synthesis and destruction processes that occur continuously [16]. Humic substances of clay loam are
characterised as being of low mobility and strongly bound,
which is determined by a high content of clay particles that
interact with soil organic matter.

3.3 Humus quality

Amount of humic substances (ΣCHA+ΣCFR) and ratio
of humic acids (ΣCHA/ΣCFA) describe the humus quality
(Figs. 1 a, b).
In the first year of effects of green manure application,
mixture of white clover and Italian ryegrass significantly
increased the amount of ΣCHA+ΣCFR. A positive effect of
straw on the amount of humic substances was evidenced in
the second year of the effect of the manure applied.

4. CONCLUSIONS
Manure is a major source of nitrogen and carbon, and
straw is the only carbon source for the formation of soil
humic substances. Masses of white clover and Italian
ryegrass mixture and that of red clover, used as green manure, exert short-term effects in the increase of soil humic
substances. Incorporated mass of white clover mixture with
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Italian ryegrass significantly increased the content of soil humic acids (ΣCHA) and humic substances (ΣCHA+ΣCFR),
through the increase of mobile (CHA1) and relatively stable
(CHA3) humic acids. Incorporated mass of red clover increased only mobile humic acids. Use of straw for manure,
in combination with mass of swards, had a more lasting
impact and significantly increased the formation of humic
acids (CHA3), relatively resistant to decomposition in the
second year. Having incorporated red clover mass into the
soil, in combination with straw, the contents of humic acids
and ratios of ΣCHA and ΣCFA acids were significantly
higher.

[9]

Ponomareva, V.V. and Plotnikova, T.A. (1980) Humus and soil
formation. Academic Press Nauka, Leningrad, 1-222 (in
Russian).

[10] Herridge, D.F., Peoples, M.B. and Boddey, R.M. (2008)
Global inputs of biological nitrogen fixation in agricultural
systems. Plant Soil 311, 1-18.
[11] Olk, D.C. (2006) A chemical fractionation for structurefunction relations of soil organic matter in nutrient cycling.
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BETWEEN GROWTH AND ENERGY IN EUROPEAN UNION
Gülistan Erdal1*, Güngör Karakaş1 and Bekir Ayyıldız1
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ABSTRACT
In this paper the relationship between economic
growth and energy consumption in the European Union
(EU) for the period from 1990 to 2011 were investigated.
Information for total economy, industry, transport, services, and agriculture in 27 EU countries has been collected. This paper used panel data analysis to decide causality relationships between the series. Findings showed a
bi-directional causality between economic growth and energy consumption for both short-run and long-run. However none of the sectors showed bi-directional relationship
for short and long-runs together.
KEYWORDS:
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1. INTRODUCTION
The increase in petroleum prices from 1970’s to
1990’s, and the increasing petroleum demands of the developed and developing countries and economic crisis
therewith put forward the requirement for the countries to
keep their energy policies dynamic. The reason is that energy is significant for the growth of the economics. The
different findings from the first empirical study which investigated relationship energy and economic growth by
Kraft and Kraft [1] and once the rest of the studies which
have been carried out for over 30 years have been discussed. These discussions are important for the countries
in order to shape their energy policies.
If energy consumption causes economic growth, a decrease in energy consumption would have a negative effect
on growth. If energy consumption does not cause economic
growth then energy protection policies would have no impact on growth. Finally, if results of empirical studies suggest that there is a bi-directional relationship between energy consumption and economic growth, then any global
policy to reduce energy consumption for decreasing emissions would have an impact on the economic growth of
countries.
* Corresponding author

The EU is looking for new policies about the energy
issue which is a key point for the economy. The EU was
built upon energy and industrial materials like coal and
steel after WWII and today have troubles in making policies mostly for energy sector. The EU, which contains 28
member countries with a population of about 500 million,
is one of the biggest energy consumption areas of the
world. In spite of hard efforts to constract a shared foreign
policy, a shared defense policy and even an EU Constitution, the EU could not achieve a progress in making national shared energy policies, yet.
The EU imports approximately 80% of its petroleum
and 60% of natural gas consumption [2]. It is known that
the EU’s dependency of energy sources is going to grow
after attendance of Turkey and other East Block countries
are joined into the union. Heads of the European countries
demanded for a correct European energy policy at the end
of 2005. This caused the European Commission to publish
a Green Paper (Economical, Sustainable, and Safe energy)
in 2006 on the development of a common, consistent European Energy Policy [3]. Therefore, empirical studies on
the economic growth and energy consumption for EU are
highly important.
Fig. 1 clearly shows that final energy consumption and
GDP rates move together. There is a decrease in the beginning of the 1990’s in energy consumption. Rising energy
prices in those years can be said to have an effect on this
decrease. Energy consumption has rapidly increased between the years 1994 to mid 2000’s yet it has shown a decrease due to the world economical crisis in that year. A similar explanation can be given also for economic growth.
However the decrease in energy intensity did not have much
influence on economic growth. This figure is definitely far
from explaining the causality relationship between them.
There are very few studies concerning economic growth
and energy. Also, these few studies [3-5] only analysed the
relationship between total economic growth and total energy/electric consumption in the EU member countries.
However, energy consumption might be in different densities and of different importance levels for main sectors.
Fig. 2 illustrate information on sectoral energy consumption from 1990 to 2011 in EU countries. The industrial sector has shown fluctuation some years which are
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1990-1994, 2008. In these years, there was an increase of
oil prices and economic crises. On the other hand, transport
and services sectors show increasing energy consumption
from 1990 to 2011.
In several studies [6-8] were investigated the relationship between economic growth and energy consumption
both on total economy and the sectoral level. In these studies
were not found the relationship between energy and growth

on total economic level. Whereas the studies found some
evidences for the causality in sectoral level.
This paper, was performed on the total economy and
on main sectors, (industry, service, transport and agriculture). The analysis were tested for individually main sectors in the EU. The results may be important for shared policy makers and appliers in EU.

FIGURE 1 - Final energy consumption and GDP in the EU

FIGURE 2 - The plots energy consumption for the EU countries (000 tonnes of oil equivalent)
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2. METHODS
In this study data on 27 EU countries (Countries except
Malta: Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech
Republic, Denmark, Finland, France, Germany, Hungary,
Ireland, Italy, Latvia, Lithuania, Luxembourg, Netherlands, Estonia, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, United Kingdom, Greece) have been
composed. The data covered the period between19902011. The dataset was established from Eurostat and the
World Bank. In Table 1, descriptions of all series are outlined.
TABLE 1 – Descriptions of Series
Series
Energy consumption series
(000 tonnes of oil equivalent)
TOTECit
INDECit
TRSECit
SERECit
AGRECit
Economic sectors series
(current US$)
GDPit

Description

Total energy consumption
Industry sector’s energy consumption
Transport sector’s energy consumption
Service sector’s energy consumption
Agriculture sector’s energy consumption

Gross Domestic Product
(total economic growth)
INDit
Industry value added
SERit
Service value added
AGRit
Agriculture value added
Notes: i; country and t; time, all series are naturel logarithm

In this study panel data analysis was used. This analysis technique is important for the reliability of the analyses.
Panel series ensure a larger number of data increasing the
degrees of freedom and reducing the multicollinearity
problem between the regressors. Thus, panel data allows
for more powerful statistical tests and the test statistics asymptotically follow a normal distribution [9]. Several studies used panel data models [10-14].
This study use three different panel unit root tests including Im, Pesaran, and Shin [15] (hereinreferred to as
IPS); Levin, Lin and Chu [16] (herein referred to as LLC);
Breitung [17] (herein referred to as BRT) to assess the stationary properties of the used variables.
Eq (1) shows the IPS analysis model:
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each individual in the panel, namely, H0 : βi = 0 ∀i, against
the alternative H1 : βi < 0, i = 1, . . . ,N1 ; βi = 0, i = N1 + 1,
. . . ,N, which allows for some of the individual series to be
integrated. The proposed Ztbar (p,ƿ) statistic converges in
distribution to a standard normal variate sequentially, as
T→ ∞ followed by N.
We formula LLC unit root test is on Eg(1) but it considers the coefficients of the autoregressive term as homogeneous across all individuals, that is, βi = βi ∀i, LLC tests
the null hypothesis that each individual in the panel has integrated time series, that is, H0 : βi = β = 0 ∀i, against the
alternative H0 : βi = β < 0 ∀i. For this reason, under the
alternative, all single series are stationary. The resulting
statistic, t*, asymptotically follows a standard normal distribution.
Following ADF specification include LLC and BRT
tests. There are two different ways for separating the BRT
method from LLC. First of all, only the autoregressive portion (and not the exogenous components) is removed when
constructing the standardized proxies. Second, the proxies
are transformed and detrended. The BRT method requires
only a specification of the number of lags used in each
crosssection ADF regression, pi and the exogenous regressors.
We used Pedroni’s method [18] to the panel cointegration test following cointegrating regression:
,
1, … ,
1, …
2
is a time trend
Where, is the intercept term and
for each countries. is a slope coefficient.
Eq. (3) and Eq. (4) show panel Vector Autoregression
(VAR) models to causality analysis for the Panel series.
,
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In this formula yit represents the series for Ith country.
pi shows the number of lags selected for the Augmented
Dickey–Fuller (ADF) unit root regression and it are independently and normally distributed random variables for
all i and t with zero means and finite heterogeneous variances . IPS tests the null hypothesis of the unit root for

and
represents country-specific effects
Where
and
are the
of i th each country in the panel and
distortion terms. The correlation between variables are calculated by Applying Ordinary Least Square (OLS) to Eqs.
(3) and (4).
Cointegrated variable sets have a representation of error correction. Therefore Vector Corrected Model (VECM)
allows to distinguish between a long-run and short-run re-

1643

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

lationship of variables we consider the following panel
based VECM :
∆

∆
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5
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∆
6
Where, ECT is the error correction term obtained from
the residuals of the estimated cointegrating [3]. ETC coefficients provides information to the long-run equilibrium
levels.

TABLE 2 – Panel unit root tests for EU country energy and economic variables
Variable

Panel Specifications

Unit root tests
LLC
IPS
TOTEC
LLC
Total energy consumption
Individual effects and trends
BRT
IPS
LLC
Individual effects
IPS
INDEC
LLC
Industry sector’s energy consumption
Individual effects and trends
BRT
IPS
LLC
Individual effects
IPS
SEREC
LLC
Service sector’s energy consumption
Individual effects and trends
BRT
IPS
LLC
Individual effects
IPS
AGREC
LLC
Agriculture sector’s energy consumption
Individual effects and trends
BRT
IPS
LLC
Individual effects
IPS
GDP
LLC
Gross Domestic Product
Individual effects and trends
BRT
IPS
LLC
Individual effects
IPS
IND
Industry value added
LLC
Individual effects and trends
BRT
IPS
LLC
Individual effects
IPS
TRS
LLC
Transport value added
Individual effects and trends
BRT
IPS
LLC
Individual effects
IPS
SER
LLC
Service value added
Individual effects and trends
BRT
IPS
LLC
Individual effects
IPS
AGR
Agriculture value added
LLC
Individual effects and trends
BRT
IPS
Notes: The lag length has been chosen based on minimum AIC, H0: assumes unit root process.
a,b,c
Significant at the 10%,5%,1% respectively.
Individual effects

1644

Levels
-7.059c
-6.804c
1.867
-1.001
-0.501
-6.296c
-3.043c
-3.315c
3.787
-0.573
-1.784b
0.303
-1.293a
1.540
-0.534
-4.632c
-2.183b
-1.078
2.551
-1.020
1.406
4.902
-1.315a
0.419
-2.828c
1.554
4.219
-1.168
-1.830b
-1.209
-5.991c
-0.261
1.045
2.290
-0.876
0.878
5.159
-1.731b
0.442
2.690c
-1.252
-1.083
-4.582c
-0.197
-2.889c

First Differences
-10.055c
-11.762c
-5.829c
-2.286c
-9.884c
-14.473c
-13.750c
-10.642c
0.549
-11.883c
-17.107c
-15.885c
-16.460c
-8.214c
-16.871c
-16.120c
-13.563c
-14.182c
-5.110c
-11.598c
-9.697c
-7.630c
-8.339c
-2.879c
-4.868c
-10.880c
-8.878c
-8.970c
-4.046c
-5.760c
-9.749c
-9.760c
-13.457c
-2.713b
-12.453c
-10.455c
-7.554c
-7.163c
-2.037b
-4.109c
-14.542c
-14.029c
-11.918c
-5.619c
-10.576c
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3. RESULTS AND DISCUSSION
In this study, firstly, the statistical properties were
tested of the time series. We have applied the following
unit root tests for panel data: IPS, BRT and LLC for the
stationarity of variables. The tests have been calculated under two varied property that individual effects or individual
effects and trends. The test results reported in Table 2.The
unit root hypothesis couldnot be rejected when the variables were taken in levels and any causal deduction from the

series in levels would thus be null. But, when using the first
differences, the null of unit roots was violently rejected at
the 1% significance level for whole series. Thus, it was deduced that whole the series were non-stationary and integrated of order one.
Taking these results into account, we concluded that
the series were integrated of order one and proceeded to
test for cointegration. The results of panel cointegration
tests based on Eq. (2) are shown in Table 3. The analysis

TABLE 3 –The results of Panel Cointegration analysis
Total Economy
Panel v
0.090
Group rho
0.252
Panel rho
-1.867b
Group PP
-4.576c
Panel PP
-6.831c
Group ADF
-4.816c
c
Panel ADF
-8.631
Industry
Panel v
-0.261
Group rho
0.463
Panel rho
-1.431a
Group PP
-4.294c
Panel PP
-6.429c
Group ADF
-4.784c
c
Panel ADF
-7.319
Transport
Panel v
1.196
Group rho
1.291
Panel rho
-1.509a
Group PP
-2.018b
Panel PP
-3.815c
Group ADF
-4.447c
Panel ADF
-5.464c
Services
Panel v
0.554
Group rho
-0.534
Panel rho
-2.538c
Group PP
-3.969c
Panel PP
-4.814c
Group ADF
-4.864c
Panel ADF
-5.271c
Agriculture
Panel v
-0.215
Group rho
1.548
Panel rho
-0.183
Group PP
-2.850c
Panel PP
-2.032b
Group ADF
-2.970c
Panel ADF
-0.970
Notes: Trend assumptions, no deterministic trend.
The lag length has been chosen based on minimum AIC Lag selection: based on Modified Akaike
a,b,c
Significant at the 10%,5%,1% respectively.

TABLE 4 – The results of Panel VECM causality analysis
Short-run
Total Economy
∆GDP
∆GDP
∆TOTEC
4.733c
Industry
∆IND
∆IND
∆INDEC
28.236c
Transport
∆GDP
∆GDP
∆TRSEC
3.606c
Services
∆SER
∆SER
∆SEREC
5.545c
Agriculture
∆AGR
∆AGR
∆AGREC
2.443a
Note: The heteroschedasticity of the error terms is corrected by using white robust
standard errors both in periods. To correct for possible autocorrelation was used
the Newey-West estimator of the weighting matrix in the GMM criterion.
Note: a,b,cSignificant at the 10%,5%,1% repectively.
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∆TOTEC
2.659c
∆INDEC
0.351
∆TRSEC
0.536
∆SEREC
8.275c
∆AGREC
1.943
-

Long-run
ECT
-4.967c
-3.009c
ECT
-5.368c
-1.002
-6.764c
-5.393c
ECT
-5.429c
3.680
ECT
-1.455
-3.392c
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TABLE 5 – Causality directions in the total economy and the sectors

Total Economy
Industry
Transport
Services
Agriculture

Energy
consumption
∆TOTEC
∆INDEC
∆TRSEC
∆SEREC
∆AGREC

Economic
growth
∆GDP
∆IND
∆GDP
∆SER
∆AGR

Long-run

Short-run
0.82
0.03
0.02
0.05
0.03

of cointegration on bivariate models for the EU supported
the being of a long-run relationship to emphasise the statistical stability of the connection between the variables examined here.
We obtained Wald F-test on the significance of the coefficients by estimated the VECM for all the sectors and all
economy, We carried two different Granger causality relationships: a short-run causality, testing the significance of
the coefficients related to the lagged economic and energy
0 and
0 = for all i in eq. [5 and 6]),a
variables (H0:
long-run causality related to the coefficient for the ECT term
(H0: = 0 for all i in eq. [5 and 6]),
In Table 4 and Table 5 the results of the VECM with
two simultaneous equations of the causal relationships between energy consumption and economic growth for the all
economy and the four energy sectors for the EU are reported.
Table 4 provides knowledge in terms of Wald F-test
on the coefficients. On the other hand in Table 5, the same
results are briefed to the short and long-run elasticities
when the coefficients are statistically significant.
It was found that there were different results in Table
4 and 5 for each of the sectors. These results supported our
research hypothesis. Each result was interpreted for each
sector and economy level below.
3.1 Economy level

There was a bi-directional causality relationship for
both short and long runs between general economic growth
and total energy consumption in the EU. This result showed
that there was a fine relationship between economic growth
and total energy consumption in the EU. In a previous
study, the way and the presence of the causality for short
and long runs on country basis was researched for 15 of the
EU member countries and different results for each country
were recorded [4]. In another study [3] carried out for 12 European countries with panel methodology, a bidirectional but
weak causality was found between energy prices and GDP
and electricity consumption and energy prices. Menagaki [5]
studied the causal relationship has been both studied between economic growth and renewable energy and also greenhouse gas emissions and employment for the period between
the years 1997–2007 for 27 European countries. The empirical results did not confirm causality between renewable energy consumption and GDP, although panel causality tests
unfold short-run relationships between renewable energy
and greenhouse gas emissions and employment.

↔
←
←
↔
←

0.26
0.25
0.14
0.11
0.01

-0.05
-0.03
-0.02
-0.03
-

↔
→
↔
→
←

-0.01
-0.03
-0.02

Different from these studies, our study proved that
there was a strong relationship between energy consumption and economic growth in the EU for both short and
long-runs. This is an important result which the EU should
take into consideration in the course of preparing a shared
energy policy.
3.2 Industry sector

We have found evidence for uni-directional long-run
as well as short-run causality in the industry sector. This
relationship is from IND to INDEC for short-run and from
INDEC to IND for long-run. The change in the industry
sector of EU will effect energy consumption of the sector
for short run. On the other hand, changes in the energy consumption of the sector will effect the growth of the sector
in long run. In this case, it can be said that Union’s energy
policies which will be applied in all members of the EU are
highly important for the dynamism of the industry sector.
3.3 Transport sector

According to the empirical results, there was a uni-directional causality from GDP to TRSEC for short run where
as it was bi-directional between them for long run in the
transport sector. Our results for the transport sector emphasizes that energy consumption is inevitable in EU. We have
noticed that Gross [8] has made a similar study for the US
and reported the same relationship.
3.4 Services sector

We have found a bi-directional causality in short term
and a uni-directional causality from SER to SEREC in longrun for services sector. Results meant that the growth of services sector in short term depends on energy consumption
and the change in the energy consumption of the sector
would change upon the growth speed of the sector. This
result was also valid for the long-run. The first ranking sector according to sectoral growth rates for especially both
developing and developed economies is the services sector.
In that case, the importance of energy consumption is clear
for the sustainable growth of the services sector.
3.5 Agriculture sector

The relationship between the growth in agricultural
sector and energy consumption shows a very different pattern from other sectors in the EU, which is the fact that it
is shaped by a common European policy and supported by
highly important preservation programs. This relationship
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is from AGR to AGREC for both short and long runs. In
other words, it means that energy consumption will grow
as long as agricultural sector grows in EU or vice versa.
Energy is considered as an important input for agricultural production and intensively used for producing, transportation, processing and preserving agricultural products.
On the other hand, modern applications in agricultural sector increase the energy consumption. Use of agricultural
instruments and machinery increases the use of fossil fuels,
which are the main and the most important energy sources.
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ABSTRACT
Carbon-rich porous materials have wide environmental applications. In the present research, rice husk (RH) was
used for preparation of biochar and activated carbon. Activated carbons were produced under physical activation using steam, chemical activation using potassium hydroxide
(KOH) and physiochemical activation using KOH and
steam. Properties of biochar and activated carbons were
characterized by using nitrogen adsorption–desorption isotherm, Fourier transform- infrared analysis and Boehm titration method. The results showed that carbonization temperature and activation agents had significant effects on
properties of the samples. Chemical activation was the
most efficient method for production of activated carbons
with high surface area and porosity. Physiochemical activation improved mesopore volume of the activated carbons
prepared in low KOH ratio. The sodium (Na+) sorption capability of prepared carbonaceous adsorbents was evaluated. Na+ sorption was increased with increasing surface
area, porosity and micropores of the biochars and activated
carbons. The highest Na+ sorption of 134.2 mg g-1 belonged
to chemically-activated carbon produced by KOH/biochar
ratio of 3 having the highest surface area (2201 m2 g-1) and
total pore volume (0.96 cm3 g-1). Also, Na+ sorption was
increased by raising the initial Na+ concentration and pH
of the solution. The kinetic data followed closely the
pseudo-first order and intra-particle diffusion models.

KEYWORDS: Biochar, Activated carbon, Steam, KOH, Characterization, Na+ sorption.

1. INTRODUCTION
Biochars are low-cost carbon-rich porous materials obtained from pyrolysis of organic residues. They have posi* Corresponding author

tive properties such as large surface area, high porosity and
active functional groups, which are highly influenced by
the source of feedstock and the preparation process [1]. Biochar has been evaluated widely in water treatment applications for removing various contaminants [2, 3].
Activated carbon is high effective adsorbent which has
been used extensively for removal of various pollutants
from gaseous and liquid phases [4, 5]. Activated carbon
can be produced by activation of biochars. Physical activation involves activating the biochar with an oxidizing gas
such as CO2, steam or their combination at relatively high
temperatures [6]. In chemical activation, the biochar is impregnated with a chemical agent and then it is heated in an
inert atmosphere at various temperatures [7]. Previous
studies have shown that sorption behavior of activated carbon varied widely based on precursor type and the nature
of activation [8, 9].
The application of carbonaceous material is significantly affected by its texture and surface chemical property, which depend on the preparation procedure. Therefore, knowing the characteristics of carbon-based materials
is an important issue for selecting a suitable adsorbent to
remove specified compounds. More than 500000 tons of
rice husk (RH) is produced annually in Iran as raw biomass
[10]. Unfortunately, most of this residue is burned, causing
air pollution. Therefore, it will be useful to consider the use
of this material for producing applicable products, providing positive effects on the environment.
The main objective of this research was conversion of
RH to biochar, physically, chemically and physiochemically activated carbon and also evaluation of their characteristics. The scarcity of fresh water resources has impelled
humans to reuse poor quality water such as brackish and
drainage water. High concentration of Na+ as the major cation causing salinity is one of the important limiting factor
to reuse poor quality water resources. Another objective
was to determine the capability of the prepared biochars
and activated carbons to remove Na+ from saline waters.
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TABLE 1 - Properties of used rice husk
Ultimate analysis a (wt%)
Carbon
a

Hydrogen

40.9
6.1
dry basis; b by difference

Nitrogen

Oxygen b

Ash
(wt%)

pH

2.2

50.8

18.9

6.6

2.2 Characterization of biochars and activated carbons

2. MATERIALS AND METHODS
2.1 Preparation of biochars and activated carbons

RH was used as feedstock for biochar production. The
ultimate analysis results and ash percent of RH are shown
in Table 1. The RH was rinsed with boiling distilled water
and oven-dried at 105 °C for 24 h; then sieved to less than
0.5 mm particle size. The pyrolysis system consisted of a
reactor with inlet and outlet devices allowing movement of
gaseous flow through the sample. The reactor was placed
in the electrical furnace with a programmable temperature
controller. A thermocouple was employed to measure the
temperature in the reactor. For preparation of biochar, the
RH material was pyrolysed under inert N2 gas from room
temperature to desired carbonization temperature (400, 600
and 800°C) at a heating rate of 10 °C min-1 and held at the
final temperature for 2 h before cooling to room temperature.
The notation of prepared biochars at 400, 600 and 800 °C
was B4, B6 and B8, respectively.
For the physical activation, a sub-sample of desired biochar was reheated under N2 gas from room temperature to
700 or 800 °C at a heating rate of 10°C min-1. At the final
temperature, the activation was performed by introducing
water steam into the reactor for 1 h. Then the activated biochar was allowed to cool under N2 gas. The physicallyactivated carbon which was activated at 700 °C and 800 °C
was denoted as AS47 and AS68, respectively.
The B6 was selected for preparation of the chemically
activated carbons. For chemical activation, a sub-sample of
biochar was first impregnated with KOH. The ratio of
KOH: biochar was 1:1, 2:1 and 3:1 (w/w). The mixtures
were kept at room temperature for 24 h, and then ovendried at 105 °C for 24 h. The dried mixed samples were
heated under N2 gas at 800 °C for 1 h and then cooled-down
under N2 gas. After activation, the activated samples were
washed several times with boiling distilled water until the
pH of the filtrate was neutral. The washed samples were
dried at 105 °C for 24 h. The chemically-activated carbon
which was prepared with KOH/ biochar ratio of 1, 2 and 3
was denoted as AK1, AK2 and AK3, respectively.
For physiochemical activation, a sub-sample of the
prepared chemically activated carbons was heated under
N2 gas from room temperature up to 800 °C; then steam
flow was injected into the reactor for 1 h. The samples were
cooled down under N2 gas. The physiochemically-activated
carbons, prepared from AK1, AK2 and AK3 samples, were
denoted as AK1S, AK2S and AK3S, respectively.

The prepared biochars and the activated carbons were
characterized by several techniques. The product yield was
calculated as the weight ratio of final RH carbon-based
sample to the initial-dried raw material. The samples’ ash
was obtained by their oxidation under atmosphere in an
electrical furnace at 800 °C for 4 h. Electrical conductivity
(EC) and pH were measured by adding each sample to deionized water in a mass ratio of 1:100. The solution was
shaken for 2 h and then filtered before measuring the pH
and EC. A Metrohm 827 mV/pH-meter and a CC-501
Elmetron conductivity-meter were used for measuring pH
and EC, respectively.
The pH at which charge of the solid surface is zero is
referred as point of zero charge (pHPZC). To determine the
pHPZC value of biochars and activated carbons, 0.1 g of
each sample was introduced into 50 ml of 0.1 M KNO3 solution with initial pH range of 2-10 and was shaken for 24 h.
After that, the sample was separated from solution and equilibrium pH values of the solution were measured with a pHmeter. The difference between initial and equilibrium pH
was plotted against initial pH of the solution. The point at
which the graph crosses x-axis was noted as pHPZC value.
Quantities of surface acidic and basic functional groups
of the carbon-based samples were determined by Boehm titration method [11]. According to this method, 0.5 g of each
sample was added separately to 50 ml of 0.1 M NaOH and
0.1 M HCl, and shaken for 24 h. After the mixtures were
separated, the basic and acidic filtrates were titrated with
0.1 M HCl and 0.1 M NaOH, respectively. The amount of
total acidic and basic groups on the sample surface was estimated from the amount neutralized by NaOH and HCl solutions, respectively.
Physical textural characteristics of the samples were determined by N2 adsorption-desorption isotherm at –196 °C
using Belsorp mini II instrument. The BET surface area (SBET)
was calculated by the Brunauer–Emmet–Teller (BET)
method. The total pore volume (Vt) was obtained by N2 adsorption at a relative pressure of 0.98. Micropore area (Smic)
and micropore volume (Vmic) was derived from the t-plot
method. Mesopore area (Smes) and mesopore volume (Vmes)
was determined by subtracting the Smic and Vmic from SBET
and Vt [7].
The surface functional groups were identified by Fourier Transform Infra-Red (FTIR) spectra using JASCO
FTIR-680 spectrophotometer, within the wave number
range of 400 to 4000 cm-1.
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2.3 Sodium sorption of biochars and activated carbons

3. RESULTS AND DISCUSSION

Sodium sorption of prepared biochars and activated
carbons was determined by adding 0.2 g of each sorbent to
25 ml of 0.2 M NaCl. The NaCl used in this experiment
was of analytical grade. The mixture was shaken for 24 h.
The solution was filtered using Whatman 42 filter paper
and the Na+ concentration in the filtrated solution was
measured using a Corning 410 flame photometer. The Na+
sorption was calculated as follows:

qe 

(C0  Ce ) V
m

(1)

where qe (mg g-1) is the amount of sorbed Na+ at equilibrium, C0 (mg L-1) is initial concentration of Na+ ion, Ce
(mg L-1) is equilibrium concentration of Na+, V (L) is the
volume of the solution and m (g) is mass of the sample.
In order to consider the effect of initial pH on Na+ sorption of selected sorbent, before the sorption experiment pH
of the solution was adjusted by adding enough HCl or KOH
solution and measured using a pH meter.
For sorption kinetic studies, 0.2 g of the selected sorbent
was added to 25 ml of 0.2 M NaCl and shaken for different
time intervals. Then, the solution was filtered and Na+ concentration in the filtered solution was determined. Sorption
kinetics of Na+ on the sorbent was studied by applying
pseudo-first order, pseudo-second order and intra-particle
diffusion models as shown in equations (2) to (4), respectively.

q t  q e (1  e k t )
1

q e2 k 2 t
qt 
1  qek 2t
q t  k i t 0.5  c

(2)
(3)

(4)

where qt (mg g-1) is the amount of sorbed Na+ at time t, qe
(mg g-1) is the amount of sorbed Na+ at equilibrium, and k1,
k2, ki and c are constants.

3.1 Characteristics of the biochars and activated carbons

Table 2 shows selected characteristics of the biochars
and activated carbons. Product yield of biochars decreased
with increasing the pyrolysis temperature because of releases larger amount of volatiles at higher temperatures.
Product yield of the activated carbons was lower than the
biochars due to the larger evolution of volatiles. Higher
weight loss under activation with KOH was due to the large
release of volatile products as a result of intensifying dehydration and elimination reactions [12]. The product yield
of physiochemically-activated carbons was lower compared to other samples.
Ash content of the biochars was increased by increasing the pyrolysis temperature. Similar results were obtained by Hossain et al. [13]. The amount of ash was lower
in activated carbons produced by KOH agent because of
increasing the release of inorganics. The physiochemically-activated carbons had the lowest ash content.
pH of the biochars and activated carbons was in the
range of 8.2-10.1. Higher pH for the biochars prepared at
higher temperatures is probably due to the release of acidic
surface groups during the pyrolysis [14]. EC value is used
to estimate total dissolved solids in the water sample. Overall, EC of the produced samples was low; which indicates
that the amount of water soluble ions is low.
3.2 Surface chemistry

The pHPZC expresses surface charge of the adsorbent
and its interactions with adsorbates. Net charge of the adsorbent under and above pHPZC is positive and negative, respectively. All prepared samples had pHPZC in range of 6.88.5 (Table 3). The results indicated that pHPZC of the samples depends on preparation procedure and activation
agent. All the samples, except B4, had more basic surface
sites than acidic sites (Table 3). Maximum total acidic surface groups belonged to B4 and declined with increasing
carbonization temperature. Decomposition of the acidic
groups at temperatures above 600 °C causes production of
basic carbon-based materials [15].

TABLE 2- Characteristics of biochars and activated carbons
Sample

Carbonization temperature Activation temperature
(°C)
(°C)
B4
400
B6
600
B8
800
AS47
400
700
AS68
600
800
AK1
600
800
AK2
600
800
AK3
600
800
AK1S
600
800
AK2S
600
800
AK3S
600
800
*
Weight ratio of KOH to biochar is equal to 2:1.

Activation agent
Steam
Steam
KOH (1:1)
KOH (2:1)*
KOH (3:1)
KOH (1:1)+ Steam
KOH (2:1)+ Steam
KOH (3:1)+ Steam
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Yield
(wt%)
46.8
40.1
35.4
36.7
32.6
30.1
29.7
28.2
25.2
26.8
24.7

Ash
(wt%)
32.8
41.1
43.1
38.2
46.8
13.6
12.9
11.5
7.4
7.1
3.7

pH
8.23
9.02
10.05
9.92
10.13
9.21
9.33
9.25
9.51
9.44
9.74

EC
(dS m-1)
0.07
0.12
0.14
0.13
0.21
0.19
0.21
0.26
0.23
0.25
0.24
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3.3 Physical characteristics

It is well known that the sorption capacity of carbonaceous adsorbents can be recognized from their physical characteristics such as surface area, pore volume and pore size
distribution. Table 4 shows the physical textural properties
of the biochars and activated carbons. Pyrolysis and activation significantly increased surface area of RH (1.43 m2
g-1). B4 had the lowest SBET (32.6 m2 g-1) and Vt (0.029 cm3
g-1) among the biochars. By rising the carbonization temperature from 400 °C, surface area and pore volume of the
biochars increased due to removal of higher amounts of
volatiles resulting from decomposition of major compounds
of RH during the carbonization process. Our results indicated that activation process improved development of
pores and enhanced surface area of the biochars (Table 4).
Chemical activation was most efficient method for production of activated carbons with high surface area. SBET, Vt
and Vmic value of chemically activated carbon increased by
raising the KOH impregnation ratio. Increasing the amount
of KOH raises the release of volatiles causing development
of porosity and surface area. The increase of KOH ratio resulted in a decrease in mean pore diameter. KOH compare
to steam produced smaller average pore diameter. Wu et al.
[16] reported that activation with KOH produced mainly micropores and a narrower pore size distribution while steam
activation produced larger pore sizes. Physical activation
was less effective method for developing the porous struc-

ture of biochar. SBET of AK1 was about 4 times more than
the AS68 although both them were prepared in the same
carbonization and activation temperatures. Large ash content of biochars (Table 2) decreased the reaction of steam
with organic carbon and therefore development of pore
structure of physically activated carbon was relative low.
Results showed positive effect of physiochemical activation on the formation of mesopores in the structure of activated carbons prepared in the KOH ratio of 1:1 and 2:1.
Physiochemical activation was not satisfactory in development of surface area (Table 4). Further activation at high
temperature causes large release of hydrogen and carbon
monoxide from reaction of steam with high carbon content
of chemically activated carbon and creates new pores. Besides the creation of new pores some of the micropores
would be converted to mesopores. Widening of the pores
causes a reduction in the available surface area. Table 4
shows SBET and Vmic of AK1S and AK2S decreased and Vmes
and Dp of them increased compare to chemically activated
carbons. SBET, Vt, Vmic and Dp of AK3S was significantly
lower compared to AK3. This is probably because of developing pore structures in the AK3 under further activation
causing the walls of the pores became so thin and destroyed.
This caused a significantly reduction in surface area and
pore volume of AK3S. Arami-Niya et al. [17] also reported
that further physical activation reduced surface area and
pore volume of chemically activated carbon.

TABLE 3 - Quantities of surface functional groups and pHPZC of biochars and activated carbons
Sample
B4
B6
B8
AS47
AS68
AK1
AK2
AK3
AK1S
AK2S
AK3S

Acidic groups
(mmol g-1)
1.21
0.49
0.30
0.48
0.46
0.47
0.43
0.59
0.35
0.31
0.36

Basic groups
(mmol g-1)
0.34
0.71
0.64
0.65
0.69
0.88
0.81
0.92
0.95
0.86
0.61

pHPZC
6.75
7.75
8.50
7.12
7.82
7.21
7.25
7.15
7.65
7.61
7.54

TABLE 4 - Textural characteristics of biochars and activated carbons
Sample

*SBET
Vt
Smic
Smes
Vmic
Vmes
Dp
(m2 g-1)
(cm3 g-1)
(m2 g-1)
(cm3 g-1)
(cm3 g-1)
(m2 g-1)
(nm)
26.9
5.7
B4
32.6
0.029
0.015
0.014
3.49
200.1
11.2
B6
211.3
0.114
0.090
0.024
2.15
191.6
10.8
B8
202.4
0.104
0.080
0.024
2.06
225.2
8.1
AS47
233.3
0.118
0.097
0.021
2.01
298.5
18.5
AS68
317
0.175
0.136
0.039
2.21
1164.5
104.2
AK1
1268.7
0.638
0.464
0.174
2.01
1576.9
28.4
AK2
1605.3
0.732
0.642
0.090
1.82
2188.9
12.1
AK3
2201
0.957
0.924
0.033
1.74
1029.7
149.3
AK1S
1179
0.730
0.461
0.268
2.48
930.5
93.9
AK2S
1024.4
0.599
0.384
0.215
2.34
1154.4
14.4
AK3S
1168.8
0.498
0.462
0.036
1.70
*
SBET: BET surface area; Vt: total pore volume; Smic: micropore area, Smes: mesopore area; Vmic: micropore volume, Vmes: mesopore volume; Dp: average
diameter.
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Figure 1 exhibits N2 adsorption isotherms for the prepared activated carbons. The almost horizontal plateau at
higher relative pressures for all samples, except AK1S and
AK2S, shows type I isotherm according to IUPAC classification [18], indicating mostly a microporous structure.

Increasing the slope of N2 adsorption isotherm at high relative pressures indicates the development of mesopores in
the structure of AK1S and AK2S samples. The isotherms
of these samples are combination of type I and II isotherms.

FIGURE 1 - N2 adsorption isotherm of activated carbons

FIGURE 2- FTIR of a) B4, b) B6, c) B8, d) AS68 and e) AK3
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3.4 FTIR analysis

Surface functional group is another effective parameter on sorption capacity of the adsorbent. Figure 2 shows
the FTIR spectra as the most powerful tool for identifying
type of the functional groups for the prepared biochars and
two selected activated carbons. The intensity of functional
groups for B4 was more than the other biochars. The spectra of the B4 were characterized by several major peaks.
Broad peak at 3443 cm-1 is typically attributed to hydroxyl
groups (O-H). The strong peaks located at 469 cm-1, 803 cm-1
and 1098 cm-1 are ascribed to bending vibration, symmetric
stretching and asymmetric stretching of Si-O bonds [19,
20]. The presence of these peaks was due to the existence
of silica. The peak at 1382 cm-1 can be assigned to C-O
stretching vibration. The strong peak at 1613 cm-1 can be
attributed to C=C stretching vibration. The weak stretching
vibration of C-H bond is visible as a peak at 2924 cm-1.
Results showed that the spectra of B4, B6 and B8 are very
similar to each other and intensities of these bands decrease
with change of temperature from 400 °C to 800 °C. The
peak at 2924 cm-1 disappeared at higher temperatures indicating that organic hydrocarbons were decomposed into
methane, carbon dioxide and other gases or aromatic structures [21]. The trend in spectra for AS68 was similar to B6.
The additional peak appeared at 2355 cm-1 which can be
associated with =C=O in ketene group [22]. Similar results
were obtained by El-Hendawy [23] in a study on steamactivated carbon prepared from date pits. Significant differences in intensity of peak for AK3 were noted. Sharp

peak located at 1098 cm-1 was decreased intensively and
the peak located at around 470 cm-1 was disappeared. This
result indicates that KOH agent could decrease silica content of RH biochar.
3.5 Sodium sorption of the samples

Results of Na+ sorption of the prepared samples from
0.2 M NaCl solution was presented in Table 5. The amount
of Na+ sorbed was in the range of 35.2-134.2 mg g-1. Activation increased Na+ sorption of the biochar and AK3 had
the highest tendency for Na+. In general, sorption capacity
of carbon-based materials is influenced by such characteristics as surface functional groups, surface area, pore volume and pore size distribution. Figure 3 shows correlation
between Na+ sorption, acidic surface functional groups and
TABLE 5- Na+ sorption and Na+ removal of biochars and activated
carbons
Sample
Na+ sorptiona (mg g-1)
Na+ removal (%)
B4
35.2
6.1
B6
60.8
10.5
B8
53.9
9.4
AS47
63.4
11.1
AS68
73.5
12.8
AK1
104.8
18.2
AK2
129.9
22.6
AK3
134.2
23.4
AK1S
125.6
21.9
AK2S
96.3
16.8
AK3S
102.1
17.8
a
Conditions: Na+ concentration= 0.2 M, pH= 7.

FIGURE 3 - Na+ sorption of the adsorbents, textural structures and surface acidity properties.
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textural characteristics of the prepared samples. Although
the more acidic groups can enhance ion exchange capacity,
but specific relation between surface acidity and Na+ sorption was not observed (Figure 3a). Results indicate acidic
surface functional groups did not play important role for
removing Na+ in current study. The highest acidic group
belonged to B4; however, B4 had the lowest sorption. Also,
FTIR spectra did not present any special surface group
which indicates probability of involvement between Na+
ion and surface group in the sorption process.
Figures 3b and 3c show Na+ sorption of the produced
samples versus surface area and pore volumes. High surface area increases migration of ions from the bulk solution
to the surface of the adsorbent. Na+ sorption had an approximate linear relation with SBET and Vt. The R2 values of linear relation were 0.90 and 0.94, respectively, which indicates that textural properties of the prepared adsorbents are
the key factor in Na+ sorption in our experiments. For
chemically and physiochemically activated carbons which
had the high surface area and pore volume Na+ sorption
was more than the others although a larger Vt and SBET does
not necessarily insure more sorption.
The sorption capacity of carbon porous materials is not
related simply to their surface area and pore volume. The
sorption capacity of carbonaceous adsorbents also depends
on the accessibility of molecules to the inner surface of the
adsorbent, which depends on their size. Therefore, it could
be assumed that pore size should be considered as important
parameters. Pore diameter, which is larger than the size of
adsorbate, improves accessibility to the internal surface of
the adsorbent materials. Rohani and Entezari [24] reported
that for removing P-nitrophenol with size of 0.75 nm, activated carbon with mean pore size of about 2.2 nm is a suitable adsorbent. The iodine element with a size of 0.56 nm
is greatly adsorbed into micropores [7]. The hydrated ionic
radius of Na+ has been estimated to be about 0.178 nm [25].
According to the size of Na+ ion, the micropores could act
as effective pores for trapping this cation. The R2 value of

linear relation between Vmic and Na+ sorption was 0.88. The
AK3 with the highest tendency for Na+ sorption had the
highest micropore volume. These results indicate that although the surface area and pore volume is important parameter, the Na+ sorption also seems to depend on other textural
characteristics such as pore size which must be proportional
to size of adsorbate.
3.6 Effect of pH and initial concentration on Na+ sorption of
AK3

The initial pH value of the aqueous solution is an important parameter influencing the sorption process. The effect of initial solution pH on Na+ sorption by AK3 which
had the highest sorption capacity is shown in Figure 4. The
Na+ sorption by AK3 increased by raising the initial pH values of the solution which is possible duo to enhancement of
negative charge on the adsorbent surface via deprotonation
of various functional groups causing greater electrostatic attraction of the Na+ cations by the adsorbent.
Figure 5 shows Na+ sorption of AK3 at different initial
Na concentrations. The amount of Na+ sorbed by AK3 increased from 16.4 mg g-1 to 155.7 mg g-1 as the initial Na+
concentration increased from 0.05 to 0.25 M which is probably due to a greater concentration gradient and diffusive
movement of Na+ ions toward and/or into the adsorbent at
higher Na+ concentrations in solution.
+

3.7 Sorption kinetics of Na+ by AK3

The amount of Na+ sorbed by AK3 at different contact
times was studied (Figure 6). Sorption kinetics was considered by employing pseudo-first order, pseudo-second order
and intra-particle diffusion models. The obtained parameters
for these models are presented in Table 6. Coefficient of determination (R2) and standard estimation error (SEE) were
used for evaluation of the models. The kinetic data were
well-fitted to pseudo-first order model. Pseudo-second order
model which is indicative of a possible chemisorption process had the lowest agreement with experimental data.

FIGURE 4 - Effect of pH on Na+ sorption of AK3
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FIGURE 5 - Na+ sorption of AK3 at different initial concentration

FIGURE 6 - Pseudo-first order and Pseudo-second order models for Na+ sorption by AK3

FIGURE 7 - Intra-particle diffusion model for Na+ sorption by AK3

1656

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

TABLE 6 - Parameters of kinetic models for Na+ sorption by AK3
Model
Pseudo-first order
qe (mg g-1)
K1 (min-1)
a 2
R
b
SSE
Pseudo-second order
qe (mg g-1)
K2 (g mg-1 min-1)
R2
SSE
Intra- particle diffusion
Ki (mg g-1 min-0.5)
C (mg g-1)
R2
SSE
a
Coefficient of determination
b
Standard estimation error
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POST OCCUPANCY EVALUATION AND
USER SATISFACTION IN URBAN OPEN SPACE
Doruk Görkem Özkan*, Elif Merve Alpak , Serap Yılmaz, Tuğba Düzenli and Ali Özbilen
Department of Landscape Planning and Design, Karadeniz Technical University, Turkey

ABSTRACT
Today, the number of urban open spaces decreases as
a result of growing number of settlements. However, the
opportunities provided by urban open spaces to people
clearly demonstrate the need for and the importance of urban open spaces. The aim of this study is to investigate why
activity spaces and space organization that will meet user
needs are not used at the desired level. Research method
was built on spatial analysis method, which is based on
identification of physical condition, and on surveys, which
are based on user ratings. In this study, which focuses on
post-occupancy evaluation method, the users rated space
performance values of the spaces which differ in terms
of space organization and properties and were determined
by spatial analysis method. With four different spaces and
70 participants from each, a total of 280 participants (118
females-162 males) evaluated technical, functional and
aesthetic performance of the spaces they occupy by Likert
attitude scale. The results showed that space performance affects user satisfaction and space usage level. User satisfaction was achieved in spaces with high performance value
which meet user needs, whereas user satisfaction could not
be achieved in spaces with low performance value.

KEYWORDS: post-occupancy evaluation, space performance,
user satisfaction, urban open spaces

The aim of this study is to determine performances of
spaces different from each other in terms of space organizations and their properties, and increase user satisfaction
and space usage level. It is intended that these aims support
the following assumptions;
 Changing design projects during construction phase affects space performance value.
 Space performance value affects user satisfaction and
space usage level.
Nowadays, when the projects are developed by designers in line with these aims, these spaces are not occupied by the users at the desired level [11]. The occupancy
of a space at the desired level, i.e. the fact that it is livable,
is associated with performance value of that space which is
perceived, measured and defined [12]. In order to understand the problem with the fact that a space is not used, first
of all, the construction stage of that space as well as the
space performance, which will be generated by the users’
evaluations (POE) of that space should be examined [13].
Hence, the theoretical frame of this study was created
(Fig.1).
1.1 Urban Open Space Performance Evaluation

1. INTRODUCTION
A space is defined as a volume where users perform
their activities in line with their various needs, and it covers
shared experiences and usage with a variety of characteristics in a city [1]. Urban open spaces make various districts
of a city approach to each other, integrate people as well as
develop a feeling of being a society [2,3]. Facilities of urban open spaces meet people’s needs in the space they occupy, and help them be satisfied with that space [4]. Thus,
available urban open spaces where user needs are met are
formed. In this context, when the problem with the fact that
* Corresponding author

urban open spaces are not used is addressed in terms of human-environment interaction system, it indicates that such
spaces do not meet user needs [5, 6]. However, the purpose
of environmental designers is to create activity spaces that
will meet user needs as well as space organizations that will
enable performance of these activities [7-10].

On the grounds of meeting user needs, first, the design
process and its various stages should be evaluated in order
to find the most appropriate space organization for the user
[14]. The creation process of a space consists of a series of
performance-based feed-forward and feed-backward steps
including programming – design – construction – occupancy – evaluation – change – re-use [15-17].
In the process of the formation of urban open spaces,
it is the programming stage that provides data for the design and is the most essential for designed spaces to be liveable [18]. User demands and expectations are identified
during the programming stage. Identified user demands
and expectations are then transferred to the design stage.
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FIGURE 1 - Framework of the research [11].

Problems in the space that have emerged as a result of
construction of the design are also resolved in the programming stage [18-20]. In this paper, the question of how programming data, which is necessary to resolve the problems
that have arisen during occupancy stage of a space after
completion of design and construction processes, will be
generated, becomes the main topic. In this context, postoccupancy evaluation (POE) method, which involves evaluation from the perspective of users of spaces designed and
constructed after they began to be used, will be the focus
of this research.
1.2 Post Occupancy Evaluation

Expert architects, urban planners, interior designers,
psychologists, sociologists and environmental designers
have focused on human behavior in their research on physical environment and laid the foundation of post-occupancy evaluation studies. Although such studies mainly
concentrated on architectural structures from the past to the
present, they expanded to cover evaluation of urban open
spaces today.

Post-occupancy evaluation is the evaluation process of
a space whose design and construction processes have been
completed and which has been occupied for a length of
time [21-23]. In other words, it is an evaluation method by
which a user’s satisfaction or dissatisfaction with his/her
physical environment during occupancy stage is investigated [24]. In this way, the user evaluates space performance of the designed project after completion of its construction. Programming data obtained as a result of this
evaluation is transferred to design process so that the designed environment becomes more livable and practical.
According to Preiser, livability and quality of a space depends on its performance in the face of user needs and requirements [12]. Within the scope of this research, the objectives are as follows:
 Determine how well the urban open space meets users’
expectations during usage stage based on users’ opinions,
 Investigate the reason for dissatisfaction to be determined during occupancy stage, develop new design targets that will meet demands or expectations and improve space performance,
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 Ensure space quality and user satisfaction by improving
space performance [12, 25-28].
In line with the abovementioned objectives, performance and quality concepts were explained within the
scope of post-occupancy evaluation in this research.
1.3 Urban Open Space Performance and Quality

Performance concept, which is referred to as a measurable behavior of a space, is the degree to which user
needs and requirements are met. Performance indicators
are the values referring to livability which are experienced,
perceived and measured by users. Therefore, performance
concept is used to define desired characteristics of a material, component or system in fulfilling user requirements.
In environmental design, performance concept is directly
associated with quality of a space. Performance and quality
of a space varies with components making up the environment, people who generate and use it, and activities taking
place in it [15]. Space performance value is indicative of
quality of the space, hence, user satisfaction [29].
Preiser, Rabinowitz and White [12] noted that performance dimensions used to determine user satisfaction are
comprised of three dimensions, including technical performance, functional performance and aesthetic performance.
Evaluation of performance dimensions is beneficial in
terms of determining the features of an available space and
making positive changes, and provides guidance on determining programming criteria to minimize negative aspects
in new formations [12, 13].
Technical performance is defined as structural performance concentrating on elements and components of a
space (flooring elements, equipment, water elements and
closed functional spaces). Technical performance criteria
include cleanliness, maintenance state, construction quality, strength, etc. of space elements and components. Functional performance covers concepts including variety of activities, the adequacy of activity spaces, equipment, green
areas, closed functional spaces, consistency of access to activities, comfort of equipment, and fitness of activity
spaces to their intended purpose, security, integrity and
continuity. Aesthetic performance includes concepts of
harmony, integrity and continuity of flooring elements,
equipment and green areas in terms of pattern, texture and
color. These concepts are performance criteria which were
used to determine user satisfaction in the study.
Within the scope of this study, the relationship between the space comprised of a design project and its actual
implementation in the respective area and the user was explained in terms of human-environment interaction. Therefore, users’ reaction to built urban open space was discussed in accordance with their needs and requirements. It
is possible to acquire knowledge about users’ assessments
of the space they have used by a post-occupancy evaluation
study, which allows determination of performance value
(technical- functional-aesthetic) of the space used. The determined performance value was evaluated within the
scope of construction and usage processes, which are

among programming-design-construction-occupancy processes of urban open spaces. Because the study area was
found to have high performance when its design project
was reviewed during discussions with experts and designers. The evaluations conducted during the study were built
on this assumption. Therefore, the design performance was
not evaluated in our study. By evaluating construction and
usage processes, it would be possible to determine any
spaces which were reflected or could not be reflected from
design to construction as well as performance value of
these spaces and hence their impact on user satisfaction.
Thus, it was intended to evaluate user satisfaction with respect to the current space and turn that space into a more
practical space. In line with these assumptions, it was
found appropriate to conduct spatial analysis in order to examine the current spaces and make a survey by asking users
to rate these spaces in order to determine space performances of such spaces.
2. MATERIALS AND METHODS
2.1 Study Area

The aim of this study was to improve usage level of
urban open spaces by a post-occupancy evaluation study,
which evaluates designed environments. Since the study
focused on urban open areas, it was agreed to select an area
important for the city of Trabzon as the study area. In order
to identify what affects space usage level, presence of
space organizations with various characteristics in the
study area was taken into consideration. Since the city of
Trabzon is a coastal city and the spaces available for
coastal usage in Trabzon increasingly dwindle, it was intended to improve usage level of Trabzon coast(between
Ganita tunnel and the borders of Beşirli), whose design
project was developed and constructed, and this region was
selected as the study area (Fig. 2).
The research was conducted in 9 km-long and about
250 m-wide Trabzon coastal arrangement, which is parallel
to Samsun-Sarp highway, located between Kanuni Park
(Turkish - Hungarian Friendship Park) and Beşirli region
in the city center of the province of Trabzon, in northern
Black Sea region, Turkey. The construction of Trabzon
Coast carried out by making a made-up ground in order to
increase the city's declining use of the coast was completed
in 2007. Design and construction phases were completed
and usage phase began. It was observed that its usage level
is low so in order to investigate the reasons for this and
improve usage level, this area was selected for a post-occupancy evaluation study.
Trabzon Coast Project Coastal zone, which constitutes
the main theme of this study, is comprised of Beşirli region,
Toklu region, Ayasofya region, Faroz region and Ganita
region. In the study area, design project was not constructed in Faroz region and Ganita region so both of these
regions were excluded from the study. Design projects
developed for other regions of the study area were con-
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FIGURE 2 - Location of the study area (Source: Photos by Doruk Görkem ÖZKAN)

structed to varying extents, which was thought to create
different space performance values. Based on the assumption that different performance values will cause differences in space usage levels, these spaces were evaluated
within the scope of study area. Another factor effective in
the selection of these spaces was that the users show a wide
range of socio-demographic characteristics.
2.2 Methods

Research methodology was built on spatial analysis,
which is based on determination of physical condition, and
on surveys, which are based on user ratings. Performancebased analyses were carried out by survey method, and it
was aimed to reach a conclusion by comparing user requests with physical findings.
2.2.1 Spatial Analysis

In the first stage, design and construction projects of
open spaces in Trabzon coast were obtained and photographed. The primary purpose was to compare the spaces
to be discussed in the study within the scope of design and
construction projects, and determine any resulting differences. In line with this purpose, it would be established
how well the objectives of the design were reflected to the
area after the construction. Based on the assumption that
spaces which have been constructed in accordance with
their design projects meet user needs and requirements better and are used more, the objectives of this stage were to:
 Compare design projects and their construction (access
and activity spaces, functional relationships and hard
floor, green area, equipment ,water element, closed functional spaces)
 Classify differences between design projects of the spaces
compared, and their actual construction in the respective
area.

In line with these objectives, analyses were conducted
using AutoCAD (Computer Aided Design) 2010 software
by spatial analysis technique (Fig.3).
2.2.2 Survey Instruments

The key objective of the second stage is to consider
spaces and equipment with varying extents of construction,
which result from the differences between the design project and construction project determined in the previous
stage, and identify their impact on user satisfaction. Based
on the assumption that performance value, which is indicative of the extent of user satisfaction, of preferred open
spaces in Trabzon coast, set forth by their spatial characteristics, is higher than that of non-preferred open spaces,
the objectives of this stage are to: Determine preferred and
non-preferred open spaces, establish values of these open
spaces in terms of performance criteria previously defined
by literature search so that the assumption can be tested,
compare performance values of preferred and non-preferred open spaces and determine which one of the performance criteria is a more significant criterion in user satisfaction and choice of space.
During the survey stage, four spaces selected in the
previous stage were rated using 5 point Likert attitude
scale. In the study, surveys were conducted with users
available at study areas. In order to obtain more reliable
results, surveys were conducted with 280 users residing in
Trabzon on weekdays and at the weekend. The purpose of
the survey is to determine quality of a space by performance and identify satisfaction and dissatisfaction of users
with the spaces they have used. In line with this purpose, it
was aimed to determine values of preferred and non-preferred spaces in Trabzon coast in terms of technical, functional and aesthetic performance criteria found by literature
search, using 5 point Likert attitude scale. The study of
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Preiser et al. [12] study was helpful in developing closedended questions developed for determination of performance values. Content of closed-ended questions are given
in Table 1. Agreement of participants to these concepts
were rated by 5 grades and included ratings of ‘I strongly

agree’(1), ‘I agree’(2), ‘ I neither agree nor disagree(3), ‘I
disagree’(4), ‘I strongly disagree’(5) Performance levels
established as a result of statistical analyses and classification of these performance levels are given in results section.

FIGURE 3 – Spatial analysis process.

TABLE 1 - Statements in the attitude scale of the survey.
Technical Performance
Flooring elements
Equipment

Seating elements

Coverage elements

Lighting elements

Litter box elements
Water elements
That closed functional spaces are
clean, well-maintained and strong.

Functional performance
Variety of activity spaces
Adequacy of activity spaces, equipment,
green areas and closed function areas
Consistency of access to activities
Comfort of equipment
Fitness of activity spaces and equipment
to their intended purpose
Security
Continuity
Integrity
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Aesthetic performance
Harmony of activity spaces, flooring elements, equipment,
green areas and closed functional areas in terms of pattern
and color.
Integrity and continuity of activity spaces, flooring elements, equipment, green areas and closed functional areas
in terms of pattern and color.
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In the survey, in addition to 5-point Likert attitude scale,
efforts were made to obtain data regarding preference, frequency and length of use by the following questions:
- Which region do you use the most in Trabzon Coast?
- How often do you use this area?
- How much time do you spend in this area?
3. RESULTS
3.1 Results obtained by Spatial Analysis

As mentioned in methods section of the research, spatial analysis process is the stage at which data regarding
design and construction processes is collected in the re-

search model. Design project of urban open spaces of Trabzon coast and their current state in the area were analyzed.
As a result, it was determined to what extent activity spaces,
equipment and access designated in the design were fulfilled.
Thereby, the extent of construction of urban open spaces of
Trabzon coast was determined and classified. Spaces analyzed in space analysis process were Beşirli region, Toklu region, Ayasofya region and Coastal zone (Fig. 4).
As a result of the spatial analyses conducted in Beşirli
region, Toklu region, Ayasofya region and Coastal zone,
when we list the differences between their design projects
and their actual construction in the respective area in increasing order, the order is as follows: Coastal Region,
Ayasofya Region, Toklu Region and Beşirli Region.

FIGURE 4 - Determination of differences between design project and construction projects of Beşirli, Toklu, Ayasofya Regions and coastal
zone by comparison.
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TABLE 2 -Visit related characteristics
Visit Characteristics
Frequency of Use
Everyday
Every weekend
Several days a week
Several times a month
amountanhsssmonth
Several times a year
Length of Use
Less than half an h.
Half an hour
1-2 hour(s)
2-3 hours
More than 3 hours

Coastal zone
N=70 (%)

Ayasofya Region
N=70 (%)

Toklu Region
N=70
(%)

Beşirli Region
N=70 (%)

10
19
27

14,3
27,1
38,6

1
24
27

3
4
30

4,3
5,7
42,9

6
26

8,6
37,1

11

15,7

16

22,9

30

42,9

31

44,3

3

4,3

2

2,9

3

4,3

7

10,0

1
8
28
21
12

1,4
11,4
40,0
30,0
17,1

1
14
41
9
5

1,4
20,0
58,6
12,9
7,1

6
24
33
5
2

8,6
34,3
47,1
7,1
2,9

12
37
17
3
1

17,1
52,9
24,3
4,3
1,4

1,4
34,3
38,6

Whether these differences determined in the first stage
have any impact on performance values of the spaces, user
satisfaction of and preference for the spaces are explained
by comparing them with findings obtained at the end of the
second stage of the study.
3.2 Results Based on the Survey

Visit-related characteristics: Frequency and length
of use of a space is indicative of success of that space so
frequency and length of use of the spaces were also investigated. In order to establish how often the users in urban
open spaces of Trabzon coast use the open space in the respective region, frequency distributions and percentages
were found (Table 2).
Users in Coastal zone and Ayasofya region mainly use
these regions several times a week and every weekend,
whereas users in Toklu and Beşirli regions mainly use
these regions several times a month. Frequency distributions and percentages showing the length of visits to urban
open spaces of Trabzon coast are given in Table 3.
When all regions are evaluated, it is evident that the
users who use the respective region for more than 3 hours
are mostly those living in coastal zone. Those who use the
respective space for less than half an hour were found to be
mainly those living in Beşirli region.
TABLE 3 - Usage Levels of Urban Open Spaces
Urban Open Spaces of Trabzon Coast

Frequency

Percentage

Coastal region

131

46,8

Ayasofya Region

83

29,6

Toklu Region

28

10,0

Beşirli Region

18

6,4

Faroz Region

14

5,0

Ganita Region

6

2,1

Total

280

100

Determination of performance values of urban
open spaces. Performance values of regions were determined by the Anova test by taking the average of the respondents’ answers to the questions related to functional
performance, aesthetics performance and technical performance (Fig. 5). As a result, the statistically more significant
performance criterion was established. Hence, the levels of
regions by their performance values were determined.
When performance values of the regions were compared by Duncan test after applying Anova test, all performance criteria were found to be significant for the regions.
Functional performance, one of the performance criteria,
was established to be more significant than aesthetic and
technical performance criteria, with values of F=51,480,
sig:0,000. Aesthetic performance values were F=19,572,
sig:0,000, while technical performance values were
F=18,874, sig:0,000. Functional, aesthetic and technical
performance values of coastal zone were 3.5048, 3.4514,
and 3.2000, respectively. Functional, aesthetic and technical performance values of Ayasofya region were 3.0254,
3.0914, and 3.2619, respectively. Functional, aesthetic and
technical performance values of Toklu region were 2.8333,
2.7629, and 3.1048, respectively. Lastly, functional, aesthetic and technical performance values of Beşirli region
were 2.2016, 2.3857, and 2.2905, respectively. As a result
of this evaluation, it is evident that functional, aesthetic and
technical performance values of coastal zone were higher
than those of other regions. Functional and aesthetic performance values of Ayasofya region were moderate,
whereas its technical performance value was high. Toklu
region had moderate functional and technical performance
values, however, a low aesthetic performance value. Functional, aesthetic and technical performance values of
Beşirli region were all low.
Collective assessment of all performance criteria of
urban open spaces. Performance values of regions were
determined by the Anova test by taking the average of the
respondents’ answers to the questions of functional performance, aesthetics performance and technical performance.

1665

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

Mean overall performance of the coastal region was determined as 3.4353, while those of Ayasofya, Toklu and
Beşirli regions were 3.0866, 2.8605 and 2.2714, respectively (Fig. 6). According to these results, it is clear that the
highest value for overall performance was obtained for
Coastal region, whereas the lowest was obtained for Beşirli
region. Coastal and Ayasofya regions had high, Toklu region medium and Beşirli region low performance values.
Determination of user satisfaction level in urban
open spaces. Frequencies of user satisfaction in regions

where the survey was conducted are presented in Fig. 7.
The highest satisfaction value was obtained for Coastal region (58.6%), followed by Ayasofya, Toklu and Beşirli regions (52.9, 32.9, and 21.4, respectively). If the whole
study area is considered, 41.4% of users were demonstrated
to be satisfied with coastal region, whereas 58.6% were
demonstrated to be dissatisfied. A χ2 – test was conducted
to establish if these values were statistically significant or
not, and the test revealed that they were significant (χ2 =
25,904; 3 df , p<0,01)

Performance Values of The Regions
Performance Value

Functional
Performance
AestheticPerforma
nce
Technical
Performance

FIGURE 5 - Performance values of the regions

FIGURE 6 - Mean performance values of the regions

FIGURE 7 - Frequency distributions of satisfaction values by regions

1666

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

In order to find if there is any statistically significant
difference between the regions by satisfaction, Tukey hsd
test was conducted, and the results are given in Table 4.
There is a significant difference by satisfaction between
Coastal region and Beşirli, Toklu regions; Beşirli region
and Coastal, Ayasofya regions; Toklu region and Coastal
region, and between Ayasofya region and Beşirli region.
User satisfaction and space performance relationship in urban open spaces. As a result of χ2 test conducted with crosstabs analysis in order to establish if user
satisfaction and space performance relationship in open
spaces of Trabzon coastal region is significant or not, it was
identified that performance criteria created significant difference in establishing satisfaction(p<0.01). χ2 results of
performance criteria are given in Table 4.
According to the results of χ2 test given in Table 5, the
most effective performance criterion in establishing satisfaction is functional performance criterion, followed by
aesthetic and technical performance criteria. It was analyzed if there is any statistical difference between performance criteria and satisfaction in the regions by applying
χ2 test to each region using Crosstabs analysis.As a result
of χ2 test, except for aesthetic performance criterion in
Coastal region and technical performance criterion in
Ayasofya region, all performance criteria caused a statistically significant difference in emergence of satisfaction
and dissatisfaction, (p<0,01) (Table 6). The most effective
performance criterion in formation of satisfaction and dissatisfaction in all regions is functional performance criterion.

TABLE 4 - Differences by significance of satisfaction between the regions
Survey regions
Coast
Beşirli
Toklu
Ayasofya
Beşirli
Coast
Toklu
Ayasofya
Toklu
Coast
Beşirli
Ayasofya
Ayasofya Coast
Beşirli
Toklu

p<0,01
0,000
0,008
0,891
0,000
0,481
0,001
0,008
0,481
0,62
0,891
0,001
0,62

TABLE 5 - χ2 results between performance criteria and satisfaction
Performance Criteria
Functional performance
Aesthetic performance
Technical Performance

χ2
138,202
126,531
84,201

df
30
20
12

Comparison of Spatial Analysis Results and Findings related to Usage Levels of Urban Open Spaces.
Spatial analysis studies were conducted in Coastal, Beşirli,
Toklu and Ayasofya regions in the research. Design projects of these regions and their actual construction in the
respective area were compared and any significant difference was demonstrated (Fig. 5). As a result of spatial analyses, if such pieces of construction are classified by their
fitness to design projects, they can be be listed as Coastal
region, Ayasofya region, Toklu region, Beşirli region in
decreasing order. Findings of the second stage of the study
were compared with this result, obtained from

TABLE 6 - χ2 test conducted in Coastal, Ayasofya, Toklu and Beşirli regions
Performance Criteria

χ2

df

P<0,01

43,885

20

0,001

Coastal region
Functional performance

P<0,01
0,000
0,000
0,000

Aesthetic performance

24,719

15

0,054

Technical Performance

34,083

12

0,002

Functional performance

39,243

19

0,003

Aesthetic performance

33,578

15

0,004

Technical performance

16,674

10

0,082

Ayasofya region

Toklu region
Functional performance

56,326

20

0,000

Aesthetic performance

34,733

16

0,004

Technical Performance

26,034

10

0,004

Beşirli region
Functional performance

48,717

20

0,000

Aesthetic performance

47,975

15

0,000

Technical Performance

23,026

9

0,006
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spatial analysis. In the second stage, the spaces which were
used the most were identified (Table 3). As a result, usage
levels of urban open spaces in descending order are as follows: Coastal region, Ayasofya region, Toklu region, Beşirli
region. As can be seen, space usage level increases with
decreasing difference between design project and construction project. The region with the least difference between
design project and construction project is Coastal region,
and the region which is used the most is also the Coastal region. The region with the most difference between design
project and construction project is Beşirli region, and the region which is used the least is also Beşirli region.
Comparison by Frequency and Length of Use of
Urban Open Spaces, whose Spatial Analyses Were
Conducted. Frequency and length of use of open spaces of
Trabzon coastal region are given in Table 2. As can be understood from this table, the region which is used most requently is the coastal region, whereas the region which is
used least frequently is Beşirli region. Similarly, the region
which is used for the longest time is mostly the coastal region, while the region which is used for the shortest time is
mostly Beşirli region.
Comparison by Performance Values of Urban
Open Spaces, whose Space Analyses Were Conducted.
As a result of spatial analysis, implementation levels of
spaces were revealed. Accordingly, the spaces can be listed
in decreasing order as follows:
1.

Coastal Region

2.

Ayasofya Region

3.

Toklu Region

4.

Beşirli Region.

Comparison by User Satisfaction of Urban Open
Spaces, Whose Space Analyses Were Conducted. Satisfaction level of users in urban open spaces of Trabzon coast
is presented in Figure 8. The region with the highest user
satisfaction was Coastal region, followed by Ayasofya and
Toklu regions and the region with the lowest user satisfaction was Beşirli region. As is clear from this table, coastal
region, in the case of which the difference between design
project and construction project is the least, has the highest
satisfaction level, whereas the region, in the case of which
such difference is the most, has the lowest satisfaction
level.
Comparison of user satisfaction as well as frequency and time of occupancy of urban open spaces of
trabzon coast. Presence of any statistical difference between user satisfaction and frequency of use of urban open
spaces of Trabzon coast was investigated by applying χ2
test using crosstabs analysis. The χ2 test demonstrated that
there is a statistically significant significant difference between user satisfaction and frequency of use ( χ2 = 11,383;
4 df, p< 0,05).
All these findings support the following assumptions
of the research:
 Changing design projects during construction stage
negatively affects space performance and decreases
user satisfaction.

Performance values of the spaces were also revealed
by 5-point Likert attitude scale. And these values can be
listed in decreasing order as follows:
1. Coastal Region (3,4353)
2. Ayasofya Region (3,0866)
3. Toklu Region (2,8625)
4. Beşirli Region (2,2714).
As these results suggest, the difference between design
project and construction project shows the same order as

 Low desirability
Short-term usage level
Low variety of activities
Low level of satisfaction

spatial performance values. This result validates the assumption of the research.
When performance values of urban open spaces of
Trabzon coast by the region which is used the most were
tested by χ2 using crosstabs analysis, they were shown to
be statistically significant (χ2 =321,402; df 260, p< 0,01).

 Spaces constructed as specified in their design projects
meet user needs and requirements to a larger extent.
Therefore, their performance values are high.
 Spaces with higher performance values are preferred
more and used more frequently and for a long time, and
they create a variety of activities by a higher percentage
and have a higher level of satisfaction. Spaces with
lower performance values are preferred less, and used
for a shorter time, and less number of activities take
place in them and they have a lower level of satisfaction
(Fig. 9).

(-)Performance value (+)

High desirability
Intensive and long-term usage level
High variety of activities
High level of satisfaction

FIGURE 9 - Correlation between performance value and user satisfaction
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4. DISCUSSION
By the courtesy of spatial analysis study, design project of Trabzon coast was for the first time compared with
its actual construction in the respective area. As a result of
the comparison, differences including the fact that spaces
and equipment in the design project were not applied, they
underwent formal and functional changes and the actual
construction involves elements which were not designed in
the first place, were identified. Within the scope of these
differences, the spaces were classified by their level of implementation.
In the second stage of the study, performance values of
open spaces of Trabzon coast were determined and classified by user surveys.
The main purpose of collective evaluation of findings
obtained from spatial analysis and the survey is to assess
whether the difference between design projects and their
actual construction in the respective area affect space performance, frequency and length of use, preference for the
space, activities taking place and user satisfaction. Spatial
analysis and surveys, which were conducted to determine
whether the spaces, which were constructed, to a large extent, as specified in their design projects, have a higher performance value or not, demonstrated that spaces which
were constructed, to a larger extent, as specified in their
design projects, have an increased performance value.
Thus, such spaces with an increased performance value
were also shown to have an increased level of preference,
frequency of use, user satisfaction and a longer time of use.
The findings obtained from spatial analysis and the survey
are consistent with the results of Preiser’s, Rabinowitz’s,
White and Preiser’s ,Vischer’s performance- based postoccupancy evaluation studies.
Length of use of a space with the highest level of implementation and performance value is higher than that of
spaces with lower level of implementation and performance value. Level of satisfaction increased in spaces with
high performance values and these spaces were occupied
more frequently and for longer times. Spaces with lower
performance value proved to have lower levels of preference. In other words, it was seen that the users do not use
these spaces in general and use them for a short time.
Amerigo and Aragones [30] noted that users use spaces
they are satisfied with, for a long time, and those spaces
they are not satisfied with for a short time or they do not
use them at all. Considering the effects of level of implementation and performance on satisfaction level, our findings support Amerigo and Aragones’ findings [30] as well
as Canter and Rees’ findings [31].
Carr at al. [32] investigated spaces within the scope of
urban open spaces and emphasized that establishing user
requirements is essential in terms of success of a space. Juran [33] argued that one of the main objectives is the fact
that a space should meet user needs. Alexander [34] conducted initial studies of post-occupancy evaluation and
highlighted that during a design stage, user requirements

targeted by the design should be evaluated. Findings of this
study are supported by these previous investigations. In
summary, the results of this study demonstrated that if user
needs and requirements are met in open spaces of Trabzon
coast, space performance will be increased, user satisfaction will be ensured and space usage level will be increased.
5. CONCLUSIONS
In this study, a post-occupancy evaluation study was
conducted in line with an approach of evaluating a space
whose design and construction processes have been completed and which has been occupied for a certain period of
time. Hence, the focus was placed on users of designed
spaces and requirements of these users, and users satisfaction and dissatisfaction with their physical environment
during usage stage were evaluated.
One of the most important aspects of this investigation
is to determine the degree to which the projects developed
by designers in order to meet user needs and requirements
were fulfilled after the construction, and to test users’ satisfaction and dissatisfaction with the current space.
Studies that have concentrated on user satisfaction
usually failed to consider the effects of differences between
a design project and a construction project on user satisfaction. This constitutes the unique aspect of this study. At the
beginning of the study, it was stated that urban open spaces
are not used at the desired level despite the need for and the
importance of urban open spaces. Therefore, this paper
seeks to address why urban open spaces are not used at the
desired level.
In order to investigate this issue, design projects and
their actual implementation in the respective area were
compared and the effects of resulting differences on functional, aesthetic and technical performances of the space
were examined. As a result, the effects of performance criteria on user satisfaction and dissatisfaction, i.e. livability,
availability of that space were identified. In view of these
effects, the most effective performance criterion in establishing user satisfaction was discovered to be functional
performance criterion. This is a result of the differences between implementation levels of the spaces. These differences mostly have negative impacts on factors such as variety of activity spaces, adequacy of equipment and closed
functional spaces and access to activity spaces. Therefore,
functional performance criterion was more effective than
aesthetic and technical performance criteria in establishing
satisfaction and dissatisfaction of users.
Thus, user satisfaction was demonstrated to be achievable in spaces for which the difference between its design
project and construction project is low and for which the
performance value is high.
Accordingly, the most important contribution made by
this study to practice is that this study defined the criteria
for user satisfaction and space performance, as distinct

1669

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

from previous user satisfaction studies which evaluated
available spaces, however, did not consider the effects on
user satisfaction of any differences between available
spaces and their design projects. By the survey study conducted in the second stage, performance values of the
spaces were revealed and classified. This classification allowed systematic evaluation and comparison of data obtained in the first stage. It was determined which performance criterion is highly effective on identifying user satisfaction and dissatisfaction. Hence, it was established, according to which order of priority, proposals which will
minimize user dissatisfaction will be made. In the third
stage, findings of space analysis and survey study were
evaluated collectively. The fact that the difference between
design project and construction project affect user satisfaction ceased to be incidental, and its reliabilities were ensured. The most important results revealed by this study are
the following:
The most effective criterion on user satisfaction and
dissatisfaction among functional performance, aesthetic
performance and technical performance criteria was
demonstrated to be functional performance criterion. Functional performance value was found to vary in proportion
to implementation level of spaces. In conclusion, in the
case of spaces for which the design project was implemented to a larger extent, performance level increased and
user satisfaction was ensured.
Spaces with high satisfaction level were seen to be preferred more. They also lead to more variety of activities
and longer times of use.
In spaces with low level of satisfaction, the negative
aspects which affect user dissatisfaction the most are related to functional performance criterion. The level of performance of activities in such spaces is significantly lower
than that in spaces where user satisfaction is ensured.
It was discovered that usage level of spaces in which
performance was high and user satisfaction was ensured
was high and such spaces were occupied for longer periods.
In contrast, spaces in which performance was low and user
satisfaction could not be ensured were found to have lower
usage and lead to short-term usage.
All these results determined in the study are extremely
important for the purposes of improving the current spaces
and increasing space performance by creating feedback to
reprogramming process.
In line with these findings, it is possible to design
spaces which can to a larger extent meet users’ expectations by considering the following criteria while designing
urban open spaces with higher usage level in which user
satisfaction is ensured:
 Activity spaces specified in the design project, which
the users wish to see, however, which have not been
constructed, should be constructed.
 Spaces which interrupt sustainability of access to available activity spaces and have been constructed independently of design project negatively affected users’

perceptions of the region as a whole as well as their active involvement in activities and acts. Therefore, any
spaces constructed independently of design project
should be removed.
 With regard to the spaces specified in design project,
those which were constructed formally but were not
made functional should be given functionality. Equipment(seating units, shade elements, water elements,
etc.) specified in the project for these spaces were not
applied so space organization could not be formed and
users could not perform the activities they wish to do at
the spaces they were present. Therefore, spaces which
were not made functional should be optimized for activities by placing equipment in those spaces.
 While the design project was being prepared, it was
stated that end-of-life structures would be removed for
the sake of integrity of the project, however, they were
not removed. These structures should be removed and
integrity of the project and functionality between the
spaces should be ensured. It was seen that failure to remove these structures and apply certain activity spaces
to the site resulted in failure to ensure space organization, and the link between the regions was severed. As
a result, each region appeared to be an individual park
and the project moved away from being a coast project
as a whole.
 In order to increase user satisfaction with these spaces,
first, spaces which were specified in design project but
were not constructed or whose function was changed
should be made compatible for activity. In addition to
remedying these functional shortcomings, aesthetic and
technical deficiencies of floor coverings, equipment,
and green areas should be corrected.
Considering that users have much more diverse and
complex requirements and expectations in urban open
spaces in comparison to closed spaces, it is unthinkable that
the criteria addressed in this study revealed all criteria for
determination of user satisfaction. With future work, ideal
attributes of urban open spaces and criteria that determine
user satisfaction with such spaces can be analyzed in more
detail.
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APPENDIX 1.
Questionnaire Survey used in this study

(1. Strongly disagree 2. Disagree 3. Neither agree or disagree 4. Agree 5. Strongly agree)
1.
2.
3.
4.

Which region do you use the most in Trabzon Coast?
How often do you use this area?
When you come to this area, how much time do you usually spend?
In this area, I have easy access to one activity from another activity.
1

2

3

4

5

5. I have easy access to events throughout the coast from activities in this area.
1

2

3

4

5
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6. The number of activity spaces in this area is sufficient.
1

2

3

4

5

7. While coming to this area, I can easily find the entrance.
1

2

3

4

5

8. The number of equipment in this area (seating elements, shade elements, lighting elements, litter box elements) is
sufficient.
1

2

3

4

5

9. Equipment in this area (seating elements, shade elements, lighting elements, litter box elements) are comfortable and
practical.
1

2

3

4

5

10. Flooring elements in this area are comfortable and convenient for walking.
1

2

3

4

5

11. The presence of other people using this space allows me to be safe.
1

2

3

4

5

12. I comfortably use this area in the evenings.
1

2

3

4

5

13. I like the equipment in this area (seating elements, shade elements, lighting elements, litter box elements) in terms of
form and color.
1

2

3

4

5

14. I like floor coverings in this area in terms of form, texture and color.
1

2

3

4

5

15. I like the appearance of green areas in this area.
1

2

3

4

5

16. Equipment in this area (seating elements, shade elements, lighting elements, litter box elements) show integrity and
continuity in terms of form and color.
1

2

3

4

5

17. Floor coverings in this area show integrity and continuity in terms of form and color.
1

2

3

4

5

18. Floor coverings in this area are clean and well maintained.
1

2

3

4

5

19. Equipment in this area (seating elements, shade elements, lighting elements, litter box elements) are clean and well
maintained.
1

2

3

4

5

20. Green areas in this area are clean and well maintained.
1

2

3

4

5

21. This area is satisfactory in terms of integrity of activity spaces, equipment, floor coverings and green areas.
Yes

No

22.Which negative aspects of this area have the greatest impact on your dissatisfaction?
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ABSTRACT
Two pot experiments were carried out to examine the
effects of soil types (sand and sandy loam soil) and inoculation of Bacillus atrophaeus and a arbuscular mycorrhizae
inoculum assemblage on seedling growth of four grass species (Agropyron cristatum L., Bromus inermisLeyss., Dactylis glomerata L. and Koeleria cristata L.). The results of
ANOVA indicated that plant height, root length, above and
belowground biomass were significantly affected by the
soil types, the inoculation treatments and the grass species.
Mycorrhizae inoculation strongly influenced plant height,
root length, above and belowground biomass compared to
bacterial inoculation and control. The effect of mycorrhizae inoculation was more pronounced under nutrient poor
media (sand) in the experiment. On the other hand, bacteria
inoculation had no positive effect on the investigated parameters of the grasses compared to the control. It is concluded that mycorrhizae can contribute to seedling growth
of cool season grasses examined in this study, especially
under nutrient poor conditions. However, the effect of the
Bacillus atrophaeus inoculation was not significant on the
seedling growth of the grass species examined in this study.

KEYWORDS: Mycorrhizae, PGPR, seedling growth, plant height,
root length, above and belowground biomass

1. INTRODUCTION
Grasses, which are the main species of both cultivated
and natural herbaceous areas in the world, have problems
with environmental factors because of slow growing performance during the seedling establishment. Conversely,
grasses require heavy doses of chemical fertilizers to main* Corresponding author

tain high productivity, although this has led to decline in
productivity due to deterioration of soil quality [1]. To enhance productivity, it is necessary to improve the efficiency of plants to absorb nutrients and water from the soil
[2, 3]. Recently, interest in the usage of microbial agents
which have a facilitative effect on plant establishment and
growth has increased in order to determine environmental
friendly plant production techniques and observed promising results in wheatgrass, perennial rye grass [4], barley
[5], pea [6] and some grassland species [2].
Microorganisms play a significant role as biological
protectants, biological accelerators and bio fertilizer for agricultural production [7]. Especially, they play an environmentally friendly role in plant production by decreasing the
amount of mineral fertilizer and pesticides application. A
considerable number of bacteria species that are associated
with the rhizosphere are able to exert a beneficial effect on
plant growth [8]. They are described as ‘plant growth promoting rhizobacteria’ (PGPR). PGPR promote plant growth
either by increasing nutrient absorption or changing enzymatic or hormone synthesis, and, in addition, some strains
of PGPR have antibiotic effects, which are useful for pathogen control [9, 10]. Different bacteria such as Rhizobium
spp., Azosprillum spp. and Azotobacter spp., or fungi such
as Pythium spp., Phytophthora spp., Fusarium spp., Verticillium spp. and mycorrhizae can be used for this goal [3,
8, 11, 12]. These bacteria and fungus species have a mutualistic relationship with plants based on exchange carbon or
photosynthesized carbon and nutrient in the above ground
and below ground [13]. In the case of correct matching of
mycorrhizae and bacteria lines, dual inoculation provides a
better result with respect to plant growth compared to alone
inoculation or no inoculation under the condition of nutrient limitation [1, 14].
Fungus species are ubiquitous in the roots or
rhizsphere of most plant species in the soil. Some fungus
species have potential benefits for germination and seedling establishment because of decreasing inter specific
competition [15]. Especially, mycorrhizal fungi increased
the absorption capacity of roots, mobilization and transfer
of nutrients, production of plant growth hormones, modify
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plant-pathogen and soil-plant-water relation, decrease risks
of biotic and abiotic stress, salinity and heavy metal toxicity [3, 11, 12, 13, 16]. Some researchers have shown that
application of mycorrhizae improved the growth both of
aboveground and belowground parts of grass species during
the early stages in the different soil type [3, 11, 13, 17].
In recent years, considerable interest has been employed in improving the plant growth by manipulating rhizospheric microflora and adding plant growth promoting
rhizobacteria (PGPR). Conversely, the responses of plants
to PGPR changes depend on the soil fertility condition. The
objective of this study was to understand the effect of inoculation of rhizobacteria and mycorrhizae on seedling
growth of crested wheatgrass (Agropyron cristatum), smooth
brome grass (Bromus inermis), orchard grass (Dactylis glomerata) and June grass (Koeleria cristata), which are important species for cultivating and natural areas in highland
steppes, under two different soil fertility levels.

2. MATERIALS AND METHODS
The study was carried out under greenhouse conditions
at University of Ataturk in Erzurum, Turkey. Crested
wheatgrass (Agropyron cristatum L.), smooth brome grass
(Bromus inermisLeyss.), orchard grass (Dactylis glomerata L.) and June grass (Koeleria cristata L.) were used in
the experiments. The origin of the sand is washed quartz.
Sandy loam soil were collected from natural areas located
at 39°94′ N and 41°22′ E. Soil samples were air-dried and
ground to pass through a 2mm sieve and sterilized with autoclaveto eliminate bacteria and fungi, after that inoculated
with mycorrhizae (Glomus spp.) and filled in pots in the size
of 30 x 30 cm. The sand and the sandy loam soil had organic
matter of 0.005 and 2.96%, pH of 7.8 and 7.8, plant available
P (Olsen P) content of 0.005 and 14.4 ppm, and corresponding available K content of 0.005 and 860 ppm, respectively.
Two experiments were arranged as a completely randomized design with 5 replications. The treatments consisted of a control, PGPRand mycorrhizaeinoculation, 4
grasses species and 2 soil types. Arbuscularmycorrhizal
fungi used in these experiments consisted of 9 species
(Glomus intraradices, G. mosseage, G. aggregatum, G.
clarum, G. monosporus, G. deserticola, G. brasilianum, G.
etunicatum and Gigaspora margarita), and were supplied
by Bioglobal Co., Antalya, Turkey. Bacillus atrophaeus,
nitrogen fixer and phosphorus solubilizer, was used as
PGPR, and was obtained from the Biotechnology Laboratory of the Department of Plant Protection, Faculty of Agriculture, Ataturk University, Erzurum, Turkey. The mycorrhizae were inoculated to seedbed as 15-gram inoculum
(30 mycorrhizal spores/gram), and bacteria as PGPR was
inoculated to seeds using bacterial suspensions at the concentration of 108 CFU ml-1 for 30 minute by using aseptic
technique before sowing. The seeds of the plants were collected old over-seeded natural rangeland during end of the
growing season of 2012. Seed material was sterilized be-

fore sowing. Ten seeds were sown into each pot, although
extra seedlings were thinned and a total of 5 seedlings were
grown in each pot without any addition such as mineral fertilizer and soil amendments. All pots were watered regularly every two days using distilled water during the experiment period. The first experiment was established on November 13th 2012, while the second experiment was established on January 15th 2013. The mean temperature of greenhouse is 25/19 (day/night) during the experiments. Both experiments were termed 60 days later after emergency of
seedlings. Plant height was measured and plants were cut at
ground level. Plant roots were separated from the soil by
washing with tap water and the length of the roots were
measured using a method described by Bauhus and Messier
[18]. Thereafter, plant samples were oven-dried at 70 oC until reaching a constant weight and the total weight per pot
was divided by 5 to estimate per plant values.
All data was subjected to analysis of variance based on
general linear models for factorial arrangement of treatments in a completely randomized design using the Statview statistical package [19]. Means were separated using
the Tukey Multiple Range Test. The chi-square test [20]
was used to verify homogeneity of variance before combining data. Error means squares from each experiment for
a trait were homogenous. Analysis was also carried out
among the parameters investigated on the bases of two experiment’s data.

3. RESULTS
Plant height changed significantly depending on the
treatments of the soil type, inoculation and grasses species
(Table 1). The plants grown in the sandy loam soil had
higher plant height than those of grown in the sand (19.26cm
and 7.39cm, respectively). While the PGPR application did
not affect plant height (12.77cm) compared to the control
(11.57cm), the mycorrhizae application caused considerably
increases in plant height (15.63cm). Among the grasses species, plant height varied from 6.76 to 17.45cm, and D. glomerata had the highest plant height while K. cristata had the
lowest plant height (6.76cm). There was no significant interaction among the treatments with respect to plant height
in the experiment.
The plants grown in the sandy loam soil had higher
root length than that of grown in the sand (p<0.0001). The
plants inoculated with mycorrhizae had considerably
higher root length than the others, although the root length
of the control plants was similar in PGPR applied group
(Table 1). While the lowest root length was recorded for K.
cristata among the species examined, the other species had
a similar root length. Interestingly, all the first-order and
second-order interactions were significant for the root
length (Table 1). In all of the four grass species, mycorhizae caused significant increases in the root length in the
sand compared to those in the sandy loam soil (Figure 1).
Especially, in the sand, the increases in the root length of
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A. cristatum and D. glomerata were more pronounced than
that of the other species. However, in the sandy loam soil,
the effect of mycorrhizae on root length was not clear.
Moreover, in the sandy loam soil, the root length of D.
glomerata was higher than the other species in the case of
applying PGPR. Hence, soil x inoculation treatments,
grasses x inoculation treatments and soil x grasses x inoculation treatments interactions were significant for the root
length (Figure 1).
35

Root lenght (cm)

30
25

Control
Bacteria
Mycorrhizae

20
15

ground biomass compared to the plants grown in the sand
soil (Table 1). PGPR application to plants did not provide
any advantage over the control with respect to aboveground biomass production, while mycorrhizae inoculation
caused significantly increases in aboveground biomass
production. Except for D. glomerata, which produced more
aboveground biomass than the others, the plants produced
similar aboveground biomass per plant. Although the
plants grown in the sandy loam soil produced more aboveground biomass than those grown in the sand soil, the increasing ratio of D. glomerata was quite higher than the
other plants (Figure 2). Therefore, soil x grasses interaction
was significant. To both mycorrhizae inoculation and biofertilizer, K. cristata responded negatively with respect to
aboveground biomass production (Figure 3). The other
grasses showed a positive response to mycorrhizae inoculation, while no response to PGPR as to aboveground biomass
production. Hence, treatment x grasses interaction was significant for aboveground biomass production (Figure 3).
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FIGURE 1 - Triple interaction (soil x treatment x grasses) effects on
root length (bars ± s.e.)

Aboveground biomass production per plant changed
significantly depending on the soil types, the inoculation
treatments and plant species. The plants grown in the sandy
loam soil produced approximately 10 fold more above-
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Sandy loam soil

300
200
100
0

A. cristatum

B. inermis

D. glomerata

K. cristata

FIGURE 2 - Changes in aboveground biomass of the grasses species
influenced by soil types (bars ± s.e.)

TABLE 1 - Changes of plant height, root length, aboveground biomass and belowground biomass depend on mycorrhizae or PGPR application,
soil fertility level and grasses species.
Soil (S)
Sand
Field Soil
Treatment (T)
Control
Bacteria
Mycorrhizae
Grasses (G)
A. cristatum
B. inermis
D. glomerata
K. cristata

Plant height
cm
7.39 B
19.26 A

Root length
cm
10.50 B
23.50 A

Aboveground
mg/plant
33.98 B
245.33 A

Belowground
mg/plant
19.44 B
92.02 A

11.57 B
12.77 B
15.63 A

16.20 B
15.71 B
19.09 A

124.24 B
111.46 B
183.28 A

52.85 B
41.51 B
72.84 A

13.78 B
16.17 A
103.68 B
15.31 AB
17.87 A
133.83 B
17.45 A
19.65 A
231.33 A
6.76 C
14.32 B
89.78 B
Average
13.32
17.00
139.66
S
***
***
***
T
**
***
***
G
***
***
***
SxT
ns
***
ns
SxG
ns
***
***
**
**
TxG
ns
TxGxS
ns
*
ns
ns: non-significant, *: p<0.05, **: p<0.01, ***: p<0.001. Means in the same column with different letters are significant.
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50.48 B
69.93 A
77.72 A
24.80 C
55.73
***
**
***
ns
***
ns
ns
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FIGURE 3 - Changes of aboveground biomass of the grasses species
influenced by mycorrhizae and PGPR application (bars ± s.e.)

Belowground biomass production changed depending
on the grass species, inoculation treatments and soil types.
The plant grown in the sandy loam soil produced nearly 4.5
times more belowground biomass (Table 1). While PGPR
application was ineffective, mycorrhizae inoculation
caused significant increases in belowground biomass production. Among grass species examined, D. glomerata and
B. inermis produced the highest belowground biomass,
while that of K. cristatawas lowest in the experiment. Except for K. cristata, plants produced similar belowground
biomass grown in the sand, although, in the sandy loam
soil, D. glomerata produced considerably higher belowground biomass than the others. Therefore, grasses x soil
type interaction were significant for belowground biomass
production (Figure 4).

Belowground biomass (mg/plant)

150

Sand
Sandy loam soil

100

50

0

A. cristatum

B. inermis

D. glomerata

K. cristata

FIGURE 4 - Changes of belowground biomass of the grasses species
influenced by soil types (bars ± s.e.)

4. DISCUSSION
The results of this study show that the soil types and
the inoculation treatments strongly affected plant height,
root length, above and belowground biomass and the considerable differences were also recorded for investigated
characteristics among the grass species. Since there was a

large difference in soil fertility between the two soil types,
it was considered that the differences in plant grown in the
two soils related to the nutrient content and distribution in
the soils [21].On the other hand, PGPR had no positive effect on seedling establishment of the investigated grasses
in the present study, though it has been reported that PGPR
can facilitate nutrient absorption or physiological processes of the plant [10, 11]. In general, seedlings development of perennial grasses is quite slow for a couple of
weeks after germination, and consequently, plant cannot
acquire nutrient enough, even though sufficient nutrients
are exist in its root zone. It seems to be one of the reasons
why PGPR could not accelerate nutrient absorption from the
pot soils in this study. Moreover, since the phenomenon of
plant growth promotion by PGPR contains complex processes, their effects will occasionally vary depending on
the experimental conditions. PGPR like B. atrophaeus can
not only release phosphorus by solubilizing, but also produce other biological compounds such as auxins, cytokinins and giberallic acids. Thus, the increase in the number
of microorganisms and their interaction will affect plant
growth positively, due to those growth promoting substances [6]. However, it is possible that the significant increase in the number of microorganisms will cause competition among microorganism, inducing reduction of plant
growth. As a result of these, growth parameters such as
plant height, root length, above and belowground biomass
will be changed independently each other with microorganism inoculations. For example, Yolcu et al. [21] reported that B. atrophaeus had a positive effect on the morphological characteristics such as plant height, leaf number
and stem diameter in Hungarian vetch, but not dry matter
yield. Similar results have been reported by the previous
studies [2, 4, 5, 6, 8, 14, 21]. Because biofertilizer x environment interaction is very complex, further studies on the
microbial fertilizers should be done.
In contrast to PGPR, mycorrhizae inoculation had positive effect on seedling establishment of investigated
grasses. This contrasting effect between PGPR and mycorrhizae might originate from the differences of root absorption surface because mycorrhizae increase root absorption
surface being inoculated plant and consequently, plant
growth is improved by enhancing nutrient and water uptake
[3, 11, 13]. In the experiment, mycorrhizae inoculation
caused considerable increases in investigated properties of
the grasses over the other control and PGPR, although the
response of the grasses was different each other, especially
root length and aboveground biomass production. Root
elongation was stimulated in all grasses by mycorrhizae in
nutrient poor sand growing media, whereas this effect disappeared in the nutrient rich sandy loam soil. Although the
extend of stimulation of root development varied among
the species in the experiment, these results show that mycorrhizae inoculation is a very effective tool to increase
root growth in cool season grasses in the nutrient poor environments. In contrast to root development, aboveground
biomass production increased in all grass species, except
for K. cristata, in both soil types. These increases can be
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attributed to more nutrient acquisition of the plants in cooperation with mycorrhizae inoculation. Similarly, stimulation of aboveground production by mycorrhizae inoculation was reported by previous studies [3, 11, 13]. While K.
cristata showed positive response to mycorrhizae with respect to root elongation, it was negative response with respect to aboveground biomass production (Figure 1 and 3).
This contrasting situation may be originated from changing
assimilate partition trend in K. cristata affected by mycorrhizae infection, and more assimilate allocate to root development at the beginning of seedling establishment depending on mycorrhizae inoculation, because mycorrhizae inoculation causes a change in assimilate partition model in
the plant [10, 13]. The differences in response to growing
media fertility level among grasses are species specific characteristics [22]. For example, D. glomerataachieved quite
high aboveground biomass production in the sandy loam soil
than the other species, and this attribute can be addressed to
D. glomerata soil demand because this species are known to
prefer fertile soil to enhance high yield [7].
In the past, the effect of mycorrhizae on the growth and
seedling establishment of C4 grasses has been intensively
studied and it has been clearly documented that mycorrhizae improve growth and seedling establishment of C4
grasses [11, 23], but there are limited information about the
effect of mycorrhizae inoculation on C3 grasses. In the present study, the results showed that mycorrhizae inoculation
have beneficial effect on the establishment and growth of
the C3 grasses, especially in nutrient poor environments
such as degraded soils, abandoned lands and mine reclamation areas etc. Moreover, mycorrhizae inoculation may
decrease mineral fertilizer use and also alleviate drought
stress by increasing root absorption surface. On the other
hand, Bacillus atrophaeus that used as PGPR in the experiment did not show any prominent results in the seedling
establishment of the grasses. However, further researches
are needed to investigate the effect of PGPR at the advancing growth stage of the C3 grasses, as well as the effectiveness of new PGPR agents.

[4]

Holl, F.B., Chanway, C.P. Turkington, R. and Radley, R.A.
(1988) Response of crested wheatgrass (Agropyroncristatum
L.), perennial ryegrass (Loliumperenne L.) and white clover
(Trifoliumrepens L.) to inoculation with Bacillus polymyxa.
Soil Biol. Biochem. 20 (1), 19-24.

[5]

Salantur, A., Ozturk, A. Akten, S. Sahin, F. and Donmez, F.
(2005) Effect of inoculation with non-indigenous and indigenous rhizobacteria of Erzurum (Turkey) origin on growth and
yield of spring barley. Plant and Soil 275 (1-2), 147-156.

[6]

Osman, M.E.H., El-Sheekh, M. El-Naggar, H. and Gheda, S.F.
(2010) Effect of two species of cyanobacteria as biofertilizers
on some metabolic activities, and yield of pea plant. Biol. Fertil. Soil 46 (8), 861-875.

[7]

En, W., Guorong, X. and Kazuo, S. (2013) Effects of Arbuscularmycorrhizal fungi on grass and weed in acidic andosol.
Applied Mechanics and Materials 281, 664-669.

[8]

Rodriguez, H. and Fraga, R. (1999) Phosphate solubilising
bacteria and their role in plant growth promoting. Biotec. Advances 17 (4-5), 319-339.

[9]

Zaccaro, M.C., De Caire, G.Z. De Cano, M.S. Palma, R.M.
and Colombo, K. (1999) Effect of cynobacterial inoculation
and fertilizers on rice seedlings and postharvest soil structure.
Comm. Soil Sci. Plant Anal. 30 (1-2), 97-107.

[10] Stirk, W.A., Ordog, V. Van Staden, J. and Jager, K. (2002)
Cytokinin and auxin like activity in cyanophyta and microalgae. J. Appl. Phycol. 14 (3), 215-221.
[11] Singh, B.K., Nunan, N. Ridgway, K.P. McNicol, J. Peter, J.
Young, W. Daniell, T.J. Prosser, J.I. and Millard, P. (2008) Relationship between assemblages of mycorrhizal fungi and bacteria on grass roots. Environmental Microbiology 10 (2), 534-541.
[12] Kanno, T., Saito, M. Ando, Y. Macedo, M.C.M. Nakamura, T.
and Miranda, C.H.B. (2006) Importance of indigenous arbuscular mycorrhiza for growth and phosphorus uptake in tropical
forage grasses growing on an acid, infertile soil from the Brazilian Savannas. Tropical Grasslands 40 (2), 94-101.
[13] Pietikainen, A., Kytoviita, M.M. and Vuoti, U. (2005) Mycorrhizae and seedling establishment in a subarctic meadow: Effects of fertilization and defoliation. Journal of Vegetation Science 16 (2), 175-182.
[14] Wu, S.C., Cao, Z.H Li, Z.G. Cheung, K.C. and Wong, M.H.
(2005) Effects of biofertilizers containing N-fixer, P- and K
solubilizers and AM fungi on maize growth: A greenhouse
trial. Geoderma 125 (1-2), 155-166.

The authors have declared no conflict of interest.

[15] Gross, N., Bagousse-Pinguet, Y. L. Liancourt, P. Urcelay, C.
Catherina, R. and Lavorel, S. (2010) Trait-mediated effect of
arbuscular mycorrhizae on the competitive effect and response
of a monopolistic species. Functional Ecology 24 (5), 1-11.

REFERENCES

[16] Wu, Q.S. and Zou, Y.N. (2013) Mycorrhizal symbiosis alters
root H+ effluxes and root system architecture of trifoliate orange seedlings under salt stress. The Journal of Animal and
Plant Sciences 23 (1), 143-148.

[1]

[2]

[3]

Rathi, M.S., Paul, S. and Thakur, J.K. (2014) Response of
wheat to inoculation with mycorrhizae alone and combined
with selected Rhizobacteria including Flavobacterium sp. as a
potential bioinoculant. Journal of Plant Nutrition 37 (1), 7686.
Marulanda, A., Barea, J.M. and Azcon, R. (2009) Stimulation
of plant growth and drought tolerance by native microorganisms (AM fungi and bacteria) from dry environments: Mechanisms related to bacterial effectiveness. Journal of Plant
Growth Regulation 28 (2), 115–124.
Zhang, T., Sun, Y. Shi Z. and Feng, G. (2012) Arbuscularmycorrhizal fungi can accelerate the restoration of degraded
spring grassland in Central Asia. Rangeland Ecol. Manage. 65
(4), 426-432.

1677

[17] Wilson, G.W.T. and Hartnett, D. C. (1997) Effects of mycorrhizae on plant growth and dynamics in experimental tall grass prairie microcosms. American Journal of Botany 84 (4), 478-482.
[18] Bauhus, J. and Messier, C. (1999). Evaluation of fine root
length and diameter measurements obtaining using RHIZO
image analysis. Agronomy Journal 91 (1), 142-147.
[19] SAS Institute (1998) Statistical Analysis System Institute:
StatView Reference Manual. SAS Institute, Cary, NC.
[20] Gomez, K.A. and Gomez , A.A. (1984) Statistical procedures
for agricultural research. 2nd ed. John Wiley and Sons, New
York, p. 680.

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

[21] Yolcu, H., Gunes, A. Gullap, M.K. and Cakmakci, R. (2012).
Effects of plant growth-promoting rhizobacteria on some morphologic characteristics, yield and quality contents of Hungarian vetch. Turkish J Field Crops 17 (2), 208-214.
[22] Gullap, M.K., Erkovan, H.I. and Koc, A. (2011) The effect of
bovine saliva on growth attributes and forage quality of two
contrasting cool season perennial grasses grown in three soils
of different fertility. The Rangeland Journal 33 (3), 307–313.
[23] Auken, O.W.V. and Brown, S. C. (1998) Importance of arbuscular mycorrhizae to dry mass production of a native Texas C3
and C4 grass. Texas J. Science 50 (4), 291-304.

Received: June 17, 2014
Revised: July 23, 2014; August 25, 2014
Accepted: September 09, 2014

CORRESPONDING AUTHOR
H. Ibrahim Erkovan
AtaturkUniversity
Faculty of Agriculture
Department of Field Crops
Erzurum
TURKEY
E-mail: erkovan@atauni.edu.tr
FEB/ Vol 24/ No 5/ 2015 – pages 1673 - 1678

1678

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

CHROMIUM-INDUCED PHYSIOLOGICAL
AND ULTRASTRUCTURAL ALTERATIONS
IN LEAVES OF I. lacteavar.chinensis
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ABSTRACT
I. lactea var. chinensis is tolerant to and accumulates
cadmium (Cd), lead (Pb) and salt. The purpose of the study
was to disclose the chromium(VI) impact on I. lacteavar.
chinensis, and it was treated with 25 and 100 μmol Cr(VI)
for 4 and 8 days, respectively. The dry weight and relative
water content of shoots decreased gradually as chromium
concentration increased. However, superoxide dismutase
(SOD) activity, malondialdehyde (MDA) content, and proline content increased whereas there was a progressive drop
in chlorophyll content in both chromium treatments under
both concentrations. Using electron microscopy, we observed that chloroplast shape, starch grain number and
grana arrangement were all changed by chromium. Our
findings provided new insights into the mechanism of chromium tolerance in Iris plants.
KEYWORDS: I. lactea var. chinensis, chromium, heavy metal, antioxidase, ultrastructure

1. INTRODUCTION
Heavy metals have major toxicity to environmental
health, crop and livestock production, food and water quality [1], and chromium (Cr) is the second most abundant
metal contaminant in the terrestria environment [2]. In
China, the effects of Cr slag on ecology, environment and
human health become more serious [3]. Among various valence states, trivalent Cr(III) and hexavalent Cr(VI) forms
are the most stable ones [4]. Cr(VI) always exists as chromate oxyanions (Cr2O4 and Cr2O7). Moreover, Cr(VI) is
more toxic than Cr(III) because Cr(VI) is known to be very
mobile and hazardous to human health through inhalation,
skin contact, and ingestion, even when present in very low
concentration in water [2, 3]. In addition, Cr(VI) can be reduced to Cr(III) by redox reactions [5].
Phytoremediation is a novel strategy which uses plants
to remove toxic metals from the environment [6]. How* Corresponding author; # These authors contributed equally to this work.

ever, an understanding of the physiological and molecular
mechanisms should be known before phytoremediation.
Cr(VI) toxicity affects the plants, including seed germination in wheat [7], leaf photosynthetic characteristics in OcimumtenuiflorumL. [8], phytochemical and physiological
parameters in Daturainnoxia[9], water balance in spinach
[10], and root morphology in barley [11]. In plant cells,
high concentrations of reactive oxygen species (ROS),
such as superoxide radicals (O2·-), hydrogen peroxide
(H2O2) and the hydroxyl radical (·OH), which are induced
by Cr(VI) toxicity, can alter the structure of membranes
and damage their function [12]. However, antioxidative enzymes such as superoxide dismutase (SOD) can prevent or
alleviate the oxidative damage [13]. Cr-induced changes in
malondialdehyde (MDA), which is the cytotoxic product
of lipid peroxidation, is correlated with Cr tolerance in
plants [14]. Cr stress also inhibits photosynthesis in the activity of carboxylation enzymes, leaf chlorosis, and the loss
of chlorophyll [15, 16]. Proline could prevent water loss
and alleviate mechanical damage under stress [17]. As an
osmoprotectant, Cr induces rapid accumulation of proline
which is proportional to the severity of Cr stress [18].
I. lacteavar. chinensis is a perennial ornamental plant
with rich flower colours and types. Moreover, it is tolerant
to and accumulates Cd, Pb and salts [19-21]. However, little is known about the Cr(VI) impact on I. lactea var.
chinensis. In fact, plants show different ability in tolerance,
uptake, and accumulation of Cr [22]. I. lactea var. chinensis has the advantage of Cr(VI) tolerance; therefore, the
purpose of this experiment was (1) to assess the effect of
Cr(VI) stress on the physiologicalalteration of I. lactea var.
chinensis leaves, and (2) to investigate the effect of Cr(VI)
stress on the leaf chloroplast structure.

2. MATERIALS AND METHODS
2.1 Plant materials and treatments

I. lactea var. chinensis plants were conserved in the
Iris Resource Collection Garden of the Institute of Botany,
Jiangsu Province and Chinese Academy of Science. Seed-
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lings which reached 10 cm height were transferred to a culture incubator (MIR-154, SANYO) to grow at 25 °C for 7
days, with light (day/night 12/12 photoperiod, 50 µmol m2 -1
s light) and humidity conditions (55%). The hydroponic
medium was 1/2 Hoagland nutrient solution [23]. Leaves
were taken at 4 and 8 days after 25 and 100 μmolK2Cr2O7
stress for physiological and ultrastructural index measurements. Each treatment consisted of three replicates.
2.2 Measurement of the the dry weight (DW) and relative water
content (RWC)

At the end of 8-day Cr treatment, leaves were harvested, the fresh weights (FW) were determined, and then,
dried for 48 h at 80 °C for determination of dry weights
(DWs). The relative water content (RWC) was calculated
using RWC (%) = [(FW-DW)/FW]×100. Each data point
represented the averageof three independent samples.
2.3 Measurement of SOD (superoxide dismutase) activity and
MDA (malondialdehyde)

followed by the use of Duncan’s multiple range test to evaluate differences among treatments for every variable.
3. RESULTS
3.1 Changes in the DW and RWC

The DW and RWC values are given in Table 1. From
Table. 1, the DWs and RWC of shoots decreased gradually
as Cr concentration increased. The dry weight of I. lactea
var.chinensis treated with 25 μmol Cr treatment was reduced to 90% of the control, while it was decreased to 84%
at 100 μmol Cr treatment (Table 1). RWC decreased to
98.6% and 96.1%, respectively, in 25 and 100 μmol Cr treatments. The results showed that the higher Cr concentration,
the less biomass accumulation.
TABLE 1 - The effect of Cr6+ on the dry weight (DW) and relative
water content (RWC) in shoots of I. lactea var.chinensis.

Samples of chromium-stressed plants were taken as
described above. SOD activity was analyzed according to
He [24]. The level of lipid peroxidation was measured by
the amount of MDA. MDA content was determined following the method described by Deng [25]. The data were
normalized based on leaf dry weight (DW).

Cr treatment (µmol)
Dry weight (g)
RWC of shoots (%)
0
0.273±0.4a
84.32±0.1a
25
0.246±0.2a
83.15±0.6a
100
0.230±0.7a
81.06±0.3a
Plants were exposed to 0, 25 or 100 µmol Cr for 8 days. Data are means
with standard errors (n = 3). Means followed by the same letter were not
significantly different at P＜0.05.

2.4 Measurement of chlorophyll content and proline content

3.2 SOD activity and MDA content

After 4 and 8 days of chromium treatments, leaves
were taken to measure chlorophyll and proline contents.
Chlorophyll content was assayed following Tong [19].
Proline content was determined following Özdemir [26].

After exposure to Cr for 4 days, SOD activity in the
shoots of I. lactea var. chinensis increased by 118 and
143%, compared to control, at 25 and 100 μmol Cr levels,
respectively (Fig. 1 A). After exposure to Cr for 8 days,
SOD activity increased by 120 and 162%, compared to
control, at 25 and 100 μmol Cr levels, respectively (Fig. 1
A). However, SOD activity in I. lactea var. chinensis did
not show a significant change at control and 25 μmol Cr
level (Fig. 1 A). MDA content was greater in 100 than in
25 μmol after 4 and 8 days of Cr treatment (Fig. 1 B). Compared to the control, MDA content showed a significant increase by 139 and 190% at 25 and 100 μmol Cr levels for
8 days, respectively (Fig. 1 B).

2.5 The chloroplast structure

The chloroplast ultrastructure of leaf cells was observed
with a Transmission Electron Microscope. After 8-day
chromium treatment, the leaf samples were taken and
washed. A series of steps followed the procedures described by Tong [19].
2.6 Statistic analysis

Statistical analyses were performed with SPSS v13.0
software using a one-way analysis of variance (ANOVA),

FIGURE 1 - Effect of chromium stress on SOD activity and MDA content of I. lactea var.chinensis: (A) SOD activity, and (B) MDA content.
Values are means ± SD (n=3).
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FIGURE 2 - Effect of chromium stress on chorophyll and proline contents of I. lactea var.chinensis: (A) chorophyll content, and (B) proline
content. Values are means ± SD (n=3).

FIGURE 3 -Effect of chromiumstress on the chloroplast structure of I. lacteavar. chinensis: (A, B) control chloroplast ultra-structure of I.
lactea var.chinensis, (C, D) chloroplast ultra-structure of I. lactea var.chinensisunder 25 μmolCr6+ stress after 8 days, (E, F) chloroplast ultrastructure of I. lactea var.chinensisunder 100 μmolCr6+stress after 8 days; Ch: chloroplast; CW: cell wall; Pl: lipid spheres; G: grana lamellae.

3.3 Chlorophyll and proline contents

There was a progressive drop in chlorophyll content under both Cr treatments at the two concentrations (Fig. 2 A).
However, there was no observable difference between both

treatments, at the same concentration. After 8-days Cr
treatment with 100 μmol, chlorophyll content was decreased to 68.6% of the background level (Fig. 2 A).
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The proline content in shoots of I. lactea var. chinensis
increased by 155% at 100 μmol Cr level within 4 days (Fig.
2 B). After 8 days of exposure to Cr, I. lactea var. chinensis
showed a further increase by 137 and 221% at Cr levels of
25 and 100 μmol, respectively (Fig. 2 B).
3.4 The chloroplast structure

The ultrastructural damages of leaf cells in I. lactea
var. chinensis were evaluated using electron microscopy.
The control of I. lactea var. chinensis was present withcomplete structure, which has elongated oval chloroplasts,
closely arranged grana, and small amounts of starch grains
(Figs. 3 A, B). After 8-days stress with 25 μmol Cr, the
number of starch grains increased and became larger, similar as in lipid spheres (Figs. 3 C, D). Moreover, chloroplast
shape was oval or round, and grana were arranged sparsely,
compared with the control (Figs. 3 C, D). After 8 days of
stress with 100 μmol Cr, grana were arranged more
sparsely, compared with control and that with 25 μmol Cr.
A large number of starch grains was located in the chloroplasts (Figs. 3 E, F).
4. DISCUSSION
Previous studies showed that leaf growth traits might
serve as reliable bioindicators of heavy metal pollution,
and in the selection of tolerant plants [27]. Thus, we monitored the dry weight and relative water content in shoots
and found that both indexes decreased gradually with increasing Cr level. The effect of Cr on leaf growth has been
investigated with several other species. In Spinaceaoleracea, Cr, applied at 60 mg kg-1 or higher levels, slowed
down leaf growth rate. Poschenriederet al.[28] have suggested that reduction in leaf biomass is correlated with Cr
in P. vulgaris. The reduction in leaf growth under Cr treatment could be due to the reduced root growth, which inhibits transportation of water and nutrients to the leaf of the
plants [18]. In addition, Cr transport to the aerial part of the
plant can have a direct impact on cellular metabolism of
leaves contributing to the reduction in leaf growth [27].
Similarly, the decrease in the weight of the plants is mainly
due to the inhibition of water uptake which results in decreased relative water content.
Chromium is a toxic heavy metal that can generate
high ROS levels like hydrogen peroxide, superoxide and
hydroxyl radicals, which cause oxidative damage to plants
[29], and Cr stress can initiate the process of lipid peroxidation which is considered to be an indication of oxidative
damage. However, MDA content can be used as an indicator of oxidative stress peroxidation of membrane lipids
[13]. We observed significantly increased MDA contents
after Cr stress. Increase in MDA content has been also reported in moss and Taxitheliumnepalense[30, 31]. To keep
ROS under control, the scavenging enzymes like superoxide dismutase (SOD) can coordinate Cr-induced produc-

tion of ROS (Fig. 2A). A number of studies have demonstrated the function of SOD activity under Cr stress, for example, in Indian mustard [32], Cucumisutillissimus[33],
and Brassica juncea[34].
Decreases in total chlorophyll (Chl) contents have
been well-documented under Cr stress [13], suggesting that
the chlorophyll synthesizing system is affected under stress
due to a faster breakdown or decreased synthesis of chlorophyll. Our study showed that Chl content decreased with
the processing stress time (Fig. 3A). In Ocimumtenuiflorum, Rai et al.[8] observed 70% reduction in total Chl content after 72 h in response to 100 μM Cr. Meanwhile, the
reduction was also found in Nymphaea alba[35]. Proline
acts as a cytoplasmic osmoticum for Cr tolerance as it accumulates to a higher degree under stress conditions [18].
Moreover, it has functions, such as avoidance of cell dehydration, scavenger of free radicals, machinery for protein
synthesis, and stabilizer of membranes [36], which may
play an adaptive role for any stress tolerance. However,
some studies showed that it could not be used as an indicator of tolerance screening [37]. Proline increase is a common response when the plants are under stress, and this
change can be found in our study. Similar results have been
observed in chrysanthemums [37], Glycine max (soybean)[18], and bluegrass (family Poaceae) [38]. In contrast, some species showed that accumulation of proline in
tissues can be taken as a dependent marker for genotypes
tolerant to stress [39]. The controverse result indicated that
this process seems to be species-dependent.
Chloroplast shape, grana arrangement and starch grain
number were all affected by Cr stress. The same alterations
were found in electron microscopic studies. Chromium
treatment resulted in the structural disarrangement of
thylakoids and stroma in aquatic A. philoxeroides[40]. In
Spirodelapolyrhiza, membrane systems of thylakoids and
chloroplasts were damaged by Cr exposure [41]. Moreover, Cr has also been reported to cause swelling of mitochondria and cytoplasmic vacuolization in Actinidiadeliciosa[42]. In L. cristatum[43] and Borreriascabiosoides[40], Cr also caused distortion in the ultra-structure.
It might be that the Cr pressures exceed the organism's ability to tolerate the stress, and normal ultra-structure is inevitably disrupted. The chloroplast is the site of photosynthesis, and it can reflect the degree of external stress [19, 44].
For example, there were no obvious damage changes in
chloroplast morphology and sub-cellular structure of I. lactea var. chinensis under salt treatments [19] because I.lacteavar.chinensis are halophytes. The chloroplast changes
in I. lacteavar. chinensis indicated that it is not tolerant of
chromium at 25 and 100 μmol levels. Our investigations
from the present study agree with these result lines as hexavalent Cr is toxic to plants.
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5. CONCLUSIONS
I. lacteavar. chinensis is a perennial ornamental plant
with rich flower colours and types. Moreover, it is tolerant
to and accumulates Cd, Pb, and salts. Our study would contribute to the understanding of the tolerance mechanism of
I. lacteavar. chinensis under Cr stress.
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PHOTODEGRADATION OF SULFAMETHOXAZOLE
AND PHOTOLYSIS ACTIVE SPECIES IN WATER
UNDER UV-VIS LIGHT IRRADIATION
Li Zhou, Huiping Deng*, Wei Zhang and Yinghong Gao
State Key Laboratory of Pollution Control and Resources Reuse, College of
Environmental Science and Engineering, Tongji University, Shanghai 200092, China

ABSTRACT
The photodecomposition effect and photolysis-active
species of sulfamethoxazole (SMX) were investigated in
Milli-Q water under UV light. Various factors, such as light
intensity, pH of solutions, concentration of SMX and common anions, were investigated in this study. It was proven
that the higher light intensity, acidic solution and less concentration of SMX were beneficial for photodegradation of
SMX. The results verified that SMX could be excited effectively, and induced the formation of reactive oxygen
species. Moreover, the contributions of oxidation reaction
and incited triplet states to photodegradation of SMX were
clarified by the role of different active species scavengers
and deoxygenation process. It was proven that the photodegradation of SMX was predominantly attributed to direct
photolysis. The indirect photolysis of SMX was carried out
in the presence of dissolved oxygen to form hydroxyl radicals, singlet oxygen and superoxide radicals. The clear hypothesized photolysis schemes are valuable for studying
other photochemical processes in other complex aqueous
matrices.
KEYWORDS: Sulfamethoxazole, photodegradation, direct/indirect
photolysis, photosensitizer

1. INTRODUCTION
Since sulfonamides appears to resist natural biodegradation, direct photolysis has been pointed out as the main
degradation process in natural water[1]. Sulfamethoxazole
(SMX), as one of the five most common pharmaceuticals
tested[2], has been chosen for this study.
Some works have focused on the photolysis removal
of SMX in the waste water[3], sea water[4], lake water[5]
and other natural water[6] under different light source[7].
In the natural water, there are two forms of photodegrada* Corresponding author

tion reactions occurring under light. In direct photolysis,
SMX that absorb actinic radiation may become unstable
from light absorption and subsequently decompose. Rate
of photolysis in dilute solution are the products of the rates
of light absorption and the quantum yields. Indirect photochemical reactions proceed through the generation of reactive intermediates such as hydroxyl, single oxygen and
aqueous electrons by water constituents[8]. The rates of indirect photolysis follow simple bimolecular kinetics[9].
The previous work focusing on photodegradation of
SMX has found that decomposition of SMX was resulted
from direct photolysis predominantly. The direct photolysis rate constants were found to be highly pH-dependent.
Sulfamethoxazole degrades most rapidly in the neutral
state. However, the anionic component, most prevalent at
environmentally relevant pH values, degrades much slower
[3, 8, 10, 11]. Besides the direct photolysis, there are different photosensitizers in various water matrix, which lead
to indirect pathways to decompose SMX. In the solutions
containing humic acids[1] or nitrate[12] etc., the indirect
photolysis was found to be important. SMX was also found
to act as photosensitizer[13], producing singlet oxygen and
radical species. There are other different photosensitizers
contained in natural matrix to accelerate photolysis. But in
different water matrix, the photosensitizers are complex
and it is difficult to conduct parallel comparisons. In the
previous work, the quantum yields and degradation rate of
direct and indirect photolysis of SMX in natural water have
been studied. Except the above analysis, it is more valuable
to study the transition of SMX and production of different
reactive oxygen species in Milli-Q water, which is basic to
analysis the photolysis of other sulfonamides in complex
water.
Although studies have examined and compared the
degradation products resulting from direct and indirect
photochemical reactions and also their contributions, less
studies provide the evidence of transition of SMX at the
first excited stage and production of various reactive oxygen species photosensitized by only SMX. The photochemistry of SMX under different factors, such as different
light intensity, various concentrations, acidic and alkaline
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conditions, anions effect and as well different active photooxidation species, has been thoroughly evaluated in this
study. The final reaction scheme can explain the details of
photolysis in pure SMX solution.
2. MATERIALS AND METHODS
2.1 Chemicals and analysis

Sulfamethoxazole was obtained from Sigma Chemical
Co., USA, and was used without further purification. All
the other chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd., China. For solution pH adjustment, 0.1 mol/L HCl or NaOH were used High purity water
from a Milli-Q-Water system (Millipore, Watford, UK)
was used for preparing aqueous solution of SMX.
The SMX concentration was quantified by HPLCUV analysis with a column of Gemini C-18 Phenomenex
(250 mm×4.6 mm) supplied by Agilent. The mobile phase
was a mixture of 30% acetonitrile and 70% water which
contained 0.1% formic acid. Analysis was performed under
isocratic conditions at a flow-rate of 1ml/min, with an injection volume of 10 µl and an oven temperature of 30 °C.
The SMX concentrations were measured by calibrating the
peak areas at 265 nm. UV-VIS absorption spectra were recorded using a Shimadzu UV-2550 spectrometer. The SMX
solutions at pH=4 and pH=8 were measured by a
fluorospectrophotometer Hitachi F-4500 (Hitachi Ltd., Japan). The spectrometer used a xenon excitation source, and
excitation and emission slits were set to a 5-nm band-pass.
Excitation wavelengths were incrementally increased from
240 to 550 nm at 5-nm steps; for each excitation wavelength, the emission at longer wavelengths from 290 to 600
nm was detected at 5-nm steps. The scanning speed was set
at 1200 nm/min.
2.2 Photodegradation process

The photolysis system (Shanghai Bilon Instruments
Co., Ltd.) for SMX degradation was composed of a 300-W
Xe lamp (BL-GHX-Xe-300) for incoming UV-VIS light, a
spherical quartz reactor with a cooling system, and a mechanical stirrer. SMX samples (400 ml) were held in the
spherical quartz reactor with cooling water to keep temperature stable. During the photolysis experiments, temperature was maintained at 25 °C, with a water jacket around
the reactor. The light intensity can be adjusted by controlling the electrical current. During irradiation, certain volumes of suspension were withdrawn at selected times for
HPLC analysis.
In a typical photolysis process, 1 mg/L SMX solution
was irradiated under UV light with light intensity of 2.35
mW/cm2 (UV254) for 200 min. Through changing the electrical current, the effect of higher light intensity (5.15
mW/cm2) was also tested. Most experiments were performed at inherent solution pH which was left uncontrolled
during the reaction. The pH study was conducted at different values from 4 to 10 adjusted by 0.1 mol/L HCl and

NaOH solutions. The key pH values for studying different
states of SMX were pH=4 and 8. The experiments under
different SMX concentrations (1, 2, 4, 8 mg/L) at pH 4 and
8 were conducted. To study the impact of anions on photocatalytic efficiency, 0.01 mol/L of Cl-, NO3- and SO42- were
added into SMX solution.
To verify the roles of different reactive intermediates produced in photochemical processes, experiments with scavengers were performed. The method of scavenging and concentrations of scavengers were based on the previous results [3,
14-16]. Isopropanol (10 mmol/L) was used to scavenge hydroxyl radicals. Isoprene, at a concentration of 10 mmol/L was
added to scavenge triplet excited states; 0.5 μmol/L NaN3 was
used as single oxygen quencher and 0.5 μmol/L 1,4-benzoquinone as the scavenger of superoxide radicals [13]. Nitrogen
gas was bubbled through the SMX solution for deoxygenation during irradiation. During deoxygenation process, the
concentration of dissolved oxygen (DO) was decreased
from 8.1 to 0.45 mg/L, to keep the lowest concentration of
oxygen in the solutions. Deoxygenation of solutions was
also used to explore the role of triplet excited states, and
also reduced electrons scavengers.
3. RESULTS AND DISCUSSION
3.1 Effect of irradiation

SMX solutions prepared in Milli-Q water without pH adjustment were irradiated under UV and visible light. The intensity of UV-VIS light at UV254 was 2.35 and 5.15 mW/cm2.
According to Fig. 2 (b), the light absorption of SMX is less
than 320 nm, which is not overlapping with visible light.
Therefore, there was almost no removal effect of SMX
with a filter under visible light as shown in Fig. 1. Under
UV-VIS light of 5.15 mW/cm2 at UV254, 100% of the initial
concentration of SMX (1 mg/L) was removed after 60 min of
irradiation, and nearly 70% for 2.35 mW/cm2 at UV254. Figure
1 also shows that the photodegradation of SMX follows a
pseudo-first-order kinetics under UV-VIS light. The higher
light intensity led to a faster SMX degradation, when the re-

FIGURE 1 - The photodegradation effect of SMX under different
light intensity and plots of ln(C0/CT) versus irradiation time for SMX.
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action rate was increased from 0.022 min-1 (2.35 mW/cm2) to
0.076 min-1 (5.15 mW/cm2). Therefore, absorption of solar
photons under 320 nm and consequent direct photolysis of
the SMX molecule is feasible as previously reported elsewhere [8, 11].
3.2 Effect of initial pH

The pH values of solutions alter the protonation state
of SMX as well as the absorbance spectrum. SMX is an
acidic compound (pKa1 = 1.6, pKa2 = 5.7) [10]. The SMX
mass fraction of different states can be calculated at different pHs, as shown in Fig. 1 (a).
1
SMX  
1  10 pH  pKa1  102 pH  pKa1 pKa 2
1
SMX 
pKa1 pH
1  10
 10 pH  pKa 2
1
SMX  
pKa1 pKa 2  2 pH
 10 pKa 2 pH
1  10

For the UV scanning SMX solution, HCl or NaOH was
used to adjust pH of 5 mg/L SMX solution. Comparing Figures 1 (a) and (b), the maximum adsorption wavelengths of
SMX are 268 nm for the neutral form at pH=4 and 257 nm
for the anionic form at pH=10, which is in agreement with
previous reports [17, 18]. As shown in Fig. 2 (b), the spectrum of SMX undergoes a hypsochromic shift with increasing pH, which is corresponding to the loss of a proton from
the –SO2-NH group, implying the existence of an electronwithdrawing group in the SMX anions [13].
As shown in Fig. 2 (c), the photodegradation was faster
in acidic than in alkaline solution, indicating that the photodegradation was strongly dependent on the state of ionization of SMX. Because the light source characteristics
were constant, the faster degradation might be partly due
to the bathochromic shift of the adsorption spectrum with
decreasing pH. In the previous report, the quantum yields
of direct photodegradation for the three protonation states

(b)

(a)

(d)

(c)

FIGURE 2 - (a) The state of SMX at different pH values, (b) chemical structure and adsorption spectrum for 5 mg/L SMX at different pH
values, (c) photolysis effect of SMX at different pHs under UV-VIS light (2.35 mW/cm2 at UV254), and (d) fluorescence excitation-emission
matrix (FEM) of 1 mg/L SMX at pH=4 and 8.
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of SMX+, SMX and SMX- were determined to be 0,
0.50±0.09 and 0.09±0.01 [10], and the photolysis rate constant was 0.0320 min-1 for the neutral state of SMX but
0.0055 min-1 for the anionic component, showing that the
neutral form of SMX predominating at pH=4 is clearly
much more susceptible to photolysis than the anionic form
at pH=10[18], which is also proven by the results of fluorescence chromatography. The fluorescence peaks for both
SMX at different pHs occur at 275 nm excitation and 350 nm
emission, indicating fulvic-like organic substances [19]. The
fluorescence intensity of SMX neutral form at pH=4 is obviously higher than that of SMX anions at pH=8.
3.3 Effect of SMX concentration

The effect of varying SMX initial concentration was
studied in the range 1-8 mg/L in acidic and alkaline solutions, and the results are shown in Fig. 3. Table 1 summarized the pseudo-first-order reaction rates and correlative
coefficiency (R2). As can be seen, the reaction rate for
SMX photolysis degradation decreased from 0.0032 to
0.00134 min-1 at pH 4 and 0.0055 to 0.0025 min-1 at pH=8,
by increasing SMX initial concentration from 1 to 8 mg/L,
respectively. The reaction trend is in agreement with previous studies [16]. At higher concentration of SMX, the
available light becomes limiting. With the same amount of
light quantum, the less proportion SMX can be excited in
the triplet state, and less active oxidative species were produced during photolysis process, which leads to a lower

photodecomposition rate. The photolysis scheme of SMX
for both acidic and alkaline solutions is the same, according to the direct and indirect photolysis-active species.
Thus, the effect of SMX concentration at pH=4 and 8 to
photo-decomposition is similar.
3.4 Effect of anions

The presence of inorganic anions, such as NO3-, SO42-,
or Cl- etc. is very common in water, and some of them have
significant influence on the photodegradation of the target
compound. Therefore, studying their effects on the removal of SMX under the processes being applied in this
study is important. The effects of NO3-, SO42- and Cl- were
examined individually. The results are shown in Fig. 4. Under higher light intensity, the addition of anions induced a
retardation of photolysis rate, while it had little inhibition
effect under lower light intensity. The inhibition results
were due to the photo-shielding effects of these anions.
As reported before, in the presence of hydroxyl radicals, chloride and sulphate ions evolved into Cl-·[20] and
SO4-·[21]. Meanwhile, under UV-VIS irradiation, Cl- promoted the formation of 1O2 which induced indirect photolysis [22]. In other words, chloride and sulphate ions can act
as the scavengers of hydroxyl radicals [23] to form free
chlorine and sulphate radicals, which are less reactive than
hydroxyl radicals. So the addition of chloride and sulphate
ions inhibited the photolysis effect. Under higher light in-

(a)

(b)

FIGURE 3 - (a) The effect of SMX concentration for photodegradation in acidic and alkaline solutions, and (b) plots of ln(C0/CT) versus
irradiation time for SMX representing the fit using a pseudo-first-order reaction rate.

TABLE 1 - The pseudo-first-order reaction rates and correlative coefficiency of
SMX photodegradation at different initial concentrations in acidic and alkaline solutions.
pH

pH = 4

pH = 8

Concentration (mg/L)

1

2

4

8

1

2

4

8

K×10-2(min-1)

3.20

2.47

2.00

1.34

0.55

0.43

0.38

0.25

R2

0.997

0.999

0.999

0.997

0.993

0.997

0.998

0.999
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tensity, more hydroxyl radicals produced in the photolysis
reactions were quenched for a more obvious decrease effect. So the final results came from the competitions between the quenching of hydroxyl radicals and the production of other reactive oxygenation species, such as Cl·, singlet oxygen and SO4-.
(a)

(b)

so the addition of nitrate anions inhibited the photolysis of
SMX due to the photo-shielding effects.
3.5 Photolysis analysis

The photoreaction rate at pH=4 with SMX is nearly
4 times faster than that at pH=8 with SMX-. The addition
of scavengers and deoxygenation process resulted in different photoreaction rate changes for pH=4 and 8 solutions.
In alkaline solution, the addition of scavengers in Milli-Q
water induced a pronounced retardation of photo-decomposition rate under UV light (λ>200 nm) irradiation, while
they had little effect on the photolysis rate in acidic solutions. During deoxygenation process, the photolysis rate
increased by 8.2% at pH=4 but by 56.4% at pH=8. Thus, it
can be inferred that the photoreactions in acidic solutions
are more involved in the self-sensitized direct photolysis
process than those in alkaline solutions. The ground states
of neutral SMX can be easily excited to be singlet and triplet
states, which are represented as 1SMX* and 3SMX*. In other
words, the indirect photolysis contributed much more to
SMX- anion decomposition than SMX neutral form. It can
be inferred that the neutral form of SMX is susceptible to
photolysis, compared to the anionic form. The quantum
yield of direct photodegradation for the SMX and SMX(a)

pH

(b)

pH

FIGURE 4 - (a) The effect of different common anions for degradation of SMX under different light intensities, and (b) the reaction rate
of pseudo-first-order, with and without addition of different anions.

For nitrate anions, the previous studies had proven that
the absorption of actinic radiation by nitrate leads to the
production of reactive species. Aqueous hydroxyl radicals
can be derived from photolysis of nitrate ions. The averaged concentrations of hydroxyl radicals appear to be
2×10-16 M with 1 mg/L nitrate [9, 24]. The quantum yields
of hydroxyl radical formation by photolysis of nitrate are
relatively low, rising from 1.3±0.4% at around 300 nm to
9.0% at 254 nm [25]. Even though the reaction rate constants are near to the diffusion-controlled limit, the environmental fate of the sulfa drugs is likely not controlled by
reaction with hydroxyl radicals, except possibly in high nitrate-containing waters [12]. According to the other previous results, the photoreaction rate decreased from 0.038 to
0.029 min-1 with increasing NaNO3 concentrations from 5
to 100 mg/L [22] in pure water under UV-VIS light. The
concentration of nitrate anions in this study was not high,

FIGURE 5 - The photolysis pseudo-first-order reaction rate with and
without scavengers and deoxygenation process in acidic and alkaline
solutions.
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was determined to be 0.50±0.09 and 0.09±0.01 [10], and
the photolysis rate constant was 0.0320 min-1 for the neutral
state of SMX but 0.0055 min-1 for the anionic component,
in this study. Thus, in pH 4 solutions, the neutral form of
SMX can adsorb UV-VIS light, and be easily excited to
triplet states which are unstable to change structures of
SMX molecules, mainly occurring as direct photoreactions. However, in pH=8 solutions, the addition of scavengers and deoxygenation process both changed photolysis
rates significantly, indicating the existence of direct and indirect photoreactions. So, we focus on the analysis of photolysis-active species at pH 8.
Adding isopropanol to the SMX solution at pH=4 had
negligible effects, and 26.5% photolysis rate had been suppressed at pH=8, indicating that the reactions with photogenerated hydroxyl radicals occurred. The bimolecular rate
constant for the reaction between SMX and hydroxyl radicals was determined to be 3.7±0.1 × 109 M-1 s-1 [8], and
5.8±0.2 × 109 M-1 s-1 [10]. The hydroxyl radical is the most
reactive form for organic contaminants due to its non-selective and highly electrophilic nature. The production of
hydroxyl radicals is possible from photolysis of H2O2 at
254 nm UV irradiation. As well, the previous report had
measured the production of H2O2 in antibiotic solution under simulated sunlight, which confirmed that H2O2 was
generated by O2·- dismutation [26]. In this study, the production of O2·- has been proven by the quenching experiment of
1,4-benzoquinone. When comparing 1,4-benzoquinone as a
quencher of O2·with isopropanol as quencher of hydroxyl
radicals, both had a similar suppressing rate at pH=8, confirming the producing pathway of hydroxyl radicals.
As a quencher of triplet excited states, the addition of
isoprene suppressed 48.5% of the reaction rate at pH=8.
The energy of excited triplet state of SMX is estimated to
be about 292 kJ/mol [13] above the ground state, which
means that the triplet state of SMX is susceptible to be decomposed during photolysis process. Except deoxygenation process, isoprene was the most effective scavenger for
quenching-active species, indicating that the triplet excited
states of SMX were primary for photo-decomposition. The
results proved the significance of direct photolysis again.
Singlet oxygen and superoxide radicals are important
oxidative species being produced from oxygen in water
during indirect photolysis. SMX is a singlet oxygen sensitizer. Singlet oxygen is generated via an energy transfer
process during a collision of excited 3SMX* with triplet oxygen. The capacity of SMX to generate singlet oxygen increased with decreasing pH [13]. The singlet excited oxygen has more potential energy than the triplet state [27].
Thus, the oxygen is more oxidizing in its singlet excited
state and is, therefore, significantly more electrophilic, reacting rapidly with unsaturated carbon-carbon bonds, neutral nucleophiles, such as sulfides and amines, as well as
with anions. The generation of superoxide radicals involves electron-transfer with excited SMX and oxygen [28,
29]. As a quencher of singlet oxygen and superoxide radicals, respectively, the addition of sodium azide and 1,4-

benzoquinone decreased photolysis rates, indicating the
existence of singlet oxygen and superoxide radicals.
Deoxygenation of alkaline solutions leads to an obvious
increase in the photolysis rate. The oxygen is a quencher of
triplet excited states; so, its removal decreased transition
from excited triplet state back to ground state of SMX, which
allows a greater fraction of photo-excited molecules to be
transformed. However, the lack of oxygen decreased production of oxidative species, such as singlet oxygen and superoxide radicals. The 56.4% increase of photolysis rate was
the competitive result of less oxidative species and more triplet excited states. It can be concluded that the triplet excited
states of SMX were the main contributions for photolysis reactions, indicating that the direct photolysis was also predominant during photo-decomposition at pH 8.
According to the above analysis, the scheme for the hypothesized ways of the SMX degradation is given in Fig. 6.

FIGURE 6 - Hypothesized reaction scheme for the direct and indirect
photolysis of SMX in pure water.

4. CONCLUSIONS
The phototransformation of SMX was thoroughly
studied in Milli-Q water matrix. Under UV-VIS light, the
SMX in the mg/L range was degraded effectively, and
much higher intensity of light increased the photolysis reaction rate. The photodegradation results in acidic and alkaline solutions indicated that the SMX in neutral form
were susceptible to be decomposed more than SMX anions, which has been proven by the results of fluorescence
spectra. With the increasing initial concentration of SMX,
the photoreaction rate decreased. The low concentration of
common anions existing in water had a small inhibition effect during photochemical process of SMX. Under higher
light intensity, the effect of common anions to photodegradation of SMX was not negligible. Through the above analysis and quenching/deoxygenation experiments, the direct
and indirect photolysis transformation and the production
of reactive oxygen species for SMX photodecomposition
were summarized. In further work, it is better to detect the
hypothesized reaction species during photolysis process.
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ABSTRACT
This work aims to evaluate ecotoxicological endpoints
for selected pollutants by applying suitable statistical methods and to assess the ecotoxicity of these pollutants. The
tested substances were pesticides, pharmaceuticals, synthetic musk compounds and foam extinguishing agents.
These pollutants were chosen according to the fact that
they can easily enter various parts of environment, both intentionally and non-intentionally. The tests were performed
on fresh water invertebrate crustaceans Daphnia magna and
Thamnocephalus platyurus and on terrestrial annelid Eisenia fetida. On the basis of calculated values of the ecotoxicological endpoints, toxicity and dangerousness of pollutants in relation to the environment were determined.
KEYWORDS:
toxicity; Daphnia magna; Thamnocephalus platyurus; Eisenia fetida; generalized linear regression; binomial test

used for fire suppression. These chemicals can also easily
enter terrestrial and consequently aquatic ecosystems [810]. Many works confirm that usual disposal processes in
sewage treatment plants are not sufficient [11-13].
The effect of the pollutant concentration rate on test
organisms is assessed by methods of mathematical statistics. The toxicity tests serve to monitor the dependence of
a substance content on the organism mortality. Hence, the
main objective is to determine the median lethal concentration value LC50. For this purpose, a proper statistical
model should be considered. Especially, due to the boundedness of mortality, attention is paid to the theory of generalized linear regression, often used in practical situations.
Commonly used are so-called logit or probit models [14,
15], models based on other S-curves, e.g. Gomperz or
Weibull curves are rarely applied [14]. For the analysis of
earthworm avoidance behaviour classical statistical procedures based on binomial tests were performed; homogeneity testing of repeatedly conducted trials was done by
Fisher´s exact test [16, 17].

1. INTRODUCTION
2. MATERIALS AND METHODS
Chemicals are an integral part of everyday life; nevertheless they may affect the environment and human health.
Prediction of their impact on the environment, its biotic
component above all, is possible thanks to the results of
ecotoxicological tests performed on representatives of
aquatic and terrestrial ecosystems.
Pesticides are intentionally applied into the environment where they become a part of terrestrial ecosystem and
create possible danger for soil organisms. Soil loss and
seepage may also cause contamination of the aquatic ecosystem [1, 2]. Pharmaceuticals and synthetic musk compounds become part of sewage waters and of the sludge of
treatment plants. As they cannot be fully removed, they
may contaminate surface water. They also may enter the
environment in the form of applied sewage sludge and effluent used for irrigation [3-7]. Another testing group, fire
extinguishing agents based on fire-fighting foams, is often
* Corresponding author

2.1 Representatives of the tested substances

From the group of foam extinguishing agents, five concentrates foaming agents were selected, i.e. Sthamex F-15,
Expyrol F-15 and Finiflam F-15 representing a group of
standard synthetic foaming agents, Moussol APS F-15 as a
representative of fluorosyntetic foaming agent forming water film and Pyrocool B, which is a multipurpose synthetic
foaming agent. For ecotoxicological testing, the individual
foam concentrates were mixed with water in the ratio they
are most often mixed in standard firefighting practice.
Sthamex F-15 was prepared as a 5% solution, Moussol
APS F-15, Expyrol F-15, Finiflam F-15 and Pyrocool B are
applied as a 3% solution. These solutions represented the
basic solutions which were diluted to prepare concentration
series for the ecotoxicological effects evaluation.
Diclofenac and ibuprofen were selected from the group
of non-steroidal anti-inflammatory pharmaceuticals, and
penicillin G and ampicillin from the group of antibacterial
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agents. Synthetic musk compounds were linear (alicyclic)
substances namely lilial, linalool, arocet and arofloron. Pesticides were represented by Topsin M 500 SC and Perfekthion.
The former is a systemic fungicide received by leaves and
roots of plants containing 500 g.L-1 of the active ingredient
thiophanate-methyl. The latter is a systemic insecticidal
mixture used for controlling aphids and beetroot flies with
the active ingredient dimethoat 400 g.L-1.
2.2 Test organisms

For an assessment of the negative impact of the mentioned substances on organisms of the aquatic ecosystem,
two microbiotests were used. Thamnotoxkit FTM and Daphtoxkit FTM are performed on aquatic invertebrates Thamnocephalus platyurus and Daphnia magna, which represent the
trophic level of consumers [18, 19]. The organism Daphnia
magna falls in the subphylum Crustacea, the class Branchiopoda and the order Cladocera. It occurs in large quantities
in freshwater habitats as part of the zooplankton together
with rotifers and copepods [20].
To evaluate the negative impact on the biota of terrestrial ecosystem, testing organism Eisenia fetida (redworm)
was selected, belonging to the phylum Annelida, the class
Clitellata and the family Lumbricidae. Earthworms have a
number of unique functions in the soil. First of all, it is their
significant contribution to soil formation, soil profile creation and decomposition activity. It is a typical geobiont,
which means that the entire development cycle takes place
in the soil. They have significant bioaccumulation and bioconcentration capability and therefore belong among macro
concentrators. The presence of earthworms in soil is indispensable, and therefore it is very important to know that xenobiotics located in the terrestrial ecosystem are not toxic
for them [21].
2.3 Ecotoxicological tests
2.3.1 Daphtoxkit FTM

Acute toxicity test uses crustaceans Daphnia magna as
a test organism and is based on an assessment of immobilization or mortality of these organisms after 48 hours exposure to the tested substance. The number of immobilized
or dead organisms is counted after 24 and 48 hours. From
obtained data, the degree of immobilization and mortality
can be calculated as values 24h EC50, 48h EC50, and 24h
LC50, 48h LC50, respectively. This test is very sensitive,
feasible and user friendly. It is also supplied in the kit form,
which includes material for six complete toxicity tests, including dormant eggs of test organisms in the form of socalled ephippia [18]. This test was used for testing foam
extinguishing agents, synthetic musk compounds and pharmaceuticals.
2.3.2 Thamnotoxkit FTM

Thamnotoxkit FTM is a toxicity test with high sensitivity and it is based on the use of test organisms Thamnocephalus platyurus. These organisms are characterized by
their occurrence in not only pure nature water, but also in
extreme habitats, e.g. muddy water with an alkaline re-

action. This bioassay is supplied in the kit form, which includes material for six complete toxicity tests. The set comprises test organisms in the form of dormant eggs (cysts).
Their recovery and preparation for the test takes about several tens of hours. During the test, hatched organisms are exposed for 24 hours to the test substance. After this period,
mortality in different concentrations of the substance is assessed, and 24hLC50 value is evaluated [19]. This test was
used for testing foam extinguishing agents, synthetic musk
compounds and pharmaceuticals.
2.3.3 Earthworm, Acute Toxicity Test OECD 207

In this test, acute toxicity is determined after 14 and
28 days of exposure. The test is conducted in an artificial
soil, treated with the test substance in the specified concentration. The artificial soil (750 g) is placed into the test containers and pH is adjusted to 6.0±0.5 by using CaCO3. The
soil is moistened to 40 - 60 % WHC (Water Holding Capacity). Earthworms should be adult (at least two months
old with clitellum) with an individual weight from 300 to
600 mg. The optimal temperature for the experiment is 20
± 2°C. Ten test organisms (Eisenia fetida) are placed into
each test vessel and two replicates for each treatment are
performed. After 14 and 28 days earthworms weight and
mortality are determined. The resulting values are used for
calculation of the final value LC50 [22]. This test was used
for testing pesticides.
2.3.4 Earthworm, Avoidance test ISO 17512-1:2008

Avoidance test determines the quality of soils and the effects of chemicals on behaviour of earthworms. This screening test is rapid, it takes only 48 hours. The principle of this
test lies in the fact that adult organisms (usually 10 individuals) are at the same time exposed to the control artificial soil
and also the soil contaminated by tested substance. This
test is called a two-chamber test, as both soils are placed in
one test vessel. The vessel is labeled and closed by a plastic
cover after introducing organisms into the soil. Holes in the
cover allow sufficient aeration. The migration of organisms can take place smoothly between two tested substrates. At the end of test, the soils are separated and in each
test substrate (artificial soil and artificial soil treated by
tested substance) the number of individuals is counted. The
sensitivity of the organism to the test substance is determined [23]. This test was used for testing foam extinguishing agents.
2.4 Statistical methodology
2.4.1 The mortality-concentration dependence analysis

The dependence of organism (Thamnocephalus
platyurus, Daphnia magna, Eisenia fetida) mortality on
pollutant concentration was assessed by independent replications of the test for different concentrations corresponding to the appropriate concentration series. Thereby, inde,
of mortality-concentration measurependent pairs
ments were observed. Here, denotes the number of dead
individuals from a total of reference organisms and
denotes the substance concentration. For a given concen-
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tration the variable is distributed according to a binomial
distribution. An appropriate mortality-concentration dependence can be described by generalized linear model
[14, 15, 24]. The widely used logistic model [14, 24] was
applied in the study.
Let us denote the proportion of dead organisms, i.e.
/ . The logistic model is
logit

∶ ln

(1)

,

1

where on the left side is a so-called logit link function,
,
is a vector of unknown real regression
and
parameters. The estimates of these parameters, further de,
, can be obtained on the basis of maxnoted as
imum likelihood method. Such estimates show usually desired properties, as they are known to follow a normal disthe variance matribution. Let us denote
,
,

3. RESULTS AND DISCUSSION
3.1 Acute toxicity test

The mortality-concentration dependence was modelled by logistic regression (1) described in section 2.4.1.
The values 24h LC50 and 48h LC50 were estimated independently from the observations of 24-hours and 48-hours
mortalities. Similar procedure was applied for the earthworm acute toxicity test with 14 and 28 days exposition.
Typical situations of estimated logistic curves are visualized in Figure 1. All evaluations and maximum likelihood
estimations were carried out in Matlab 8.1. computational
environment.

trix of the estimated parameters. The median lethal concentration LC50 corresponds to a substance concentration
causing 50% mortality of reference organisms, and can be
obtained from the model (1) for the level Y
½. Simple
derivation leads to the following estimator
50

(2)

⁄ .

In order to assess a precision of estimator (2), the confidence intervals were evaluated. The 100(1-α)% confidence intervals were obtained by the delta method [16, 17],
and are of the form
50

(3)

,

/

⁄2 quantile of standwhere
/ denotes the 1
ard normal distribution. The standard error was obtained
by the variance matrix as follows
2

50

50

.

(4)

2.4.2 Binomial test

The earthworm avoidance test was independently
twice repeated. First, homogeneity of these repetitions was
assessed by Fisher’s exact test [16, 17] in order to exclude
any inter-sample variability. This test is appropriate especially because of low observation frequencies. In case of
homogeneity acceptance, the observations may be brought
together. As it is further shown in section 3, the homogeneity was rejected in neither cases.
Obviously, the number of earthworms in control soil
follows binomial distribution Bi , . The assessment of
the influence on the presence of organisms in contaminated
soil is performed by the binomial test. Being the effect of
substance presence insignificant, the parameter should be
equal to 1/2. Thus, the null hypothesis to be tested is H:
with two-sided alternative A:
. The binomial
test belongs to standard statistical tests, and in detail is it
described for example in publications [16, 17].

FIGURE 1 - Estimated logistic regression curves with 95% confidence intervals for the curves. Left: Daphnia magna and substance
Sthamex F-15 at 24 hour test; right: Thamnoecphalus platyurus and
substance Pyrocool B at 24 hour test. Estimated values 24hLC50 and
their 95% confidence intervals are visualized with vertical lines.

Results of acute toxicity test Thamnotoxkit FTM (Table 1)
indicated that from the tested substances, foam extinguishing
agents are the most toxic for the organism Thamnocephalus
platyurus 24hLC50 values for these foamers ranged from 3.7
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FIGURE 2 - Estimated values 24hLC50 and 48hLC50 with corresponding 95% confidence intervals for organism Daphnia magna and selected
pollutants from the class of foam extinguishing agents, synthetic musk compounds and pharmaceuticals.

TABLE 1 - Results of Thamnotoxkit FTM a Daphtoxkit FTM test: Estimated values 24hLC50 and 48hLC50 with 95% confidence intervals.
Thamnotoxkit FTM
Test substance

24hLC5
0

Daphtoxkit FTM

95% confidence interval
24hLC50
95% confidence interval
for 24hLC50
for 24hLC50
Foam extinguishing agents

48hLC50

95% confidence interval
for 48hLC50

Pyrocool B

3.8

3.6

3.9

1.9

1.5

2.3

1.1

0.8

Sthamex F-15

3.9

3.6

4.2

1.6

1.3

1.8

0.7

0.5

1.5
0.9

Expyrol F-15

3.9

3.6

4.1

1.6

1.4

1.8

1.1

0.9

1.3

Finiflam F-15

4.4

4.1

4.6

1.8

1.7

1.9

1.5

1.3

1.7

Moussol APS F-15

79.2

77.1

81.2

65.9

61.6

70.3

52.8

49.6

56.0

Lilial

13.6

12.3

14.9

6.0

4.9

7.2

2.5

1.6

3.5

Linalool

54.1

42.8

65.4

154.1

140.1

168.1

130.0

115.5

144.6

Arocet

62.9

57.2

68.6

70.9

62.6

79.3

44.8

36.5

53.0

Aroflorone

70.3

66.5

74.0

61.8

57.5

66.1

43.9

38.2

49.5

Synthetic musk compounds

Pharmaceuticals
Diklofenak

19.8

16.5

23.0

59.5

50.2

68.8

31.1

22.5

39.8

Ibuprofen

213.2

195.6

230.9

103.8

86.7

120.9

68.0

56.4

79.7

Ampicillin

668.3

594.7

742.0

1057.2

899.8

1214.6

856.0

806.4

905.6

Penicillin G

883.8

842.4

925.2

1073.5

912.1

1234.9

875.7

793.4

958.0
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TABLE 2 - Results of acute toxicity test OECD 207 for pesticides: Estimated values 14dLC50 and 28dLC50 with 95% confidence intervals.
Test substance

14dLC50

Topsin M 500 SC

164.1

95% confidence
interval for 14dLC50
112.0
216.2

Perfekthion

145.4

98.5

192.2

to 4.4 mg.L-1. The only exception was represented by Moussol
APS F-15, 24h LC50 value was 79.2 mg.L-1. From the group
of synthetic musk compounds, lilial exhibited much higher
toxicity than the other musks (13.6 mg.L-1), while the lowest effect was observed in arofloron (70.3 mg.L-1). The
lowest toxicity among all the tested organic compounds
was found in pharmaceuticals. The 24hLC50 value for penicillin G was 883.8 mg.L-1, for ampicillin 668.3 mg.L-1, for
ibuprofen 213.2 mg.L-1 and for diclofenac 19.8 mg.L-1. As
it is apparent from the results presented, diclofenac exhibited ten times higher toxicity than the other pharmaceuticals.
Daphtoxkit FTM (Table 1) showed higher sensitivity in
comparison to the Thamnotoxkit FTM test, particularly
among foam extinguishing agents. On the other hand, it
showed lower sensitivity for pharmaceuticals. The
24hLC50 values for each test substance were higher than
the 48hLC50 values. Therefore, the evaluation shows that
the toxicity to organisms increases with increasing exposure time. The 24hLC50 values of the foam extinguishing
agents ranged from 1.1 to 1.9 mg.L-1 and 48hLC50 values
ranged between 0.7 and 1.5 mg.L-1. As an exception, the
Moussol APS F-15 24hLC50 value was 65.9 mg.L-1 and
the 48hLC50 value 52.8 mg.L-1. Among the group of synthetic musk compounds, lilial was found to be the most
toxic substance; its 24hLC50 value was 6.0 mg.L-1 and its
48hLC50 value was 2.5 mg.L-1. The 24hLC50 values for
other synthetic musk compounds, i.e. linalool, arofloron
and arocet were 154.1; 61.8 and 70.9 mg.L-1 respectively,
and the 48hLC50 values of those were 130.0; 48.9 and 44.8
mg.L-1, respectively. Pharmaceuticals in this case represented the group of substances exhibiting the lowest toxicity to these testing organisms. The only pharmaceutical
substance with higher toxicity was diclofenac with the
24hLC50 value of 59.5 mg.L-1 and the 48hLC50 values of
31.1 mg.L-1.

144.6

95% confidence
interval for 28dLC50
79.5
209.7

47.5

19.3

75.7

During the Daphtoxkit FTM test, both the 24hLC50 values and the 48hLC50 values were observed. Therefore, it is
possible to make comparisons of variation for these estimates. As seen from the 95 % confidence intervals (Table 1),
the variability of the estimates does not significantly alter
with the length of exposure (in most cases it is slightly
smaller than that of the 48hLC50 estimated values). However, significant variations were observed, for substances
penicillin G and ampicillin, where the determined variability decreases significantly with increasing duration of exposure (Figure 2).
3.2 Earthworm avoidance test

For homogeneity comparison of two avoidance test
repetitions was applied Fisher’s exact test. The numbers of
organisms in chambers with contaminated soil are described by binomial distribution with the same number of
trials , and success probabilities and . Thus, the null
with alternative hyhypothesis to be tested is H:
. Specific results for particular test subpothesis A:
stances can be found in Table 3, the values
0 and
1 correspond to acception and rejection of the null hypothesis at significance level
0.05, respectively.
TABLE 3 - Results obtained by Fisher’s exact test. The value
cates rejected hypotheses at significance level 0.05.
Test substance

h

indi-

p-value

Sthamex F-15

0

≈1

Moussol APS F-15

0

0.3498

Expyrol F-15

0

≈1

Pyrocool

0

0.4737

Finiflam F-15

0

0.4737

TABLE 4 - Results of binomial test for particular substances. The
value indicates rejection of hypotheses at significance level = 0.05.

The most toxic to both testing aquatic organisms were
foam extinguishing agents, except for Moussol APS F-15.
The least toxic were pharmaceuticals (except for diclofenac). The most toxic synthetic musk compound was lilial.
Via the earthworms acute toxicity test, the toxicity of
pesticides Topsin M 500 SC and Perfekthion was determined after 14 and 28 days of exposure (Table 2). While
the toxicity of Topsin M 500SC increased only slightly
during the test (the 14dLC50 value was 164.1 mg.kg-1dry
soil and the 28dLC50 value was 144.6 mg.kg-1 dry soil),
the Perfekthion mixture showed a significant increase in
toxicity over time (the 14dLC50 value was 145.4 mg.kg1
dry soil and the 28dLC50 value was 47.5mg.kg-1dry soil).

28dLC50

Test substance

h

p-value

Sthamex F-15

1

1.907e-6

Moussol APS F-15

0

0,263

Expyrol F-15

1

1.907e-6

Pyrocool

1

4.025e-4

Finiflam F-15

1

4.025e-4

Since the homogeneity was rejected in neither cases,
particular repetitions of an avoidance test were brought together for all particular test substances. Further, in order to
assess an influence of contamination presence on the organism behaviour, two-sided binomial tests were performed. Hereby, the null hypothesis to be rejected is

1696

© by PSP Volume 24 – No 5. 2015

Fresenius Environmental Bulletin

H:
1/2. Results in Table 4 show that (with one exception being Moussol APS F-15) there were significant
differences between occurrences in contaminated and control soils. Specific results support the negative impact of
substance presence on the organisms.
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MITIGATION OF ADVERSE EFFECTS OF ZINC OXIDE
NANOPARTICLES ON ENHANCED BIOLOGICAL PHOSPHORUS
REMOVAL: ROLE OF CARBON SOURCE CONCENTRATION
Xiong Zheng, Yuanyuan Wei, Yinguang Chen*, Rui Wan, Shijing Tang, Yinglong Su and Lijuan Wu
State Key Laboratory of Pollution Control and Resource Reuse, School of Environmental
Science and Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, China

ABSTRACT
The potential risks of zinc oxide nanoparticles (ZnO
NPs) to wastewater treatment processes have received
much attention due to their large-scale production and application. However, little information is available regarding the mitigation of nanomaterials-induced negative effects on biological nutrient removal. In this study, an effective method, i.e., by increasing carbon source concentration, for mitigating ZnO NPs-induced toxicity to the performance of enhanced biological phosphorus removal
(EBPR) was reported. When the microorganisms of a labscale EBPR were exposed to ZnO NPs of 5 mg/L, the effluent soluble ortho-phosphorus (SOP) concentration could
be remarkably decreased from 13.2 to 0.7 mg/L by the increase of influent carbon concentration from 100 to 300 mg
chemical oxygen demand (COD)/L. The mechanism investigation showed that the increase in carbon source concentration enhanced the viability of activated sludge and the
metabolism of phosphorus-accumulating organisms. Further enzyme assays revealed that the activities of key enzymes (exopolyphosphatase and polyphosphate kinase) related to phosphorus removal were improved by the increase
in carbon source concentration.
KEYWORDS: ZnO NPs; Carbon source; Biological phosphorus removal; Mitigation; Intracellular metabolism; Enzyme activity

1. INTRODUCTION
Nanomaterials-containing products, such as antibacterial materials, catalysts and superconductors, are widely
used in our daily lives and industries, due to their unique
properties [1-4]. There is no doubt that the production and
utilization of nanomaterials will be continuously increased.
Among these nanomaterials, zinc oxide nanoparticles (ZnO
NPs) have been widely applied in the production of semiconductors, cosmetics, and pigments because of their out* Corresponding author

standing optical and electrical properties [5,6]. However,
some ZnO NPs were observed to enter the environment
[7,8], especially wastewater treatment systems [9]. Recently, it was reported that ZnO NPs could induce toxicity
to human health and the environment [10-14]. For instance,
Lin [12] et al observed that ZnO particles of 70 and 420 nm
caused dose- and time-dependent cytotoxicity to human
bronchoalveolar carcinoma-derived cells (A549) reflected
by oxidative stress, lipid peroxidation, cell membrane damage, and oxidative DNA damage. Liu et al. [13] found that
ZnO NPs adversely affected activated sludge endogenous
respiration, BOD biodegradation and nitrification.
In the literature, several factors were reported to influence the toxicity of silver nanoparticles (AgNPs). Choi et
al [15] studied the influences of sulfide and ligand strength
on nanosilver toxicity to nitrifying bacteria, and found that
sulfide could stoichiometrically complex with AgNPs and
effectively reduced the toxicity by up to 80%. The study of
Cheng et al [16] showed that the toxicity of AgNPs was
negatively affected by sunlight irradiation due to the accelerated aggregation. The toxicity of single-wall carbon
nanotubes was found to be influenced by protein [17] .
Enhanced biological phosphorus removal (EBPR) has
been applied widely in wastewater treatment plants to eliminate the pollutant of phosphorus from wastewater due to
its easy operation and low cost. It consists of anaerobic release and aerobic uptake of phosphorus. Normally, the aerobic phosphorus uptake exceeds the anaerobic release, and
net phosphorus removal can be achieved by discharging activated sludge at the end of the aerobic stage. It was reported recently by Zheng et al [14] that the appearance of
ZnO NPs inhibited phosphorus removal of biological
wastewater treatment process. However, the strategy for
reducing the toxicity of ZnO NPs to EBPR has never been
documented.
In this study, an effective method, i.e., by increasing
influent carbon source concentration, for reducing the toxicity of ZnO NPs to EBPR was reported. Firstly, the influence of carbon source concentration on phosphorus removal was studied. Then, the mechanisms for biological
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phosphorus removal being improved by the increase of influent carbon source were investigated from the aspects of
phosphorus anaerobic and aerobic transformations, polyhydroxyalkanoate (PHA) and glycogen metabolisms. Also,
lactate dehydrogenase (LDH) release assay was used to
evaluate the influence of ZnO NPs to activated sludge at
different carbon source concentrations. In addition, the activities of key enzymes related to phosphorus removal were
measured to reveal the reason of ZnO NPs affecting EBPR.
2. MATERIALS AND METHODS

mittently using an on/off control system with an online DO
controller to maintain the dissolved oxygen concentration
at about 6.0 mg/L. The solids retention time (SRT) was
kept at approximately 9 d according to the previous publication [20] by wasting sludge before the end of aerobic
phase. After culture for 87 d the phosphorus anaerobic release, aerobic uptake and net removal reached relatively
stable, and then the activated sludge was used for the following tests. Fluorescence in situ hybridization (FISH)
analysis showed that the parent SBR was dominated by
polyphosphate-accumulating organisms (PAO) (represented
45 ± 6% of the biomass) and glycogen-accumulating organisms (GAO) (represented 22 ± 5% of the biomass).

2.1 Sludge source

The original seed sludge used in an EBPR reactor was
obtained from a secondary sedimentation tank of Quyang
Municipal WWTP in Shanghai, China. All necessary permits for collection of the sludge from this system were
granted by Quyang Municipal WWTP and Shanghai Municipal Construction Bureau.
2.2 Preparation of ZnO NPs suspension

In this study, ZnO NPs were purchased from SigmaAldrich (St. Louis, MO, USA). It was reported that the environmentally relevant concentration of ZnO NPs was around
1 mg/L [8]. Considering the release of ZnO NPs might be
increased due to its wide usage, a concentration of 5 mg/L
was also studied in this study. The stock suspension of ZnO
NPs was prepared by adding 20 mg ZnO NPs into 1 L Millio
Q water, and then the mixture was sonicated (25 C, 250 W,
40 kHz) for 1 h according to the literature [18] to make a
good dispersion. The primary size of the particles in the
stock suspension was determined to be in the range of 90110 nm by dynamic light scattering (DLS) using a Malvern
Autosizer 4700 (Malvern Instruments, UK).
2.3 Operation of parent enhanced biological phosphorus removal reactor

A parent sequencing batch reactor (SBR) was used to
culture the EBPR microorganisms. The seeded biomass
was withdrawn from the secondary sedimentation tank of
a wastewater treatment plant in Shanghai, China. The SBR
with a working volume of 4 L was operated three cycles
o
everyday at the temperature of 21 ± 1 C, consisting of 1.5 h
anaerobic stage, 3 h aerobic stage, then followed by 1 h
settling, 10 min decanting and the remaining idle periods.
The synthetic wastewater was utilized to culture the EBPR
microorganisms, which was detailed in our previous publication [19]. Its pH was adjusted to 7.5 by 4 M NaOH or 4 M
HCl, and the influent soluble ortho-phosphorus (SOP) concentration was 10 mg/L. Three liters of synthetic wastewater
were pumped into the reactor before the anaerobic stage.
The influent concentration (chemical oxygen demand, COD)
of carbon source was increased progressively from 100 mg/L
on day 1 to 200 mg/L on day 10, and then to 300 mg/L after
day 11. The reactor was constantly mixed with a magnetic
stirrer except for the settling, decanting and idle periods.
The air needed for the aerobic period was provided inter-

2.4 Experiments of carbon source concentration affecting
EBPR in the presence of ZnO NPs

The activated sludge, which was withdrawn from the
above parent SBR, was centrifuged at 2000 rpm for 5 min,
and washed 3 times with 0.9% NaCl solution before being
divided equally into 4 batch reactors. Then 15 mL of phosphorus stock solution (400 mg/L) and 100 mL of ZnO NPs
stock suspension (20 mg/L) were added into each reactor.
Finally, the deionized water and a certain amount of synthetic wastewater (COD concentration of 800 mg/L) were
added into each reactor to make the total volume of each
reactor to be 400 mL and the COD concentration in these
four reactors being 100, 200, 300 and 400 mg/L, respectively. The pH values in all reactors was adjusted to 7.5 by
4 M NaOH or 4 M HCl. All other operations were the same
as those described above. The variations of SOP, PHA, glycogen, polyphosphate kinase (PPK) and exopolyphosphatase (PPX) were measured during one cycle.
2.5 Analytical methods

The viability and cell membrane integrity of the activated sludge were measured by cell proliferation and LDH
release assays, respectively. Cell proliferation assay was
conducted by means of the cell counting kit-8 (Dojindo, Kumamoto, Japan). Activated sludge was plated in a 96-well
plate and cultured in the growth medium of 100, 200, 300,
and 400 mg COD/L concentrations with 5mg/L of ZnO NPs.
After 48h, incubation, 10 μL WST-8 reagent was added to
each well and incubated at 37 °C for another 2 h. The cell
number was assessed by measuring the reduction of WST-8
at the absorbance of 450 nm. The LDH release assay was
conducted using the detection kit (Roche Applied Science)
according to the manufacturer’s instructions. After the batch
experiments the aliquots of activated sludge were centrifuged at 12000 g for 5 min, and the supernatant was plated
on the 96-well plate. After that, 50 μL substrate mix (Roche
Applied Science) was added into the plate. The plate was
then incubated for 30 min in dark at room temperature. At
the end of the incubation, 50 μL of specific solution (Roche
Applied Science) was added into the well to stop the reaction, and followed by the absorbance at the wavelength of
490 nm using a microplate reader (BioTek, USA).
The activities of PPX and PPK were measured after
aliquots of activated sludge being sampled at the end of the
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aerobic stage and centrifuged at 8000 g for 5 min. Firstly,
the sludge was washed for 3 times with 1.5 M NaCl buffer
(containing 0.01 M EDTA and 1mM NaF, pH 7.4), and
then suspended in this buffer. In order to break down the
cell structure of activated sludge, the suspensions were ultrasonified at 20 kHz and 4 °C for 5 min, and then centrifuged at 12000 g and 4 °C for 10 min. The crude extracts
in supernatant were used for enzyme activity determination. The measurement of the activity of PPX was carried
out as follows. The crude extracts were put into the prepared reaction solution, which contained 0.5 M Tris-HCl
buffer (pH 7.4), 5 mM MgCl2, and 2.5 mM p-nitrophenyl
phosphate, and incubated at 30 oC for 45 min. Then, 2 mL
of 0.5 M KOH was added to stop the reaction. The activity
of PPX was determined by the production of μmol p-nitrophenol/(min·mg protein) in the solution at the absorbance
of 405 nm. The activity of PPK was measured by the production of μmol NADPH/(min·mg protein) during the utilization of polyphosphate (poly-P). The operation was conducted as follows. Firstly, 1 mL of reaction solution consisted of 100 mM Tris-HCl (pH 7.4), 8 mM MgCl2, 200 mM
D-glucose, 0.5 mM NADP (Sigma), 150 μg of Sigma Type
45 poly-P, 1 unit of hexokinase (Wako Chemical, Osaka, Japan), 1 unit of glucose-6-phosphate dehydrogenase (G6PDH) (Wako Chemical, Osaka, Japan), and 150 μL of crude
extracts. P1,P5-di(adenosine-5')pentaphosphate (Ap5A)
(Sigma) was included in the assay to inhibit adenylate kinase (ADK). Then ADP was added into the solution to make
the final concentration of 1 mM. The produced NADPH
was determined at 340 nm by spectrophotometer.
Other analyses, such as SOP, mixed liquor suspended
solids (MLSS), mixed liquor volatile suspended solids
(MLVSS), PHA, glycogen and FISH, were conducted according to our previous publication [19].
2.6 Statistical analysis

All measurements were performed in triplicate and the
results were expressed as mean ± standard deviation. An
analysis of variance (ANOVA) was used to test the significance of results and p < 0.05 was considered to be statistically significant.
3. RESULTS AND DISCUSSION
3.1 Effects of carbon source concentrations on phosphorus
removal

The influence of COD concentration of acetate on
phosphorus removal efficiency is shown in Figure 1. When
acetate was increased from 100 to 300 mg COD/L, the removal efficiency of SOP was remarkably increased from
12% to 95%. This indicated that in the presence of 5 mg/L
of ZnO NPs the phosphorus removal performance could be
significantly improved by the increase of influent organic
carbon concentration. Without the addition of ZnO NPs,
similar observation was made by Isaacs [21]. Nevertheless,
the data in Figure 1 suggested that the removal of SOP was
declined to 83% as acetate was further raised from 300 to

400 mg COD/L. And this accorded well with the results
that the addition of acetate led to an increased phosphorus
removal performance, whereas the phosphorus removal
ability would not be increased when the carbon concentration reached a certain value [22]. In the presence of ZnO
NPs the possible reasons for acetate concentration affecting SOP removal was studied.
100

SOP removal efficiency (%)
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FIGURE 1 - Effects of carbon source concentration on the removal
efficiency of SOP. Error bars represent standard deviations of triplicate measurements.

It is well-known that both glycogen-accumulating organisms (GAOs) and phosphorus-accumulating organisms
(PAOs) are present in the EBPR system. The schematic diagram of PAO and GAO involved in EBPR is shown in
Figure 2. During the anaerobic phase, the carbon source
(acetate in this study) is taken up and then converted to polyhydroxyalkanoates (PHA) with the energy produced by
decomposing intracellular polyphosphorus (Poly-P) into
SOP [23]. Remarkable SOP release is therefore observed.
The NADH2 required for PHA synthesis is provided by the
decomposition of glycogen. During the aerobic stage, the
synthesized intracellular PHA is oxidized for phosphorus
uptake, glycogen synthesis and cell growth. The net phosphorus removal can be observed as the aerobic phosphorus
uptake is greater than the anaerobic release. Obviously, the
removal efficiency of phosphorus is affected by phosphorus anaerobic release and aerobic uptake, PHA anaerobic
synthesis and aerobic degradation, and glycogen anaerobic
degradation and aerobic synthesis.
3.2 Effects of carbon source concentration on phosphorus anaerobic release and aerobic uptake

It was reported that the addition of carbon source (such
as volatile fatty acids) to EBPR system increased the anaerobic phosphorus release [22,24]. Nevertheless, as seen
in Figure 2, the net phosphorus removal is relevant to both
phosphorus anaerobic release and aerobic uptake. Also, the
influences of carbon source concentration on phosphorus
anaerobic and aerobic transformations in the presence of
ZnO NPs have never been reported.
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FIGURE 2 - Schematic metabolic diagrams of PAO and GAO (without SOP uptake and Poly-P synthesis) involved in EBPR.
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FIGURE 3 - Effects of carbon source concentration on the SOP variations during one anaerobic and aerobic cycle. (A) The SOP variations and (B)
the total amount of SOP transformations in the presence of ZnO NPs. Error bars represent standard deviations of triplicate measurements.

In this study the variations of SOP during one anaerobic-aerobic cycle are illustrated in Figure 3A, and the transformations of phosphorus anaerobic release and aerobic
uptake are given in Figure 3B. It can be seen that both the
phosphorus anaerobic release and aerobic uptake were increased with the increase of acetate concentration from 100
to 300 mgCOD/L, and the difference between phosphorus
aerobic uptake and anaerobic release was respectively 1.8,
6.8 and 14.3 mg/L at COD of 100, 200 and 300 mg/L.
Thus, phosphorus removal efficiency was increased from
12% to 95%. At acetate concentration of 400 mgCOD/L,
however, the difference between phosphorus aerobic up-

take and anaerobic release was decreased to 12.4 mg/L,
which was lower than that at 300 mgCOD/L of acetate. A
lower SOP removal efficiency (83%) was therefore observed. These results indicated that when the influent carbon concentration increased to a certain value, the toxicity
induced by 5 mg/L ZnO NPs can be significantly reduced.
3.3 Effects of carbon source concentrations on PHA and glycogen transformations

In the absence of ZnO NPs both the transformations of
PHA and glycogen were reported to be increased with carbon source in a certain range [25,26]. In the presence of
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ZnO NPs, as shown in Figure 4, the synthesis of PHA during the anaerobic stage was increased with acetate as its
concentration was less than 300 mgCOD/L. At the acetate
concentration of 400 mgCOD/L, the amount of PHA synthesized was almost the same as that at 300 mgCOD/L.
Clearly, the influence of carbon source concentration on
PHA anaerobic synthesis was the same as that on SOP release (Figure 3B), which was due to poly-phosphorus hydrolysis providing energy for PHA synthesis [27]. From
the glycogen data in Figure 4, it can be seen that the glycogen anaerobic degradation showed almost the same trends
with PHA synthesis. It is because that the synthesis of PHA
requires the reducing equivalent (NADH2), which was usually obtained from glycogen degradation [24,28].
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FIGURE 4 - Effects of carbon source concentration on anaerobic
PHA and glycogen transformations. Error bars represent standard
deviations of triplicate measurements.

In the EBPR system both glycogen-accumulating organisms (GAOs) and phosphorus-accumulating organisms
(PAOs) can utilize carbon source and transform it to PHA
in the anaerobic phase. In the aerobic phase both of them
can oxidize PHA, but only PAOs use the energy derived
from PHA degradation for SOP uptake. In the literature the
efficiency of PHA degradation for SOP uptake could be
expressed by the ratio of SOP uptake to PHA degradation
(i.e., SOP uptake per PHA degradation) [29,30]. As seen in
Figure 5A, the more PHA was degraded, the more glycogen was synthesized when acetate concentration was in the
range of 100-300 mgCOD/L. The degradation of PHA and
the synthesis of glycogen at 400 mgCOD/L of acetate were
almost the same as that at 300 mgCOD/L. Further analysis
showed that the efficiency of PHA degradation for SOP
uptake was significantly improved with the increase of
acetate concentration from 100 to 300 mgCOD/L (Figure 5B), but it was slightly declined after that concentration. From this study it is clearly that the excessive increase of carbon source did not benefit phosphorus uptake
and removal.

B

22.0

20.0

18.0

16.0

14.0
100(control)
200
300
400
Carbon source concentration (mgCOD/L)

FIGURE 5 - Effects of carbon source concentration on aerobic transformations of intracellular metabolites. (A) Transformations of PHA
and glycogen and (B) the SOP uptake per PHA degradation in the
presence of ZnO NPs. Error bars represent standard deviations of
triplicate measurements.

In the literature phosphorus removal performance has
been reported to be negatively affected by the competition
of GAOs over PAOs [27]. Also, previous studies indicated
that the presence of ZnO NPs promoted the proliferation of
GAOs but inhibited PAOs [14]. Thus, the PAOs which
were in the weak position during the competition with
GAOs might account for the lower phosphorus release, uptake and net removal with the addition of 5 mg/L of ZnO
NPs in this study. Nevertheless, as seen from the above
study the phosphorus transformation and removal were enhanced by increasing carbon source concentration, which
suggested that the inhibitory effect of ZnO NPs on PAOs
could be mitigated by the increase of influent organic carbon concentration, and the suitable acetate concentration
was 300 mg/L.
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3.4 Effects of carbon source concentration on cell viability and
enzyme activity

LDH release and cell proliferation assays have been
applied in the literature to evaluate the cytotoxicity of pollutants [31,32]. In this study, the LDH release under the
conditions of acetate concentration of 100 mg COD/L and
ZnO NPs of 5 mg/L is shown in Figure 6A. During one
anaerobic-aerobic cycle the LDH maintained relatively stable, which indicated that no measurable cell leakage was
found. The same observations were made at other acetate
concentrations (data not shown). It seems that the presence
of 5 mg/L of ZnO NPs caused no significant influences on
cell membrane integrity of activated sludge. The same observation was made in the literature [14]. The data in Figure 6B showed that the relative viability of activated sludge
was increased from 100% to 119% of the control as acetate
was increased from 100 to 400 mg/L. Carbon source is an
important factor that impacts the performances of biological nutrient removal [33-35]. Thus with the increase of acetate concentration the increased cell viability of activated
sludge was observed.

LDH release (% of control)

120

As seen from Figure 2 the enzymes of exopolyphosphatase (PPX) and polyphosphate kinase (PPK) are closely
related to phosphorus anaerobic release and aerobic uptake. In the current study the influence of acetate concentration on the activities of PPX and PPK are illustrated in
Figure 7, in which the PPX and PPK at acetate of 100 mg
COD/L were set as 100%. It can be seen that the activities
of the PPX and PPK were both significantly improved with
acetate from 100 to 300 mg COD/L, and further increasing
acetate to 400 mg COD/L did not cause the significant increase of either PPX or PPK (p<0.05). These observations
were in accordance with the profiles of phosphorus anaerobic release and aerobic uptake (Figure 3).
260
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FIGURE 7 - Effects of carbon source concentration on the relative activities of PPX and PPK. The relative activities of PPX and PPK were
set as 100% at the carbon source concentration of 100 mg COD/L. Error bars represent standard deviations of triplicate measurements.
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The toxicity of ZnO NPs to enhanced biological phosphorus removal was found in this study to be effectively
relieved by the increase of influent carbon source concentration. In the presence of 5 mg/L of ZnO NPs the phosphorus removal efficiency was remarkably increased from
12% to 95% with the increase of acetate from 100 to 300 mg
COD/L. Further investigation showed that the viability of
activated sludge and the metabolism of phosphorus-accumulating organisms were observed to be increased with
carbon source. Moreover, the activities of polyphosphatase
and polyphosphate kinase were enhanced by the increase
of carbon source concentration.
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FIGURE 6 - Variations of LDH release at the 100 mgCOD/L (A) and
effects on cell viability (B). Error bars represent standard deviations
of triplicate measurements.
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THE EFFECT OF FERTILISATION OF
SEWAGE SLUDGE ON SOIL ACTIVITY IN THE YEAR OF
APPLICATION AND IN SUCCESSIVE YEARS FOLLOWING
ITS INTRODUCTION IN MAIZE GROWN FOR GRAIN
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ABSTRACT
The aim of this study was to investigate the effect of
fertilisation of sewage sludge coming from a municipal
sewage treatment plant on selected physical parameters of
soil as well as its biochemical and microbiological activity
in the year of sewage sludge application and in the two successive years following its introduction in maize grown for
grain. Recorded results concerning the effect of the used
sewage sludge on physical properties of soil such as soil
cohesion and CO2 emission indicate its positive, statistically significant effect in growing of maize both in the year
of its application and in the successive years. Results of
studies showed that fertilisation of lessive soil using sewage sludge caused changes in its enzymatic activity. Intensity and direction of the occurring changes were dependent
on the development phase of the crop and the time from the
introduction of sewage sludge to soil. Application of sewage sludge as fertiliser and successive plant development
phases were reflected in changes in the counts of analyzed
groups of soil microorganisms. As a result of sewage
sludge introduction an increase was recorded in the numbers of microorganisms being pioneers in the degradation
of organic matter, i.e. fungi, actinobacteria and proteolytic
bacteria, while total counts of bacteria decreased.

KEYWORDS: sewage sludge, maize, biochemical activity, microbiological activity.

in sewage sludge management the agricultural application
seems to be the most rational solution. It results from many
studies that sewage sludge produced in municipal and industrial sewage treatment plants, due to their fertilisation
properties, may be used to fertilise and reclaim biologically
weak and degraded soils [1-3].
Due to their high nutritive value sewage sludge plays a
significant role in improvement of soil fertility, first of all
intensification of the humification process [4, 5]. However,
sewage sludge for agricultural use has to be adequately stabilised to meet standards specified in the Ordinance of the
Minister of Agriculture and Rural Development of 2004. [6].
Introduction of natural fertilisers to soil, including
sewage sludge, may have a significant effect on growth and
development of microorganisms, as well as their enzymatic
activity. In the opinion of Bünemann et al. [7], excessive
and particularly simple fertilisation, frequently observed in
farming practice, may lead to a disturbance of nutrient balance in water solution. At present, next to traditional organic fertilisers (manure, slurry), attempts are made to fertilise soil using sewage sludge [8].
The aim of this study was to investigate the effect of
fertilisation of sewage sludge coming from a municipal
sewage treatment plant on selected physical parameters of
soil as well as its biochemical and microbiological activity
in the year of sewage sludge application and in the two successive years following its introduction in grain maize culture.
2. MATERIAL AND METHODS

1. INTRODUCTION
Management of sewage sludge is an increasingly serious problem in view of the growing number of the constructed treatment plants. Among the known methods used
* Corresponding author

Experiment was carried out for three years from 20072009, on plots of the Teaching Agricultural Station of the
Poznań University of Life Sciences, located in Swadzim.
The effect of sewage sludge on microbial activity of
soil was analysed in the course of a field trial established
on luvissil soil with a neutral reaction and formed from
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post-glacial deposits, from light loamy sands, lying in a
shallow layer on light loam, which according to the soil use
classification belongs to soil quality class IVa and the very
good rye complex.
The following combinations were applied in the experiment: Control – control soil, with no sewage sludge applied, A – the effect of sewage sludge in the year of its application, B – the effect of sewage sludge a year after its
application, and C - the effect of sewage sludge two years
after its application. All combinations were sown with
maize (Zea mays L.) cv. PR39G12 grown for grain. Sewage sludge was applied at a rate of 10 t ha-1 once per five
years. Organic fertilisation was supplemented with mineral
NPK fertilisation. Fertilisation with nitrogen as ammonium
nitrate, phosphorus as triple superphosphate and potassium
as 60% potash was applied at 110 kg N · ha-1, 35 kg P · ha1
and 100 kg K · ha-1, respectively.
Sewage sludge used in this experiment came from the
municipal sewage treatment plant in Szamotuły and met
the standards specified in the Ordinance of the Minister of
Agriculture and Rural Development of 2004 [6].
In spring, prior to broadcasting of mineral fertilisers
and in autumn after harvest, soil samples were collected in
order to determine:
 total nitrogen (0.01 M CaCl2, 1:10 m/v, Houba et al.
[9])
 available phosphorus and potassium (calcium lactate –
HCl, pH 3.5, Fotyma and Dobers [10]),
 available magnesium (0.0125 M CaCl2, 1:10 m/v,
Fotyma and Dobers, [10])
 content of heavy metals.
Results concerning the above mentioned parameters
are presented in Table 1.
TABLE 1 - Chemical composition of soil after the first year of the
experiment
Components
Macroelements
Total N % d.m.
P2O5 mg·100g-1 soil
K2O mg·100g-1 soil
CaO % d.m.
MgO mg·100g-1 soil

Control
soil

Soil with
sewage sludge

0.02
22.5
13.6
0.09
4.2

0.02
25.2
18.6
0.10
4.2

7.5
0.160
4.37
0.022
23.3
7.3
10.00

8.8
0.173
4.97
0.022
25.0
7.3
10.00

Soil samples on which biochemical and microbiological analyses were conducted were collected on five dates.
Four of them were connected with the successive development phases of maize: date 1 - before sowing (BBCH - 0),
date 2 - the emergence phase (BBCH0 - 9), date 3 - the 6-7
leaf phase (BBCH16-17), date 4 - the flowering phase
(BBCH - 65), and date 5 - the ear setting phase (BBCH - 70).
2.1 Enzymatic analyses

Analyses of enzymatic activity in the soil fertilised
with sewage sludge were based on the determination of activity of:
● proteases by spectrophotometry [11], using 1% sodium
caseinate as the substrate, after 1-hour incubation at
50oC at a wavelength of 578 nm. Enzyme activity was
expressed in mmol tyrosine·kg-1dm soil·h-1.
● dehydrogenases (DHA) by colorimetry [12], applying
1% TTC (triphenyltetrazolium chloride) as the substrate, after 24-hour incubation at 30oC at a wavelength
of 485 nm and it was expressed in mmol·TPF·kg-1sm.
24h-1.
● acid phosphatases (PHOS-H) by spectrophotometry [13],
using sodium p-nitrophenyl phosphate as the substrate,
after 1-hour incubation at 37oC and it was expressed in
mmol PNP·kg-1·h-1.
2.2 Microbiological analyses

Microbial number in soil samples collected from under
the plants, from interrows at a depth of 15 - 20 cm were determined by Koch’s immersion dilution method on appropriate agar media (in five replications). The mean number of
colonies was converted to soil dry matter:

-1

Microelements mg·kg d.m.
Pb standard admissible limit – 40
Cd standard admissible limit – 1
Ni standard admissible limit – 20
Hg standard admissible limit – 0,8
Zn standard admissible limit – 80
Cu standard admissible limit – 25
Cr standard admissible limit – 50

former parameter was assessed using a manual Ejkelkamp
penetrometer, which was inserted successively to a depth
of 0 – 10 cm, followed by 10 – 20 cm and 20 – 30 cm. Recorded results are presented as soil cohesion expressed by
resistance in kN·cm-2 (MPa). The CO2 gas exchange rate
was analysed prior to harvest at the milk-dough stage. For
this purpose at approx. 24 h before the planned measurement special PCV rings of 5 cm in height were placed
tightly adjacent to the soil surface in each treatment. Such
a procedure was to stabilise the composition of soil air at
the testing site. Measurements were taken using a device
by LI–COR, equipped with a special Soil CO2 Flux Chamber. The value of carbon dioxide concentration was expressed in g CO2·m-2·h-1. Data collected by the device were
transferred to a computer to the Excel programme and next
analyzed statistically.

The other parameters evaluated after the introduction
of sewage sludge were soil cohesion and CO2 emission. The

 number of proteolytic bacteria (CFUg-1d.m. soil) were
determined on selective medium according to Rodina
[14]. Bacteria were incubated at 220C for 48 h. Additionally, when determining the numbers of grown colonies Frazier reagent was used in order to enhance the
substrate contrast in relation to proteolytic bacteria
(white colonies forming brighter spots).
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 ammonification bacteria were determined on the selective medium according to Rodina [14] after 6 days of
incubation at 280C.
 Total number of bacteria and actinobacteria (CFU g1
d.m. soil) were determined on 2% agar medium on a
soil solution after 14 days of incubation at 280C.
 Fungi were counted on Martin medium after 5 days of
incubation at 240C. [15]
Results of assays were analysed statistically using the
Statistica 9.1 programme. Tukey’s test was applied (at the
significance level α = 0.05) to determine the significance
of differences between values of analysed parameters from
different combinations. Presented results are mean values
of three year investigations.
3. RESULTS AND DISCUSSION
Recorded results concerning the effect of the used sewage sludge on physical properties of soil such as soil cohesion and CO2 emission indicate its positive, statistically
significant effect in growing of grain maize (Table 2) both
in the year of its application and in the successive years.
Many studies showed the effect of soil cohesion on its production potential connected with yield volume and its quality [16].
Soil cohesion also influences CO2 emission. The
amount of the released gas is one of the indicators of intensity of organic matter degradation by microorganisms colonising the soil. In the presented experiments a positive effect was also recorded for the applied sewage sludge in the
case of the above mentioned parameter (Table 2).
Additionally, Pearson’s correlation analysis was conducted for the results concerning soil cohesion and CO2
emission in soil sown with maize. The calculated correlation coefficients are presented in Table 2. Soil cohesion
was statistically significantly positively correlated with
CO2 emission and Pearson’s coefficient was r = 0.99 in the
year of sewage sludge application, while in the successive
years it was 0.65 and 0.5, respectively (Table 2).
Sewage sludge exhibits high hygroscopicity, thanks to
which it traps and accumulates water, thus improving soil
retention capacity. Such properties of sewage sludge were

shown by analyses conducted by Hemmat et al. [17]. Moreover, sewage sludge restores to soil the nutrients required
for the maintenance and recreation of ecological balance,
as well as provide the granular structure, which affects cohesiveness and thus respiration processes in soil.
The conditions mentioned above result in a situation,
when studies on the agricultural use of municipal sewage
sludge are fully justified. Intensification of such research is
particularly advisable in the regions with a significant role
of agricultural production and high volumes of produced
sewage sludge.
This experiment also evaluated the effect of sewage
sludge over the period of three years (from the year of sludge
application to its effect in the second year after its application) on microbial activity of soil sown with maize based on
the measurements of activity of soil enzymes, i.e. dehydrogenases, acid phosphatase and protease, as well as changes
in counts of selected groups of soil microorganisms. Results
of studies showed that fertilisation of luvissil soil using sewage sludge caused changes in its enzymatic activity. The
conducted statistical analysis showed statistically significant
differences at the significance level α = 0.01.
When analysing changes in protease activity in individual combinations a positive effect of the applied sewage
sludge on this enzyme may be observed (Fig.1).
It needs to be stated that the activity of this enzyme was
highest in the year of application of sewage sludge at the
emergence phase of maize plants, to which probably weather
conditions contributed in part, as well as the intensive increase in the numbers of proteolytic microorganisms at that
phase (Fig. 2). This is understandable, since organic matter
introduced to soil was successively degraded and used by the
microorganisms. Similar dependencies were also observed
by Emmerling [18] and Niewiadomska et al. [19]. Sewage
sludge is a very rich source of nutrients for microorganisms,
plants and soil microfauna. It plays an important role by intensifying humification of organic matter [1].
The high increase in the numbers of proteolytic bacteria
was also recorded at date 5 at the ear setting phase. No such
dependencies were observed for the control soil. Such a
great increase in the counts of this microbial group could
have been caused indirectly by the condition of maize plants
themselves, which in that period - in the case of adequate

TABLE 2 - The effect of sewage sludge applied in maize culture on physical and biochemical parameters of soil (soil cohesion, CO2 emission).
Combination
Control
Sewage sludge in the
year of its application
After-effect in the 1st year
After-effect in the 2nd year
LSD α 0.05

1.8

CO2 emission
(g CO2 m-2 .h-1)
(mean for three years)
1.9

Pearson’s correlation
coefficient between
cohesion and CO2 emission
0.21

Pearson’s correlation
coefficient between
DHA and soil cohesion
0.65

1.2

2.5

0.99

0.890

1.4
1.5
0.26

2.1
2.2
0.22

0.65
0.74

0.66
0.74

Soil cohesion (MPa)
(mean for three years)
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FIGURE 1 - The proteases activity in the year of sewage sludge application and in two successive years after Mean values ± standard errors;
different letters denote statistical differences at level α=0.05, n=5
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FIGURE 2 - The number of proteolitic bacteria in the year of sewage sludge applications and in the two successive years after Mean values ±
standard errors; different letters denote statistical differences at level α=0.05, n=5

nutrition - exude to soil high amounts of proteins and
amino acids. Through their own root exudates, as well as
substances formed as a result of degradation of harvest residue, plants in various ways influence soil microorganisms.
Maize produces considerable amounts of root exudates,
containing amino acids, carbohydrates, vitamins, organic
acids, enzymes and metal ions. These substances inhibit or
stimulate microbial growth and development [20]. The
quantitative and qualitative composition of root exudates
depends on many factors, first of all plant species and development phase, soil type, temperature and moisture content, contents of nitrate and ammonia nitrogen as well as
available phosphorus and potassium, and redox potential
and reaction of soil [21].

Assuming that metabolic activity of microorganisms is
manifested in the activity of their enzymes, in this experiment changes in dehydrogenases activity in soil were also
considered. Dehydrogenases activity defines the rate of redox changes in the soil environment characterising a given
soil, being a measure of its fertility [22]. Based on the data
presented in Fig. 3 it was found that sewage sludge introduced to soil caused a statistically significant stimulation
of dehydrogenases activity. Similarly as in the case of proteases, the greatest activity of this enzyme was recorded at
date 2 of analyses during plant emergence in the year of
sewage sludge application (an increase by 100% in relation
to the control soil) (Fig. 3).
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FIGURE 3 - The dehydrogenases activity in the year of sewage sludge application and in two successive years after Mean values ± standard
errors; different letters denote statistical differences at level α=0.05, n=5

Similar trends were recorded in their study by Wolna
– Maruwka et al. [23]. An increase in dehydrogenases activity in soil following the introduction of sewage sludge
was explained by those authors by a greater content of degradable organic matter in sewage sludge. A positive effect
on this group of enzymes was also observed for sewage
sludge in the first and second years after its application.
Such a high level of dehydrogenases activity in the
course of analyses was dependent not only on the development phase of maize, but also the presence of readily available organic matter introduced to soil with sewage sludge.
In the opinion of Sinsabaugh et al. [24], enzyme activity is
connected not only with plant species and its development
phase, but it also depends on the amounts of nutrients in
soil and the depth of the root system. Tejlada et al. [25]
stressed a strong relationship of enzyme activity with soil
properties (pH, organic carbon content, etc.). We also need
to stress here that in our experiment the high level of dehydrogenases activity in samples with introduced sewage
sludge was positively correlated with soil cohesion (Table
2). The correlation coefficient was r = 0.88 for the soil sample in the year of sewage sludge application, as well as r =
0.66 and r = 0.74 in the successive years after the introduction of sewage sludge.
Analyses on the activity of acid phosphatase (PHOSH) proved that it was also lower in the combinations, in
which sewage sludge fertilisation was applied (Fig. 4).
When determining acid phosphatase activity in soil we
need to remember that plants have a considerable effect on
the amount of this enzyme in the soil environment. Plant
roots exude considerable amounts of this enzyme, particularly at phosphorus deficit [26, 27]. The high concentration
of acid phosphatase in the control in relation to the combination with sewage sludge in the year of its application as

well as successive years after the introduction of this factor
could have been the response of plants to lower resources
of phosphorus in the environment. One of the reasons for
the observed inhibition of acid phosphatase in the combination with the applied fertilisation in relation to the control could have been connected with the introduction of
certain amounts of available phosphorus with the organic
fertiliser, which inhibits synthesis of these enzymes. The
above phenomenon was reflected in a study by Wolna Maruwka et al. [23], in which phosphatase activity was inhibited the strongest in soil fertilised with sewage sludge,
while the greater the fertiliser application rate, the greater
the inhibitory effect.
Among the many anthropogenic factors having a considerable effect on soil microorganisms the greatest influence was observed for fertilisation, including organic fertilisation [1]. Application of varied fertilisation and successive plant development phases were reflected in changes in
the counts of analysed groups of soil microorganisms.
Similarly as in the case of proteolytic bacteria, a positive effect of sewage sludge was also recorded for the numbers of ammonification bacteria (Fig. 5) Data presented in
the graph indicate a significant stimulatory effect of organic fertilisation applied in the experiment on the increase
in counts of ammonification microorganisms at all dates of
analyses. Their greatest number was recorded in the combination in the year of sewage sludge application. However, its positive effect on the discussed group of microorganisms was also observed in the successive years after the
application of this fertiliser. Intensity of ammonification,
also called deamination, was considered to be a significant
indicator of biological activity of soil. The number of ammonification bacteria may be stimulated not only by fertilisation, but also by root exudates of adequately nourished
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FIGURE 4 - The acid phosphatase activity in the year of sewage sludge application and in two successive years after Mean values ± standard
errors; different letters denote statistical differences at level α=0.05, n=5
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FIGURE 5 - The number of amonification bacteria in the year of sewage sludge application and in two successive years after; Mean values ±
standard errors; different letters denote statistical differences at level α=0.05, n=5

crops, i.e. maize in this case. It is known that these exudates
contain readily available amino acids, particularly at anthesis and ear setting, while later this amount decreases [19].
Based on these results (Figs. 6-8) it may be noted that
the number of the other analysed groups of microorganisms
(fungi, actinobacteria, the total number bacterial) depended
on the development phase of plants as well as the time of
sewage sludge introduction to soil.
Statistical analysis showed that there are differences
between the number of microbial cells in the control soil
and their numbers in the other combinations.
When investigating the effect of sewage sludge on the
number of actinobacteria (Fig. 6) its stimulatory effect was
recorded in the analysed soil treatments.

A statistically significant increase in the discussed group
of microorganisms was found in the year of sewage sludge
application at all dates of analyses. Wolna – Maruwka and
Czekała [28] reported that sewage sludge has a significant
effect on the development of this microbial group. It is a rich
source of nutrients and contains high amounts of organic
substances constituting a rich environment for the activity of
microorganisms. A study conducted by Wolna–Maruwka
and Czekała [28] showed that the development of actinobacteria is strongly stimulated in the presence of sewage sludge
introduced to soil as fertiliser, while it was markedly weaker
after the introduction of manure as fertiliser.
When analysing the effect of introduced sewage
sludge on the count of actinobacteria in successive years
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1 year after the introduction of sewage sludge and after two
years a reduction was recorded in the counts of this group
of microorganisms. A weaker development of fungi could
have been caused by competition for food with other microorganisms. Sadowska et al. [29] reported an inhibitory
effect of the genus Pseudomonas on the development of
fungi.
A significant problem in the conducted experiment
which we need to focus on is related with a reduction of
total bacterial number (Fig. 8).
This is correlated with an increase in counts of both
fungi and actinobacteria. The most probable cause for such

after the year of its application a positive effect on this
group of bacteria was recorded on the first date before plant
emergence and later at the last two dates of analyses connected with plant development phase. In the combination,
in which the effect of fertiliser on the number of actinobacteria was assessed two years after its introduction, the trend
towards homeostatis was observed in the soil environment.
When investigating the number of fungi in this experiment (Fig. 7) a significantly stimulatory effect of sewage
sludge was recorded in the year of its application.
Mould fungi developed better than in the control soil
throughout the entire vegetation period. In successive years -
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FIGURE 6 - The number of actinobacteria in the year of sewage sludge application and in two successive years after Mean values ± standard
errors; different letters denote statistical differences at level α=0.05, n=5

70

CONTROL

A

B

C

f

f

f

f

50
40

4

-1

cfu * 10 g d.m. soil

60

30
20

be

e

b

c-e

abc

ab

10

ce
b

b-e

a-d

abc
a

0
I

II

III

IV

V
term

FIGURE 7 - The number of moulds in the year of sewage sludge application and in two successive years after Mean values ± standard errors;
different letters denote statistical differences at level α=0.05, n=5

1713

© by PSP Volume 24 – No 5. 2015

140

Fresenius Environmental Bulletin

CONTROL

A

B

C

h

h

100

5

h

g

g

g
80

-1

cfu * 10 g d.m. soil

120

f

f
60
40

e
bc

e

e

d

cd bc

b a

ab

20
0
I

II

III

IV

V
term
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a situation is the reduced contents of readily available
chemical compounds and thus an increase in the numbers
of fungi and actinobacteria at the expense of a decrease in
the numbers of bacteria, since the former can develop using
sparingly available compounds. This opinion was confirmed by Jezierska – Tys and Frąc [1], who noted that rapidly developing organisms, degrading mono- and oligosaccharides and amino acids, develop as the first. Successive
microorganisms appear after these compounds become depleted.
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ABSTRACT
Physiological responses and bioaccumulation in Nymphaea tetragona Georgi under cadmium (Cd) stress were
studied. Most of the Cd accumulated in roots followed by
lamina, petiole and rhizome under 0, 25, 50, 100, 150 and
200 mg L-1 Cd exposure. Moreover Cd induced lipid peroxidation. Toxic effects of Cd on Nymphaea tetragona were
reflected by the reductions in photosynthetic pigments and
protein, however, leaves of Cd treated Nymphaea tetragona
showed increased malondialdehyde (MDA), proline and
glutathione (GSH) content. Hyperactivity of the superoxide dismutase (SOD) and peroxidase (POD) indicated that
antioxidant enzymes played an important role in protecting
the plant from Cd toxicity. Results also indicated that phytochelatins (PCs) production increased after exposure to
Cd which suggested a pivotal role for PCs in the sequestration of metal. Sub-cellular localization of Cd in root cells
was evaluated using transmission electron microscopy
(TEM) and numerous Cd deposits were found on the outer
surface of the root tip cells from Nymphaea tetragona. We
can conclude that Nymphaea tetragona can protect itself
from phytotoxicity of Cd by altering various metabolic processes and it has the ability to accumulate large amount of
Cd from the polluted water.

KEYWORDS: Cadmium accumulation; Physiological response;
Toxicity; Nymphaea tetragona

1. INTRODUCTION
The heavy metal pollution has become one of the most
important environmental concerns, and it can be accumulated in soil and water which are detrimental to human
health [1, 2]. Cadmium (Cd) is one of the most toxic heavy
metals [3]. It enters the environment mainly through industrial and agricultural activities [4]. Studies which were carried out in different plant species had revealed that excess
#
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Cd accumulation under Cd exposure can bring strong toxic
effects on plant growth and development. For example, it
can negatively affect leaf growth in pea plants and root
growth in Pinus[5, 6].
Cd stress may induce oxidative stress that can damage
plant cell membrane and the increase of malondialdehyde
(MDA) concentration [7, 8].In addition, the production of
reactive oxygen species (ROS) can be induced by Cd. ROS
will disrupt physiological processes in plant cells and cause
an imbalance of redox status and subsequent oxidative damage to cells[4, 9].The antioxidant defense system comprises
both enzymatic and non-enzymatic antioxidants.Antioxidative enzymes such as superoxide dismutase (SOD) and peroxidase (POD) could destroy ROS like O2- and H2O2[9,
10]. Non-enzymatic antioxidants involve molecules like
proline and glutathione [11]. Proline and glutathione (GSH)
play an important role in plant adaptation to many environmental stresses such as heavy metals, drought, temperature
extremes and salt stress [12, 13]. Proline accumulation can
influence stress tolerance in multiple ways. For a long time,
it was considered as a penetrative material that protects
subcellular structures and macromolecules under osmotic
stress[14]. Several studies have attributed an antioxidant
feature to proline, suggesting that it has the ROS scavenging activity and therefore can act as an effective singlet oxygen quencher [15, 16]. Glutathione, a major non-protein
thiol (NPT) in plants, has several functions in plant metabolism.It is involved in the detoxification of heavy metals
and plays a role in the protection from oxidative stress [17,
18]. Furthermore, it is the substrate for synthesis of phytochelatins (PCs) which is directly involved in heavy metal
detoxification and homeostasis [19]. The sub-cellular localization of Cd reflects their chemical properties and the
role in plant physiology and ecology. Accumulation and
localization of Cd occurred as cell wall deposition in the
roots of Z. mays and bush bean [20]. However, the mechanism of uptake, translocation and accumulation of Cd in
plants need to be better understood.
In our life, water quality has been threatened by heavy
metals and that is why appropriate treatment of the heavy
metals from the waste water is of utmost importance [21].
Aquatic vascular plants play an important role in the up-
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take, storage, and recycling of metals [22]. The application
of bioremediation in treating heavy metals in wastewater
has gained much attention recently [23, 24]. Nymphaea tetragonacould provide landscape-pleasing environment and is
a potential accumulator of heavy metals [25], so we choose it
for our study. The purpose of this experiment was (1) to find
out the Cd accumulation potential of Nymphaea tetragona
and its impact on physiologicalalteration of Nymphaea tetragonaleaves, and (2) to investigate the sub-cellular localization of Cd in Nymphaea tetragona root cells.
2. MATERIALS AND METHODS
2.1. Plant material and growth conditions

The rhizome explants of Nymphaea tetragonaGeorgi cv ‘Masaniello’(obtained from Nanjing Yileen Water GardenCo. Ltd., Nanjing, China) were grown in pots (3 seedlings in each pot) in the greenhouse of Nanjing Agriculture
University, Nanjing, China. The length, width and height
of the pot is 50 cm, 25 cm and 30 cm respectively. The
nutrient medium was 1/2 Hoagland nutrient solution. After
7 weeks,approximately identical seedlings weeks were
used. The plants were treated with various concentrations
(0, 25, 50, 100, 150 and 200mg L-1) of CdCl2·2.5H2O.
Leaves of Cd-treated Nymphaea tetragona were taken
from plants at 1, 5 and 9 days and used for determinations
of physiological parameters (lipid peroxidation, electrolyte
leakage,antioxidant enzymes activities and proline, protein,NPT, GSH, PCs contents). Each experiment consisted
of three replicates. The plants were separated into leaves,
petioles, rhizomes and roots, washed with tap water followed by deionized water for the measurement of Cd accumulation after 9 days of exposure. The experiments were
conducted in the greenhouse in a growth chamber with a
14-h light 28 /10-h dark cycle 22 and 120 µmolm−2 s−1.
2.2. Determination of Cd concentration

The seedlings were harvested at the end of 9 days Cd
treatment and washed horoughly with distilled water after
being treated and divided into four parts (root, rhizome,
petiole and lamina) for the determination of Cd concentration. They were dried at 80 oC for 48 h and the dry weight
measured. The measurements of Cd content were made on
nitric-perchloric acid (4 : 1, v/v) digests of three replicate
plant samples and determined by atomic absorption spectrophotometry (Model 3300,Perkin-Elmer , USA ).
2.3. Physiological parameters

Leaves were taken from plants after 0, 25, 50, 100, 150
and 200 mg L-1 Cd treatments and used for the determination of physiological parameters. The level of lipid peroxidation in fresh leaves was measured in terms of MDA content by the thiobarbutaric acid (TBA) reaction method
(Heath and Packer 1968). About 0.5 g fresh tissue was
ground in 0.25% TBA in 10% trichloroacetic acid (TCA).
After heating at 95 °C for 30 min, the mixture was quickly
cooled and centrifuged at 4000 g for 20 min. The absor-

bance of the supernatant was read at 532 nm with New century T6 spectrophotometer (New century, Beijing, China)
and corrected for unspecific turbidity by substracting the
absorbance of the same at 600 nm. Amounts of MDA were
expressed as μmol g- 1 fresh weight (FW).
Leaves were taken from plants after 9 day treatment.
After extraction with 80% acetone, chlorophyll a (Chl a)
and chlorophyll b (Chl b) were measured spectrophotometrically in the extracts at 470, 647 and 664.5 nm, respectively, according to Lichtenthaler[26].
Prolinewas extracted by the method of Bates et al. [27].
Leaf tissue (0.5 g) was homogenized with 3% sulfosalicylic
acid and the homogenates were centrifuged at 4000gfor 20
min at 4 °C. The supernatant was treated with acetic acid
and acid ninhydrin, boiled for 40min and then absorbance
at 520 nm was determined. Amounts of proline were expressed as μg g- 1 FW.
The fresh leaf tissue (0.5 g) was frozen in liquid nitrogen and homogenized in 50 mM phosphate buffer (pH
7.8)containing 0.5 mMethylenediaminetetraacetic acid
(EDTA) and 1.0% polyvinylpyrrolidone (PVP). The homogenates were centrifuged at 4000gfor 20 min at 4 °C. The supernatant was used to measure the activities of SOD and
POD. The protein concentration in the leaf extracts was determined using the bovine serum albumin as a standard according to the Bradford method [28].
The activity of SOD was assayed by measuring the inhibition of the photochemical reduction of nitro blue tetrazolium (NBT) [29], using a reaction mixture consistingof
20 mM sodium phosphate (pH 7.5), 0.1 mM EDTA, 10
mMmethionin, 0.1 mM NBT, 0.005 mM riboflavin. A fluorescent lamp was positioned at a distance of 20 cm from the
samples for 15 min. One unit of SOD was defined as the
amount of enzyme that inhibits NBT photoreduction by
50% when monitored at 560 nm.
The POD activity was determined following the oxidation of guaiacol by the method of Lagrimini[30]with
modifications.It was measured with guaiacol as the substrate in a total volume of 3 ml. The reaction mixture consisted of 50 mM potassium phosphate buffer (pH 6.1), 1%
(w/v) guaiacol, 0.4% (v/v) H2O2 and enzyme extract. Increase in the absorbance due to oxidation of guaiacol was
measured at 470 nm. A unit of POD activity was expressed
as the change in absorbance per minute and activity as enzyme units per gram of FW.
The analysis of NPT was determined by measuring the
absorbance at 412 nm according to the method described
by Rama Devi et al. [31]. The fresh segments (0.5 g) were
homogenized in an ice bath in 5 ml of sulfosalicylic acid,
and the homogenate was centrifuged at 4 000 g for 20 min.
The supernatant was used for NPT assay using 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) as a reagent.
GSH was estimated fluorimetrically according to Hissin
and Hilf[28] with modifications. Plant material (0.5 g) was
frozen in liquid nitrogen and ground in in a mixture of 1 ml
of 25% HPO3 and 3 ml of 0.1 M sodium phosphate–EDTA
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buffer (pH 8.0). The homogenate was centrifuged at 4000 g
for 20 min to obtain supernatant for the estimation of GSH.
The final assay mixture for GSH estimation contained 0.2
ml of the supernatant, 3.6 ml of phosphate-EDTA buffer
and 0.2 ml of O-phthalaldehyde solution (1mg ml-1). After
thorough mixing and incubation at room temperature for
15 min, the fluorescence of the solution at 420 nm was
measured after excitation at 350 nm. For PCs measurement, sample preparation and the content of PCs was analyzed by reverse phase-HPLC as described by Lee et al.
[32].
2.4 The sub-cellular localization of Cd

The sub-cellular localization of Cd in root cells was
evaluated according to Sridhar et al. [20] with modifications.
After 9 days treatment on the plants, the root tip segments of
approximately 5 mm long were collected for electron transmission microscopy (TEM). The samples were fixed in
2.5% glutaradehyde in 0.05 mmol L-1potassium phosphate
buffer (pH 7.0) for 2 h at room temperature, then washed
with deionized water, and treated with 0.1%Na2S for 1 h.
The samples were washed with deionized water thoroughly
and fixed in 2.5% glutaradehyde again, then postfixed with
OsO4. The samples were dehydrated through an ethanol series and embedded in Spurs epoxy resin. Ultrathin sections
were obtained using ultramicrotome (POW-TIME-XL),
collected on copper-supported grids, and observed with H7650 Transmission Electron Microscope (TEM) at 80 kV.

3. RESULTS
3.1 Cd accumulation in different plant parts of Nymphaea tetragona

The toxic effect was observed under the treatments of 50,
100, 150 and 200 mg L-1 after exposure for 9 days (Fig. 1).
The amount of Cd accumulated by different plant tissues
varied significantly (root > lamina > petiole > rhizome)
(Table 1). Roots accumulated maximum amount of Cd under the treatment of 150 mg L-1 (2842.5μg g-1 DW). The
maximum Cd content in lamina (1131.6 μg g−1DW) was
also recorded at the concentration of 150 mg L-1Cd. Although plant uptake was positively correlated to the water
metal concentration, there was not a directed proportion
(Table 1). It was observed initially at 25 mg L-1 level, which
continued to augment with an increase in Cd concentration.
But it decreased in roots under the stress of 200 mg L-1 Cd
compared with that of 50,100 and 150 mg L-1 Cd treatment
(Table 1).
Cd translocation coefficient is indicative of the ability
of the plant to translocate metal from the underground part
to leaves. The result in Table 1 showed that translocation
coefficients increased as the Cd levels increased for 9 days
of exposure and the values were higher than 0.5 except for
that at 25mg L-1 Cd treatment. The highest value of translocation coefficient, 0.76, was obtained at 200 mg L-1 Cd
treatment and the average Cd translocation coefficients
from roots to leaves ranged from 0.41 to 0.76 under different Cd treatments (Table 1).

2.5 Statistical treatment

ANOVA followed by the Duncan’s multiple range test
(P≤ 0.05) was carried out to access the significance of the
difference between mean values obtained from at least three
independent experiments. The data were analyzed with SAS
software system.

3.2 Lipid peroxidation

The results in Fig. 2showed a significant (P<0.05) increase in MDA content of Nymphaea tetragona leaves underCd treatments compared with that of control. The maximum increase of MDA content was found under the treat-

FIGURE 1 - The toxic effects of different Cd treatments for 9 days in Nymphaea tetragona. a: control; b: 25 mg L-1; c: 50 mg L-1; d: 100 mg L-1; e:
150 mg L-1; f: 200 mg L-1.
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TABLE 1 - Cd contents and distribution in different parts of Nymphaea tetragona(after 9d treatment).
Cd (mg L-1)
Root
Rhizome
Petiole
Lamina
TC
25
1400.7 ± 19.1 e
58.5± 8.8 d
212.2± 17.9 d
383.5± 14.6 e
0.41
50
2095.2 ± 38.3 c
89.7± 15.3 c
408.5± 26.0 c
748.0± 21.5 d
0.52
105.9± 9.4 b
486.5± 24.6 b
903.5± 34.6 c
0.52
100
2563.5 ± 68.5 b
116.7± 13.6 ab
584.2± 23.1 a
1131.6± 44.7 a
0.58
150
2842.5 ± 85.5 a
122.8± 11.1 a
493.5± 17.7 b
975.4± 22.3 b
0.76
200
1801.5 ± 40.9 d
Notes: TC: translocation coefficient, ratio of Cd content in aboveground parts/Cd content in underground parts; The content of Cd is expressed in μg g-1 dry
weight (DW). Values are the means ± SD of three replicate measurements (n=3). Different letters in the same column indicated significant difference
at the different Cd levels (P<0.05)

ment of 200 mg L-1 Cd for 9 d and it was raised to about
2.1 times of the control. In each exposure point, the MDA
content increased with increasing concentration. The results indicated that Cd toxicity in the leaves of Nymphaea
tetragona was linked to lipid peroxidation.

3.3 The concentrations of photosynthetic pigments

The concentrations of Chl a, Chl b, total chlorophyll and
chlorophyll a/b in the leaves of Nymphaea tetragona for
9 days exposure were showed in Table 2. The concentrations
of Chl a in the leaves treated with 50, 100, 150, 200 mg L-1Cd
were significantly decreased compared with that of control
(P<0.05). The concentrations of Chl b and total chlorophyll
were significantly decreased under the stress of 100, 150,
200 mg L-1 Cd. No significant difference was found with
chlorophyll a/b under all the Cd treatments compared with
that of control (P<0.05) (Table 2). The largest decreases of
Chl a , Chl b and total chlorophyll contents were found under the treatment of 200 mg L-1Cd and the concentrations
of them were dropped by 33, 40 and 36% respectively with
that of control (Table 2).
3.4 The SOD and POD activity

During the present study, it was observed that Cd toxicity resulted in a significant (P<0.05) hyperactivity of
SOD and POD in Nymphaea tetragona leaves compared
with that of control (Fig. 3). As shown in Fig. 3 a, the SOD
activity increased gradually with increasing Cd supply levels in leaves, but decreased at higher Cd treatments (150
and 200 mg L-1) compared with that of 100 mg L-1 treatment. The maximum stimulation of SOD activity was observed when plants were exposed to 100 mg L-1 for 5d and
minimum at 25 mg L-1 for 9d duration (P< 0.05). However,
the peak stimulation of POD activity was observed when
plants were exposed to 150 mg L-1 Cd for 5d (Fig. 3 b).
3.5 The concentrations of proline and soluble protein

FIGURE 2 - Effects of Cd stress on MDA content in leaves of Nymphaea tetragona. Values are the means ± SD of three replicate measurements (n = 3). Different letters in the same duration indicate significant difference at the different Cd levels (P<0.05)

Mean differences of proline content between control
and all Cd treated groups were found to be statistically significant (P<0.05) (Fig. 4 a).A maximum build-up of proline
content was recorded when the plant was exposed to 200 mg
L-1 Cd for 9 d (Fig. 4 a) (43.17 μg g-1 FW) and it was raised

TABLE 2 - Effect of Cd treatments on leaf chlorophyll contents in Nymphaea tetragona (after 9d treatment).
Cd (mg L-1)
chlorophyll a
chlorophyll b
total chlorophyll
chlorophyll a/b
0
1.894± 0.016 a
0.701± 0.048 a
2.595± 0.058 a
2.711± 0.177 a
25
1.815± 0.054 a
0.634± 0.062 a
2.449 ± 0.113 ab
2.875± 0.215 a
0.621± 0.071 a
2.210± 0.060 ab
2.596± 0.509 a
50
1.589± 0.131 b
0.565± 0.049 b
2.052± 0.093 b
2.829± 0.296 a
100
1.586± 0.049 b
0.478 ± 0.074 bc
1.954± 0.074 b
2.588± 0.945 a
150
1.575± 0.103 b
0.420± 0.092 c
1.653± 0.497 c
3.035± 0.522 a
200
1.271± 0.093 c
Notes: The content of chlorophyll is expressed in mg g-1 FW. Values are the means ± SD of three replicate measurements (n=3).Different letters in the
same column indicated significant difference at the different Cd levels (P<0.05)
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FIGURE 3 - Effects of Cd stress on SOD and POD activity in leaves
of Nymphaea tetragona. Values are the means ± SD of three replicate
measurements (n = 3). Different letters in the same duration indicate
significant difference at the different Cd levels (P<0.05)

FIGURE 4 - Effects of Cd stress on proline and soluble protein contents
in leaves of Nymphaea tetragona. Values are the means ± SD of three
replicate measurements (n = 3). Different letters in the same duration
indicate significant difference at the different Cd levels (P <0.05)

FIGURE 5 - Effects of Cd stress on NPT, GSH and PCs contents in leaves of Nymphaea tetragona. Values are the means ± SD of three replicate
measurements (n = 3). Different letters in the same duration indicate significant difference at the different Cd levels (P<0.05)
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FIGURE 6 - The effect of 150 mg L-1 Cd on the root cell of Nymphaea tetragona after 9 days. (a, b) A part of the cell grown without addition of
Cd (CK), there were no Cd deposits in cell wall (CW) and intercellular space (ICS) of the cells. (c, d) Three cortical cells bordering a intercellular space (ICS) treated with 150 mg L-1 Cd, showing numerous black deposits on the out surface of the cells (indicated with white arrowhead)

to 7.44 times of the control. The concentrations of soluble
protein were significantly decreased under the stress of
high levels of Cd treatment (100, 150 and 200 mg L-1)after
exposure for 1, 5 and 9 d (P<0.05), while, it was not significantly decreased under 25 and 50 mg L-1 Cd concentrations after 5 and 9 d treatment duration (Fig. 4 b). The largest decrease of protein content was found under the treatment of 200 mg L-1 after 5 d treatment duration and the concentration dropped by 33.8% with that of control (Fig. 4 b).
There was no significant between three time point under one
exposure concentration in proline and protein content.

tion of Cd), and with addition of 150 mg L-1 Cd were
showed in Fig. 6. There were no Cd deposits in cell wall
(CW) and intercellular space (ICS) of the cells without addition of Cd (Fig. 6a, b). However, numerous Cd deposits
were found on the out surface of the cells (Fig. 6c, d, Cd
deposits were indicated with white arrowhead) in a intercellular space bordering with three cortical cells treated
with 150 mg L-1 Cd.

3.6 The concentrations of NPT, GSH and PCs

It has been noted that plants have a remarkable but differential ability to take up and accumulate various elements
including heavy metals from external environment [33,
34]. In our experiment, we found that Nymphaea tetragona
exhibited a strong ability to accumulate the Cd element in
various plant tissues (Table 1). However, different
planttissues accumulated Cd in varying amounts (root >
lamina > petiole > rhizome). The result demonstrated that
Cd had a high propensity to accumulate in leaves, but still,
there was more Cd in roots. Cd translocation coefficient is
an indication of the translocation of Cd in the plants. According to our result in Table 1, the Cd translocation coefficient of Nymphaea tetragona was less than 1, but it could
accumulate Cd more than 1,000 mg/kg in aboveground
parts. This was relatively high amount, so it had the potential of hyperaccumulation of Cd in phytoremediation application. Restriction of upward movement from roots into
leaves might be considered as one of the tolerance mecha-

Treatment of Nymphaea tetragona with Cd significantly stimulated the production of NPT (Fig. 5 a). The increase was principally due to the accumulation of total PCs,
which were at least 4.34 fold greater in treated (200 mg L1
for 9 d) than in control plants (Fig. 5 c).The maximum
increase of NPT and PCs content was observed under the
treatment of 100 mg L-1 Cd for 5 d and it significantly increased by 132% and 773% respectively with that of control. The result also showed a significant increase in the
content of GSH, the biochemical precursor of PCs biosynthesis (Fig. 5 b). There was no significant between 1, 5 and
8 d treat point under one exposure concentration in the concentrations of NPT, GSH and PCs.
3.7 The sub-cellular localization of Cd

The transmission electron micrographs of root cells of
Nymphaea tetragona composed of control (without addi-

4. DISCUSSION
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nisms. Liu et al. (2007) obtained similar results that roots
accumulated the most Cd compared with that of leaves and
stems under Cd level of 100 mg Cd kg−1 soil, and only a
very small portion (0.73%) of Cd absorbed by rice plant
was transferred into grain. However, it was found that the
Cd content in the stems of Salix were considerably higher
than that in the root system under Cd stress [35].
Various studies showed that the application of heavy
metals would increase the MDA content in plant tissues.
Hou et al. [36] found that exposure to high concentration
heavy metals could result in the disintegration of antioxidant system and increased the MDA content in duckweed.The result was similar with the experiment of Shah
et al. [8] in which the contents of MDA in growing rice
seedlings increased significantly under 500 μM Cd treatment. In the present study,the MDA concentrations in
leaves of Nymphaea tetragonaincreased under all the Cd
treatment concentrations and duration (Fig. 2), indicating
that the plants encountered enhanced lipid peroxidation.
It has been demonstrated that pigment biosynthesis
and pigment accumulation might be an important target of
stress induced by Cd treatment in plants [37, 38]. Under
our experimental conditions, concentrations of Chla, Chl b,
and total chlorophyll had been found to be significantly reduced with increasing Cd concentrations (Table 2), which
was in agreement with the earlier reports. The Cd treatment
may cause lipid peroxidation and damage the membrane of
the organelles, such as the structure of chloroplasts and indirectly affected the concentrations of chlorophylls [39,
40]. A decrease in the photosynthetic activity may also be
partly due to the decreased chlorophyll content [41].
Cd is suspected to exert its toxic action on cells
through oxidative damage. A great deal of reports have
demonstrated the ability of Cd to induce ROS production
in plants [4, 9, 11]. However, the effective destruction of
ROS requires the synchronous action of several antioxidant
enzymes such as SOD and POD, which play important
roles in reducing formation of superoxide anion radicals [4,
42]. SOD acts as the first defense line against ROS, dismutating superoxide to H2O2[17]. POD, which is located in
cytosol, vacuole, utilises H2O2 in the oxidation of various
inorganic and organic substrates [11, 43]. Guo et al. [44]
observed that a stimulation of SOD and POD activity was
recorded in the plants subjected to 1.0 μM Cd treatment,
and the extent of the increase varied greatly depending on
concentration and time of exposure. In our experiments, a
significant hyperactivity of SOD and POD in Nymphaea
tetragona leaves was observed (Fig. 3).The increase in
SOD and POD activities indicated that Nymphaea tetragona had the capacity to adapt to Cd stress by developing
the antioxidative defense system.
Proline accumulates heavily in several plants under
stress, providing the plants protect ion against damage by
ROS [45]. And proline accumulation under heavy metal
stress has also been reported earlier in some higher plants
[44]. The results of our study showed that the concentra-

tions of proline in the leaves of Nymphaea tetragona increased under the stress of 25, 50, 100 and 150 mg L-1 Cd
for 1, 5 and 9 d (P<0.05)(Fig. 4a), indicating that proline
may play a significant role as a means of protection against
Cd stress in Nymphaea tetragona . Cd has also been reported to reduce foliar protein content in plants. It was observed in lettuce that there was a slight decrease in protein
content during exposure to Cd, but this trend was not significant when compared to controls on the same days [2].
Mishra et al.[46] obtained that protein content increased at
25 μM Cd up to 2d both in leaves and roots, but at longer
durations (4 and 7 d) protein content decreased both in
roots and leaves ofBacopamonnieri L. In this case, a
slightly decrease in protein content was observed in low
levels of Cd treatment (25 and 50 mg L-1) and then a significant reduction observed under the treatment of high Cd
levels (Fig. 4b). Protein degradation might be the result of
increased activity of the protease or other catabolic enzymes, which were activated under Cd stress. It is also
likely that Cd induced fragmentation of protein in plants
due to toxic effects of ROS [26].
GSH plays a significant role in various biochemical
processes related to the adaptation of plants to stressful
conditions.It is a major non-enzymatic scavenger of ROS
being itself less susceptible to attack by oxidants [18] and
GSH is also a substrate for synthesis of PCs. In our experiments, Cd treatment significantly enhanced GSH content
in comparison to control (Fig. 5b). It reached the highest
level when treated under 100 mg L-1 Cd for 5 d (0.38 μmol
g-1 FW) but then decreased under the high concentrations
of Cd (150 mg L-1 and 200 mg L-1). This depletion of GSH
levels may be due to the PCs biosynthesis [47]. Similar results were observed by the experiment of Drazkiewicz et
al. [48] in which the content of GSH in maize increased
significantly under Cd treatment. PCs, which can be induced under Cd stress, is thought to play a major role in
detoxifying cytosolic Cd and transporting Cd into the vacuoles by ABC transporters [49]. A significant increase of
PCs in leaves of Nymphaea tetragona was observed under
the Cd treatment (Fig. 5c). We also observed a marked increase in NPT (Fig. 5a), which probably depend on PCs
accumulation under the Cd treatment of all the concentrations (Fig. 5c). Liu et al. [19] suggested that heterologous
expression of a Nelumbonuciferaphytochelatin synthase
gene could increase the PCs and NPT content and enhance
Cd tolerance in Arabidopsis thaliana. The results of Ederli
et al. [50] also indicated that total PCs production increased
after exposure to Cd, which suggested a pivotal role for
PCs in the sequestration of metal.
Various electron microscope techniques have been
used to study on the sub-cellular localization of heavy metals in tissues and cell compartments [20]. Cd deposits were
found on the out surface of the root tip cells of Nymphaea
tetragona (Fig. 6c, d). The result indicated that Cd was
transported passively by apoplast (cell walls or intercellular space). Accumulation of heavy metals in the intercellular space is a known mechanism protecting the plasma-
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emma and keeping the concentration of toxic ions in the
cytoplasm low [51]. Belleghem et al. [52] obtained similar
results in their research on Arabidopsis thaliana, but they
found that large Cd deposits along the surface of plasma
membrane extended deeper into the root cell wall of Arabidopsis thaliana. Han et al. [53] found that some Cd deposits were located not only in the cell walls, but in the
vicinity of the plasma membranes and membrane-bound
organelles in the root cells of Iris. lactea var. chinensis.

[6]. Sandalio L, Dalurzo H, Gomez M, Romero-Puertas M and Del Rio
L. (2001) Cadmium-induced changes in the growth and oxidative
metabolism of pea plants. Journal of Experimental Botany. 52,
2115-2126.
[7]. Gallego SM, Benavídes MP and Tomaro ML. (1996) Effect of
heavy metal ion excess on sunflower leaves: evidence for involvement of oxidative stress. Plant Science. 121, 151-159.
[8]. Shah K, Kumar RG, Verma S and Dubey R. (2001) Effect of cadmium on lipid peroxidation, superoxide anion generation and activities of antioxidant enzymes in growing rice seedlings. Plant
Science. 161, 1135-1144.
[9]. Garnier L, SIMON PLAS F, Thuleau P, AGNEL JP, BLEIN JP,
Ranjeva R and MONTILLET JL. (2006) Cadmium affects tobacco
cells by a series of three waves of reactive oxygen species that contribute to cytotoxicity. Plant, Cell & Environment. 29, 1956-1969.

5. CONCLUSION
According to the results, the accumulation of Cd in
plants affected various physiological processes. We found
that the lipid peroxidation, electrolyte leakage and the reduction in chlorophylls could be the effects of Cd toxicity.
However, Nymphaea tetragona could protect itself from
Cd phytotoxicity by altering various metabolic processes
including the hyperactivity of antioxidant enzymes and the
increased contents of proline, GSH and PCs. In our experiments, Nymphaea tetragona could accumulate high
amount of Cd in both roots and leaves. It also has the traits
of fast growth and high accumulating biomass. So this
plant commonly used in landscaping can not only make the
environment colorful but also be used as a possible plant
for phytoremediation of Cd contaminated water.

[10]. Ott T, Fritz E, Polle A and Schützendübel A. (2002) Characterisation of antioxidative systems in the ectomycorrhiza-building basidiomycete Paxillus involutus (Bartsch) Fr. and its reaction to
cadmium. FEMS Microbiology Ecology. 42, 359-366.
[11]. Qiu RL, Zhao X, Tang YT, Yu FM and Hu PJ. (2008) Antioxidative response to Cd in a newly discovered cadmium hyperaccumulator, Arabis paniculata F. Chemosphere. 74, 6-12.
[12]. Szabados L and Savouré A. (2010) Proline: a multifunctional
amino acid. Trends in Plant Science. 15, 89-97.
[13]. Wójcik M and Tukiendorf A. (2011) Glutathione in adaptation of
Arabidopsis thaliana to cadmium stress. Biologia Plantarum. 55,
125-132.
[14]. Kishor PK, Sangam S, Amrutha R, Laxmi PS, Naidu K, Rao K,
Rao S, Reddy K, Theriappan P and Sreenivasulu N. (2005) Regulation of proline biosynthesis, degradation, uptake and transport in
higher plants: its implications in plant growth and abiotic stress
tolerance. Curr Sci. 88, 424-438.
[15]. Mohanty P and Matysik J. (2001) Effect of proline on the production of singlet oxygen. Amino Acids. 21, 195-200.
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ABSTRACT
Atmospheric dry deposition of polycyclic aromatic hydrocarbons (PAHs) from traffic sources was investigated
for the first time using a surrogate snow surface sampler at
different distances (10 m, 100 m, and 400 m) from a highway with a heavy traffic load near the city center of Erzurum. The snow sampling was carried out twice. In the first
sampling, fresh snow was taken immediately after heavy
snow and placed in aluminum trays. The snow layer in the
trays was used to obtain a dry surrogate surface. The second sampling was based on the extraction and analysis of
8-day-old snow subjected to dry deposition in aluminum
trays. There were no significant differences in the concentrations of PAH compounds in the fresh snow samples,
whereas there were significant differences in those measured in the aged snow samples at the end of the 8-day dry
deposition period. The PAH concentration in the aged
snow samples was 2-fold higher than that in the fresh snow
samples. Most PAH compounds in fine particulate matter
(PM) were detected 100 m and 400 m from the highway.
In contrast, most PAH compounds in coarse PM were detected 10 m and 100 m away, possibly due to drifting from
the 10 m point. Based on the source of the pollutants and
the concentrations of PAHs, the PAHs sampled 10 m and
100 m from the highway were petrogenic, whereas those
sampled 400 m away were pyrogenic.

Several studies have assessed the human health risks
of human exposure to PAHs [5-10]. They also evaluated
the genotoxic effects of PAHs and PAH-associated diseases, such as cancer, and the consequences of reversible
nongenotoxic events [11-13].
PAHs are semivolatile organic compounds, which can
be present in both particulate and gaseous phases [14-17].
Studies have indicated that the majority of harmful compounds, such as PAHs, in the atmosphere are present in fine
particulate matter (PM) [18]. Mid- and higher-molecular
weight PAHs were found to be mostly distributed in fine
PM, and most low-molecular PAHs were found in coarse
PM [19].
Dry deposition refers to the transfer of airborne particles to Earth’s surface [20-22]. The removal rate by dry
deposition is a function of the physical and chemical properties of the pollutants, meteorological conditions and terrestrial surface characteristics [17, 21].

Polycyclic aromatic hydrocarbons (PAHs) are omnipresent toxicants found in environment. They are formed
by the incomplete combustion of organic materials during
natural events or as a result of anthropological activities.
One of the main sources of PAHs is road traffic [1-4].

There is no generally accepted method for measuring
particulate dry deposition. Different types of surrogate surfaces, including petri dishes, pans filled with water, aluminum trays filled with snow, as in this study and greased
strips have been used to measure particle dry deposition
[17, 23-28]. These coating surrogate surfaces (grease, water, snow etc.) have been used to eliminate the losses (wind
thrust etc.) from uncoated surrogate surface dry deposition
sampler (pans, petri dishes etc.). Other way, whether the
interference on sampled air pollutants (the grease can be
interfere to the organic air pollutants during the dry deposition sampling), meteorological conditions (surrogate water surface freezes in cold season and regions and frozen
surface don’t perform) and whether the representation of
natural deposition surfaces are also important in surrogate
surface selection. As illustrated in this study, the surface of
snow can be used to measure the accumulation of both organic and inorganic pollutants during snowy seasons in regions, such as Erzurum (snow-covered surface at least four
months every year).

* Corresponding author

In the present study, the atmospheric dry deposition of
18 PAH compounds was investigated for the first time in

KEY WORDS: Air Pollution, Dry deposition, Passive sampling,
Snow, Traffic sourced PAHs

1. INTRODUCTION
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the literature using a surrogate surface snow sampler at
multi sampling points around the highway near the city
center of Erzurum.

for at least 4 months [29]. Unfavorable topographical and
meteorological conditions can result in frequent episodes
of high atmospheric pollution in Erzurum during the cold
period [29-30]. Therefore, the snow surface serves as a dry
deposition medium in the winter season.

2. MATERIAL AND METHODS
2.2 Sampling points and methodology
2.1 Sampling area

Erzurum is located in the north eastern part of Turkey
and is one of the most important winter tourism centers in
the country. It is surrounded by high mountains: GavurDumlu (3205 m) in the north, Dumanli-Palandöken (3130
m) in the south, and Eğerlidağ (2975 m) in the east. The surface area and the population of the city center are 52.8 km2
and 382.500, respectively. The city is one of the coldest in
the east of Turkey. Due to harsh winters, home heating is
required for at least 6 months of the year. With limited industrial development, the main sources of air pollution are
domestic heating and urban motor vehicle traffic. In the
city center, air flow usually increases in spring months and
decreases in winter months. The average wind speed
varies from 2.1 m/s in the winter months to 3.1 m/s in
the summer months, and the city is covered with snow

Surrogate snow samplers were used to determine PAH
compounds emitted by motor vehicle traffic at 18 roadside
sampling points 10, 100, and 400 m from a highway with
a traffic density of 150 vehicles/h close to (5 km away) the
city center of Erzurum. The snow sampling was carried out
from 31 January to 7 February 2008 after a snowfall of approximately 25 cm. Some meteorological parameters measured in Erzurum city center before and after the snow sampling are given in Table 1.
As can be seen from Table 1, due to a long snowy period before the snow sampling (7 days), the atmosphere
was not loaded with PAHs (fresh snow contains a low concentration of PAHs). The sampling methodologies are
summarized below:

TABLE 1 - Meteorological parameters measured in Erzurum city center before and after snow sampling

1/26/2008

Total
Precipitation
(mm)
3.2

Average
Temperature
(oC)
-7.2

Average Wind
Speed
(m s-1)
1.7

1/27/2008

0.1

-15.6

0.6

E

1/28/2008

0.2

-17.2

0.9

ENE

1/29/2008

2.9

-6.3

2.4

NE

1/30/2008

3.2

-0.8

5.1

ESE

1/31/2008

3.8

-9.1

3.1

E

2/1/2008

-22.8

0.3

N

2/2/2008

-26.4

2/3/2008

-25.2

0.9

NW

2/4/2008

-25.5

0.4

N

2/5/2008

-25.3

NE

2/6/2008

-24.0

NE

2/7/2008

-23.2

0.2

ENE

2/8/2008

-22.6

0.3

NW

-13.6

0.3

NE

2/10/2008

-12.9

0.7

W

2/11/2008

-16.0

2.3

N

Date

2/9/2008

0.3

Dominant Wind
Direction
NW

NE

(Grey colour shows the sampling days and wind speed and rainfall are not observed on the days without data
registry)
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To assess the dry deposition of PAH compounds from
traffic sources on the surface of the snow, samples were
collected twice (January 31 and February 7) at 18 sampling
points (Figure 1).
All the equipment used in the sampling (stainless steel
samplers, aluminum trays, shovels, polyethylene gloves,
aluminum foils, etc.) were sterilized and then stored in polyethylene bags until the analysis [31]. A sampling tool designed by Gaga [31] was used to collect the snow from a

certain depth (5 cm) in a specific area (1 m2). The tool is
basically a tray made of stainless steel, with dimensions of
45×60 cm, as shown in Figure 2. Sufficient snow was collected from each sample point to obtain 1 L of melted
snow. The snow samples collected with the sampling tool
were transferred to aluminum trays (Figure 2), which were
used to determine the dry deposition of the atmospheric
PAHs.

FIGURE 1 - Sampling points

b)

a)
FIGURE 2 - Aluminum (a) and (b) stainless steel snow sampling trays
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The first snow sampling was carried out just after a
heavy snowfall (January 31, 2008). Fresh snow samples
were collected in 5 L glass jars with the sampling tool, and
the jars were brought to Ataturk University for later determination of PAH concentrations in the fresh snow. They
were stored outside in a container at approximately -17° C
until later analysis. At the same location and time, a second
set of snow samples (from an area with sufficient fresh untouched snow to obtain two samples) was collected with
the sampling tool and placed in 45×60 cm aluminum trays.
The trays were placed at sampling points and remained in
situ for the next 8 (dry) days.
The second sampling was done 8 days after the first
sampling at the same points (i.e., where the aluminum trays
were left) on February 7, 2008. The aged snow in the aluminum trays was placed in 5 L glass jars and bought to
Ataturk University. The samples were stored outside in a
container, as in the first sampling described above.
During the sampling, extraction and analysis blank
samples were taken. Blank samples exposed to field condi-

tions were analyzed to assess possible contamination introduced during the entire sample collection, shipping/handling, extraction procedure and analysis process.
2.3 Extraction, analysis, and quality control

Several extraction methods (solid and liquid phase extractions) described in the literature were modified and
used for the snow sampling [31]. All the solvents were
chromatographically graded and purchased from Merck
Company, Germany. Certified PAH standard solutions and
deuterated surrogate standards (Supelco, Dr. Ehrenstorfer,
Germany) were used in the study. All the inventories (intermediate and standard solutions) were stored in a refrigerator. The snow samples were melted slowly at approximately 20 °C temperature in the laboratory, avoiding solar
irradiation. The volume of melted snow remaining in the 5
L glass jars was measured and then filtrated using glass fiber filters (Sartorius, Germany). The analytical procedures
(extraction and analysis) applied to the snow samples (liquid and solid phases) are given in detail in Figure 3.

FIGURE 3 - Analytical procedures (extraction and analysis) applied for snow samples (liquid and solid phases)
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Confirmation of the identities of the PAHs was performed using an Agilent 7890A model GC, equipped with
an Agilent 5975 MSD. The GC-MSD was run in selected
ion-monitoring mode. The PAH compounds were identified based on their retention times, target ions, and qualifier
ions. The targeted PAHs in the samples were acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flo), phenanthrene (Phe), anthracene (Anc), fluoranthene (Fla), pyrene (Pyr), cyclopenta [c,d] pyrene (CcdP), benzo [a] anthracene (BaA), chrysene (Chr), benzo [b] fluoranthene
(BbF), benzo [k] fluoranthene (BkF), benzo [e] pyrene
(BeP), benzo [a] pyrene (BaP), indeno [1,2,3-c,d] pyrene
(InP), dibenzo [a,h] anthracene (DahA), benzo [ghi]
perylene (BghiP), and anthanthrane (Anth). Four deuterated surrogates (acenaphthene-d10 for Acy, Ace, Flo;
chrysene-d12 for Fla, Pyr, CcdP, BaA Chr; perylene-d12
for BbF, BkF, BeP, BaP, InP, DahA, BghiP, Anth and phenanthrene-d10 for Phe, Anc) were used during the analytical procedure to compensate for losses and contamination
during the sample extraction and instrumental analysis. Pyrene-d10 and Bap-d12 were used as an internal standard for
volume correction. Each sample (extracted 72 snow samples) was analyzed in duplicate, and their average RSD
(relative standard deviation) did not exceed 7%. Spiked recoveries from the extracts ranged from 63 to 112% for all
the targeted analytes. Analysis of laboratory blanks and
field blanks demonstrated that there was no significant con

tamination of the PAHs in the analytical and sampling systems. The detection limits, calculated as three times the
standard deviation of the blank, ranged from 0.1 to 1.1 ng
L-1, depending on the individual PAH components.
3. RESULTS AND DISCUSSION
3.1 PAH concentrations

Table 2 shows the mean and standard deviations of the
PAH component concentrations obtained from the 18 sample points for the fresh and aged snow. The results were
obtained by subtracting the PAH concentrations of fresh
snow and those of field and laboratory blank values from
the PAH concentrations that accumulated in the 8-day (dry)
sampling period in two phases (dissolved and particulate).
There were no significant differences in the concentrations of
PAH compounds in the fresh snow taken from the 18 different sampling points. However, there were significant differences in the PAH concentrations of the aged snow at various
sampling points. The largest difference between the sample
points was observed in CcdP and Pyr compounds in aged
snow in both the dissolved and particle phases, and the
smallest change was observed in Phe compounds. In addition, the aged snow samples exposed to the 8-day dry period were 2-fold richer (average ∑PAH = 616.083; average
∑PAH = 293.69) in PAH compounds than the fresh snow.

TABLE 2 - Mean ± standard deviations of fresh and aged snow samples and concentrations of PAH compounds taken from 18 points (ng L-1)

Particle phase
PAHs

n

Acy
Ace
Flo
Phe
Anc
Fla
Pyr
CcdP
BaA
Chr
BbF
BkF
BeP
BaP
InP

18
18
18
18
14
2
0
18
18
18
18
18
18
18
18

DahA
BghiP

18
18

Fresh snow

Dissolved phase

n

Aged snow

n

61.8±1.6
46.7±1.6
102.5±3.2
116.1±7.6
3.1±0.3
26.6±0.8
BDL
250.7±4.3
109.0±4.3
67.4±2.4
150.8±3.1
115.7±2.3
113.6±2.3
163.8±3.4
243,3±4,1

18
18
18
18
17
13
18
18
18
18
18
18
18
18
18

280.9±312.2
183.4±243.8
307.1±357.8
755.5±380.7
39.1±30.7
382.5±543.4
977.9±464.5
1309.1±1637.2
691.1±609.2
765.2±423.3
1243.0±624.9
1003.9±470.5
822.6±500.3
1008.2±760.6
1429.2±114.0

18
18
18
7
8
0
0
18
18
18
18
18
18
18
18

270.2±3.7
176.7±1.8

16
18

n

Aged snow

58.0±0.6
44.9±0.9
57.6±1.1
4.0±0.2
20.9±0.9
BDL
BDL
224.2±2.0
84.9±0.7
52.0±2.2
179.4±3.3
137.0±1.2
136.4±3.3
199.8±3.9
298.4±2.3

18
18
18
17
8
5
7
18
18
18
17
17
17
17
17

277.6±244.6
175.0±156.3
353.1±262.4
708.9±851.2
22.7±41.8
337.6±766.7
680.8±1464.5
2489.7±4376.0
999.0±1698.1
718.5±1167.4
1239.6±1390.6
951.8±1068.5
930.3±1040.8
1338.7±1497.8
1985.6±2222.1

1599.7±1255.9 17
1077.3±791.8 18

330.4±0.9
216.0±2.3

17
17

2203.6±2464.5
1443.4±1612.4

18
336.9±7.1
17
1869.2±1594.7 18
Anth
BDL: Below from Detection Limit n: The number of data

416.5±1.0

17

2745.5±3077.1
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In the fresh snow samples from the 18 sampling points,
53% of the PAH compounds were in the dissolved phase,
and 47% were in the particle phase. At the same sampling
points, 55% of PAH compounds in the aged snow were in
the dissolved phase, and the rest were in the particle phase.
3.2 Distribution of the components and concentrations of
PAHs at the sampling points

Studies in the literature have shown a relationship between detectable excessive traffic-related air pollution and
the deposition of pollutants along roadsides, depending on
a number of factors, including the type of roadway, traffic
volume, aerodynamic forces, distance from the road, and
meteorology [32-35].
The dry deposition of the PAHs in the snow surface
sampler at different distances from the highway (10 m, 100
m, and 400 m) was investigated. Figure 4 presents the concentrations for both the dissolved and particle phases. The
sampling points, named A, B, and C, were located 10, 100,
and 400 m, respectively, from the highway. As can be seen
from Figure 4, particle-phase PAHs (70%) were dominant
on the southwest (SW) side of the highway, and dissolvedphase PAHs (58%) were dominant on the northeast (NE)
side. The total (particle + dissolved) PAH concentration
was 189.29 µg/L on the SW side and 426.79 µg/L on the
NE side. In the sampling area, the prevalent wind direction
was east-northeast (E-NE). Therefore, mass movement occurred from the SW to the NE. Aerodynamic forces caused
by motor vehicle traffic and vortexes may explain the observation of the maximum PAH concentrations close (up
to 10 m) to the highway rather than further away (100 and
400 m). Karner et al. 2010 [36] reported similar findings.
Other way, hot vehicle exhaust gases and the air movement
direction (NE) may explain the percentage of dissolvedphase PAHs (58%) detected on the NE side.

The ratios among PAH compounds can be commonly
used for identification of the source of the PAHs in the literature [14, 37-39]. The concentration ratios of Phe/Ant
and Flt/Pyr have been used to distinguish PAHs emitted
from petrogenic versus pyrogenic sources. A Phe/Ant concentration ratio less than 10 and a Flt/Pyr concentration ratio greater than 1.00 indicate that the PAHs are derived
from a pyrogenic source. A Phe/Ant concentration ratio
greater than 15.00 and a Flt/Pyr concentration ratio less
than 1.00 point to a petrogenic origin of PAHs [14, 39]. In
the present study, the ratio of Phe/Ant varied between 17
and 53 among the sampling points. At the same points, the
ratio of Flt/Pyr was between 0.13 and 2.27. Values larger
than 1 were observed only 400 m from the highway. The
Flt/pyr ratio was 1.87 at SW 3C, whereas it was 2.27 at NE
3C. In general, based on the concentration ratios of
Phe/Ant and Flt/Pyr, the PAH compounds sampled from
the points close to the highway (10 m and 100 m) were of
petrogenic origin, whereas those sampled at a greater distance from the highway (400 m) were of pyrogenic origin.
3.3 Dry deposition flux of PAH compounds resulting from motor vehicle traffic

The dry deposition fluxes were determined by considering the amount of PAH compounds collected in the snow
surface samplers. They were divided according to the sampling period (8 days) and the surface area of the sampler
(45 × 60 cm). The variation plot of the total dry deposition
flux of PAH compounds at the sampling points is given in
Figure 5.
As can be seen in Figure 5, the highest dry deposition
flux was seen in the NE direction (prevalent wind direction) 10 m (NE 3A; NE 4A), 100 m (NE 3B; NE 4B), and
400 m (NE 3C) from the highway. The average daily flux
of the 18 compounds measured at 18 sampling points was

FIGURE 4 - Distribution of total PAH concentrations at some distances from highway
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FIGURE 5 - The variation plot of total (particle + dissolved) dry deposition fluxes of PAH compounds in sampling points

TABLE 3 - Comparison of dry deposition fluxes of traffic sourced PAHs

Reference
∑PAH number
This study
∑18 PAH

Dry collector/Snow Surface
sampler

Traffic (Erzurum, Turkey)

15869

[25]
∑15 PAH

Automated Wet/Dry deposition
collector

Traffic (İzmit, Turkey)

8300

[28]
∑6 PAH

Bulk precipitation collector

Rural (Navarra, Spain)

166

[39]
∑14 PAH

Dry collector/GFF dry
deposition plates

Traffic (İzmir, Turkey)

8160

[40]
∑15 PAH

Dry/Wet collector/Water surface
sampler

Traffic (Merinos, Bursa,
Turkey)

34960

[41]
∑14 PAH
[42]
∑12 PAH

Dry/Wet collector/Water surface
sampler
Automated Wet/Dry deposition
collector

Traffic (Rouen, France)

1566

Traffic (Kozani, Greece)

5648

[43]
∑16 PAH

Dry collector/Measured teflon
filter dry deposition

Traffic (Tampa Bay, USA)

11500

[44]
∑14 PAH

Dry collector/Coated with silicon
grease

Traffic (Tainan, Taiwan)

60900

Sampling method

Sampling site

15869 ± 701 ng/m2 day. The mean total PAH dry deposition flux in the SW direction (average of 18 points) was
9758 ng/m2 day, whereas it was 21979 ng/m2 day in the NE
direction. Among the total dry deposition fluxes of the

(ng m-2 day-1)

PAH compounds determined at all the sampling points, the
highest values were 36319 ng/m2 day for Anth and 31657
ng/m2 day for CcdP. The smallest values were 463 ng/m2
day for Anc and 2986 ng/m2 day for Ace.
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With regard to the spatial distribution of the dry deposition fluxes of the PAH compounds, Pyr accounted for the
majority of the flux at NE 2A (605 ng/m2 day). CcdP was
the main PAH component at NE 2B (1585 ng/m2 day) and
NE 4A (8539 ng/m2 day). Anth (average: 2136 ng/m2 day;
max: 4969 ng/m2 day at NE 4B) was the main PAH component at the other sampling points. The lowest dry deposition flux was observed for Pyr (236 ng/m2 day) at SW 2B.
At the other points, the lowest dry deposition was observed
for Anc (average: 27 ng/m2 day). According to the literature, the PAH compounds Anth, Pyr, and CcdP are found
in fine particulate matter [18]. The maximum dry deposition flux of these compounds occurred 100 and 400 m from
the highway in this study. According to the literature, the
PAH compounds Ace, Acy, and Flo are found in large particulate matter [18]. The maximum dry deposition flux of
these compounds occurred 10 m and 100 m from the highway in the present study, possibly due to a vortex created
by the motor vehicle traffic and subsequent drifting.
Table 3 presents a comparison of the findings of the
present study of PAH dry deposition fluxes with the results
of studies of PAHs derived from motor vehicle traffic (Table 3). As can be seen from Table 3, the dry deposition
fluxes observed in the present study were greater than those
observed in some areas (Kozani, Greece; Izmit, Turkey; Izmir Turkey) and smaller than those observed in other urban
and rural areas (Navarra, Spain; Bursa, Turkey; Tainan,
Taiwan). The discord between the findings is due to the
different sampling (18 points), the numbers of PAH compounds (n = 18) studied, the sampling season (winter) and
the snow surface exampled in the study.

exhaust gases from the motor vehicles influenced the dry
deposition of the PAH compounds. The total dry deposition fluxes of Pyr, CcdP, and Anth, which were the dominant PAH compounds at the sampling points, were 13822,
31657, 36319 ng/m2 day, respectively.
The concentrations of PAH compounds found in this
study and in the literature can be considered to pose a risk
to humans and agricultural production. Although this study
was conducted in the winter, similar concentrations are
thought to be present in the summer. Based on the findings
of the present study and those of the current literature, it
can be suggested that housing development and agricultural production should take place at least 400 m from highways with heavy traffic loads.
ACKNOWLEDGMENT
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4. CONCLUSION
A surrogate snow surface sampler (due to the representation of natural deposition surface at the sampling area)
was used for the first time to determine the dry deposition
of PAHs derived from motor vehicle traffic in Erzurum.
The snow sampling of fresh and aged snow was conducted
twice at 18 different locations at distances of 10, 100, and
400 m from a highway close (5 km) to the city center of
Erzurum. There were no significant differences in the concentrations of the PAH compounds in the fresh snow samples at the 18 locations, but there were significant differences in those of the aged snow samples, which had a
2.097-fold higher concentration of PAH compounds. As
the snow sampling was conducted after an extended snowy
period, the PAH concentration of the fresh snow samples
was low. Most PAH compounds were observed in fine particulate matter 100 m and 400 m from the highway. In contrast, 10 m and 100 m from the highway, most PAH compounds were detected in coarse particulate matter, possibly
because of drifting.
All the PAH compounds detected 10 and 100 m from
the highway were petrogenic, whereas those detected 400 m
from the highway were pyregenic. The prevalent wind direction (E-NE) in the study area and the temperature of the
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ABSTRACT
Sedimentation and seepage of solid particles can be
found widely in organism, oceans and rivers. Particle sedimentation and seepage mutually influence each other. The
research on this physical phenomenon presents remarkable
theoretical and practical significance, and is useful for the
prevention and treatment of biological diseases, as well as
sediment transport treatment in oceans and rivers. In our
research, changes in permeability coefficient led by the
solid particle sedimentation were focused. For this physical
process, a sedimentation and seepage coupling mathematical model of solid particles and water was established. The
relationship of flow velocity, porosity, particles infiltration
velocity and total infiltration along different time and axes
in sedimentation and seepage coupling was obtained
through numerical calculation and analysis. Besides, a
mathematical function between seepage velocity and porosity of porous media was established in the computation
domain. This realized the acquisition of the other parameter by monitoring one parameter.

KEYWORDS: Sedimentation; coupled model; seepage; solid particles; porous media

1. INTRODUCTION
The presence of fluid permeation transport in organisms has been known. Some biological treatment processes
require drug infusion therapy. Permeable barriers are used
for sewage filtration. The water level fluctuations of oceans
and rivers cause seepage and collapse of slopes [1]. These
natural and man-made seepage processes would be accompanied by sedimentation of trace particles. Sedimentation
of particles will hinder and suspend the seepage, and may
lead to serious adverse consequences. Thus, it is of important practical significance to enhance the research on
particles sedimentation and seepage coupling.
Studies on this issue mainly concentrated on the following aspects: sedimentation and seepage of biological
particles, sediment particle sedimentation in oceans and

rivers, sedimentation and seepage of earth particles in
groundwater research etc.
For organisms, in the process of blood transmission,
the broken fragments of organism tissues and fat particles
and others can clog blood vessels and urethra [2], affecting
the transmission of blood and urine. Lesions and hardening
of organ tissues would remarkably reduce permeability coefficient, hindering the further penetration of drugs, water
and nutrients. In medication infusion tube, the particle sedimentation of filter membrane weakens the medicine permeation. In extracorporeal dialysis and filtration of blood,
the permeation performance of tubes of extracorporeal devices was weakened with the sedimentation [3]. In weathers like fog and haze, fog and haze particles were filtered
by masks and the filtering performance of masks was reduced. It would influence the effective breathing of people
[4]. These sedimentations of particles would cause troubles
to the rehabilitation of human body and protection of toxic
and harmful particles.
In the research field of oceans and rivers, the sedimentation of sediment particles is mainly caused by the carrying and scouring of sediment particles by hydrodynamics,
and surface crack can have an effect on the sedimentation
of particles[5]. The research is carried out under the premise of water flow as a specific media. The carrying and
scouring happens near the vicinity of the interface between
land and waters, which belongs to the issue of scouring and
sedimentation of surface particles[6, 7]. Existing studies
focus on one-dimensional issues, such as the distribution
of particle content along the rivers [8] or along the depth
[9]. As for the particle distribution on the overall region,
there are studies on aspects like watershed sediment [10].
In essay [8], the research of particle transmission is extended from the surface to underground, which greatly
broadens the research field of sediment transport and
scouring.
In the research field of groundwater research, studies
mainly focus on the transport and diffusion of soluble pollutants in porous media [11, 12], attenuation of pollutant
dissolution and adsorption, soluble pollutant transport in
unsaturated media, influencing factors of pollutant
transport [13] as well as multiphase flow transport in porous media [14] etc. These studies have achieved great suc-
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cess. However, these pollutants are soluble, and there are
few studies that considered the sedimentation of particles.
The key difficulty of sedimentation research is the requirement on sufficient consideration of the volume of sedimentation particles. The volume of these particles can be
viewed as 0.
Previous studies rarely involve the sedimentation of
insoluble medium because of the limitation of existing theories on sedimentation. In porous media, insoluble particles
are scoured and carried away by water flow. In the transport,
sedimentation of particles happens and clogs pores, leading
to the reduced permeability coefficient and flow velocity of
porous media. This further influences the transport progression of particles. Two reasons can be mainly attributed to
this difficulty: for one thing, the entire scouring - sedimentation - seepage process involves the coupling simultaneous
calculation of two differential equations. The two equations
were coupled by permeability coefficient changes led by the
amount of settled particles. This calculation process is very
complex. For another, the volume of settled particles
through transport cannot be neglected. During the transport
of soluble solutes, gas is regarded as zero. This research was
to extend the research of the essay [8], and the one-dimensional scouring of sediments in porous media was expanded
to two-dimensional and three-dimensional sediment settling.
2. MATERIALS AND METHODS
2.1Seepage equation

Particles are scoured by water driven by the scouring
force of water flow. Thus, the research of particles sedimentation should first determine the condition of water
permeation transport. The existing studies on water seepage in porous media are well-developed. According to the

(1)

Eq.(1) can be expressed into:
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Where H is the water head, k is permeability coefficient and vx, vy, vz are flow velocities. Eq. (1) and (2) are
stable and constant seepage equations. During non-constant seepage, the seepage velocity in porous media gradually increases. In other words, the velocity of porous media
along the direction of seepage velocity is different and
gradually changes with time. After a certain period, the
seepage reaches the ultimate stability. Thus, a period of operation is needed for model calculation and the velocity
changes should be monitored. During the process, a transition from unsaturated to saturated seepage was accomplished [17].
2.2 Particles scouring equation

Water seepage can carry trace solid particles and enable their transport. The amount of particles carried by
groundwater is very small and the content of particles in
water is highly limited. Thus, the impact of instant solid
particle transport on the flow volume can be neglected.
Hence, particles are treated as volume-free trace particles
in the derivation of related equations. This assumption is
consistent with reality. The infiltration equation of particles is shown in Figure 1. According to the law of conservation of mass, the particle transport force equation is derived as:

law of conservation of mass, we obtained the equation of
continuity of flow [15, 16] as:

dx

Sdxdy

S
vx Sdtdy  D dtdy Sdxdy  S dtdxdy
x
t
Idtdxdy

dy

  vx S 
dxdtdy 
x
S
  S 
D dtdy   D  dxdtdy
x
x  x 

vx Sdtdy 

FIGURE 1 - Unit body ofsedimentation of solid particles
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Where I is the volume of unit-volume particles that enters the module in unit time and S is the concentration of
solid particles in water. Physically, it is the proportion between particle volume and fluid volume that flows through
unit soil mass in unit time. As the impact of solid particles
on water volume can be neglected, it can be regarded as the
content of particles; I is the source sink term of mobile particles. Physically, it means the volume of mobile particles
transformed from static movable particles in unit volume
of soil mass in unit time of infiltration. At this point, the
source sink term is positive. If the mobile particles are
transformed into static movable particles, the process is the
sedimentation of particles. At this point, the source sink
term is negative. D is the diffusion coefficient of particles.
vxS, vyS, vzS are components of seepage velocity vectors at
three directions (x, y, z). Our research mainly focused on
the sedimentation of particles. Therefore, I was negative.

The above equations are effectively consistent with the
corresponding porous media, also showing certain differences. The ultimate calculation results are satisfying at corresponding conditions. Thus, the equation of Indraratna,
B.[18] was adopted for the calculation,

  w  d02 
k  n   
 w   32 
When solid particles were settled in porous media, the
porosity decreased and n became smaller. The reduced volume was the settled particles. Hence we have,

nt  nt 0  

t0

nt  nt 0  Qt 0t

(4)

t

Q   Idt
t0

2.5 Calculation model

As shown in Figure 2, the unit of research area is m
and the boundary is1, 2, 3, 4, 5 and 6. The line in the middle
is the axis. Parameters in this area include: permeability
coefficient (0.1m/s), water density (1000kg/m3), diffusion
coefficient (0.001m2/s), sedimentation of particles velocity
(0.001Ss-1) (as shown in Eq.(4)), initial porosity (0.35), operation time (t=t1+t2). t1= [0, 50000s], t2=[50000s,
51500s], In t1, no particles were transported for sedimentation, and only seepage was calculated. Seepage was stabilized in this period of time. In t2, the seepage and particle transport sedimentation were run simultaneously. The
boundary conditions are shown in Table 1.

(5)

Where Q is the amount of solid particle sedimentation
in time [t0,t] and it is a negative value.
As Eq.(5) contains the variable S to be solved, the calculation became comparatively complex. Thus, the actual
calculation was carried out as follows: .

TABLE 1 - Boundary conditions
Physical equation
Boundary
B1
B2,B6
B3,B5
B4

Seepage boundary

Sedimentation boundary

P=1000Pa
∂P/∂x=0
∂P/∂y=0
P=0

S=0.1
-D∂S/∂x+uS=0
-D∂S/∂y+vS=0
-D∂S/∂x=0

0.5

Q  Q0  Idt

0.5
B1

2.4 Coupling variable: relationship between permeability coefficient and sedimentation amount
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In the transport of particle infiltration, particle sedimentation will occur, which reduces the porosity and the
permeability coefficient of porous media, as well as the
seepage velocity and particle-carrying ability of water.
Thus, water seepage, transport and scouring of solid particles leads to the sedimentation of particles, which influences the water seepage. The two are mutually influenced.
The relationship is regarded as a two-dimensional coupling
calculation relationship between pore seepage and particle
sedimentation.

0.6

I  0.001S

This research was conducted based on the premise that
the concentration of solid particles reached the maximum
content of particles and the sedimentation occurred. According to the calculation of sedimentation amount in Eq.(4),

  I dt

In actual computation, the time interval t was sufficiently small as:

2.3 Particle sedimentation velocity

With greater amount of particles in water, there would
be greater amount of particles in water settled in porous
media. Thus, the sedimentation was directly and positively
correlated with particle content in water. In other words,
the sedimentation of particles was directly correlated with
sediment particle concentration in water flow. When the
particle concentration in water was large, the sedimentation amount was large and vice versa.
In this research, the sedimentation amount was studied
based on the following model:

t

B2
B

B3
1.2
FIGURE 2 - Research area
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In Figure 2, the middle region is the axis. From Boundary 1 to 4, the arrow points at the direction along the axis.
For the studies on pore seepage and particle sedimentation
coupling, the parameter characterizing presents much significance on the axis, which can represent the main features
of coupling. Thus, the calculation results on the axis were
selected for analysis.
3. RESULTS
The coupling results are shown in Figure 3, 4 and 5.
Figure 3 shows the flow velocity at different moments
along the axis. NC indicates that the impact of particle sedimentation on seepage, or the non-coupling flow velocity,
was neglected. Figure 3 shows that at different moments
and non-coupling state, the flow velocity distribution
curves along the axis showed similar shapes, and the variation rules were consistent. Generally speaking, the A-section velocity at the axis was smaller than that on B section.
The A-section velocity gradually decreased while the Bsection velocity gradually increased. Near the outlet of B
section, the velocity change rates gradually decreased
along the axis. At the non-coupling state, the velocity was
larger than that at the coupling state.
These variation rules were directly correlated with the
seepage nature. The point of intersection at the Boundary56
was used as the circle center. Basically, the flow velocity decreased with the farther distance from the circle center. At
the coupling state, as particle sedimentation kept appearing,
the permeability coefficient gradually decreased, followed
by the decreased flow velocity (A section). From A to B, the
sectional area shrank gradually, and the flow velocity gradually increased. Without considering the impact of sedimentation on seepage coupling, the seepage velocity remained
unchanged. Hence, the non-coupling flow velocity was
larger than that at the coupling state.
Figure 4 shows the distribution of particle content S on
the axis. According to the figure, at the non-coupling state,
the particle content did not change much as time extended

FIGURE 3 - Flow velocity at different momentsalong the axis

and basically remained stable. However, at the coupling
state, the particle distribution changed much with time. At
the initial coupling state, due to the particle sedimentation
and clogging, the water flow containing particles failed to
continue. Therefore, at the later section, the particle content
was smaller. However, as the sedimentation and seepage
progressed, the front section kept having sedimentation,
which exceeded the amount of sedimentation particles that
could be contained by the porous media. Therefore, more
particles that could not be settled were enabled to move
along the axis. Hence, at the later stage, the particle content
of the later section increased.
To further study the characteristics of effective infiltration transport particles along the axis, Figure 3 and 4
were further integrated and the calculation was conducted
according to Eq.(6). The particle infiltration velocity along
the axis was obtained, as shown in Figure 5.
VS=US
(6)
Where Vs is the infiltration velocity of particles, or the
transport velocity of movable particles, and the unit is m/s;
U is the flow velocity at the research point;

U   vx2  vy2  , the unit is m/s; S is the movable parti0.5

cle content, with the unit of m.
In Figure 3, 4 and 5, the shape patterns of infiltration
velocity were generally consistent with the axial velocity
curve, and the content of particles did not impose much influence. This was attributed to the small number of particle
content that could influence the infiltration velocity to a
very small extent. Further analysis showed that at the initial
stage of sedimentation and seepage, the particle content
was small, and would impose great impact on particle infiltration. Hence, at the initial stage of sedimentation and
seepage, more particles were settled. The filtration effects
of particles were very significant. At the later stage, the filtration effects were weakened.
Figure 6 shows the porosity of porous media at different moments along the axis. The figure shows that with
the sedimentation and seepage, the porosity gradually de-

FIGURE 4- Distribution of particle content along the axis
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FIGURE 5 - Particle infiltration velocity along the axis

FIGURE 6 - Porosity of porous media at different moments along
the axis

TABLE 2 - Velocity and porosity on point (0.5 0.2)
t-50000
1000U(m/s)
100(0.35-n)
Fitting results
t-50000
1000U(m/s)
100(0.35-n)
Fitting results

100
4.015
0.1204
0.1170
700
3.469
4.8919
4.8526

200
3.951
0.6895
0.6905
800
3.371
5.7487
5.7204

300
3.862
1.4657
1.4674
900
3.272
6.6033
6.5809

400
3.765
2.31
2.3114
1000
3.174
7.4553
7.4370

500
3.667
3.1718
3.1726
1100
3.076
8.3046
8.2897

600
3.568
4.0331
4.0331
1200
2.978
9.1603
9.1486

time and velocity. If flow velocity at this moment is obtained, the porosity at this point and this moment can be
obtained.
In order to further research the ultimate state of particle
sedimentation and seepage, the time of sedimentation and
seepage coupling would be further extended. The time was
taken as [50000s,60000s] so that particles had sufficient sedimentation, and the value of permeability coefficient was,

decreased. Finally, the porosity showed a consistent tendency of reaching 0.25. In t∈[50000s,51500s], the porosity curve at A section rose continuously, gradually reduced
and increased along B section. This change was not significant and the curve basically remained stable. The porosity
at the turn of curve was the largest value of the curve. This
was attributed to the changing area of the front and rear
cross-sections. The cross-section of sedimentation seepage
became smaller while the flow velocity was enlarged.
Meanwhile, the sedimentation and changes of porosity
were weakened.
At the point (0.5 0.2), in the first short period, as the
sedimentation and seepage were instable, we selected the
interval time of 10s in the period of t∈[50100s,51290s] to
solve the velocity and porosity of this point at different
times. A total of 120 groups of data were obtained. Table 2
lists 12 groups of them. The porosity and velocity were fit
with time and the following equation was obtained:

Meanwhile, it should meet, n∈[0.15,0.35],S∈[0,+∝]
，t∈[50000,+∝],

 t  50000  (7)
100  0.35  n   34.93  8.67 1000U   0.02ln 

 100 

For the outflow velocity of particle of porous media at
Boundary4, according to Eq.(6), we obtained,

Where n is the porosity at the point (0.5,0.2) in different
time, n∈[0.35,0.2]; U is the seepage velocity at this point,
and the unit is m/s; t is the moment t∈[50100s,51290s], and
the mean square error of the fitting equation (RMSE) was
0.001.
According to the equation, the porosity at one point of
the sedimentation and seepage area formed the function of

0.1


k  0.5  n  0.15 

0


n  0.35
0.15  n  0.35 (m/s)
n  0.15


 0.35  n   0.001S
t

 s   Vs dy

(8)

According to Eq.(8), the calculation results of Boundary 4are shown in Figure 7, and the total outflow of particles was obtained,
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FIGURE 7 - Outflow velocity of particles permeated through the porous media during the sufficient sedimentation and seepage from
outlet boundary

According Eq.(9), the calculation results are shown in
Figure 8.
Figure 7 presented the outflow velocity of particles
permeated through the porous media during the sufficient
sedimentation and seepage from Outlet 4. In other words,
it was the effective flow of particles from Outlet 4 in unit
time. Although porous media sufficiently filtered particles,
a part of particles still permeated porous media and flowed
from the outlet. As shown in Figure 7, at the initial stage of
infiltration and sedimentation, the velocity of particle permeation rose quickly and gradually reduced, finally showing a tendency of becoming 0. The increased velocity was
greater than the reduced velocity.
Figure 8 shows the time curve of flow volume from
Outlet 4 during the sufficient sedimentation and seepage.
At the initial stage of infiltration and sedimentation, the
overall particle permeation volume gradually increased as
time extended. The increased velocity gradually decreased
and finally formed a tendency of stabilizing.
Figure 7 and Figure 8 present that the impact of porous
media on particle sedimentation and infiltration. At the initial stage, particle flow velocity and the overall volume
gradually increased. At the intermediate stage, the outflow
velocity of particles was reduced and the increase rate of
overall flow was reduced. At the later stage, the velocity
became 0 and the overall volume remained unchanged. The
content of particles and water flow velocity co-influenced
the curve attributes in Figure 8. The two factors were mutually constrained. At the initial stage, although the outflow
particle concentration at Boundary 4 was low, the flow velocity at this time point was large, which led to the rise of
two curves. At the intermediate stage, the outflow particle
concentration at Boundary 4 gradually increased but the
flow velocity decreased, leading to the reduction of particle
permeation velocity. At the later stage, although the outflow particle concentration reached the maximum level,
the water flow stopped at this point and particle permeation
was terminated. The flow velocity and particle content de-

FIGURE 8 - Time curve of flow volume from outlet boundary during the sufficient sedimentation and seepage

termined the outflow velocity of particles and the total outflow volume.
4. CONCLUSION
In this research, a mathematical model of particles infiltration coupling was established. Sedimentation led to
the decreased porosity of porous media, which further reduced the permeability coefficient. Thus, this research sufficiently considered the impact of particle sedimentation on
the infiltration. This research has covered certain shortage
in the research field of sedimentation of particles seepage,
and solved the issue of the impact of particle sedimentation
on seepage coupling. Besides, the one-dimensional scouring research was extended two-dimensional and three-dimensional scouring and sedimentation.
Numerical calculations presented that the flow velocity imposed great impact on the particle sedimentation of
porous media. Places with smaller flow velocity had fewer
settled particles and larger porosity and vice versa, as
shown in Figure 3, Figure 5 and Figure 6. Hence, the flow
velocity at such places can be obtained by monitoring the
porosity of porous media. On the contrary, the porosity of
porous media can be obtained by monitoring the flow velocity (eq.7).
When porous media was used for fluid filtering, at the
initial stage of filtering, the flow velocity of total particles
that passed through porous media was large. The flow
amount increased quickly, which was worth attention. In
the intermediate stage, the outflow velocity of particles
gradually became smaller. Although the flow velocity was
reduced at a certain point, the filtering was effective. At the
later stage, although the outflow velocity of particles decreased to 0, the flow velocity at that point also decreased
to 0. Hence, this stage did not contribute practical values
for the filtering of particles. Hence, this research mainly
enhanced the application of the intermediate stage.
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As the ultimate flow velocity at the outlet was 0, a filtration method should be developed in a sufficient way,
which will enable the calibration and proper selection of
parameters of porous media. It can meet the requirement of
outflow particle concentration when seepage happens. This
would greatly reduce the monitoring workload and facilitate the actual application.
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IMPACT OF SELECTED ACTIVE SUBSTANCES
IN INSECTICIDES ON THE BEHAVIOR OF HONEY BEES
(Apis mellifera L.) AND SILVER Y MOTHS (Autographa
gamma L.) AFTER INSECTICIDE PLANT TREATMENT
Paweł Węgorek, Joanna Zamojska* and Daria Dworzańska
The Institute of Plant Protection – National Research Institute, ul. Władysława Węgorka 20, 60-318 Poznań, Poland

ABSTRACT
Colony Collapse Disorder has many possible causes.
Factors adversely affecting honeybee families include insecticide application. The paper presents the results of a
study regarding the repellent effects of selected synthetic
insecticides, having various toxicity levels, on honey bees
(Apis mellifera L.). The experiments were performed in
lacy phacelia (Phacelia tanacetifolia Benth.) fields. Honey
bees’ insecticide resistance mechanisms include the behavioral resistance observed in some species, consisting in
avoiding an insecticide-treated area for some time after the
treatment. The results presented disprove the commonly
assumed repellent effects of pyrethroids and prove that active substances of other insecticides have no repellent effect on honey bees either. Moreover, the insecticide-treated
experimental areas saw the activity of another pollinator
species – the silver Y moth (Autographa gamma L.) – foraging and pollinating in the evening and at night.

KEYWORDS:
repellent effects, insecticides, honey bee, silver Y moth

1. INTRODUCTION
In recent years, Colony Collapse Disorder has become
a controversial topic in Poland and other European Union
member states, discussed by scientists, apiculturists, plant
protection product manufacturers and EU authorities. The
disorder has many potential causes, with the role of plant
protection products, and especially insecticides, being the
most highlighted. Plant protection products have multifarious effects on bees and other pollinating insects. Apiculturists often emphasize the neurotoxic effect of insecticide
* Corresponding author

active substances on bees, potentially affecting their memory,
behavior, and development, and often being lethal to the insects. The observed mechanisms of insects’ (including honey
bees’) resistance to insecticide active substances include a behavioral mechanism, consisting in avoiding areas treated
with insecticides. In practice, this would mean the plant
protection products have a repellent effect.
Researchers have already studied the relationship between the olfactory sense of honey bees (Apis mellifera L.)
and their memory and learning ability for many years [12,
5, 23]. Later, the sequencing of the honey bee genome in
2006 [20] led to the identification of as much as 170 genes
encoding olfactory receptor proteins in the species, which
prompted scientists to expand the research [18]. The role
of olfaction in the biology, ethology and physiology of
honey bees was particularly emphasized. Some adaptive
characteristics, e.g. the large variety of olfactory receptors
developed by the honey bee, explain the 100 million year
old evolutionary link between bees and angiosperm plants.
The mutualism between honey bees and flowering plants –
providing the bees with simple nutrition in the form of nectar, which is a water solution of sugars, and protein-rich
pollen, in return for cross-pollination – would explain the
weak taste perception abilities of bees, compared to other
species (gustatory receptors in bees are encoded by a mere
10 genes). Neither have bees developed any significant
abilities to distinguish between plants’ secondary metabolites, possessed by many herbivore insect species, or to detoxify natural poisons present in the plants, as they do not
ingest such poisons with their nutrition. Bees are, however,
able to detect and discriminate odor varieties of canola and
other plants [23]. Some of the aforementioned genetic adaptations of the honey bee mean the species may be threatened by plant protection chemicals widely used in agriculture. On the one hand, the insects’ safety is at stake, as poisoning through contact or ingestion may affect their
memory or behavior, and even result in their death. On the
other hand, this may result in reduced yield from flowering
plant crops treated with plant protection chemicals, as bees
will temporarily avoid the treated area, which will affect
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pollination. Toxic and repellent effects of active substances
in various insecticides were studied by many authors [3,
16, 21]. Plant protection product manufacturers and distributors also tend to emphasize this point, to appease the public opinion, often criticizing the widespread use of insecticides. Nonetheless, many researchers doubt the repellent
effect of insecticides on bees, pointing, among other factors, to the artificial or semi-natural conditions of the experiments performed [21].
The purpose of the experiments presented in this paper
was to confirm or disprove these views. The experiments
assessed the repellent effects of insecticide active substances on honey bees and adult silver Y moths (Autographa gamma L.) under natural conditions. Importantly, the
purpose of the study was not to assess toxicity of the studied insecticides to honey bees and silver Y moths. As we
have said earlier, repelling bees, even by nontoxic chemicals, restricts plant cross-pollination, which may result in
lower yields, e.g. from rapeseed crops. The harmful effects
of plant protection chemicals are not limited to their toxicity to beneficial entomofauna. These substances can also
adversely affect plant cross-pollination through their insect
repellent action.
2. MATERIALS AND METHODS
The experiment was conducted in 2012 and 2013 in
two locations, 80 km apart: Winna Góra and Rokietnica. In
experimental fields of lacy phacelia in full bloom, smaller
plots were delineated. In the evening (between 8PM and
8:30PM) the plots were treated with various insecticides in
doses recommended for the protection of winter rapeseed.
Treatment time was in compliance with the applicable
guidelines. The size of a single experimental plot was 25 m2.
Individual plots were divided by untreated areas, 5 m in width.
In the experiments, the following active substances contained in commercially available products were used (LD50
values in parentheses according to www.sitem.herts.ac.uk):

 tau-fluvalinate (Marvik 240 EW, active substance content 240g/l, LD50=12 μg/bee-1): recommended concentration 240 ppm, prevention period for bees – not applicable,
Pirydine azomethines:
 pymetrozine (Plenum 500 WG, active substance content 50%, LD50>117 μg/bee-1): recommended concentration 500 ppm, prevented period for bees – no information in the leaflet besides the statement: “dangerous
for bees”,
Neonicotinoids:
 acetamiprid (Mospilan 20 SP, active substance content
20%, LD50≈8.09 μg/bee-1): recommended concentration 120 ppm, prevention period for bees – not applicable,
Silver Y moth occurrence was observed 15 minutes after the insecticide treatment and the next day, between
8:30PM and 9:30PM. Honey bee occurrence and behavior
was observed the day after the treatment and 3 days after
the treatment, around noon. Each time, the insects were observed by four independent observers, for 10 minutes at a
time. Each observer noted time spent on a single inflorescence and the number of inflorescences visited in a minute for 5 insects.
TABLE 1 - Weather conditions during insecticide treatment and subsequent observation
Location
Rokietnica

Winna
Góra

Pyrethroids:
 deltamethrin (Decis Mega 50 EW, active substance
content 4.8%, LD50=0.0015 μg/bee-1): recommended
concentration 24 ppm, prevention period for bees – not
applicable,
 alpha-cypermethrin (Fastac 100 EC, active substance
content 10.87%, LD50=0.033 μg/bee-1): recommended
concentration 65.22 ppm, prevention period for bees –
not applicable,
 etofenprox (Trebon 30 EC, active substance content
300g/l, LD50>0.13 μg/bee-1): recommended concentration 450 ppm, prevention period for bees – not applicable,
 lambda-cyhalothrin (Karate Zeon 050 CS, active substance content 4.81%, LD50=0.038 μg/bee-1): recommended concentration 19.24 ppm, prevention period
for bees – not applicable,

Parameter
air temperature
range [˚C]
total precipitation
[mm]
air temperature
range [˚C]
total precipitation
[mm]

Year 2012
14.08–17.08

Year 2013
26.08–29.08

15.8–18.0

15.3–16.6

0.0

0.0

24.0–25.0

22.0–26.0

0.0

0.0

3. RESULTS AND DISCUSSION
Table 2 contains results regarding the behavior of bees
the day after the chemical treatment. Table 3 contains results gathered three days after the treatment. In all variants
of the experiment, honey bee occurrence and activity was
observed in the treated experimental fields. No repellent
effects of any of the studied pyrethroids, pirydine azomethines and neonicotinoids on honey bees were observed.
Likewise, no repellent effects of the studied substances on
silver Y moths were observed (Table 4).
Our results showed no repellent effects of the used insecticides on honey bees one and three days after treatments. In the case of silver Y moth similar results were observed 15 minutes and one day after treatments. The results
gathered indicate that, following the insecticide treatment
of an area, it is possible for insects to absorb doses of in-
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TABLE 1 - Effects of insecticide active substances on the behavior of bees and silver Y moths – observed the day after the treatment. Averages
from 2 years of data gathering.
Substances
Control
Deltamethrin
Alpha-cypermethrin
Etofenprox
Lambda-cyhalothrin
Tau-fluvalinate
Acetamiprid
Pymetrozine

Study site
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica

Number of
bees in the plot
15
12
8
12
15
18
9
13
19
15
15
17
12
13
10
15

Bee behavior

Bees landed
on flowers
and foraged

Parameters
Time spent on a single
inflorescence [seconds]
5
4.5
5
5
6
5
4.5
5.5
5.5
4.5
4.5
6
6
7
7
4

Number of inflorescences
visited in a minute by one bee
10
12
8
12
9.5
11.5
8
10
7.5
12
8
16
8
14
7
11

TABLE 2 - Effects of insecticide active substances on the behavior of bees – observed 3 days after the treatment. Averages from 2 years of data
gathering.
Substances
Control
Deltamethrin
Alpha-cypermethrin
Etofenprox
Lambda-cyhalothrin
Tau-fluvalinate
Acetamiprid
Pymetrozine

Study site
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica

Number of
bees in the plot
11
14
12
15
14
11
15
13
16
16
12
14
15
13
13
15

Bee behavior

Bees landed
on flowers
and foraged

Parameters
Time spent on a single
inflorescence [seconds]
4.5
5
3.5
5
4.5
3.5
5
4.5
4.5
6
4.5
4
3.5
7
4.5
3.5

Number of inflorescences
visited in a minute by one bee
12.5
13
12
12.5
12
13
10
12
14
15
13
12
13
16
12
11

TABLE 3 - Effects of insecticide active substances on the behavior of silver Y moths – observed 15 minutes after the treatment and the next
day. Averages from 2 years of data gathering.
Substances
Control
Deltamethrin
Alpha-cypermethrin
Etofenprox
Lambda-cyhalothrin
Tau-fluvalinate
Acetamiprid
Pymetrozine

Study site
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica
Winna Góra
Rokietnica

Number of silver Y moths
immediately after the treatment
12
17
15
15
16
12
11
14
14
16
12
14
18
15
14
18
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Parameters
Number of silver Y moths between
8:30PM and 9:30 PM the next day
15
11
11
15
10
14
12
12
15
15
13
18
18
17
12
18
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secticide active substances through contact and ingestion.
In the experiment, no cases of lethal poisoning of honey
bees or silver Y moths were observed, although assessing
the toxicity of the studied substances was not the purpose
of this study.

question about the potential reduction in the number of
bees visiting the plantation due to the toxicity of the active
substances remains open. Therefore, the presented study
will be continued.

Our results differ from most study results published so
far. Many authors argue for insecticides having repellent
effects on honey bees. Large numbers of reports were published especially in the case of permethrin [2, 9, 16].
In many cases, however, the effects were short-lived and
reversible [16]. Studies have also confirmed the repellent
action of other pyrethroids, such as cypermethrin [16, 19],
lambda-cyhalothrin [4], esfenvalerate [11] and fenvalerate
[17]. However, many of the authors [16, 19, 4] emphasize
the short duration of the effect, at times lasting as little as
3 or 4 hours. Long lasting repellent effects, persisting for
up to three days, were also reported [6, 7, 11]. Some publications also showed that the repellent effects only occur
in the case of plants which have not bloomed. Therefore,
the attractiveness of flowers may interfere with the repellent effects of insecticides, a fact noted by other authors as
well [21]. Conducted experiments [6, 7] to assess the effects of permethrin, deltamethrin, cypermethrin and fenvalerate on bees in a blooming phacelia field reported a noticeable repellent effect of the studied pyrethroids. In the
studies, bees ceased to visit the blooming phacelias treated
with insecticides, and returned after two or three days. Differences in repellency were also observed when field and
semi-field conditions were compared, with weaker effects
under field conditions [21]. A lack of repellent effects of
lambda-cyhalothrin and esfenvalerate was reported by Ingram [9]. The repellent effects of non-pyrethroid active
substances in insecticides were reported by many authors.
These substances include fenitrothion [14] and imidacloprid [1, 8, 13, 15, 24].
Nonetheless, the reduced frequency and number of bee
visits to a plantation might not necessarily be due to the repellent effect of the studied substances, but in fact, to their
sublethal adverse effect on the bees’ nervous systems, resulting in reduced motivation and vitality [16, 22]. Bees
with pyrethroid poisoning could return to the hive and metabolize the toxins before the lethal dose is reached, with
no visits to the plantation in the meantime [3, 10]. In such
cases, however, no repellent effect of pyrethroids can be
asserted. One also ought to consider the fact that the reported decrease in bee occurrence, construed as a result of
the insecticide’s repellent action, might actually be due to
a lethal poisoning of the bees [21].
Considering the foregoing data from the literature, it
can be argued that the presented results from our own experiments do not differ significantly from those published
before. Assessing the lethal or sublethal effects of insecticides was not the purpose of this study. The results of experiments conducted under natural conditions prove that
the studied plant protection chemicals have no repellent effects, either immediately after the treatment or later. The
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MICROBIAL DISTRIBUTIONS FOR NITROGEN REMOVAL
IN A SUBSURFACE WASTEWATER INFILTRATION SYSTEM
Ying-Hua Li, Hai-Bo Li*, Xin-Yang Xu, Yong-Chun Zhou and Xuan Gong
School of Resources & Civil Engineering, Northeastern University, 110004 Shenyang, China

ABSTRACT
In order to evaluate the distribution characteristics of
microbial populations involved in nitrogen removal, field
experiments of a subsurface wastewater infiltration system
(8 sub-cells, length × width = 20 m × 15 m for each subcell) were carried out for 360 days. The results indicated
that hydraulic and pollutant loading rate, oxygen reduction
potential and wastewater shunt distribution have a significant effect on the distributions of nitrifying and denitrifying bacteria. For nitrifying bacteria, hydraulic and pollutant
loading rates, oxygen reduction potential and carbon
source supplement method have negative influence on its
population, especially near the wastewater distribution
area. The changes of denitrifying bacteria distribution are
opposite to those of nitrifying bacteria. Taking into account
the nitrogen removal efficiency, hydraulic and pollutant
loading rate are proposed within a range from 0.065 to
0.081 m3/ m2·d and 9.3 to 16.8 g BOD/m2·d, respectively.
Intermittent operation mode is recommended and carbon
source is suggested to introduce into the 65 cm depth.
KEYWORDS: Subsurface wastewater infiltration system; Microbial
distribution; Loading rate; Intermittent operation; Carbon source
supplement

1. INTRODUCTION
For the aquatic environments of developing countries,
where most of the world’s people live under extremely
harsh conditions, the discharge of domestic wastewater has
not been studied in an acceptable manner. Out of consideration for the economic and energy situations in these regions, eco-engineering methods that use wetland, soil, etc.,
are widely used [1]. The advantages of these methods include low cost, easy maintenance and, if designed and constructed properly, reliable treatment capability [2-4]. Subsurface wastewater infiltration system (SWIS), which is a
method that satisfies these conditions, has been introduced
in many developing countries and its use is expected to
continue to spread [5,6].
* Corresponding author

As reported, the nitrogen purification process in SWIS
relies primarily on the biological zone (biomat) which develops on the soil surface within the trench or bed through
nitrification-denitrification process, under the performance
of nitrifying and denitrifying bacteria [7,8]. The factors
governing nitrogen removal are rather complex, including
operation factors, pH and matrix characteristics and so on
[9,10]. Consequently, appropriate operation mode, based
on prior knowledge of the wastewater and soil conditions,
is crucial for the successful operation of SWIS. However,
there is current no field experimental information available
revealing the characteristics of microbial populations involved in nitrogen removal process of SWIS, especially
under variable operation modes. Several reports, nevertheless, have recently discussed in a theoretical manner the
possible effect of operation factors. For example, Bali et al.
[4] pointed out the importance of organic matter size distribution for microbial distributions and reviewed pretreatment technologies for reducing particulate matters and
therefore for modifying the nitrogen removal bacteria distributions. Zhang et al. [7] investigated the effects of packing media on nitrogen removal in a pilot scale subsurface
infiltration system. The study claimed that soil oxidationreduction condition was an important factor, which was
greatly influenced by soil texture. Loamy soil led to oxidative condition that was favorable to nitrification and disadvantageous to denitrification. In addition, the report
demonstrated that intermittent operation mode was
adopted to improve nitrogen removal. Lloréns et al. [6]
evaluated the performance of nitrogen removal in two pilot-scale combinations of a subsurface wastewater infiltration system. The results revealed that influent distribution
method (horizontal and vertical distribution), the hydraulic
load and the depth of the soil filters had significant effect
on nitrogen removal efficiency. Nitrification potential was
higher in the configuration with horizontal distribution and
higher depth of the soil filters.
In the present study, field experiments were carried out
on 8 sub-cells, length × width = 20 m × 15 m for each one.
All sub-cells were filled with the same mixed substrate and
operated in parallel under different conditions. The experiments lasted for 360 days. The purposes in this study were
as follows: (1) to verify the effects of operation conditions
on microbial distributions from the point of view of field
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experiments. (2) to investigate the characteristics of nitrogen removal bacteria populations under variable operation
factors, including hydraulic loading rate (HLT), pollutant
loading rate (PLR), oxygen reduction potential (ORP) and
carbon source supplement. (3) to propose the appropriate
operation mode for the sustainable and successful operation of full scale SWIS.
2. MATERIALS AND METHODS
2.1 Wastewater characteristics

Field experiments were carried out at Shenyang University, China (East longitude123°26′50.60″, North latitude41°49′00.60″). The influent was a combined waste-water from dormitories, kitchen and plunge bath. During the
entire operation period, the raw wastewater exhibited both
HLR and PLR variations mainly due to wet weather and
changes in student populations during weekends, holidays,
etc. The values of major water quality indices were as follows. Chemical oxygen demand (COD) 325 mg/L, biological oxygen demand (BOD5) 220 mg/L, ammonia nitrogen (NH4+-N) 23 mg/L, total nitrogen (TN) 38.1 mg/L, nitrate nitrogen (NO3--N) 0.4 mg/L, nitrite nitrogen (NO2-N) 0.2 mg/L, total phosphorus (TP) 3.5 mg/L, suspended
solid (SS) 180 mg/L and pH 7.2.
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2.2 System description

The wastewater was pretreated in a hydrolytic acidification tank. After the pretreatment, concentrations for
COD, BOD5, SS and TP decreased to 200–290 mg/L, 132–
170mg/L, 20–30 mg/L and 2–3mg/L, respectively. The
concentrations for NH4+-N TN, NO3--N and NO2--N
changed little. The effluent flowed under gravity action
through the primary and secondary distributing tank to the
SWIS system, which was composed of 8 sub-cells (operate
simultaneously for every 2 sub-cells) (Figure 1). The dimension of each sub-cell was length × width = 20 m × 15 m, with
effective depth of 1.5 m. In SWIS, the distributing pipes
were 0.5 m underneath (100 mm in diameter with holes of
4 mm in diameter placed in the bottom every 60 mm). The
collecting pipes were 1.5 m underneath (80 mm in diameter
with 6 mm holes placed in the bottom side every 60 mm).
The interval between two distributing pipes was 2.5 m.
Sampling positions were arranged in the middle of two distributing pipes, vertical to the distribution pipe with intervals of 2.5 m, as shown in Figure 2. Experimental results
from different sampling points were averaged.
2.2 Matrix constituents

The matrix in SWIS was composed of 5% activated
sludge, 65% meadow brown soil and 30% coal slag mixedevenly in volume ratio. The soil used was meadow brown

2 2

3D

2 2

3D

5

4

4

4

1

4

1

Primary effluent

1. Primary distributing tank 2. Secondary distributing tank 3A-D. SWIS 4. Sampling well for water quality analysis 5. Collecting tank
FIGURE 1 - Diagrammatic sketch of the SWIS
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FIGURE 2 - Profile for the infiltration system and sampling position
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High HLR restricted the activity of nitrifying bacteria, the
optimal HLR is recommended in the range from 0.065 to
0.081 m3/ m2·d.
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2.4 Experimental operation mode
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During the study period, composite samples of raw sewage and effluent were collected twice a month, stored at 4
o
Cand analyzed within 24 h. COD, BOD5, TN, NO3--N, NO2-N,NH4+-N and TP of the water samples were analyzed according to APHA [11]. Potassium dichromate method was
used for COD determination; colorimetric method was used
for NO3--N, NO2--N and NH4+-N measurements. Microbial
populations (nitrifying and denitrifying bacteria) were analyzed according to the standard method [12] twice per
month.

7

0.065 m3/m2.d

2.3 Sampling and analytical methods

0.04 m3/m2.d

soil, sampled from the top 20 cm from Shenyang Ecological
Station, with total organics 22.8 g/kg, total nitrogen 1.4 g/kg
and total phosphorus 0.85 g/kg. The activated sludge was obtained from the aeration tanks in Shenyang Northern Municipal Sewage Treatment Plant, China, air dried for 4 h after being centrifuged for 15 min at 1500 rpm. Other materials
(gravel and coal slag) were purchased from a local market
(particle size: gravel 10 – 25 mm and coal slag 4 – 8 mm).
Coal slag is an inorganic waste produced in the process of
anthracite combustion, mainly composed of SiO2 and Al2O3.
The infiltration rate, porosity and surface area of the matrix
were 0.37 m3/m2·d, 59% and 5.21 m2/g, respectively.
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During the first operation period, PLR 20.0 g BOD/m2·d
and HLR 0.04, 0.065, 0.081 and 0.10 m3/ m2·d were conducted to investigate the effect of HLR on the populations of
nitrifying and denitrifying bacteria (Figure 3).
As can be seen from Figure 3, nitrifying and denitrifying bacteria quantities presents different situation with
HLR increase. For nitrifying bacteria, the number decreased with soil depth increase. HLR had negative influence on its population distribution, especially near the distribution area. At 40 cm and 60 cm depth, the quantity reduced by one magnitude when HLR increase from 0.065 to
0.081 m3/ m2·d, respectively. The activity inhibition of nitrifying bacteria probably resulted from the reducing environmental due to high HLR.
The changes of denitrifying bacteria were opposite to
those of nitrifying bacteria. The increasing HLR encouraged the activity of them. As reported, nitrification-denitrification is the major removal method in the SWIS through
the mechanisms as followed [13,14]. Because of the lower
rate of nitrification than that of the denitrificaiton, nitrification becomes a limiting step for nitrogen removal [15].

12

0.065 m3/m2.d

3.1 Effect of hydraulic loading rate
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3. RESULTS AND DISCUSSION
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During the study period, average temperature was 2.1–
26.2 oC. Intermittent operation mode was adopted during the
study. Each cycle of the intermittent operation included a continuous flow period of 20 days (from 8:00 AM to 8:00 AM on
the 21st day)and a drying period for the following 20 days.
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FIGURE 3 - Effect of hydraulic loading rate on populations of nitrifying and denitrifying bacteria

3.2 Effect of pollutant loading rate

During the second operation period, HLR 0.081 m3/
m ·d and PLR 9.3, 16.8 and 20.0 g BOD/m2·d were conducted. The influence of PLR on bacteria distribution is
presented in Figure 4.
2

Overall, the trends are similar to that shown in Fig. 3 for
both nitrifying and denitrifying bacteria. This result is a consequence of competition between heterotrophic bacteria andautotrophic bacteria. The increase of PLR is a result of
higher organic loading shifting a favor of heterotrophic bacteria against autotrophic bacteria contribution [16]. Hetero-
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trophicbacteria competed with autotrophic ones with substrates and inhabitation area in case of substrates enrichment. As a result, nitrifying bacteria activity was inhibited.
Taking into account the nitrogen removal efficiency, PLR
should be suitable for ranges from 9.3 to 16.8 g BOD/m2·d.
20 cm

40 cm

60 cm

80 cm

100 cm

8

2

16.8 g BOD/m2.d

4

20

20.0 g BOD/m2.d

6

9.3 g BOD/m2.d

Logarithm of nitrifying bacteria

10

40

60

80

operation mode was adopted, the effect of ORP variations
on microbial distribution was tested (Figure 5).
Under the intermittent operation, the ORP decreased
with continuous flow period up to a certain level above
which the values increased due to the dry period. With
ORP increases, the number of nitrifying bacteria increases.
Denitrifying bacteria quantity demonstrates an opposite
trend. The previous study revealed that intermittent operation would encourage the infiltration surfaces“rested”by
removing them from serve for an extended period of time
[17]. As far as nitrification is a limiting process for nitrogen
removal from the system, intermittent operation rather than
continuous feeding mode is an encouraging method to ensure the dissolved oxygen availability for the growth of the
nitrifying bacteria. This result was consistent with much
more nitrifying bacteria with ORP increases (drying period). Therefore, in order to establish a reasonable microbial distribution to improve nitrogen removal, intermittent
operation mode is strongly suggested.
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FIGURE 5 - Effect of ORP on populations of nitrifying and denitrifying bacteria
3.4 Effect of carbon source supplement
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FIGURE 4 - Effect of pollutant loading rate on populations of nitrifying and denitrifying bacteria
3.3 Effect of ORP

During the third operation period, HLR 0.081 m3/ m2·d
and PLR 16.8 g BOD/m2·d were presented. As intermittent

According to the pilot study results [17], in order to
improve the denitrification efficiency, a part of the raw
wastewater was introduced into the 65 cm depth with shunt
ratio of 1:1. Comparison of bacteria amount was conducted
to test the effect of carbon source supplement method on
the bacteria activities, as shown in Table 1.
For ammonifying bacteria, there is no significant difference in their amount after the carbon source supplement.

TABLE 1 - Effect of carbon source supplement method on microbial populations
Depth (cm)
20
40
60
80
100

Ammonifying bacteria
Before
After
11.2 ± 0.1
11.0 ± 0.06
12.3 ± 0.2
12.2 ± 0.08
11.1 ± 0.1
11.4 ± 0.1
11.0 ± 0.08
11.3 ± 0.2
11.2 ± 0.1
11.2 ± 0.07

Logarithm of nitrifying and denitrifying bacteria

© by PSP Volume 24 – No 5. 2015

Logarithm of bacteria amount
Nitrification bacteria
Before
After
8.1 ± 0.1
8.2 ± 0.1
7.3 ± 0.05
7.1 ± 0.08
6.2 ± 0.2
5.1 ± 0.1
6.0 ± 0.06
5.0 ± 0.09
4.2 ± 0.2
3.5 ± 0.1

1750

Denitrification bacteria
Before
After
8.3 ± 0.06
8.4 ± 0.07
8.4 ± 0.02
8.5 ± 0.03
11.5 ± 0.2
12.2 ± 0.1
11.8 ± 0.05
12.6 ± 0.04
12.5 ± 0.03
13.7 ± 0.1
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Furthermore, soil depth has no significant effect. As
reported, there are more kinds of ammonifying bacteria in
soil, including aerobiotic, faeultative anaerobic and anaerobic [15]. For only a small part, the metabolic process is
dependent on carbon source supplement. Therefore as a
whole, shunt wastewater method had no significant influence on it. In comparison with ammonifying bacteria, nitrifying bacteria quantity is decreased with the wastewater
shunt distribution. It suggested that the wastewater supplement resulted in the ORP decrease, especially around the
distributing area. As analyzed above, the reductive microenvironment restrained the activity of nitrifying bacteria.
While denitrifying bacteria activity was encouraged.
4. CONCLUSIONS
Through field experiments, this study revealed the factors affecting the microbial distribution involved in nitrogen removal process in a subsurface wastewater infiltration
system. The following conclusions could be drawn.
Hydraulic and pollutant loading rates, oxygen reduction potential and carbon source supplement method has
significant effect on distributions of nitrifying and denitrifying bacteria. The changes of nitrifying and denitrifying
bacteria distribution presented opposite situations. Taking
the nitrogen removal efficiency into consideration, the optimal intervals for hydraulic and pollutant loading rate were
from 0.065 to 0.081 m3/ m2·d and 9.3 to 16.8 g BOD/m2·d,
respectively. Intermittent operation mode was suggested
and carbon source was recommended to introduce into the
65 cm depth with the shunt ratio of 1:1.
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DETECTION OF BCMV, AMV AND CMV BY DAS-ELISA
AND IMMUNOCAPTURE-RT-PCR IN BEAN-GROWING AREAS
IN THE WEST MEDITERRANEAN REGION, TURKEY
Handan Çulal Kılıç1*, Nejla Yardımcı1, Selim Açıkyürek1 and Azime Uzal1
1

Süleyman Demirel University Faculty of Agriculture Department of Plant Protection, Isparta 32260, Turkey

ABSTRACT
This study was conducted to detect viral diseases in
bean growing areas in the West Mediterranean region of
Turkey. In the surveys during two years, a total of 298 (100
samples in 2011 and 198 samples in 2012) plants with
symptoms were collected from 17 localities. These samples were tested by double antibody sandwich enzyme
linked immunosorbent assay (DAS-ELISA) for Bean common mosaic virus (BCMV), Cucumber mosaic virus
(CMV) and Alfalfa mosaic virus (AMV). Infection percentages of the viruses were 35.91%, 9.06% and 5.70% for
CMV, BCMV and AMV, respectively. Among detected
mixed infections, BCMV+CMV was the most common
status with an incidence of 16.44%. Twenty five leaf samples, which gave positive reaction in DAS-ELISA, were
used for immunocapture-reverse-transcription-polymerase
chain reaction (IC-RT-PCR) which was resulted in amplification fragments in expected size of 850, 678 and 351 bp
for BCMV, CMV and AMV, respectively. The presence of
BCMV, CMV and AMV on bean plants in the West Mediterranean region of Turkey was confirmed by DASELISA and IC-RT-PCR using specific primers.
KEYWORDS: Bean, viruses, detection.

1. INTRODUCTION
Bean (Phaseolus vulgaris L.) belongs to the family Leguminosae and is the most important legume crop cultivated over nearly 28 million ha land, producing approximately 20 million tonnes worldwide [1,2,3]. It ranks third
among legume crops after chickpea and lentils with a cultivated area acreage of 93,174 ha and production of
200,000 tonnes in Turkey [4].
Because of the suitable climate, irrigation and soil conditions, West Mediterranean region is one of the major veg
etable production areas in Turkey. In this region, various
vegetables are produced in small family gardens or large
commercial enterprises. Bean is also an important crop in
this region.
* Corresponding author

Bean also plays an important role in human nutrition
because of its high nutritive value. Common beans, a staple
food, can contribute up to 35% of the protein and 340
cal/100 g of the daily diet of resource-poor urban and rural
families [2].
Plant viral diseases are major limiting factors for successful cultivation [5,6] causing major yield losses in agricultural crops worldwide. Chemical agents such as fungicides and bactericides are not effective for controlling virus
diseases [7]. Plant virus management strategies are mostly
aimed at eradicating the source of infection to prevent it
from reaching the crop and interfering with the movement
of vectors to prevent the spread of the disease. However,
cultivation of virus-resistant varieties is the most effective
measure for controlling virus diseases [7].
Beans are mostly infected by viruses such as Bean common mosaic virus (BCMV), Bean common mosaic necrosis
virus (BCMNV), Cucumber mosaic virus (CMV) and Alfalfa mosaic virus (AMV) [8]. In nature, these viruses are
often transmitted via seed or mainly aphids [2, 9, 10].
Some bean viruses have previously been detected in
Samsun, Tokat and Erzurum provinces of Turkey [11, 12,
13], but there is less study on the diagnosis of plant viruses
in bean production areas in the West Mediterranean region
of Turkey. To the best of our knowledge, this is the first
report on the detection of BCMV, CMV and AMV on bean
plants in this region.
In this study, double antibody sandwich enzyme linked
immunosorbent assay (DAS-ELISA) and immunocapturereverse-transcription-polymerase chain reaction (IC-RTPCR) methods were used to evaluate BCMV, AMV and
CMV incidences in bean plants grown in the West Mediterranean region.
2. MATERIALS AND METHODS
2.1 Field surveys and sample collection

Surveys were conducted in randomly selected beangrowing areas in the West Mediterranean region of Turkey,
during June-September in 2011 and 2012 years. A total of
298 (100 samples in 2011 and 198 samples in 2012) bean
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leaf samples with symptoms resembling virus infection
were collected from 17 localities. Samples were collected
from symptomatic plants showing mosaic, deformation,
distorted leaves, vein necrosis, yellowing, brown spotting
and wilting (Fig. 1). Leaf samples from each plant were
placed into plastic bags and labelled. The samples were
brought to the laboratory by placing on ice and stored at ̶
20ºC until tested.

tissue) were included in each ELISA. Samples with absorbance values greater than twice the mean absorbance reading of negative controls were considered positive for each
virus.
2.3 IC-RT-PCR Method

IC-RT-PCR assay was separately conducted for each
virus according to the procedure described by Rowhani et
al. [15]. Microtubes were incubated over night at 4°C with
100 μl of each antibody (1 μg/ml) and washed with PBS ̶
Tween buffer and incubated with ELISA-positive plant tissue extract. After thorough washing with PBS ̶ Tween and
a final rinse with sterile water, the treated PCR tubes were
ready for RT-PCR. IC-RT-PCR was used for the detection
of BCMV, AMV and CMV, using specific primer pairs
listed in Table 1.
Reverse transcription was performed in a 50 μl reaction
mixture containing 21 μl H2O; 25 μl 2 x 1 PrimeScript
OneStep RT-PCR buffer (containing 400 μM dNTP mixture
and One Step Enhancer solution); 2 μl PrimeScript 1step enzyme mix (Primescript RTase, Taq DNA Polimerase ,
RNase Inhibitor) and 1 μl 20 μΜ primers (Takara Bio Inc.).

FIGURE 1 - Bean plants showing mosaic and leaf deformation symptoms in the field.
2.2 DAS-ELISA Method

DAS-ELISA test was performed as described by Clark
and Adams (1977) [14] according to the standard procedure of the antibody’s manufacturer (Bioreba AG, Switzerland). Polystyrene plates (Nunc Maxisorp) were first
coated with polyclonal antibody (IgG 1000x) diluted in
coating buffer (pH 9.6) and incubated at 4 ºC overnight.
After plates were washed with PBST buffer, samples were
homogenized in extraction buffer (1:20). Plant sample extracts of 200 µl were added to wells and incubated at 4 ºC
overnight. Alkaline phosphatase-conjugated antibody diluted in conjugate buffer (enzyme conjugate 1000x in conjugate buffer) was loaded onto plates after washing and incubated for 4 h at 30 ºC. Finally, p-nitrophenyl phosphate
in diethanolamine substrate buffer (pNPP at 1 mg/ml in
substrate buffer- pH 9.8) was added and 405-nm values
were measured with VersaMax microplate reader after 60 ̶
120 minutes.
Both commercial positive controls for the above viruses and negative controls (extracts from healthy bean leaf

Thermocycling procedure performed for all viruses
was as follows: 50 ºC for 30 min, 94 ºC for 2 min, followed
by 30 cycles of 94 ºC for 30 s, 55 ºC for 30 s and 72 ºC for
1 min and 72 ºC for 3 min. IC-RT-PCR products were separated by 1% agarose gel electrophoresis, stained with ethidium bromide (0.5 μg/ml) and visualized under UV transilluminator with a digital camera (UVP-Doc-It).
3. RESULTS AND DISCUSSION
This study was performed to determine the presence of
three bean viruses; BCMV, CMV, AMV in the West Mediterranean region of Turkey. The detection of viruses was
based on visual observation and DAS-ELISA. The presence of viruses in the leaf samples was further confirmed
by IC-RT-PCR.
In the surveys, several different virus or virus-like
symptoms, including mosaic (Fig. 1), local and systemic
chlorosis, leaf spots, vein clearing, leaf deformation, discoloration, size reduction and various degrees of dwarfing
observed on bean plants. Similar observations were reported in other studies [8,12,16].

TABLE 1 - Primer pairs used in RT-PCR identification of BCMV, AMV and CMV.

BCMV
AMV
CMV

Nucleotide sequence

Genomic region

Product size

References

F-5-GGATGCGGAGAATCTGTG-3
R-5-GATTGACGTCCCTTGCAG-3
F-5-CATCATGAGTTCTTCACAAAAG-3
R-5-TCGTCACGTCATCAGTGAGAC-3
F-5-TTGAGTCGAGTCATGGACAAATC-3

Coat protein

850 bp

Bhadramurthy and Bhat [25]

Coat protein

351 bp

Xu and Nie [26]

Coat

678 bp

Lin et al. [27]

R- 5-AACACGGAATCAGACTGGGAG-3

Protein
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The presence of these symptoms suggested that bean
plants in the surveyed fields were infected with viruses. All
bean leaf samples were separately tested for BCMV, AMV
and CMV using commercially available DAS-ELISA kits
with negative and positive controls for each virus.
Of the total 298 bean leaf samples, 235 were infected
with at least one of the three viruses assayed and 63 samples gave negative results for ELISA (Fig. 2), which were
possibly infected with other viruses. In the samples tested,
the percentages of single infections were 35.91% with
CMV, 9.06% with BCMV, 5.70% with AMV (Table 2),

explaining the prevalence of CMV in the West Mediterranean region.
Various combinations of mixed infections were identified in the tested samples. The most common was BCMV
+ CMV (16.44%).
Likewise, Ghorbani et al. [16] found that CMV was
the most prevalent virus among bean viruses in bean-growing regions in northern Iran. In Serbia, BCMV was found
in most (30.53%) of the plant samples, followed by
BCMNV (2.67%), CMV (5.34%), and AMV (3.41%) [8].

FIGURE 2 - Incidence of common bean viruses in the West Mediterranean Region of Turkey (Total samples: 298).

TABLE 2 - Locations of bean fields covered in the field surveys and distribution of common bean viruses using DAS-ELISA

District,
Villages
Kuleönü
İslamköy
Aliköy
B.Hacılar
K.Hacılar
Uluğbey
B.Kabaca
Senir
Kılıç
Gelincik
Yakaören
Keçiborlu
Senirkent
Eğirdir
Atabey
Gönen
Isparta M.
Total
Total incidence (%)

Symptomatic
samples No
17
10
6
12
25
19
19
14
8
55
15
39
6
11
9
15
18
298
78.86

BCMV
1
0
1
0
5
1
4
2
3
0
0
0
0
0
0
1
9
27
9.06

Number of infected samples with
BCMV +
BCMV +
CMV
AMV
CMV
AMV
7
3
0
0
2
3
0
0
0
0
4
1
2
2
0
0
0
0
17
0
10
0
7
0
5
1
1
0
3
0
1
0
0
0
1
3
34
0
4
1
5
1
6
0
24
0
3
1
3
0
1
0
2
2
0
0
0
5
3
0
9
0
1
0
1
0
0
1
107
17
49
7
35.91
5.7
16.44
2.35
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AMV +
CMV
0
1
0
2
0
0
2
0
0
12
0
3
0
1
1
0
0
22
7.38

BCMV +
AMV + CMV
0
0
0
0
0
0
0
0
0
1
3
0
0
0
0
1
1
6
2.01
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In a survey conducted in the Azerbaijan province of
Iran for viruses infecting beans, BCMV (51.66%),
BCMNV (35%), Bean yellow mosaic virus (26.6 %), CMV
(10%) and AMV (3.3%) were detected among 300 bean
leaf samples, by ELISA. Shahraeen et al. [17] and Dizadji
and Shahraeen [18] found that BCMV was the most important virus in the bean-growing areas in Azerbaijan.
The results of our study showed that the most prevalent
viruses on beans were CMV and BCMV+CMV combination.

in nature [2, 9]. Further characterization of these viruses
and elucidation of their mode of transmission is required.
The epidemiology of the three viruses awaits further investigation. Farmers should be informed about how viruses
spread from plant to plant and the precautions for controlling virus transmission. The results of this study showed
that IC-RT-PCR can be used for BCMV, CMV and AMV
diagnosis and certification. However, ELISA is easier, less
expensive and less time- consuming.

All these viruses can cause great damage on plants,
particularly because of the presence of aphid vectors on
bean plants, which represents one of the important factors
for the spread of the virus in the field [19]. The severity of
a given viral disease will depend on bean cultivar susceptibility, the stage of plant development at which the infection occurs and environmental factors and their effect on
vector activity [20].
In this study, CMV was found to be the prevalent virus
in infected bean plants. CMV is among the most economically important pathogens of different crops such as vegetables and ornamentals. Several aphids readily transmit CMV
nonpersistently in nature. Among more than 60 aphid vectors, the most efficient species are Myzus persicae Sulz.,
Aphis gossypii Glov., A. craccivora Koch. and A. fabae
Scop. The large population of aphid vectors is one reason for
the wide distribution of CMV. CMV spreads through the sap
of infected plants by leaf contact, through the seeds of 19
plant species and via dodder parasitism [5, 21].

FIGURE 3 - Electrophoretic pattern of amplified cDNA fragment of
BCMV isolates by IC- RT-PCR. M: 100 bp DNA ladder (Bio Basic
Inc); N: Negative control; Lane 1,2,3 and 4 BCMV.infected samples.

For the control of virus diseases, primarily their diagnosis is required as a first step. Biological studies, DASELISA, immunoblotting, dot-blot hybridization assays and
molecular methods are used as diagnostic techniques for
viruses.
RT-PCR method is used for detecting plant viruses
within many genera such as potyviruses and cucumoviruses [22, 23]. RNA extraction is troublesome and
RNA molecules degrade readily because of the ubiquitous
presence of RNase. In contrast, the IC-RT-PCR method
avoide the extraction of viral or plant total RNA, and is
easily performed in a single tube [24].
In this study, 25 samples which were positive in DASELISA were tested by IC-RT-PCR to confirm their viral
infections. The results confirmed the specificity of the primers used in this study. IC-RT-PCR test showed the presence of viruses with PCR products of the expected sizes
(850 bp for BCMV, 678 bp CMV and 351 bp for AMV).
No band was observed in healthy plants (negative controls)
(Figs. 3, 4). As a result of IC-RT-PCR, infection of all 25
samples, with serologically detected viruses were verified
by this technique. These results were supported by those of
Bhadramurthy and Bhat [25], Xu and Nie [26] and Lin et
al. [27]. Their findings and ours were quite similar.
Bean is known to be naturally infected by many viruses. These viruses are often transmitted via seed or different insect vectors, such as aphids, beetles and whiteflies,

FIGURE 4 - Electrophoretic pattern of amplified cDNA fragments of
CMV and AMV isolates (left to right) by IC- RT-PCR. M: 100 bp
DNA ladder (Bio Basic Inc); N: Negative control; Lane 1,2,3 and 4
BCMV.infected samples.

4. CONCLUSION
Although the detection of BCMV, CMV and AMV on
beans in other regions of Turkey has previously been reported [11, 12, 13], the causal agents of virus-like diseases
of bean plants in the West Mediterranean region were
firstly identified in this study.
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Molecular techniques such as IC-RT–PCR and RT–
PCR using species-specific primers are useful for the diagnosis and control of the disease and will also be beneficial
for resistance breeding, epidemiological investigations and
plant virus collections. Samples testing positive by this
method may be further examined by other confirmatory
techniques.
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